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ABSTRACT
Cardiovascular disease is the leading cause of death worldwide. Treatments have
primarily focussed on the vascular system and shown oniy moderate 10-20% reductions
on major outcomes such as death or myocardial idarcrion. The research descnbed in this
thesis is focussed on developing and testing multiple strategies to regulate cardiac
myocyte protection and regeneration in an effort to provide the basis for novel treatments

andor prevention of cardiac disease.

FGF-2 is a growîh factor that is naturally present in the heart as weli as cardiac
myocytes and possesses growth promoting and cardioprotective properties, which make it

an important therapeutic tool for reducing or preventing damage by ischemia and/or
improving cardiac prognosis subsequent to cardiac injury . Although, the protective
effects of FGF-2 and the development of exogenous delivery systems are currently k i n g

exploited, there has been little effort to exploit these effects by controlling endogenous
production of FGF-2. Using gain-of-function transgenics, my research has demonstrated

a role for endogenous FGF-2 in the adult heart in vivo. Chronic FGF-2 overexpression
was associated with increased "local" FGF-2 release resdting in augmentation of kinases

linked with ischemic preconditioning, angiogenesis and cardioprotection. This likely
contributed to the increased cardiac myocyte viability observed afler ischemiareperfusion injury in isolated FGF-2 transgenic mouse hearts, representing the first
account of the cardioprotective potential of endogenous FGF-2. In addition, my results
also demonstrate that endogenous production of FGF-2 can be targetted and is

iii

significantly increased in adult mouse cardiac myocytes using the natural catecholarnine,
norepinephrine.

FGF-2 signaling also plays a major role in embryonic and neonatal cardiac
myocyte proliferation in vitro and as a result, is implicated in cardiac regeneration.
However, the lack of a measurable proliferative response by FGF-2 in the postnatal heart
suggested that FGF-2 signaling may be limited and/or antagonized. My results have
provided the f m t indication that levels of the high &ity receptor for FGF-2, FGFR-1,
may limit cardiac ce11 proliferation. Overexpression of FGFR-1 resulted in FGF-2

mediated mitogenic response in FGFR-1deficient cardiac H9c2 ceils as well as primary
neonatal cardiac myocytes. This response may involve ERK1/2 MAPK activation and
promotion of FGF-2 release. My results aho provide direct evidence that transforming
growth factor (TGF)-P plays an important role in antagonizing FGF-2 mediated cardiac
myocyte entry into the ce11 cycle. Overexpression of the kinase-deficient TGF-P receptors
(TGF-PMI) resulted in senun-induced cardiac myocyte ce11 cycle entry as well as an
amplification of FGF-2 induced S phase entry (13 fold versus 3 fold with FGF-2 alone).
Most importantly, these data support a "multiple h W approach as a therapeutic strategy to
stimulate cardiac myocyte proliferation,regenerationfoliowing cardiac injury in vivo.

In conclusion, m y doctoral studies have provided substantial evidence that
regulating the FGF-2 axis can be used as a means to exploit the effects of FGF-2 on
cardioprotection and cardiac myocyte regeneration in an effort to provide the basis for
novel treatments and prevention strategies for cardiac disease.
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CHAPTER 1
INTRODUCTION
I.1

Perspectives on Cardiovascuiar Diseme
Research advances during recent years in the field of molecular and clinical

cardiology have led to significant breakthroughs in the medical treatment and
management of various cardiovascular diseases some of which include atherosclerosis,
ischemic and congenital heart disorders, stroke, thrombosis and hypertension
(Kauffmann-Zeh and Dhand, 2000). However, despite these recent advances,
cardiovascular diseases remain the leading cause of death worldwide. In North America,
mortality rates fkom cardiovascular diseases account for an astounding 38 and 41.2 % of
al1 deaths in Canada and the United States, respectively (Health Statistics Division,
Statistics Canada, 1995; American Heart Association, 1997). Compared to other causes
of death, cardiovascular diseases claim approximateiy two, ten and sixty times more lives

than those reported by cancer, accidents or human immunodeficiency virus type 1
diseases such as acquired immunodeficiency syndrome (AIDS), respectively, in a year
{American Heart Association, 1997). Table 1 presents an overview of the percentage

breakdown of deaths fiom the various cardiovascular diseases in the United States in
1997 (American Heart Association, 1997). The dominant etiology for heart failure is

coronary/ischemic hem disease (resulting in myocardial infarction or angina pectorïs)
which accounts for 49% of al1 deaths (Table 1). Current strategies to treat cardiovascular
diseases have limitations because treatments have (i) primarily focussed on the vascular
system and (ii) shown at best only moderate reductions (10-20%) on major outcornes
such as death or rnyocardial infarction (Yusuf et al., 1996). In fact, more than 40% of

Table 1. Deaths from cardiovascuhr diserises in United States in 1997.
Cardiovascular Diseases

Percentage Breakdown of Deatbs
l

Coronary/Ischernic Heart Disease

1

17 %

Stroke

High Biood Pressure

49 %

l

5%

L

Congestive Heart Failure

1

5%

Atherosclerosis
Rheumatic Feved Heart Disease
Congenital CardiovascuIar Defects

Other

Source: American Heart Association

1%

20 %

people experiencing new or recurrent h e m attacks will likely die of them this year
(Amencan Heart Association, 1997). Cledy, progress in the treatment of this disease
will depend on the development of new therapeutic strategies as well as multiple
approaches. Furthemore, since cardiac myocytes are a target of this disease, therapeutic
strategies must also be directed towards cardiac myocytes as well as vascular cells. Thus,
it is my view that there must not only be a fûndamental understanding of the basic

regulatory mechanisms underlying the pathogenesis of heart failure but also an expansion

of knowledge in understanding the mechanisms regulating cardiac muscle ce11 (myocyte)
bio logy.

1.2

Heart Failure

Heart failure is defmed as the inability of cardiac output to keep Pace with the
body's demands for supplies/nutrients and removal of wastes (Shenuood, 1993). The
two most common causes of heart failure are: (i) myocardial infarction, which causes

damage to cardiac myocytes as a result of impaired circulation and (ii) prolonged
pumping of the myocardiurn against a chronically increased afterload (e-g., high blood

pressure, valvular disorders) (Sherwood, 1993} . The following section will briefly

discuss the events in the heart following acute myocardial infarction.

1.3

Acute Myocordial Infarction

Acute myocardial infarction is defined as the actual death or necrosis of cardiac
myocytes, usually caused by the blockage (i.e., occlusive thrombi) of a blood vesse1

supplying an area of the heart (Henderson, 1996; Sherwood, 1993). This event resdts in
a total or marked reduction of blood flow to the heart tissue, which is termed myocardial

ischemia {Henderson, 1996). Infarction is caused by prolonged ischemia which leads to
irreversible changes to the affected cardiac myocytes (Henderson, 1996). Uniike skeletal
muscle cells which can regenerate muscle upon injury (due to populations of
stedsatellite cells), adult cardiac myocytes are lirnited in their ability to regenerate heart
muscle through proliferation foliowing injury as a result of myocardial infârction {Chien,
1995; Karsner et al., 1925; Parker and Schneider, 199 1;Rurnyantsev, 1977). Instead, the

compensatory response involves replacing damaged cardiac myocytes with proliferative
non-rnuscle cells that form a non-contractile scar, while forcing the remaining viable
cardiac myocytes to adapt to the increased workload by regional cardiac hypertrophy to
meet the hinctional demands {Henderson, 1996). The adaptive response of the heart is

referred to as "ventricular remodelling" and is characterized by not only the development
of cardiac hypertrophj-, but also includes interstitial fibrosis, chamber dilatation and

sphericalization of the myocardium (Pfeffer and Braunwald, 1990). The major
determinants of heart failure and life expectancy hinge on (i) the severity and duration of
reduction of coronary blood fïow, (ii) the pre-existence of collaterals (microvascular
vessels from vascular beds) which may increase tissue perfusion, (iii) any presxisting
state of preconditioning (protective effect of brief periods of ischemia) which may protect
cardiac myocytes from severe damage, and (iv) the degree of compensation by cardiac

hypertrophy (Henderson, 1996). However, beyond a certain capacity for cardiac

myocytes to compensate, cardiac performance will be severely compromised and
congestive heart failure will ensue {Shewood, 1993).

1.4

Growth Factors and Cardiovascdar Diseose

The limited ability of adult cardiac myocytes to dividekegenerate or 'shield'
themselves from injury has a major impact on the compensatory response of the hem
subsequent to an acute myocardial infarction, and ultimately on a patient's prognosis. To
date, there is limited information on the mechanisms that control cardiac myocyte growth
and protection. KnowIedge of these mechanisms and their reguiators would be essentid
in facilitating a bener understanding of the limitations imposed on adult cardiac
myocytes. Considerable attention has focussed on the use of growth factors for treatrnent
of cardiovascular disease (Waltenberger, 1997). Growth factors are also considered

major regulators of myocardial and vascular growth and differentiation {Parker et al.,
1990). Clearly, the identification of a factor or combination of factors that could (i)
reduce the size of the non-muscle scar by stimulathg the proliferative potential of cardiac
myocytes to actively divide (regeneration), (ii) promote the formation of "new" blood
vessels (angiogenesis) and/or (iii) protect cardiac myocytes fiom the effects of ischemia
(cardioprotection) could circumvent the deleterious effects of cardiac injury following
acute myocardial infarction and as a result, prolong cardiac lifespan.
The following chapter will review basic mechanisms regulating cardiac myocyte
growth and protection as well as the roles of specific growth factors in controlling cardiac

myocyte growth, potential regenerative response and protection. The review will focus
primarily on the gronth factor, fibroblast growth factor (FGF)-2 and its axis and, to a
lesser extent, on the role of transforming growth factor (TGF)-p in controlling cardiac
myocyte growth.

CHAPTER 2
REVIEW OF LITERATURE
2.1

Cardiac Myocyte hotection
Cardiac myocyte protection in the event of injury such as myocardial infàrction

is dependent on the extent of damage caused by ischemia as well as reperfusion

(establishment of flow- afier period of no flow) {Ip and Levin, 1988). The duration of
ischemia is the p r i m q determinant of the severity and reversibility of cardiac rqyocyte

damage (Ip and Levin, 1988). Studies involwig the use of an in vivo temporary coronary
occlusion mode1 in dogs demonstrated that a short period of cardiac ischemia (10-20
minutes (min)) was associated with a reduction of high-energy phosphates and glycogen
stores, peripheral aggregation of nuclear chromath, mild tissue and mitochonslrial
swelling, however, the integrity of the cardiac myocyte sarcolemmal membrane was
maintained {Jennings and Ganote, 1974; Jennings and Reimer, 1983; Jennings et al.,
1985). As a result, restoration of high-energy phosphates after this period allows for the

reversa1 of cardiac myocyte structural changes associated with ischemia {Jennings et al.,
1985). On the other hand, repemision after prolonged periods of ischemia (>20 min)

causes irreversible injury to cardiac myocytes (Ip and Levin, 1988). Irreversible injury is
characterized by the disruption of the cardiac myocyte sarcolemma {Ip and Levin, 1988).
As a result, reperfusion furthet accelerates the destruction of cells since ce11 volume

regulation is lost {Ip and Levin, 1988). in addition, if ischemia is M e r prolonged,
reperfusion may not occur at dl, resulting in the 'ho-reflow phenomenon" {Engler et al.,
1983; Kioner et al., 1974). This event involves capillary compression by endothelial and

parenchymal ce11 swelling, interstitial edema and aggregation of blood cellular

-

components {Ip and Levin, 1988). 'fhe result is vascular dysfunction, ischemic
contracture andor increased basal tone {Engler, 1987; Engler et al., 1983; Jennings and
Reimer, 1983; Kloner et al., 1974). The "no-reflow phenornenon" has been described
following reperfusion in patients with acute myocardial infarction {Birnbaum et al.,
1997).

There are several ultrastructurai changes which characterize irreversibly injured
ischemic cardiac myocytes. Foiiowing the loss of high-energy phosphates and glycogen
stores, cardiac myocytes undergo cellular swelling, peripheral aggregation of nuclear
chromatin and vesiculation of sarcoplasmic reticulum (disrupting cellular calcium
homeostasis) (Ip and Levin, 1988). This leads to hypercontracture, weakened ce11
membranes as weil as marked mitochondrial and sarcolemmal damage (Ip and Levin,
1988; Jemings et al., 1990). Sarcomeric changes include distortion of 2,M and A bands,

loss of lateral Z-band-sarcolemmal attachments as well as detachment of sarcomeres
from intercalated discs {Ganote and Vander fieide, 1987). These events resuit in
"sarcolernmal blebbing" (Sage and Jennings, l988}. In addition, cardiac myocyies show
a reduction in the levels of the cytoskeletal-associated proteins vinculin and a-actinin
{Ganote and Vander Heide, 1987) as well as loss of vinculin association with the plasma
membrane (Steenbergen et al., 1987).

In terms of energy sources, ischemic cardiac myocytes shifi energy production
from fatty acid production in mitochondria towards anaerobic glycolysis, leading to a
reduction in the production of adenosine-5' -triphosphate (ATP) {Opie, 1976; Ip and

Levin, 198 8 ) . As ischemia progresses, glycolytic metabolites accumulate in cardiac
myocytes leading to acidosis {Rouslin et al., 1986). The reduced ATP production and
acidosis leads to the reduced myocardial contractility (which is ATP dependent) observed
following ischemia {Hamison et al., 1992). It is thought that the increased hydrogen (H+)
ions (acidosis), inhibit actin-myosin cross-bridge cycling and thus, contractility by
interfenng with calcium binding to actin {Karmazyn, 1991; Sobel., 1974). In addition,
decreased ATP production aiso leads to an accumulation of extracellular potassium (TC')
{Janse and Kleber, 198 1} as well as increased intracellular levels of sodium (Na2? and

calcium (ca23{Shen and Jennings, 1972). These events are due to alterations in the
functions of energy-dependent ion pumps/channels involved in maintainhg intracellular
and extraceilular potassium, sodium, and calcium levels (Janse and Kleber, 1981 ;Kleber,
1984, Steenbergen et al., 1993). Changes in ionic maintenance as a result of ischemia

also lead to changes in cardiac myocyte action potential durations (McDonald and
McLeod, 1973). The opening of mitochondriai K'ATP channels, however, has been
postulated to be a part of the endogenous protective response in the heart during ischemia
to conserve ATP (Liu et ai., 1998).

The second determinant of the extent of myocardid damage subsequent to acute
myocardial infarction is reperfusion (Ip and Levin, 1988). Reperfusion injury is
described as cellular death or cardiac dysfunction caused by the restoration of blood flow
to previously ischemic tissue (Birnbaum et al.. 1997). Although recovery from
reperfusion is dependent on the severity and duration of cardiac ischemia and the extent
of collateral flow (Ip and Levin, 19881, there is continued debate as to whether

-

reperfusion by itself can kill viable cardiac rnyocytes, which have otherwise survived
ischemic insult (lethal reperfûsion injury) (Birnhaum et al., 1997). Other types of
reperfüsion injury include: (i) nonlethal reperfusion injury (myocardial snioning), which
refers to postischemic ventricular dysfunction of viable myocytes; (ii) reperfusion
arrhythmias which include ventricular tachycardia and fibrillation that occur after

restoration of coronary flow following brief episodes of ischemia; and (iii) vascular
reperfbion injury which refers to the progressive damage to the vasculature over time
during the phase of reperfbsion and includes the "no-reflow phenornenon" {ECioner,
1993; Birnbaum, 1997). Nonlethal and vascular reperfusion injury as well as reperfusion

arrhythrnias have been documented in animal models and humans {Kloner, 1993;
Bimhaum, l997}.

Reperfusion injury is associated with a series of events including generation of
free radicals, complement system activation @art of the inflammatory response),
neutrophil activation, increased eicosanoid synthesis, activation of the N~+M'
exchanger,
increased calcium uitlux as well as apoptosis {Birnbaum et al., 1997;Benitz-Bnbiesca et
al., 2000; Karmazyn, 1991;Levitt, 1999;Pierce and Cmbryt, 1995;Scholz and Albus,
1993}. The major determinants of reperfùsion injury include free radical generation and

an increased influx of calcium (Karmazyn, 1991}. The free radical mediated injury

causes significant cardiac myocyte damage, in part by perioxidative injury to intracellular
membranes, including mitochondria (Levitt, 1999). Protective enzyme systems for
mitochondria such as superoxide dismutase, catalase and selenium-dependent glutathione
peroxidase are scant in cardiac muscle compared to other tissues such as liver {Levitt,

1999). Oxygen free radicals also damage the sarcoplasmic reticuiurn and the sarcolemma
which would contribute to an increase in membrane permeability, decreased sensitivity of

contractile proteins to calcium as well as calcium overload {Poole-Wilson et al., 1997).

The increased levels of intracellular calcium in cardiac myocytes and increased damage
dunng repemision is described as the calcium paradox {Zimmerman and Hulsmann,
1966). The maintenance of physiological levels of intracellular calcium is critical for
cardiac myocyte integrity and function; however, with reperfusion, restoration o f

physiological Ievels of calcium to ischemic tissue results in increased cardiac myocyte
damage (Zimmennan and Hulsmann, 1966).The alterations in calcium homeostasis lead
to fiirther mechanical or contractile dyshction in the heart including reduced myocyte

viability {Poole-Wilson et al., 1997).

Cardiac myocyte necrosis, as a consequence of ischemia-reperfusion injury, also
results in the leakage of intracellular proteins and enzymes, which then enter the systemic
circulation {Domeiiy and Millar-Craig, 1998}. As a resuit, assessrnent of alterations in
plasma levels of cardiac proteins are used as sensitive biochemical markers to diagnose
or prognose acute rnyocardial infarciion in patients (Adams and Miracle, 19981. These
proteins originate either directly fiom injured cardiac myocytes, comective tissue or
blood elements fiom the ischemic heart, or other organs (e-g., skeletal muscle) subject to
diminished perfusion (Sobel, 1974). Their appearance in peripheral blood is dependent
on their molecular weight, location within the cell, release charactenstics as well as the
rate of drainage and clearance in patients ( D o ~ e l i yand MiMar-Craig, 1998).

Assessrnent of mitochondrial enzymes, creatine phosphokinase (CK) and lactate

-

dehydrogenase (LDH) have k e n used effectively for detection of myocardial infarction
in patients {O'Brien et al., 1997). Other non-enzymatic, cardiac biomarkers include
myoglobin, myosin light chain, cardiac troponin-I and T,enolase and myosin heavy chah

(MHC) (Donnelly and Millar-Craig, 1998). Cardiac troponin 1 and T appear to have
significant advantages over other markers and may become the assays of choice, based on
their cardiac specificity, early detectability (3-12 hours

a)),sustained release (5-14 days

(d)) and their assessrnent as predictors of mortality and myocardial infarction in patients

(Donnelly and MilIar-Craig, 1998; JaEe et al., 2000). Release of these cardiac proteins

and enzymes c m be easily quantitated in semm and/or cardiac tissue from animals and/or
patients in diseased or non-diseased States, perfûsates fkom isolated heart mode1 systems
subject to ischemia-reperfusion injury as well as conditioned medium from cardiac
-

myoc~teculturesundergoingstressorinjury.
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Models of cardioc hchemia-reperffurn hjwy

There are several models and methods which can be used to mirnic ischemia
andor reperfusion injury {Ytrehus, 2000). However, it should be noted that in most

cases the effects of ischemic injury cannot be cornpletely separated from reperfusion
injury. In vivo procedures include subjecting animals to either permanent coronary artery

ligation (ischemia) or coronary ligation for various penods followed by reflow (ischemiareperfusion) (Fliss and Gattinger, 1996). In ternis of ex vivo procedures, isolated heart
preparations are commonly used to subject hearts to global ischemia by total cessation or
partial reduction of coronary flow and then reflow (ischemia-reperfùsion) {Karmazyn,
19911. Hypoxia can also be used to simulate ischemic conditions in isolated heart

preparations (Ho et al., 2000). Stunning (non-lethal reperfusion injury) can aiso be
mimicked in isolated heart preparations (Klainguti et al., 2000; Seiler et al., 1996). In

terms of in virro procedures, cardiac myocyte cultures are subjected to ischemic injury
through anoxia, hypoxia, metabtic inhibition, glucose and serum deprivation (Bialik et
al., 1999; Bond et al., 1991; Delcamp et al., 1998; Yamauchi-Takihara et al., 1995).
Hydrogen peroxide (free radicals) c m also be used to induce reperfusion injury in

cultured cardiac myocytes (Josephson et al., 1991). In addition, a recent study has
described an in vitro experimentai mode1 which mimics reperfusion-induced arrhythmias
{Anitunyan et al., 2001). Alt of the heart models described above result in severe

depletion of ATP, which is classically associated with ischemia and are characterized by
-

cardiac myocyte ultrastructural and biochemical features which parailel those observed in
cardiac rnyocytes during ischemia-reperfusion injury as stated in section 2.1.

Disadvaotages and advantages of some of these various experimental models have been
extensively discussed in a recent review by Ytrehus (Ytrehus, 2000).

Ischernia-reperfùsion injury can also be observed in a variety of clinical settings,
in addition to acute myocardial infarction. Most cardiac surgical procedures require the
use of prolonged induced myocardial ischemia (Gardner, 1988). Cross-clamping the
aorta in isolated. hearts or cold cardioplegic arrest of hearts during surgical coronary

artery bypass or hem transplants results in global ischemia (Ip and Levin, 1988). As a
result, heart models (in vivo and ex vivo) which induce global ischemia have been
deemed important for the study of ischemia-repemision injury. There are four clinical

conditions which result in reperfusion injury. These include: (i) coronary artery

--

vasospasm where reperfusion is achieved by relaxation of vasospastic vessels
(spontaneous or drug-induced), (ii) balloon angioplasty where removal of a clot using a
balloon catheter restores perfusion to cardiac tissue previously deprived of oxygen, (5)
cardiac bypass surgery where the heart is subjected to low-flow ischemia during surgery
prior to the connection of an arterial graf? which restores reperfusion, and (iv)
thrombolytic therapy where anticoagulants are used subsequent to ischemia to reperfuse
ischemic tissue (Pierce and Czubryt, 1995; Braunwald, 1985; Bulkelley and Hutchins,
1977; Whalen et al., 1974).

2.L2.

Preconditioning and cardioprotection signaling path ways
Ischemic preconditioning is a phenornenon that was fust described by Murry

and colleagues a s the endogenous cardiac myocyte protection which results fiom brief

transient episodes of nonlethal myocardial ischemia, rendering the heart resistant to a
subsequent more sustained ischemic insult (Murry et al., 1986; Pnyklenk and Kloner,
1998). Reduction of infarct size is considered the "gold standard" of ischemic

preconditioning (Przyklenk and Kloner, 1998 } . Other surrogate endpoints and secondary

consequences of ischemic preconditioning include: (i) slowing the rate of ATP depletion,
(ii) recovery of contractile function, (iii) reduction in incidence of ischemia-repemision

induced arrhythmias, (iv) reduction of cardiac myocyte apoptosis, (v) preservation of
coronary vasodilatory reserve, and (vi) attenuation of platelet-rnediated thrombosis
(Przyklenk and Kloner, 1998). Ischernic preconditioning has since been demonstrated in
other organs as well as patients with cardiovascular disease (Jerome et al., 1995;

Korthuis et al., 1998; Downey et al., 1994).

-

There is limited information on the signaling mechanisms underlying
preconditioning, however, recent evidence suggests that there are two temporally and
mecl!anistically distinct types of protection afforded by preconditioning {Carden and
Granger, 2000).Acute or classical preconditioning is effective as long as the tirne fiame
between preconditioning (short penod of ischernia) and longer ischemic insult is less than
two hours (Carden and Granger, 2000). On the other hand, delayed preconditioning
("second window of protection") occurs when the protection is apparent when the
prolonged ischemia occurs 24 h following the initial preconditioning event (Konhius et
al., 1998). Given the time &es

of protection, it is postdated that the eEects of delayed

preconditioning are protein synthesis-dependent whereas the effects of acute
preconditioning are protein-synthesis independent (Carden and Granger, 2000).
Evidence suggests that the signals initiating both types of protection are shilar; however,
nitric oxide (NO) seems to be a prime mediator of delayed preconditioning {Carden and
Granger, 2000).

Ischemic preconditioning has k e n s h o w to be receptor-mediated {Baines et al.,
199%). Adenosine or a,-adrenergic receptor activation of G proteins appear to be crucial

activators of a preconditioning response through stimulation of phospholipase C (PLC)or
D (PLD) {Konhius et al., 1998; Downey et al., 1994). For example, adenosine receptor
agonists and antagonists can augment or block the cardioprotective effects of ischemic
preconditioning in isolated hearts and cardiac myocyte cultures {Armstrong et al., 1994;
Armstrong and Ganote, 1994; Tsuchda et al., 1994). Studies have suggested that
adenosine-receptor stimulated hydrolysis of PLC enhances intracellular levels of 1,2-

diacyl-sn-glycerol (DAG), which activates protein kinase C (PKC), thus translocating
specific PKC isoforms to the cell membrane (Korthius et al., 1998; Downey et al., 1994)Oxygen free radicals generated during the preconditioning ischernic episade may also

contribute to the protective effect by directly activating PKC (Baines et al., 1999a). As a
result, the preconditioning event via adenosine receptors primes an increase in DAG

levels to subsequently activate the translocated membrane-associated PKC (Cardan and
Granger, 2000). PKC activation as a result of preconditioning can also increase the Ievels
of 5'-nucleotidase, the enzyme responsible for producing adenosine n o m adenosine-5'

-monophosphate (AMP) (Baines et al., 1999a). An indirect pathway to increase
adenosine levels is thought to be important since it may help maintain tissue adenosine
levels (i.e., protection) in the event that endogenous adenosine Levels are decreased
during more prolonged ischemia (Baines et al., l999a). Bradykinin and opioid receptors

which act thrsugh G proteins and PKC have also been shown to contribute to the
preconditioning response (Baines et al., 1999a).

PKC is an integral signaling molecule in ischemic preconditioning (Simkhovich
et ai., 1998). The PKC family consists of at least 12 serinethreonine kinases which can
be split into three broad categories: conventional (cPKC), novel (nPKC) and atypical
(aPKC) (Baines et al., 1999a). The cPKCs (a,Pr,

&i,

Y) require calcium, DAG and

phospholipid for activation (Baines et al., 1999a). The nPKCs (6,

E,

q, 0) are not

dependent on calcium for activation but require DAG and phospholipid for activation
(Baines et al., 1999a). The aPKCs

(c,~, k,p) are independent of calcium and DAG but

require 3'-phosphoinositides for activation (Baines et al., l999a). In the heart, the use of

7

specific inhibitors and activators to PKC have demonstrated a direct role for this
molecule in ischemic preconditioning and thus cardioprotection {Qi et al., 1998). Both
aPKC and EPKC have been implicated in playing a major role in ischemic

preconditioning in the heart (Li et al., 2000; Lu et al., 200 1; Qi et al., 1998).

A potential role for tyrosine kinases in ischemic preconditioning has also been

implicated (Baines et al., 1999a). Recent studies have revealed that tyrosine kinase
inhibitors can block the phorbol 12-mynstate 13-acetate (PMA; activator of PKC)induced cardioprotection in the rabbit myocardium (Baines et al., 1999a). These results
suggested that in tems of ischemic preconditioning/cardioprotection,tyrosine kinases are
downstream effectors of PKC (Baines et al., 1999a). Other studies have corroborated this
notion, by demonstrating that PKC dependent activation of Src and Lck tyrosine kinases
is required for ischemic preconditioning in rabbit hearts {Ping et al., 1999). However,
this does not exclude the possibility that receptor tyrosine kinases could act in parallel to

other activators of PKC during preconditioning to induce cardioprotection {Baineset al.,
1999a). Stress activated mitogen activated protein kinases (MAPK; p38 and c-Jun Nterminal kinase (JNK)) have also been s h o w to play an important role in ischemic
preconditioning, and have been shown to be coupled to tyrosine kinase receptors {Baines
et al., l999a). There are at least five isoforms of p38 MAPK, however p38a and

P

isoforms are expressed in the heart {Sugden and Clerk, 1998). There are two isoforms of

JNK ( M l and JNKZ) and both are expressed in the heart (Clerk et al., 1998). Ischemic
preconditioning can increase phosphorylation of p38 and JNK in the heart, via direct and
indirect pathways (Baines et al., 1999a). Direct activation of both p38 and JNK via

-

anisomycin was able to reduce infarct size in isolated rabbit hearts subjected to cardiac
injury {Baines et al., 1998).

There is evidence to suggest that mitochondrial KATpchannels are the endeffector in ischemic preconditioning {Grover et al., 1997). Traditionally, it was thought
that sarcolemmal K.ap channels were the prime target, however, recent assessrnent of the
specificity of Karp channel inhibitors revealed that they were more specific for
mitochondrial as opposed to sarcolemmal channels {Baines et al., 1999a). Studies
revealed that the KATPchamel inhibitor, 5-hydroxydecanoate (5-HD), could block
diazoxide-induced mitochondrial K+flux and cardioprotection, while having little effect
on cardiac sarcolemmal channels (Garlid et al., 1997). Diazoxide was demonstrated to
be approximately 2,000 fold more selective for opening mitochondrial chatmels than

sarcolemmal KATpchannels (Garlid et al., 1997). Sirnilar results implicating a role for
mitochondrial KATpchannel in cardioprotection were obtained in isolated rabbit rnyocytes
{Liu et al., 1998). Opening of mitochondrial KATpchannels could be beneficial in

ischemia as it may prevent wasteful ATP hydrolysis {Garlid et al., 1997) or reduce the
electrical gradient favoring calcium influx into the mitochondria {Liu et al., l998}.
Furthermore, the protective effect of the p38 and JNK activator, anisomycin can be

reversed by 5-HD {Baines et al., 1999b), suggesting that the kinase cascade activated
during preconditioning teminates in the opening of mitochondrial KATpchanneis (Baines
et al., 1999a).

Figure 1 summarizes the signaling pathways mediating the acute and delayed
preconditioning response. In ternis of the protective eEects of the acute preconditioning
response, activation of translocated PKC during prolonged ischernia can phosphorylate
tyrosine kinases (Src, Lck and others) which in turn activate one or both stress-activated

MAPK {Baines et al., 1999a; Carden and Granger, 2000)- As a result, through
mechanisms unknown, stress activated MAPK would open mitochondrial KATPchannels
which are implicated as the end effectors of cardioprotection {Baines et al., 1999a).

Other mechanisms for the acute preconditioning response include the induction of PKCdependent translocation of 5'-nucleotidase to the ce11 surface to increase cellular
adenosine production during prolonged ischemia to augment cellular energy stores and/or
inhibit leukocyte adherence {Kitakaze et al., 1994). The events involved in delayed
preconditioning response are similar to those of the acute preconditioning response,

however, activation of PKC as well as other kinase systems may be involved in this
process {Kitakaze et al., 1994). This response, unlike acute preconditioning, is dependent
on altered gene expression as well as synthesis of new proteins worthius et al., 1998;

Rizvi et al., 1999). The cytoplasmic transcription factor, nuclear factor (NF)-KE~
has k e n

implicated in playing an essential role in the late phase of preconditioning in hearts of
conscious rabbits (Xuan et al., 1999). Activation and nuclear transclocation of NF-&
would initiate transcription of genes involved in the postischemic infiammatory response,
like antioxidant enzymes, heat shock proteins and nitric oxide synthase (NOS)(Carden
and Granger, 2000). The effects of NF-- in delayed ischemic preconditioning were
shown to be mediated by tyrosine kinases, PKC, reactive oxygen species, and NO {Xuan
et al., 1999). There is evidence to suggest that p38 rnay be upstream of NFJ-KBin

mediating its effects on ischemic preconditioning (Maulik et al., 1998). Augmented NO
production contributes to the delayed preconditioning response, since it appears to be

associated with attenuated oxidative stress and diminished reperfusion-induced leukocyte

adhesion (Korthius et al., 1998; Osborne et al., 1994). Additional evidence for a tok for
NO in the delayed preconditioning was demonstrated when targeted disniption of the
inducible NOS (iNOS) gene in mice was shown to completely ablate the infarct-sparing
effect of the delayed preconditioning in hearts {Guo et al., 1999). The protective effects

of delayed preconditioning are also associated with induction of heat shock proteins

{Gray, 19991, and this would serve to alter cellular metabolism to protect the structure
and function of critical proteins during stress (Marber and Yellon, 1996). Clearly,
unraveling the mechanisms of ischemic preconditioning in the heart and understanding
endogenous myocardial protection may provide novel avenues to mediate cardiacmyocyte protection in the event of prolonged ischemia such as in instances of acute

myocardial infarction or cardiac surgery.

-

Figure 1.

Schematic representation of the proposed mechanisms thought to be responsible for
the acute and delayed ischemie preconditioning response.

During preconditioning ischemia, adenosine, ai-adrenergic agonists, bradykinin, opioids,

as well as other agonists are released and in turn activate G protein coupled receptors

(GPR), which then activate pertussis-sensitive G proteins to initiate the preconditioning
response through stimulation of phosphoiipase C (PLC) or D (PLD). Hydrolysis of PLC
enhances intracellular 1,2-diacyl-sn-glycerol @AG) concentrations, thereby inducing
translocation and activation of protein kinase C (PKC).Free radicals can also directly
activate PLC or PLD as well as PKC. During prolonged ischemia, PKC can then either
translocate 5' nucleotidase to the ce11 surface or activate tyrosine kinases (TK) that in tum
activate one or both of the stress activated mitogen activated protein kinases (MAPK). As
a result, through mechanisms unknown, this induces the opening of mitochondnai KATP

channels which may be the end effectors of cardioprotection. The events initiating the
delayed preconditioning response are similar to those for the acute preconditioning
response, but include the enhanced production of NO and was shown to be highly
dependent on altered gene expression and protein synthesis elicited by kinase activated
transcription factors, such as nuclear factor (NF)-KB. This figure is adapted nom Baines
et al., 1999a and Carden and Granger, 2000, and includes additional information fiom

Guo et al., 1999, MauIik et al., 1998 and Xuan et al., 1999.
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2.1.3

Treutmentsfor cardiac ischemia-reperfiusio~injury
SeveraI pharmacological interventions have been evaluated in the management

of acute myocardial infarction (Yusuf et al., 1996). Extensive research hais been

dedicated towards this area, employing the use of in vitro and in vivo cardiac models of
ischernia-repefision injury (described in section 2.l.1) to assess the effects of various
cardioprotective agents. There is already evidence in the literature to suggest that
endogenous mechanisms which promote preconditioning (brief periods of ischemia),
adenosine, PKC activation, opening of mitochondrial KATPchannel, NO, antioxidants and
heat shock proteins can be potentially used to treat cardiac ischernia-reperhision injury
(reviewed in section 2.1.1). The following section will discuss therapeutic strategies,
which are currently in use to treat patients following acute myocardial infarction as well
as future directions for therapies in patients suffering from congestive heart failure.

Thrombolytic therapy (Le., reperfusion therapy) using the serine protease, tissue
plasminogen activator (tPA), is used to dissolve both pathological thrombi as well as
fibrin deposits at the sites of vascular injury in patients with uncomplicated acute
myocardial infarction (Yusuf et al., 1996). In addition to repemision therapy, al1 patients
are treated with aspirin and heparin {Poole-Wilson et al., 1997). Aspirin (antithrombotic

therapy) inhibits the production of prostaglandins which reduces platelet aggregation and
vascular dy sfunction in patients (Poole-Wilson et al., 1997). Heparin (anti-coagulant)

also inhibits platelet aggregation, reducing the risk of clots and thromboembolic
complications in patients (Yusuf et al., 1996). Beta-blockers (Le., metoprolol) are also
used in the presence or absence of thrombolytic therapy to: (i) reduce myocardial oxygen

consumption, by lowenng heart rate, blood pressure and myocardial contractility, (ii)
block the adverse effects of catecholamines which have arrhythmoge~cand direct toxic
effects on myocardial metabolism, (iii) increase threshold for ventricular fibrillation, and
(iv) increase distribution of blood flow (Yusuf et al., 1996). As a result, Pblockers have
been s h o w to reduce infarct size, decrease myocardial wall stress, prevent cardiac
rupture and lower risk of recurrent ischemia (Yusuf et al., 19961. Nitroglycerine, a
vasodilator, is also routinely used in patients to relieve ischemic pain and decrease
pulmonary venous pressure in patients with pulmonary venous congestion {Poole-Wilson
et al., 1997). In addition, angiotensin-converting enzyme (ACE) inhibitors (i-e.,

captopril) are used to treat patients with acute myocardial infarction (Yusuf et al., 1996).
They have been shown to: (i) increase peripherai vasodilation by blocking formation of
angiotensin II (AnpII; vasoconstrictor), (ii) improve diastolic fuoction by inhibithg
adverse effects of h g 1 1 on ventricular relaxation, (iii) prevent progress loss of cells (via
apoptosis), and (iv) positively influence the effects on remodeling (Poole-Wilson et al.,
1997}. ACE inhibition not only blocks formation of AngII but also enhances the positive
actions of kinins on blood vessels (Poole-Wilson et al., 1997). Randornized clinical trials
have demonstrated that thrombolytic therapy, aspirin, Pblockers and ACE inhibitors
have al1 proven to reduce mortality risk and the latter three shown to reduce morbidity
(Yusuf et al., 1996). Calcium chamel blockers have also been shown to reduce
myocardial oxygen demands, by lowering blood pressure, myocardial contractility,
dilating coronary aneries and preventing calcium overload in ischemic cardiac myocytes
(Yusuf et al., 1996). However, the results of randomized trials have been variable since
some calcium antagonists have been shown to aggravate myocardial ischemia by, for

example, causing reflex tachycardia {Yusuf et al., 1996}. In terms of congestive heart
failure, more aggressive approaches are taken to treat this condition {Poole-Wilson et al.,

1997) Future directions in the treatment of this disease include the use of: (i) diuretic
agents (Le., natriuretic peptides and endopeptidase inhibitors) which prevent fluid
retention, (ii) positive ionotropic agents (Le., receptor agonists, ion channel mediators,
modifiers of signal transduction, calcium sensitizers) which increase myocardial
contractility (iii) vasodilatory agents (Le., calcium antagonists, peptide vasodilators)
which "unload" the ventricle, (iv) neurohormond agents (Le., ACE inhibitors) which

delay progression of ventricuiar dysfunction, (v) agents that alter myocardial energetics
(Le., heart rate depressants, modifien of substrate utiluation) to improve cardiac myocyte

metabolism and (vi) gene therapy to modify gene expression in the heart to increase
cardioprotection f Poole-Wilson et al., 1997). Alternative strategies would be to exploit

"endogenous" protective systems, wbich already exist in the heart, in an effort to increase

cardiac myocyte protection subsequent to ischemia-reperfùsion injury.

2.2

Cardiac Myocyfe GrowtAi

Cardiac myocytes undergo two major stages of growth to increase cardiac
ventricular mass during development (Zak, 1974). The first type of growth, which is
predominant from early to late embryonic stages of development, occurs through an
increase in cardiac myocyte number or hyperplasia {Zak, 1974; MacLellan and
Schneider, 2000). The second type of growth, which is predominant from neonatal
development to adulthood, occurs through an increase in cardiac myocyte sue or cardiac
myocyte hypertrophy (Zak, 1974; MacLellan and Schneider, 2000). As a result, it is

thought that hyperplastic growth is completely replaced by hypertrophie growth in adult
cardiac myocytes (MacLellan and Schneider, 2000). Although there is limited
information regarding the reguiation of this transition, however, given its timing it is
possible that the switch in growth may be triggered by the increased functional demands
placed on the heart after birth (MacLellan and Schneider, 2000}. The following sections
will provide reviews on cardiac myocyte proliferation and cardiac myocyte hypertrophy
during cardiac development and/or disease.

2.2. I

Cardiac myocyte proIiferation

Cardiac myocyte proliferation is most prevalent during early embryonic stages

of cardiac myocyte growth and results in an increase in the number of mononucleated
cardiac myocytes through mitotic ce11 division (Zak, 1974; MacLellan and Schneider,

2000). A second essential process that occurs during prenatal development involves the
structural differentiation of the myocyte cytoplasm into organized myofibrils and other
cytoplasmic components (Anversa et al., 1975; Anversa et al., 1981). The ability of

-

cardiac myocytes to undergo proliferation and differentiation sùnultaneously is one of the
features which makes cardiac muscle unique nom any other muscle type (Claycomb,
1992).

Nurnerous studies have focussed on quantitating the level of cardiac myocyte
proliferation (mainly through DNA synthesis) in the heart during development, however,
the conclusions drawn from these results have been controversial. One of the major
controversies in the literature has been the interpretation of an increase in DNA synthesis
as an increase in proliferation (Anversa and Kajstura, 1998). Ce11 proliferation, by its
tnie definition, can only be determined by counting the number of cells or presence of

mitotic figures {Anversa and Kajstura, 1998). However, determining cardiac myocyte
proliferation using this approach has not always been feasible or practical. 'This is rnainly
due to the short duration of mitotic (M) phase (1 h), low proliferative capacity of cardiac
myocytes and difficulties in using mitotic figures to distinguish multinucleated cells
undergoing cytokinesis (ce11 division) versus karyokinesis (nuclear division) in cardiac
tissue (Soonpaa and Field, 1998). On the other hand, DNA synthesis or entry into the
synthetic (S) phase of the ce11 cycle is a prerequisite for ce11 proliferation?and alkit not

an absolute indicator of proliferation, has been considered a reliable marker of cardiac
myocyte growth (Soonpaa and Field, 1998). Table 2 provides a compilation of studies
assessing the levels of cardiac myocyte DNA synthesis which are associated with the
three key developrnent penods (embryonic, neonatal, adult) in rats and rnice. As s h o w in

Table 2, the cardiac myocyte DNA synthesis labeling index, which is defined as the
percentage of cardiac myocytes undergoing DNA synthesis (as assessed by

-

bromodeoxyuridine (BrdU) incorporation or tritiated thymidine ('H) uptake) over the
total number of cardiac myocytes, during mid-gestation (10 days post-coitum) is 46% in
the mouse heart (Erokhina and Rumyantsev, 1986). At the end of gestation (18 days
post-coitum), however, the DNA labeiing indices decrease to values of 13.3 % in the rat
heart (Marino et al., 1991} and between 10% and 19.1% in the mouse heart {Erokhina
and Rumyantsev, 1986; Soonpaa et al., l996), suggesting a decrease in the proliferative
capacity of cardiac myocytes with age {Soonpaa and Field, 1998).

During the early postnatal period of growth, cardiac myocytes enter a
transitional stage, where they continue to progressively decrease in their ability to divide.
Cardiac ventricular mass instead, increases predorninantly through an increase in cardiac
myocyte size or hypertrophy (Zak, 1974; MacLellan and Schneider, 2000). A more
thorough discussion on cardiac hypertrophy will follow (see section 2.2.3). As shown in

Table 2, labeiing indices, although variable, decrease significantly fiom 13% and 11% at
postnatal day 1 (Cheng et al., 1995; Machida et al., 1997) to 4.2% as well as 457.5% at
postnatal day 7 (Erokhina and Rumyantsev, 1988; Nakagawa et al., 1988; Sasaki et al.,
1970; Soonpaa et al., 1996) in the rat and mouse heart, respectively (Soonpaa and Field,
1998). In fact, it has been docurnented in the rat heart that cardiac myocytes completely
cease to undergo proliferation as early as three to four days postnatally {Claycomb,
1992) to as late as twelve days postnatally (Li et al., 1996~).In the mouse hean, cardiac
myocyte proliferation has k e n reported to cease by birth (Soonpaa et al., 1996). It has
been suggested that any DNA synthesis or mitotic division that occurs after birth in the

-

rat or mouse heart has been characterized by an increase in cardiac myocyte binucleation
(Brodsb et al., 1980; Clubb and Bishop, 1984; Soonpaa et ai., 1996).

Binucleation is a process whereby cells undergo nuclear division (karyokinesis)
in the absence of cytoplasm division (cytokinesis), resulting in no overall increase in ce11

number (MacLellan and Schneider, 2000). It has been documented that about 85% of
cardiac myocytes becorne binucleated by the third week after birth in the rat heart (Clubb
and Bishop, 1984). Completion of myocyte binucleation is claimed to occur at postnatal

day twelve in the rat heart {Li et al., 1 9 9 6 ~ ) .The fiinctional significance of this
uncoupling in cardiac myocytes is currently unkaown. However, similar processes in
insects, plants and mammals have been documented in events such as meiosis, where two
successive events of chromosome segregation occur without an intervening DNA
synthesis, and endoreduplication, where there are multiple rounds of DNA replication in
the absence of intervening mitoses (Grafi, 1998). Regardless, the presence of binucleated
cardiac myocytes in and of itself suggests that an attempt at proliferation or ce11 division,
albeit unsuccessfbl, is still present in postnatal cardiac myocytes.

Adult cardiac myocytes, having completed this transitional stage, are generally
considered to be permanently withdrawn from the ce11 cycle with an inability to divide or
undergo mitosis in vivo and their growth is traditionally viewed to occur exclusively

through an increase in size (Zak, 1974; MacLellan and Schneider, 2000). As a result, it
was thought that in the event of cardiac injury adult mammalian cardiac myocytes do not
regenerate or proliferate, but instead undergo cardiac hypertrophy as part of the

compensatory response {MacLellan and Schneider, 2000). Despite these traditional
views it has long been known that ventncular cardiac myocytes in other species such as

the adult newt have the ability to undergo regeneration in the event of cardiac injury
{Oberpriller et al., 1988; Soonpaa et al., 1994}. In addition, cardiac myocyte DNA
synthesis is observed in the normal adult mouse and rat ventricle (Table 2). There is now
convincing evidence, however, that there are 'proliferative activities' in the cardiac
myocytes of the adult mammalian heart, which although low, do suggest that withdrawal
fiom the ce11 cycle, even in the mammalian heart, is not irreversible (Anversa et al.,
1995; Kajstura et al., 1998; Kajstura et al., 1994; Rumyantsev and Kassem, 1976). This
evidence mainly stems from studies that assess cardiac myocyte ce11 number, mitotic
figures and ce11 death during cardiac development and disease in human hearts {Anversa
and Kajstura, 1998). For instance, an assessment of the total number of ventricular

myocytes in human hearts at birth revealed approximately 1 x 10' cells (Adler and
Costabel, 1975; Adler and Costabel., 1980; Anversa and Kajstura, 1998). A similar
assessment of the total number of cardiac myocytes in hearts from women and men at 20
years of age, revealed a significant 6 and 8 fold increase in cardiac myocyte number
compared tu number of myocytes at birth (Olivetti et al., 1991; Olivetti et al., 19951,
suggesting proliferative activity during postnatal myocardial growth (Anversa and
Kajstura, 1998 ) . Furthemore, using confocal microscopy it was shown that normal adult

human cardiac myocytes have the ability to undergo mitotic ce11 division through the
observations of mitotic figures (14 cardiac myocytes per million in mitosis) (Kajstura et
al., 1998). In addition, it has been docurnented that the number of mitotic figures
significantly increase by approximately IO-fold in human hearts undergoing various

cardiac pathologies, which provides additional evidence that adult cardiac myocytes are

not terminally differentiated and may be capable of a regenerative response upon injury
(Kajstura et al., 19981. Finally, myocyte ce11 death increases with age and cardiac disease
{Anversa et al., 1990; Kajstura et al., 19961 yet it has been demonstrated that both the
absolute numbers of cardiac myocytes as well as nurnber of cardiac myocytes in mitosis
are significantly increased (Kajstura et al., 1998). These contrasting observations of
increased cardiac myocyte death with an increase in cardiac myocyte number have been
reconciled with evidence showing that myocyte ce11 loss in the aging human heart is
replaced by myocyte cellular hyperplasia {Anversa et al., 1990; Anversa et al., 1991 ) .
Altogether these data suggest that the heart is govemed by a balance between ongoing
cell loss and cell proliferatiodregeneration during the entire life of a human king or an
animal (Anversa and Kajstura, 1998). These data also offer strong support to the notion
that cardiac myocyte proliferation is a necessary and active process in the adult heart.

Although the proliferative activity in adult cardiac myocytes is Iow, the

significance might oniy be appreciated over time. Based on the level of mitosis observed
in failing human hearts of 45 year old males (1 1 mitotic myocyte nuclei per million
which results in 59,000 nuclei in the left ventricle) (Olivetti et ai., 1995; Quaini et al.,

1994) and assuming a mitotic time of 1 hou, it has been calculated that this would result

in a 10% increase in the generation of new cardiac myocytes in a year and almost a
doubling in the total number of ventricular myocytes over a period of 10 years (Anversa
and Kajstura, 1998). These results are consistent with quantitative results in severely
hypertrophied human hearts (Anversa and Kajstura, 19981, however, this may be an

underestimate since they are based on the assumption that myocytes divide o d y once.
Therefore, the identification of pathways, which result in relatively small effects on DNA
synthesis and/or cell number, can have profound effects on the relative rate of S and/or M
phase entry and potential generation of new myocytes. The next section will review some
of the most widely recognized models of cardiac myocyte proliferation. Given the

growing use of transgenic m o w models for the study of cardiac growth, this review will
pre ferentially focus on in vivo models of cardiac myocyte proliferation.

Table 2. Level of cirdiac rnyocyte DNA qathosis in the ventricle during normal
development in rats and mice.

Reference

Synthetic

'H

Erokhina and Rumyantsev,
1986
Erokhina and Rumyantsev,
1986
Soonpaa et al., 1986

3~

Marino et al., 1991

1 Oed

12.1 and 19.1
LM/W and EM, resp.
10.0
Isolated Myocytes
13.3
L m
11
LM/H
2.8
Isolated Myocytes
13

'H

BrdU
3~

Machida et al., 1997
Soonpaa et al., 1996

BrdU

Cheng et al., 1995

BrdU

Nakagawa et al., 1988

L m
7

Erokhina and Rumyantsev,

Machida et al., 1997
Soonpaa et al., 1996
Isolated Myocytes
4.2

Adult

O
Isolated Myocytes
LMfH

Adult
Nuclear Marker

Adult

3~

Sasaki et al., 1970
Soonpaa and Field, 1'994
Soonpaa et al., 1996
Soonpaa et ai., 1997
Soonpaa and Field, 1997
Petersen and Baserga,
1965
Soonpaa et al., 1997
Soonpaa and Field, 1997
Rumyantsev, 1966
Baba et al., 1996

Table 2. continued

Table 2. Continued

1 Species 1
' Rat

Age

1

Synthetic
Cardiac Myocytes (%)
and theit Identification

60d

Rat

6Od

Rat

6Od

Rat

75d

0.2

LM/I
0.2
LM/H
0.13 -0.16
PHDI
O. 15 0.25

-

I

Synthesis
DNA
Assay

I

Reference

BrdU

Cheng et al., 1995

BrdU

Cheng et al., 1995

BrdU

Kajstura et al., 1994

BrdU

Reiss et ai., 1993 -

P m
Rat

>70d

0-0.004

3~

Kuhn et al., 1974

Rat

Adult

0.45

'H

Marino et al., 1991

Rat

Adult

3~

,Rat

Adult

Rumyantsev and Mirakjan,
1968
Marino et al., 1996
Rumyantsev, 1970
Reiss et al., 1994
Heron and Rakusan, 1995

L

.-

m

0.005

LM/H
O
LhNH
L M

PCNA
3~

Source: Adapted fiom Soonpaa and FieId, 1998.
EM, electron microscopy; LM, Iight microscopy; 1, immune histology; H, histochemistry;
Isolated myocytes, dispersed ce11 analysis; PH, phase-contrast microscopy; N, nuclear
staining; and Nuclear Marker, transgenic mice which express the nLAC reporter gene in
cardiac myocyte nuclei. The DNA synthesis assays include: tritiated thymidine
incorporation ('H), bromodeoxyurdine labeling (BrdU) and proliferating ce11 nuclear
antigen (PCNA) detection.

2.2.2

Zn vivo models of curdirrc myocyte proljfrurion

One of the emliest in vivo models to demonstrate an increase in postnatal cardiac
myocyte proliferation was a mouse mode1 overexpressing the large T antigen of the
simian virus (SV40), under the control of the atnal natriuretic factor (M)
promoter
{Field, 1988). Transgenic mice were characterized with large tumors composed of
differentiated and dividing cardiac myocytes in the right atria {Field, 1988). In an effort
to induce cardiac ventricular myocyte proliferation, expression of the large T antigen was

targeted to the ventricle using the rat a-myosin heavy chah (a-MHC)
gene promoter

{Katz et al., 1992). Overexpression resulted in both atrial and ventricular myocyte
hyperplasia in adult transgenic mice {Katzet al., 1992}. Myocytes retained the ability to
beat spontaneously and maintain their differentiated state; however, cardiac myocytes
undement a limited nurnber of passages when cultured (Katz et al., 1992). These data
suggest that cardiac myocytes c m be stimulated to divide by SV40 large T antigen
without the loss of differentiation (Claycomb, 1992). Although the mechanisms remain
to be detennined, it has been proposed that the large T antigen interacts with ce11 cycle
turnor suppressor proteins such as retinoblastoma protein (Rb), pl07 and p53, to
neutralize the anti-proliferative effects of these suppressor proteins in vivo {Claycomb,
1992).

Proto-oncogenes such as c-myc have also been shown to play a pivotal role in
cardiac myocyte proliferation in the postnatal heart in vivo. An assessrnent of c-myc RNA

levels during cardiac development demonstrates that a decrease in c-myc levels is
synchronous with the transition of cardiac myocytes from hyperplastic to hypertrophie

-

growth {Schneider et al., 1986). To increase cardiac ventricular proliferation, transgenic
mice were generated overexpressing the c-myc oncogene in cardiac myocytes, under the
control of the Rous sarcoma virus (RSV) promoter (Jackson et al., 1990). These
transgenic mice displayed hyperplastic growth of both atrial and ventricular cardiac
myocytes during fetai development {Jackson et al., 1990). Although c-myc transgene
expression persisted in the postnatal heart, cardiac myocyte proliferation was reported to
cease during this time and instead resulted in premature entry of myocytes into the
hypertrophic phase of growth {Machida et al., 1997). Since it has been shown that the
interaction of normal cells with v-myc transformed cells can suppress its transformed
p henotype (La Rocca et al., 19891, it was postulated that non-myocytes in the c-myc

transgenic mouse hearts could perfonn a similar function to suppress proliferation
postnatally (Jackson et al.,-1990).

Certain ce11 cycle proteins such as p27, have also been shown to play an

important role in regulating cardiac myocyte proliferation in vivo. p27 is a cyclin
dependent kinase (cdk) inhibitor that is a member of the KIPKIP family which
negatively regulates the ce11 cycle during gap l(G1) and S phases (Brooks et al., 1998).
Protein levels of p27 have been shown to significantly increase during cardiac
development, to a point where they are highest in the adult heart {Flink et al., 1998). To
increase cardiac myocyte proliferation, mice were generated lacking p27 {Poolman et al.,
1999). Loss of p27 in the rnouse hem resulted in both an increase in cardiac myocyte

number and a prolongation of cardiac myocyte proliferation {Poolman et al., 1999}.
Parallels have been drawn between the c-myc overexpression mode1 and the p27

knockout model, as cardiac myocytes nom both models cease to proliferate postnatally
{Poolman et al., 1999; Machida et al., 1997}. This is not surpnsing given the links
between both and by the demonstration that p27 activity can be sequestered by mycinduced proteins {Vlach et al., 1996; Pooiman et al., 1999). The only difference obseorcd
between the models is that in the case of the p27 knockout model, the onset of
binucleation is delayed by approximately two days whereas in the c-myc model there is
an acceleration towards a differentiated state (Poolman et ai., 1999).

Growth factors such as insulin growth factor (1GF)-I have also been s h o w to

play an essential role in cardiac myocyte proliferation in vivo {Anversa and Kajstura,
1998). An attenuation of the autocrine IGF-IDOF- 1 receptor system is synchronous with

the decline in myocyte proliferation during cardiac developrnent (Cheng et al., 1995;

Engelmann et al., 1989). With a view towards increasing cardiac myocyte ventricular
proliferation, transgenic mice were generating overexpressing the human IGF-1B, under

the control of the rat a-MHC promoter (Reiss et al., 1996}.It was shown that although
the aggregate number of myocytes in the hearts of transgenic rnice were identical to nontlansgenic littemates at birth, a significant increase in aggregate number of myocytes
was detected during the late stages of postnatal development {Anversa and Kajstura,

1998; Reiss et al., 1996). However, this increase was mainly due to an increase in cardiac

myocyte binucleation (Anversa and Kajstura, 1998}. In addition, it was s h o w that
subsequent to cardiac injury, transgenic mice revealed a dramatic decrease in ventricular
dilation and myocaràial loading, which is consistent with a protective response {Li et al.,

-

1 9 9 7 ~ )However,
.
it remains to be detennined whether this protective response involves

the generation of new myocytes in the area of infarction.

In summary, many approaches have succeeded in "ùiitiating" cardiac myocyte
proliferation in vivo;however, it remains to be determined whether the cardiac myocyte
"hyperplasia" observed (i) is dependent on early developmental expression o f the
candidate genes; due to the nature of the promoters used in these studies, (ii) can be
recapitulated exclusively in the postnatal heart using an inducible system, or (iii)
translates into the generation of 'hew" myocytes in the event of cardiac injury. It is also
clear fiom these models that the candidate genes studied and their respective pathways
are sufficient but not necessary on their own, to increase cardiac myocyte proliferation
throughout the postnatal developmental period of an animal. Therefore, strategies that

assess the contribution of specific pathways in controlling cardiac myocyte proliferation
are of vital importance to define this complex process.

2.2.3

Cordiac myocyte hypemophy
Cardiac hypertrophy is characterized by an increase in cardiac myocyte size and

mass and represents an adaptive response to hemodynamic load caused by various stimuli

{Hefti et al., 1997; MacLellan and Schneider, 2000). Hypertrophie growth can be
classified into two types, namely physiological and pathological. Physiological
hypertrophic growth occurs during normal cardiac development and is first observed
irnmediately afier binh when the heart is adapting to the increase in functional demands

(Zak, 1974). Physiological hypertrophy also occurs in the adult heart, and c m most

prominently be observed in the athietic heart {Schannwell et al-, 2001). On the other

hand, pathological hypertrophic growth occurs as part of a compensatory response in the
adult heart following a variety of pathological stimuli which include myocardial

infarction, hypertension, endocrine disorders and perturbations in sarcomenc hinction
due to altered expression or mutations of contractile proteins (Passier et al., 2000). In the
case, of physiological hypertrophy normal heart function is not compromised, however,

in the case of pathological hypertrophy normal heart function is compromised (e.g.,

pathological diastolic filling pattern) {Schannwell et al., 2001 }. Hypertrophie growth in
both cases, however, is associated with a number of phenotypic changes and alterations
in gene expression in cardiac myocytes (Hefti et al., 1997).
The molecular events that are involved during the process of cardiac

hypertrophy (pressure overload) are summarized in Figure 2B. The early response to
hypertrophic stimuli occurs within 30 min of exposure and involves the induction of
immediate early genes. which include early growth response- 1 protein (Egr-l), heat
shock protein 70 (hsp70), c-fos, c-jun, and c-myc {Hefii et al., 1997). In the adult heart,

this transient response represents a pattern of growth induction in cells with a Iimited
ability to undergo DNA synthesis {Izumo et al., 1988). The second response, which

occurs 6 to 12 hours fiom stimulation involves re-expression of "fetai" genes, which are
genes not normally expressed in the adult venmcle but highly expressed in the embryonic

heart (Hefti et al., 1997; MacLellan and Schneider, 2000). These include induction of
genes such as the P-myosin heavy chah (PMHC) {Nag and Cheng, 1986; Eppenberger
et al., l988), a-skeletal actin (Schwartz et al., 1986), ANF (Vikstom et al., 1998; Hefti
et al., 19971, N~'K+ ATPase a subunit {Charlemagne et al., 19941, ~ a + l c aexchanger
~+

(Kent et al., 1993; Snider et al., 19941, B-tropomyosin {Izumo et al., 1988) and atrial
myosin light chain-1 {MacLellan and Schneider, 2000). In addition, genes nopnally
expressed at higher levels in adult ventricles, such as a-MHC and the sarcoplasmic
reticulum calcium ATPase pump 2a (SERCMa), become downregulated during the
hypertrophie response {MacLellan and Schneider, 2000). Third, there is an upregulation

of constitutively expressed contractile genes such as the ventricular myosin light chah-2
(Lee et al., 1988) and a-cardiac actin {Long et al., 1989), which occurs at 12 to 24
heurs. In cultured adult cardiac myocytes, re-expression of some fetal genes such as the
P-MHCy a-smooth muscle actin and ANF can take up to several days {Hefü et al., 1997).

As a result, in tems of a final response, cardiac myocytes are subject to increased protein

synthesis, a two to three fold increase in their original ce11 volume as well as the
breakdown and reassernbly of rnyofibrils (Hefii et al., 1997). Myocyte loss &ugh

apoptosis and replacement fibrosis are also associated wiîh cardiac hypertrophy and are
postulated to mediate the decline in myocardial function that occurs with the transition
fiom hypertrophy to failure (MacLellan and Schneider, 2000).
A variety of stimuli which can trigger hypemophic growth including mitogens,

cardiac agonists as well as mechanical stress which are summarized in Figure 2A
(MacLeIlan and Schneider, 2000). Although changes in wall stress (Le., mediated by
pressure overload) can act as the primary mechanical sensor for the cascade of events
leading to cardiac hypertrophy in vivo, it has been demonstrated that hypertrophy can dso
be induced in viîro (MacLellan and Schneider, 3000). Hypertrophie stimuli oan be

categorized into various groups based on their intracellular signaling pathways and these
include: (i) catecholamines such as the a-1 adrenergic agonists (i.e., pheny lephrine) as

well as vasoactive peptides; h g 1 1 and endothelin-1 (ET-1); which are al1 coupled to the
G protein receptor signaling pathway (ii) growth factors such as FGF-2, IGF-1, platelet
derived growth factor (PDGF) as well as TGF-P which are coupled to receptor tyrosine or

receptor serine-threonine kinase signaling pathways, respectively (iii) cytokines such as
cardiotrophin-1 and interleukin-1 (IL-1) which al1 share the common signal transducer
gp130 in their receptor signaling pathway and (iv) thyroid hormone which acts via

nuclear membrane receptors {Hefii et al., 1997). Mechanical stretch of cardiac myocytes
can also elicit a hypertrophic response {Sodoshima et al., 1993; Schneider et d.,1991).
Since AngiI is reportedly secreted fiom cardiac myocytes under mechanical stress, it has
been postulated that one of the intracellular signaling pathways mediated by mechanical

stretch is associated with the activation of G protein coupled receptoa (Hefti et al., 1997;
Sadoshima et al., 1993). It should also be noted that that not ali "hypertrophic" stimuli
assessed in vitro express the same subset of molecular genetic markers observed in
cardiac hypertrophies in vivo (i.e., pressure overload hypertrophy). In fact, stimulation of
cardiac myocyte cultures with either FGF-2 or TGF-P are amongst the only stimuli which
exhibited molecular features that paralleled pressure overload hypertrophy in vivo (Hefti

et al., 1997). Given the complexities of these pathways, it is imperative that efforts be
directed towards unraveling the signaling molecules mediating cardiac hypertrophy in

addition to cardiac myocyte proliferation, to prevent and protect the heart fiom failure.
The next section will review some of the most widely recognized Ni vivo models of
cardiac hypertrophy.

-

Figure 2.

Schematic representation of the intirceilular signaüng pathways and moleculu

events that are linked to the induction of cardiae myocyte hypertrophy.

A.

The four major intracellular signaling pathways which mediate hypertrophy are (i)
G protein coupled receptors (GPR}, (ii) tyrosine (TK) and serine-threonine kinase
(STK) receptors, (iii) cytoplasmic intermediary pathway involving gp13O and (iv)
thyroid hormone which acts via nuclear membrane receptors. Mechanical stretch

and wall stress are also known to induce hypemophic growth.

B.

The sequential molecular évents which lead to cardiac hypertrophy following
stimulation are summarized. egr- 1, early growth response-l protein; p-MHC,
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2.2.4

In vivo modek of cardhc hypertrophy

The process of cardiac hypertrophy has been best characterized through the
assessment of the G protein coupled receptor pathway {Jalili et al., 1999). G protein
coupled receptors are heteroaimeric, comprised of three subunits (a,B, y) and have a role
in mediating extracellular biochemical signals to intracellular effectors (Jalili et al.,
1999). Overexpression of Ga, in transgenic mice is characterized by whole heart

hypertrophy, recapitulation of the fetal gene program and premature death {D'Ange10 et
al., 1997). Superimposing hemodynamic stress on this model, results in the classicai
features of decompensated heart failure which is characterized by the preferential
development of left ventricular hypertrophy (Sakata et al., 1998). The Ga,,f d l y of
proteins are considered activators of the intracelluiar protein, PLCP, with sensitivity to
PLCf3l in the heart (Jalili et al., L999). Activation of PLCP leads to phosphotidylinositol

biphosphate (HP2) hydrolysis and its byproducts, DAG and inositol 1,4,5-triphosphate
(IP3), which are potent activators of PKC {Jalili et al., 1999). PKCs have also been

implicated in cardiac myocyte hypertrophy (Jaliii et al., 1999). Overexpression of Ga, in
transgenic mouse hearts was shown to activate PKCE {D'Ange10 et al., 1997). In
addition, cardiac-specific overexpression of PKCPII in transgenic mice was able to
produce a hypertrophie phenotype, upregulation of the fetal gene program and myocyte
dysfunction in mouse hearts (Wakasaki et al., 1997). Taken together these results
suggest a major role for the G protein coupled receptor pathway in cardiac hypertrophy

and failure.

Calcium-dependent signaling pathways have recently k e n recognked as major
regulators of cardiac hypertrophy. In search for factors capable of interacting with the
cardiac-specific ûanscription factor, GATA-4, a oovel cardiac growth pathway was
identified {Molkentin et al., 1998). The calcineurin-nuclear factor of activated T cells 3

(NFAT3) pathway has been shown to be dependent on calcium signaling and transgenic
mice expressing constitutively activated forms of calcineurin, the ~a~'lcalmodu1independent phosphatase, and NFAT3, the GATA-4 binding factor, which is
dephosphorylated by calcineurin in the event of increased cytosolic calciurn levels, each
provoked cardiac hypertrophy {Molkentin et al., 1998). In addition it was shown that
well established inhibiton of the calcineurin pathway, cyclosporine A and FK506,are not
only effective in blocking hypertrophy in cafcineurin and MAT3 overexpressing mice
but also in several, but not all, genetic models of cardiac hypertrophy (Ding et al., 1999;

Luo et al., 1998; Meguro et al., 1999; Mende et al., 1998; Olson and Williams, 2000;
Sussman et al., 1998; Walsh, 1990). Recently it has also been shown that the
protein kinases4 and -IV
overexpression of the activated ~a~+/calmoduiin-dependent

(CaMKI and CaMKIV) also induceci cardiac hypertrophy in vivo via a myocyte enhancer
factor 2 (MEF2)-mediated pathway {Passier et al., 2000). Crossing of transgcnic lines
expressing constitutiveiy activated form of CaMK with those expressing NFAT3 resulted
in a synergistic response on cardiac hypertrophy, suggesting that CaMK and calcineurin
act cooperatively

and in parallel to preferentially activate distinct transcriptional targets

in the heart in the response towards hypertrophy {Passier et al., 2000).

The proto-oncogene p2lras has also been shown to play an important role in
cardiac hypertrophy. Transgenic mice overexpressing oncogenic H-Ras. under the control

of the ventricular form of myosin light chah-2 promoter, resulted in increased ventncular
mass in the postnatal heart which was reflective of cardiac hypertrophy and not cardiac

hyperplasia (Hunter et al., 1995). This response is surprising since p2lras downregulates
the cyclin-dependent kinase inhibitor, p27, whose expression when lost in the postnatal
heart results in cardiac myocyte hyperplasia {Takuwa and Takuwa, 1997; Poolman et al.,
1999).

Another intracellulm pathway implicated in cardiac hypertrophy is the mitogenactivated protein (MAP) kinase pathway. TGF-p activated MAP kinase protein 1 (ml)

is a member of the MAP kinase kinase kinase family which was found to be upregulated
subsequent to cardiac hypertrophy induced by aortic banding (Zhang et al., 2000). To
define the role of TAKl in the adult myocardium, transgenic mice were generated

overexpressing an activated form of TAKl under the control of the mouse a-MHC
promoter (Zhang et al., 2000). TAKl overexpression in transgenic mice was sufficient to

induce cardiac hypertrophy, interstitial fibrosis, severe myocardial dysfùnction, induction
of fetal genes, apoptosis and premature death as a result of heart failure (Zhang et al.,
2000). Cardiac specific overexpression of the MAPK signaling pathway, MEKI -

ERK1/2, in mice also resulted in concentric hypertrophy, however this was followed by

increased cardiac function and partial resistance to apoptotic stimuli {Bueno et al., 2000).
Genetic mutations in sarcomeric proteins have also been considered major
players in the development hypertrophic cardiomyopathy {Redwood et al., 19991. To
date,

there are at Least seven different disease-genes which have been linked with

hypertrophic cardiomyopathy (Redwood et al., 1999). These include proteins encoding

components of either the thick filament (P-MHC), regulatory myosin light chain,
essential myosin light chain, myosin binding protein-C, or the thin filament (Le., cardiac
troponin T and 1 as well as a-tropomyosin) of striated muscle (Redwood et al., 1999).

The mouse mode1 of familial hypertrophie cardiomyopathy, which resulted from a
mutation in the P-MHC gene was the first characterized sarcomeric mutation (GeisterferLowrance et al., 1996}. Transgenic mice heterozygous for the mutation demonstrated

cardiac dysfunction preceded by myocyte disarray, hypertrophy and fibrosis with
increased age (Geisterfer-Lowrance et al., 1996). Transgenic mice homozygous.for the
mutation, however, died within seven days after birth (Geisterfer-Lowrance et al., 1996).

2.3

Cardioprotectionand Cardiac Myocytr Gmwth Cimtrol Path ways
Limited iaformation is known about the key molecular triggers that control

cardiac myocyte protection and grou*, however, there is some evidence suggesting that

selective local polypeptide growth factors, present in the heart, c m act in a paracrine and
autocrine marner to target cardiac myocytes in these normal processes (Parker et al.,
1990). In fact, two classes of growth factors, namely the fibroblast and transforming
growth factors, have been strongly implicated in targeting and modulating signaling

events in cardiac myocytes {Schneider and Parker, 199 1} . The following sections will
review characteristic features, gene regulation, signaling and biological activities of FGF2 as well as its high affinity receptor. fibroblast growth factor receptor-1 (FGFR-1) in the

myocardium and cardiac myocytes. In addition, the role of a negative regulator of FGF-2,
TGF-P, will also be discussed with respect to cardiac myocyte growth. Important
questions, which rernain unresolved in these areas, will also be highlighted in this review.

2.4

The Fibrobksf Growfh Factor (FGO FumZy
The FGF farnily consists of at least 23 stnicturally related polypeptide growth

factors, termed FGF-1 to FGF-23 (Yamashita et al., 2000). FGFs were fust identified in
brain and pituitary extracts, and named for their ability to stimulate proliferation of
BALB-C 3T3 fibroblasts {Trowell et al., 1939; Hofkan, 1940). ïhis activity was later

shown to be due to two proteins, the first being FGF-1, also known as acidic FGF

(aFGF), which has an acidic pI (5.6) and the second being FGF-2, also known as basic
FGF (bFGF), which has a basic pI (>9.0) (Esch et al., 1985; Maciag et al., 1984; Thomas
et al., 1984). A defining feature of FGFs is their high aniinity for heparin and this has
facilitated their isolation, purification and use for structural studies {Gospadarowicz et

al., 1987). As a result, FGFs are also considered members of the larger heparin binding
growth factor family, which also include other members such as vascuiar endothelial
growth factor (VEGF) and heparin-binding epidermal growth factor-like growth factor

(Ferrara et al., 1991; Peipkorn et al., 1998; Szebenyi and Fallon, 1999). Phylogenetic

analysis of the FGF family also suggests that al1 members denve from a cornmon
ancestral gene which has gone through at least two phases of gene duplication to give rise
to the present diversity in FGFs (Coulier et al., 1997). It is thought that the fust series of

duplications occurred at the time of emergence of the vertebrates and the second phase at
the time of fin-to-limb transition (Coulier et al., 1997). Despite its name and initial

reported biological effects, this diverse farnily can modulate numerous cellular functions
in multiple ce11 types, including cardiac myocytes {Galzie et al., 1997; Kardami et al.,
200 1 }. Their functions range from ce11 proliferation, differentiation, survival, adhesion,

migration, motility and apoptosis, to processes such as limb formation, wound healing,

turnorigenesis, angiogenesis, embryogenesis and blood vesse1 remodeling (reviewed in
Szebenyi and Fallon, 1999). The biological hctions of FGFs are known to be mediated
prirnarily by specific ce11 surface recepton of the tyrosine kinase family {Szebenyi and

Fallon, 1999}. A more detaiied discussion of these FGF receptors (FGFR)will occur in
the following sections. Although FGFs play multiple roles, some FGFs and FGFRs

exhibit a restncted yet overlapping spatial and temporal expression pattern in various
organ systems and ce11 types (Szebenyi and Fallon, 1999). In t e m s of the heart, there is

considerable attention focussed on the role of FGF-2 because of its mitogenic, angiogenic
and cardioprotective effects {Kardami et al., 2001). This review will focus on discussing

FGF-2 gene regdation at the level of transcription, mRNA structure, mRNA stability,
translation, pst-translational modifications, aafficking, reiease as well as the interactions
of FGF-2 with its ce11 surface receptors and its various biological activities in the
myocardium, with emphasis placed on its role in cardiac myocytes.
2.4.1

FGF-2gene structure and transcriptional regulation in the myocardium
FGF-2 is one of tw-Oprototypic members of the FGF family (the other being

FGF-1) which was originally purified from the brain and pituitary as a 16-18 kD
(kilodalton) monomeric peptide {Gospadarowicz et al., 1985). Assessment of the three
dimensional structure of crystalline 18 kD FGF-2 revealed that it is organized in a
trigonal pyramidal structure composed of 12 anti-parallel P sheets (Eriksson et al., 1991;

Zhu et al., 1991) . The FGF-2 gene has been cloned fiom many species including human,
bovine, rat, mouse, chick, opposum, sheep, Xenopus and newt {Szebenyi and Fallon,
1999). It shares 4040% sequence homology to other FGF family members and is highly

conserved arnongst species {Basilico and Moscatelli, 1992; Kardami et al., 200 1}. The

human FGF-2 gene exists as a single copy, is mapped to chromosome 4 and spans over
40 kb of the genome (Abraham et al., 1986a,b; Mergia et al., 1986). It contains three

exons intemipted by two 16 kb introns and possesses large 5' and 3' non-coding regions
(Abraham et al., 1986a; Shibata et al., 1991). Human and rat FGF-2promoter regions
have been cloned (Shibata et al., 1991;Pasumarthi et al., 1997) and were shown to lack
conventional TATA or CCAAT elements responsible for transcriptional initiation
(Shibata et al., 1991; Pasumarthi et al., 1997). Instead, the human FGF-2 gene was
shown to rely on GC rich sequences for transcriptional initiation at a single start site
{Shibata et al., 19911, whereas the rat FGF-2 gene was s h o w to contain four
transcnptional start sites (GC-rich) which were differentially regulated by phorbol esters
(Pasumarthi et al., 1997). The lack of conventional TATA or CCAAT elements, high GC

content around transcriptional start site(s) and multiple transcription sites (in the case of
the rat) in the promoter {Pasumarthi et al., 1997; Shibata et al., 1991), as well as its

ubiquitous pattern of expression (Bikfalvi et al., 19971, suggests that FGF-2 has
characteristics associated with so-called "housekeeping" genes of the cell.
"Housekeeping" genes are usually expressed constitutively at low levels, making use of
ubiquitous transcription factors, like Spl for their regdation and their products are often
important for ce11 maintenance {Gallagher et al., 2000). However, the term

"housekeeping" gene is used loosely, since even well recognized low-level constitutively
expressed "housekeeping" genes such as glyceraldehyde-3-phosphate dehydrogenase

(GAPDH), a potent enzyme which is essential for ce11 energetics, can be upreplated by
certain stimuli, such as in the case of pathological conditions (McNulty and Toscano,
1995).

Although transcription is an important level of gene regulation and both human
and rat FGF-2 promoters have been cloned, there is limited information on transcriptional
regulation of FGF-2, and even less with respect to its regulation in the mammalian heart.

In fact, in the period of 1995 to early ZOO1 less than 5% of publications in the area of

FGF-2 in the myocardiurn have reported on the transcriptional reguiation of FGF-2.
Studies using the hurnan FGF-2 promoter have k e n predominantly carried out in noncardiac ce11 types. and have implicated a role for p53, ce11 density, growth factors and

PKC as regdators of FGF-2transcription (Moffett et al., 1996; Moffett et al., 1998; Ueba
et al., 1994). The phorbol ester PMA, a potent PKC activator, was also shown to

stimulate rat FGF-2 promoter activity in glioma cells (Pasumarthi et al., 1997). Recent

studies using the rat FGF-2 promoter region have demonstrated that FGF-2 transcription
can be regulated in neonatal cardiac myocytes in viîro as well as in the adult myocardiurn
in vivo by adrenergic agonists (Detiuieux et al., 1999). Specificdly ,the a 1-adrenergic

agonist phenylephrine was shown to significantly increase FGF-2 promoter activity in

neonatai rat cardiac myocytes {Detillieux et al., 1999). Intraperitoneal administration of
phenylephrine to adult transgenic mice expressing a hybrid firefly luciferase reporter
gene directed by approxirnately 1 kilobase (kb) of upstream rat FGF-2 gene sequences

(-1058FGFp.l~~)~
also resulted in a significant increase in FGF-2 promoter activity in
adult hearts in vivo {Detilliew et al., 1999). This increase in FGF-2 promoter activity
coincided with an increase in endogenous FGF-2 rnRNA levels in adult hearts Ni vivo
{Detillieuxet al., 1999). This suggested that the genetic idormation contained within the
1 kb fragment of rat FGF-2 promoter region was sufficient to drive FGF-2 gene

expression in adult hearts in vivo (Detillieux et al., 1999). The -1058FGFp.luc

transgenic mode1 has significantly increased our understanding of FGF-2 transcription in
the mammalian heart. However, since FGF-2 promoter activity was assessed in whole

hearts, it remains to be determined whether FGF-2 can be regulated, at the transcriptional
level, in adult cardiac myocytes.

Studies which addressed the mechanism of ai-adrenergic regulation of FGF-2

transcription have been limited to neonatal cardiac myocytes, have ruled out a role for
N G rich sequences {Detillieux et al., 1998; Detillieux et al., 19991, and implicated a

direct role for the transcription factor Egr-1 in this mechanism {Jin et al., 2000}. Egr-1 is
a member of the (three) zinc finger family of transcription factors, which binds to G/C
rich motifs in DNA {Nakagama et al., 1995; Swimoff et al., 1995). It often constitutes
the first step in the sequential expression of growth regulatory proteins, and as such is

considered an immediate early gene (Biesiada et al., 1996). Egr-l is induced by
mitogenic stimuli, such as semm and phorbol esters (i.e., PKC activators) (Biesiada et
al., 19961 as well as hypertrophie agents (see section 2.2.3). Studies using the human

FGF-2 promoter have already implicated a central role for Egr-1 in FGF-2 transcription
in astrocytes (Biesiada et al., 1996). The rat, like the human, FGF-2 gene contains

consensus Eg-1 DNA elements in its upstream coding sequences (Biesiada et al., 1996;

Jin et al., 2000: Pasumarthi et al., 1997, Wang et al., 1997). Egr- 1 synthesis was also
shown to increase as a resuit of ai-adrenergic stimulation in neonatal cardiac myocytes
(Iwaki et al., 1990). Studies fkom our laboratory using neonatal cardiac myocytes have
demonstrated that (i) the ai-adrenergic agonist phenylephrine increases Egr- 1 levels and
binding to the rat FGF-2 promoter region, (ii) an increase in Egr-l levels stimulates rat

FGF-2 promoter activity, and (iii) mutation of Egr-1 sites can ablate ai-adrenergic
stimulation of a minimal rat FGF-2 promoter (Jin et al.?2000). Altogether these studies
suggests an important role for Egr-1 in the regulation of FGF-2 transcription.

Several studies suggest that PKC may be the cytoplasmic intermediate involved
in mediating the effects of Egr-1 on FGF-2 gene transcription in cardiac myocytes. PKC

activators, such as PMA and AngII were also shown to increase Egr-1 binding to the

FGF-2 promoter region in neonatal cardiac myocytes {Jin et ai., 2000) and prehpinary
studies using the -1058FGFp.l~~transgenic mouse model, suggest that PMA can
significantly increase FGF-2 promoter activity in adult cardiac myocytes {Sheikh and
Cattini, unpublished observations). Although a role for PKC was not demonstrated in the

mechanism regulating ai-adrenergic stimulation of FGF-2 transcription by Egr-1, it is
conceivable that this would be a likely path, since catecholamines like phenylephrine
which act through G protein coupled receptors are known to signal through PKC in
cardiac myocytes {Hefti et al., 1997). In addition, studies using adult cardiac myocytes
have revealed that Ang II, E T 4 and IL-1P can increase FGF-2 mRNA levels (Le.,
accumulation) {Fischer et al., 1997) and these effecton are al1 known to signal via PKC

in cardiac myocytes {Grohe et al., 1994; He et al., 2000; Hefti et al., 1997; Jin et al.,
2000; Neyses et al., 1993). It is conceivable that in each case Egr-1 is a downstream

target that c m mediate an increase in FGF-2 transcription. In fact, a central role for PKC
in the AngII and ET4 mediated induction of immediate/early gene expression (i.e.,
inclusive of Egr- 1) in adult cardiac myocytes was demonstrated when Egr- l induction
could be blocked by the calcium channel inhibitor, nisoldipine, which inhibits PKC

signaling pathways (Grohe et al., 1994). A central role for PKC in Egr-1 induction by
IL-IP has been established, when it was demonstrated that this induction could be

blocked by PKC inhibitors in osteoblastic cells {Chaudhary et al., 19961. FGF-2mRNA
levels, as assessed by reverse transcriptase polymerase chah reaction (RT-PCR), can d s o
be increased in human ventricles following cardiac transplantation {Ationu and Carter,
1994}. It is also conceivable, in this case, that PKC may be involved since mechanical

stress or preconditioning (Le., brief period of ischemia) occuring during cardiac
transplantation are known to stimulate PKC activity (Baines et al., 1999a; Hefii et al.,
1997}. As a result, PKC activation could lead to increased Egr-1 levels (Hefii et al.,

1997; Jin et al., 2000) which could then stimulate FGF-2 transcription. Mechanical stress
has also been shown to induce AngII (Hefti et al., 1997), which could then as a result
regulate Egr-1 levels and binding to the FGF-2 promoter region (Jin et al., 2000). It is
possible that the effects of Angn, ET-1, IL-1 P as well as cardiac transplantation in adult

cardiac myocytes or hearts, respectively, could also be linked to effects on FGF-2 RNA
stability. However, in al1 cases where PKC is activated, studies have implicated a direct
role for this pathway in increasing Egr-1 levels and binding to the FGF-2 promoter region

in cardiac myocytes {Jin et al., 2000).

The ubiquitously expressed zinc fmger transcription factor, Sp 1, was also
implicated in playing a role in FGF-2transcription in astrocytes {Biesiada et al., 1996).
However, the functional effects of this interaction have not been elucidated in terms of

FGF-2 expression in these cells, since these studies were limited to binding assays
(Biesiada et al., 1996). Spl sites have been identified in both rat and human FGF-2 gene

sequences, and were found to overlap with Egr-1sites (Biesiasda et al., 1996;Pasumarthi
et al., 1997). The interplay between Sp 1 and Egr-1 has k e n documented in various ceIl
types, including human epithelial and vascular endothelial cells, but not cardiac myocytes

{Cui et al., 1996; Khachigian et al., 1995). Specifically, studies involving the tissue
factor gene promoter in human epithelial cells demonstrated that Spl was required for
basai expression whereas both Spl and Egr-1 mediated inducible expression by phorbol

esters and serum, implicating cooperativity between these factors as well as temporal
regulation in directing gene expression {Cui et al., l996}. Xn addition, studies involving
the platelet-denved growth factor-A promoter demonstrated that PKC-mediated induction

of Egr-1 levels resulted in the displacement of Spl to increase promoter activity and gene

expression in vascular endothelid cells (Khachigian et al., 1995; Khachigian and Collins,
1997). A role for Spl in al-adrenergic or

PKC mediated transcriptional regulation of

FGF-2 in cardiac myocytes remains to be determined.

Autoregulation is also an important component of transcriptional regulation of
FGF-2 {Fischer et al., 1997). In this case, secreted FGF-2 would act back through its cell

surface receptors to regulate FGF-2 gene expression. Autoregulation of FGF-2 gene
expression has been observed in adult cardiac myocytes, endothelial cells and vascular
smooth muscle cells (Alberts et al., 1994; Fischer et al., 1997; Wang et al., 1997; Weich
et al., 1991}. FGF-2 lacks a conventionai signal peptide for secretion via conventional
pathways, however, in the postnatal heart, FGF-2 was shown to be released fiom cardiac

myocytes with every contraction in the myocardium under normal physiological
conditions (Clarke et al., 1995; Kaye et al., 1996; see section 2.4.5). The P-adrenergic

agonist, isoproterenol, through an increase in force and rate of contraction, can increase
release of FGF-2 from the adult myocardium in vivo (Clarke et al., 1995). Preliminary

studies from our laboratory dernonstrated that the kadrenergic agonist, isoproterenol, can
also increase FGF-2 mRNA levels and prornoter activity in adult hearts of

-

1058FGFp.luc mice in vivo. Although the mechanism of this increase remains to be
determined, together these studies suggest that regulation of FGF-2 transcription by

P-

adrenergic agonists could be dependent on released FGF-2 and autoregulation (i.e.,

b

adrenergic stimulation increases FGF-2 release which then acts through ce11 surface
receptors to increase FGF-2 transcription), although direct regulation of FGF-2
transcription by P-adrenergic stimulation cannot be excluded (Riva et al., 1996). Clearly,
with the development of appropnate ce11 model systems, the -1058FGFp.l~~
transgenic

mouse model could be potentially exploited to address the role of FGF-2 transcription in
adult cardiac myocytes, as well as its role in P-adrenergic stimulation.

The mechanisms involved in autoregulation of FGF-2 gene expression in cardiac

myocytes as well as other ce11 types are unclear. Studies using the human FGF-2
promoter in human heptacellular carcinoma cells have irnplicated a central role for.Egr-1
in autoregulation of FGF-2 transcription (Wang et al., 1997). In addition, endogenous

release of FGF-2 as a result of injury, was also shown to act in a paracrine manner to
activate Egr-l promoter activity in endothelid cells in a mitogen activated protein kinase
kinase (MEK) and extracellular-signal-regulated protein kinase (ERK) dependent
manner, implicating an indirect mechanism of autoregulation of FGF-2 transcription
(Santiago et al., 1999). In this case, increased FGF-2 release as a result of injury would

directly increase Egr-1 promoter activity and thus Egr-1 protein levels, whkh couid in
tum increase FGF-2 transcription. Although Egr-1 is implicated as a central mediator of

al -adrenergic regulation of FGF4 transcription in cardiac myocytes {Jin et al., 2000),

there is no direct evidence to support autoregulation of FGF-2 as a component of this

mechanism. Studies have d e d out a role for calcium influx and ceil contraction (which
wodd presumably increase FGF-2 release) in mediating the effects of ai-adrenergic
regulation of FGF-2 transcription in neonatal cardiac rnyocytes (Detillieux et al., 1998;
Detillieux et al., 1999). Although autoregulation is postulated to play an importsnt role in
B-adrenergic regulation of FGF-2 transcription in cardiac myocytes (see above), Egr-1
may not be involved directly, since a study has demonstrated that Egr-1 synthesis cannot

be directly increased by B-adrenergic stimulation (Iwaki et al., 1990). Clearly, the use of
appropriate mode1 systems and promoter studies would facilitate determining the
mechanisms which mediate FGF-2 transcription under various levels of regulation.
Figure 3 provides a summary of the pathways implicated in mediating transcriptional
regulation of FGF-2 in the myocardium.

Figure 3.

Schematic representation of the signalhg pathways involved in transcriptional

regulation of FGF-2 in cardiac myocytes.

Both known (solid arrow-s) and speculated (dashed arrows) pathways which mediate
FGF-2 transcription in cardiac myocytes are summarized. The three major receptor
pathways involved in regülating FGF-2 transcription in cardiac myocytes include: (i)
alpha (aAR) adrenergic receptor pathway, (ii)

(BAR) aderenergic receptor pathway and

(iii) FGF-2 receptor (FGFR) pathway. In terms of a-adrenergic regulation, a direct

mechanism involvhg Egr-l was demowtrated (Jin et al., 2000). In terms of f3-adrenergic
regulation of FGF-Z?a n indirect mechanism was proposed which was dependent on

released FGF-2 acting back through its' ce11 surface receptors to increase FGF-2
transcription. Autoregulation of FGF-2 transcription in cardiac myocytes has been
demonstrated in many ce11 types including cardiac myocytes (Alberts et al., 1994;
Fischer et al., 1997; Wang et al., 1997; Weich et al., 1991}. Egr- 1 was implicated in
autoregulation of FGF-2 (Wang et al., L997), this remains to be determined in cardiac
rnyocytes. PKC (via PMA and AngII stimulation) has also been proposed to play a

central role in FGF-2 transcription, and was demonstrated to increase Egr-1 binding to
the FGF-2 promoter region in cardiac myocytes (Jin et al., 2000). Although interplay

behveen Spl and Egr-1 was shown in other ce11 types (Biesiada et al., 1996;Cui et al.,
1996; Khachigian et al., 1995; Khachigan and Collins, 19971, this remains to be
determined in cardiac myocytes.

Phenylephrine

2.4.2

Regdation of FGF-2 H

A structure and stabiiity in the myocurdium

Multiple sizes of FGF-2 transcripts have k e n reported in Xenopus (432.3 and
1.5 kb), chicken (10.2, 7.8,4.9, 2.8, 2.6,2.3 and 1.5 kb), rat (7.0, 6.0,4.7, 3.7,2.5, 2.2,
1.8, 1.6 and 1.O kb), mouse (6.1, 4.7 and 3-6kb), bovine (7.1 and 4.6 kb), and human
(7.5, 5.0, 3.7, 3-5 and 2.1 - 1.8 kb) celis and/or tissues {Ationu and Carter, 1994; Borja et

al., 1993; Cattini et al., 1998; Detillieux et al., 1999; Goldsmith et al., 1991; Hurley et al.,
1994; Kimelman and Krschner, 1989; Murphy et al., 1988; Pasumarthi et al., 1997;
Powell et al., 199 1; Logan et al., 1992; Sheikh et al., 1999; Stachowiak et al., 1994).

However, a recent study fiom oui laboratory demonstrated that the rat and mouse 4.7 kb
mRNA is not a "bona fde" FGF-2 transcript, but likely represents cross-hybridiuttion of
the "intact" FGF-2 cDNA to abundant 28s ribosomal RNA through G/C rich non-coding

sequences (Cattini et al., 1998). In addition, with the discovery of antisense FGF-2
transcripts (1.5, 1.3 and 1.1 kb) (Knee et al., 1997; Li et al., 1996a; Murphy and Knee,
19941, it is conceivable that some FGF-2 transcripts, previously detected by RNA
bloaing using cDNAs (detects both sense and antisense transcripts), thought to be 'sense'
could in fact represent products of antisense transcripts. This could be m e , for example,
for the 1.5 kb FGF-2 transcript detected in Xenopus and human tissues {Kimelman and

Kirscher, 1989; Knee et al., 1994; Murphy and Knee, 1994). The 6.1 kb FGF-2 was
considered as the predominant endogenous FGF-2 tninscnpt in the mouse heart {Cattini
et ai., 1998) as well as rat cardiac myocytes {Detillieux et al., 1999; Sheikh et al., 1999).

However, induction of both 6.1 and 3.6 kb FGF-2 transcripts was detected in
phenylephrine-stimulated mouse hearts {Detillieux et al., 1999) and 7.5, 3.5 as well as

2.0 kb FGF-2 transcripts were detected and upregulated in the humaa ventricle following

transplantation (Ationu and Carter, 1994). The reason for the variations in FGF-2
transcript size in the myocardium is largely unknown. However, it was demonstrated that

FGF-2 transcript sizes cm be regulated by: (i) the use of alternative polyadenylation sites
within large 3' untranslated regions {Kurokawa et al., 19871, (ii) varying lengths of 5'

and 3' untranslated sequences (Prats et al., 19891, (iii) alternative splicing (Borja et al.
1993; Boj a et al., 1996; el-Husseini et al., 19921, as well as (iv) RNA degradation or
stability (Abraham et al., 1986a; el-Husseini et al., 1992; Knee and Murphy, 1997).

Transcription of antisense FGF-2 mRNA fkom the opposite strand of the FGF-2
gene, or antisense transcnpts, were originally reported in Xenopus (Kimelman and
Kirschner, 19891, and subsequently found in the chicken (Boja et al., 1993; Salvage and
Fallon, 19951, human {Murphy and Knee, 1994) and rat {Knee et al., 2997). In
Xenopus, natural antisense transcnpts were demonstrated to regulate FGF-2 mRNA

stability (Kimelman and Kirschner, 1989). Since the antisense transcript is
complementary to regions of the 3' untranslated region of the FGF-2 mRNA, it was
postulated that formation of double-stranded RNA helices in these regions would regulate
FGF-2 mRNA stability {Knee et al., 1997). Antisense transcripts modulate FGF-2
mRNA stability bg inhibiting transcript, processing and/or translation of 'sense' FGF-2
{Knee et al., 1997: Knee and Murphy, 1997; Li and Murphy, 2000). Recent studies, have

demonstrated that expression of altematively spliced FGF-2antisense RNA transcripts in
rat brain and C6 glioma cells increase cellular FGF receptor content but inhibit cell
proliferation as a result of suppression of cellular FGF-2 protein not mRNA levels (Le.,
accumulation), indicating disruption of the FGF-2 autocrine pathway at the level of

translation {Li and Murphy, 2000). To date the physiological significance of antisense
FGF-2 transcnpts in the myocardiurn or cardiac myocytes is largely unknown. Antisense
FGF-2 transcripts have been shown to translate into proteins resembling members of the

MutT-like family enzymes, which play a "house-cleaning" role in the hydrolysis of
potentially hazardous compounds or metaboIites (Bessrnan et al., 1996; Li et ai., 1W6b;

Li et al., 1997a; Li and Murphy, 2000). Thus, it is tempting to speculate that antisense
FGF-2 transcripts play a role in postnatal cardiac growth and/or injury when there is
increased metabolic activity. In addition, antisense FGF-2 transcripts were showb to be
under tissue-specific and developmental control (Li et ai., 1996a). In the rat heart, it was
demonstrated that the levels of antisense FGF-2 transcripts were low in embryonic hearts
(days 15-19), increased 5- 10 fold postnatally (day 10) over fetal levels, and then slowly
declined to new steady-state levels in the adult heart (Li et al., 1996a). It was noted that

the levels of antisense FGF-2 RNA in several tissues, including heart, were much higher
than sense FGF-2 RNA, which was undetectable by RNA blotting (Li et al., 1996a).
Clearly the reciprocal relationship between antisense and sense FGF-2 transcnpts in the
myocardium during development, along with the effects of antisense FGF-2 transcripts
on inhibiting FGF-2 translation (which is important in autoregulation), point to an
important level of control in regulating FGF-2 bioavailability and biological activity in

the postnatal heart. This could play a major role in opposing or limiting the actions of
"endogenous" FGF-2 in the adult myocardium in processes such as cardiac myocyte
regeneratiodproliferation upon injury in vivo. This notion is supported by recent

evidence which demonstrated that antisense FGF-2 transcripts were involved in
restraining pituitary nimor ce11 growth while promoting hormonal activity (Asa et ai.,

200 1). Clearly, defming the role of antisense FGF-2transcripts in the myocardium could

be important in regulating the biological activities of FGF-2 in cardiac myocytes,
including its proposed effects on growth and/or protection.

2.4.3

TrunsfatiionalreguIu&wa of FGF-2 in the myocardium
Both high and low molecular weight forms of FGF-2 have been identified in the

myocardium as well as cardiac myocytes (Kardarni et al., 1995; Liu et al., 1993). FGF-2
isofoms arise predominantly through alternative translation initiation from kucine
(CUG) versus methionine (AUG) codons fiom a single mRNA {Florkiewicz and

Sommer, 1989). High molecular weight (HMW) forms of FGF-2 (21-25 kD)resdt fiom
translation initiation from unconventional, upstream CUG sites, whereas the widely
studied 18 kD low molecular weight (LMW) fonn of FOF-2 results from translation
initiation from a conventional, downstream, AUG site from the same mRNA
(Florkiewicz and Sommer, 1989). Alternative translation of human FGF-2 mRNA was
shown to be controlled by intemal ribosomal entry sequences in the 5' untranslated region
in a cap-independent manner {Vagner et al., 1995). Preferentiai CUG versus AUG codon
usage was shown to be modulated by cis-acting elements (in the 5' leader sequence of

FGF-2) corresponding to secondary or tertiary RNA structures, which could be the
targets of cell-specific tram-acting factors {Prats et al., 1992). Recently, a larger 34 kD

HMW form of FGF-2 was identified in human HeLa cells arising h m translation
initiation at a more distal CUG site, involving a capdependent process {Arnaud et al.,
1999). Translational regulation of FGF-2 is also dependent on the species examined. In
fact, it is interesting to note that there is considerable diversity in amino-terminal

extensions found in HMW FGF-2 forms between different species which have evolved
with time {Detillieux, 1999). For example, human HMW FGF-2 exist as 34, 24, 23 and

22.5 kD forms (Arnaud et al., 1999; Florkiewicz and Sommer, 19891, rat HMW FGF-2

exist as 22 and 2 1.5 k D fonns {Pasumarthi et al., 1997) while in some species like fish,
HMW forms of FGF-2 do not exist at al1 (Hata et al., 1997). The shorter HMW f o m s of
FGF-2 in the rat and the lack of HMW forms in the fish are due to the presence of a

translation stop codon either upstream from the two CUG start codons in the rat FGF-2
mRNA (Pasumarthi et al., 1997) or immediately 5' of the AUG site in the fish-FGF-2
mRNA (Hata et al., 1997). Translational regulation of FGF-2 fonns can also be

dependent on the tissue examined {Coffiet al., 1995; Liu et al., 1993). Specifically, a
study showed that overexpression of the full-length human FGF-2 cDNA (Le., containing

CUG and 4 U G sites) under the ubiquitous phosphoglycerate kinase promoter in

transgenic mice in vivo resulted in different molar ratios of FGF-2 protein isofonns
between different tissues examined (Coffh et al., 1995). Multiple isoforms of FGF-2 can
also arise from alternative splicing of mRNA {Boj a et al., 1993) or proteolysis of HMW
foms {Doble et al., 1990; Gualandns et al., 1993; Klagsbrun et al., 1987).

The mechanisms directing translational regulation of FGF-2 in the myocardium
and cardiac myocytes are largely unknown. However, there is evidence to suggest that

FGF-2 translation may be regulated by factors or events involved in modulating cardiac
development and/or injury. For example, studies have demonstrated that HMW forms of
FGF-2 dominate in the immature myocardiwn, whereas LMW forms of FGF-2 dominate
in the mature adult myocardium (Liu et al., 1993). In addition, a transient increase in

HMW FGF-2 protein was observed in rat h e m extracts following catecholamine-induced

injury (Padua and Kardami, 1993). Appearance of HMW forms of FGF-2 were shown to
be similarly controlled in the liver during development and following injury (Presta et al.,

1989). Stress and factors present during injury (i-e., cytokines) can also regulate
translation of HMW FGF-2 in other ce11 types, including astrocytes and fibroblasts
(Kamiguchi et al., 1996; Vagner et al., 1996). Furthemore, thyroid hormone could also
be involved in translational regulation of FGF-2 as it has been shown to significantly

reduce the accumulation of HMW forms of FGF-2 in cardiac myocytes in vitro and hearts
in vivo (Kardarni et al., 1995; Liu et ai., 1993). Similar effects were observed in skeletal

muscle, but not other non-muscle organs such as brain or spleen, suggesting a muscle
specific efTect of thyroid hormone on FGF-2 translational regulation {Anderson et al.,
1994; Kardami et al., 1995). We cannot, however, exclude the possibility that th>-roid

hormone could affect FGF-2 gene regulation at the level of transcription, mRNA stability
andor post-translational processing (Kardami et al., 1995). The fùnctional differences

and significance of HMW and LMW FGF-2 in terms of their expression during cardiac
development and following injury will be discussed in section 2.4. 7.

2.4.4

Post-tmnslatiunal r n u d ~ f w a t h
and tm@tcking of FGF-2in the myocardium
FGF-2 protein can undergo various post-translational modifications, which

include glycosylation, methylation, phosphorylation, ribosylation and nucleotidylation
(Mason, 1994). However, the significance of these modifications has not been fuUy
elucidated in the myocardium or cardiac myocytes. Adenosine-5 '-diphosphate (ADP)
ribosylation is postulated to play an important role in signal transduction, DNA repair,

control of the ce11 cycle and cell differentiation {Boulle et al., 1995). Since endogenous

FGF-2 was demonstrated to be a substrate for post-translational ADP-ribosylation at
arginine residues, it was postulated that the role played by ADP ribosylation in the
various processes described above may involve its ability to target FGF-2 {Boulle et ai.,
1995). It is therefore conceivable that ribosylation (and thus, "post-translation state" of

FGF-2) could play an important role in regulating the biological effects of FGF-2 in the

myocardium, by mediating signal transduction pathways involved in cardiac myocyte
growth (e.g., ce11 cycle entry versus differentiation) a d o r protection (e.g., DNA repair).
Phosphorylation of FGF-2 was also thought to be important in regulating biological
activities of FGF-2 {Feige et al., 1989). Specifically, it was demonstrated that
phosphorylation of serine (Ser-64) and threonine ( T b112; receptor binding domain)
-

residues of FGF-2 by PKC and protein kinase A (PIC%), respectively, were differentially

regulated by heparin as well as other extracellular matrix proteins including fibronectin
and larninin (Feige et al., 1989). Although the physiological significance of this

phosphorylation is rinknown it was suggested that the complex m a y of biochemical
interactions between FGF-2 and proteins, proteoglycans, and glycosaminoglycans present
in the extracellular matrix and cytoplasm, may regulate FGF-2's bioavailabitity by
influencing its affinity for high afinity receptors (Feige and Baird, 1988; Feige et al.,
1989). Clearly, this would have an impact in modulating the biological effects of FGF-2
in any ce11 type, including cardiac myocytes.

There is limited information on the mechanisms mediating trafticking anaor
cornpartmentalization of FGF-2 isofonns specifically in cardiac myocytes. However, it is

generally accepted that HMW fonns of FGF-2 are localized to the nucleus, whereas the

LMW form of FGF-2, are found predominantly in both cytoplasrnic and nuclear sites in
most cell types, including cardiac myocytes {Bugler et al., 1991;Pasumarthi et al., 1994;
Pasurnarthi et al., 1996). Post-translational modification of FGF-2 via methylation may
play a role in the nuclear compartmentalization of HMW forms of FGF-2 (Pintucci et al.,

1996). The amino terminal extensions of HMW forms of FGF-2 contain highly
methylated glycine-arginine long term repeats which were demonstrated to be responsible
for their uitracellular distribution (Pintucci et al., 1996). HMW foms of FGF-2also
contain nuclear localization sequence (NLS)-like signals responsible for nuclear
targeting, which are found within a 37 arnino acid sequence located between the second
CUG and AUG start codons of human FGF-2 mRNA {Delrieu, 2000). However, the

NLS-si~a.1
is not a requirement for nuclear localization of FGF-2, since L

W FGF-2,

which does not contain a NLS-like signal, can also localize to the nucleus in several cell

types including cardiac myocytes (Hawker and Granger, 1992; Kardami et al., 2001;
Patry et al., 1994). Fusion of the NLS signai nom SV40 large T antigen to LMW FGF-2

did not allow nuclear accumulation of this fusion protein {Patry et al., 19941, suggesting
that (i) LMW FGF-2 accumulates in the nucleus via an NLS-independent pathway of

nuclear import and (ii) inhibitory sequences for nuclear import (via NLS) contained
within the LMW FGF-2 can be overcome by amino terminal extensions in HMW forms
(Bikfalvi et al., 1997). The functional differences between HMW and LMW forms of

FGF-2 in terrns of their differential subcellular localization in cardiac myocytes will be
discussed in section 2.4.7.

2.4.5

Regulation of FGF-2 release/rom the myocurdiircm

There has been considerable focus on uncovering the mechauisms involved in
regulating FGF-2 release since FGF-2, like various other members of the FGF family,
lack a 'Plassic" hydrophobie export signal for release through traditional pathways
{Szebenyi and Fallon, 1999). Various studies suggest that the mechanisms regulating
FGF-2 release are in place since: (i) FGF-2 receptors are present on the ce11 surface of

many ce11 types including cardiac myocytes (see section 2-4.6), (ii) both autocrine and
paracrine effects of FGF-2 have been described in many cell types {Bikfalvi et al.,.1997)
including cardiac myocytes {Kardami et al., 2001, Pasumarthi et al., 1996; see section
2.4.1 ) , and (iii) FGF-2 protein was detected in the extracellular spaces/matrix

surrounding various cells Uicluding cardiac myocytes, as well as in senun at low levels
(Bikfdvi et al., 2997; Galzie et al., 1997; Kardami et al., 2001; Kurobe et al., 1992 ).

There are currently two views to explain the mechanism of FGF-2 release, and
this includes release through exocytosis via non-classical pathways andor release via

passive processes (Bikfalvi et al., 1997). In ternis of non-classical pathways, exocytosis

of FGF-2 via a mechanism independent of the endoplasrnic reticulum (ER)-Golgi system
has been described (Mignatti et al., 1992). It was demonstrated in COS- 1 cells that this
pathway was energy dependent {Florkiewicz et al., 1995) and could be blocked with
ouabain and other cardenolides, implicating a role for the ~ a + / K ATPase
t
pump

(Florkiewicz et al., 1998). Although a fimctional interaction between FGF-2 and the

catalytic subunit of the ATPase was demonstrated through CO-irnmunoprecipitation
studies {Florkiewicz et al., lW8), it has subsequently been demonstrated using the yeast-

two hybrid system that this interaction may be indirect and involve other proteins {Oh

and Lee, 1998). In terms of passive processes, FGF-2 can be released as a result of ce11

lysis during tissue injury and ce11 death {Gajdusek and Carbon, 1989; Kaye et al., 19961,
complement-mediated injury { Floege et al., 1W2), mat&-associated release via heparin,
heparan sulfate and heparinase (D'Amore, 1990; Thompson et al., 1990) as well as
plasmimgen activator-mediated proteolysis (Saskela and Rifkin, 1990). In the postnatal
heart, there is evidence to support a passive mechanism of FGF-2 release, as endogenous

FGF-2 appears to be released &om adult cardiac myocytes on a kat-to-kat basis through
contraction-induced transient remodelling or "wounding" of the myocyte plasma
membrane under normal physiological conditions (Clarke et al., 1995; Kaye et al.,

1996}.FGF-2 is also released fiom endothelial and vascular smooth muscle cells through
a similar mechanism involving plasma membrane disruptions {Cheng et al., 1997; Ku
and D'Amore, 2995; McNeil et al., 1989). Enterestingly, a separate study has
demonstrated that FGF-2 release fiom endothelial cells can be increased by estrogens
through a mechanism invohing the estrogen receptor and PKC activity but not requiring

new protein synthesis, ERIGolgi secretion or protein tyrosine phosphorylation
(Albuquerque et al., 1998). Although this study claimed that these experiments were
done in the absence of "wounding': as measured by markers of ce11 damage (i.e., LDH)

(Albuquerque et al., 19981, clearly a mechanism of FGF-2 release via "survivable" nonlethal membrane disruptions, which would result in no cellular darnage, cannot be
excluded.

Survivable plasma membrane disruptions have been proposed to be a
biologically important process in many tissues, including the myocardium, and correlate
with the level of mechanical stress imposed (McNeil and Steinhardt, 1997). Tissues
expenencing higher levels of stress were shown to increase disruption-rnediated release

of factors (McNeil and Steinhardt, 1997). Indeed, increasing the level of "wounding
frequency", as achieved through gentle mechanical disruption of neonatal cardiac
myocyte in culture {Kardami et al., 1991), mechanical pacing of adult cardiac myocytes
in culture (Kaye et ai., 19961, or Padrenergic stimulation (i.e. increased force and rate of
contraction) of the isolated adult myocardium (Clarke et al., 1995) resulted in an
increase in FGF-2 release. In addition, stress as achieved by expression of heat shock
proteins in endothelial cells was shown to double the rate of estrogen-induced FGF-2
secretion, preferentially inducing release of the "intracellular" ElMW FGF-2 {Piotrowicz
et al., 1997). Furthemore, catecholamine-induced injury in rat hearts in vivo, resuited in

an accumulation of endogenous FGF-2 protein around cardiac myocytes in infarcted
regions, which was also suggestive of its release (Padua and Kardami, 1995). However,
in cases of irreversible injury we cannot exclude the possibility that intracellular release
of FGF-2 is also as a resdt of ce11 lysis or death (Kaye et al., 1996).

Factors released through "wounding" are then proposed to mediate cellular
events related to both normal homeostasis (e.g., tissue remodeling) as well as adaptation

to increased workload (i.e ., hypertrophy) {McNeil and Steinhardt, 1997). Indeed, in adult
cardiac myocytes cultures, it was demonstrated that paced (Le., increased FGF-2 release)
but not non-paced control myocytes exhibited a "hypertrophie response" which could be

mirnicked by exogenously administered FGF-2and blocked by neutralizing antibodies to
FGF-2 (Kaye et al., 1996). Studies utilizing FGF-2 knockout rnice, reported that hearts

ablated of endogenous FGF-2 resulted in a statistically smaller degree of hypertrophy
during pressure overload injury in vivo (Schultz et al., 1998). Although these studies did
not assess FGF-2 release in hearts, it is conceivable that knockout of endogenous FGF-2

in mouse hearts, would eliminate FGF-2 release and could play an important role in the
reduced hypertrophy observed. FGF-2 release may also play an important roie in
collateral vesse1 development observed 2 1 days after repetitive coronary artery occlusions
in dogs (Weihrauch et al., 1998). In this case, the formation of collaterals was blocked

by neutralizing antibodies to FGF-2 at 12-14 days (Weihrauch et al., 1998). In terms of
estrogen-mediated FGF-2 release, it was postulated that this could contribute to the
cardioprotective effects of estrogen (AIbuquerque et al., 1998). Altogether these studies
suggest that endogenous FGF-2 which is released via transient plasma membrane

disruptions cm: (i) act in an autocrine (i.e., back through its ce11 surface receptoa) and/or
paracrine manner to mediate various biologicai effects of FGF-2 in the myocardium

and/or cardiac myocytes, and (ii) be potentially exploited to regulate known biological
effects of FGF-2 in various ce11 types including cardiac myocytes. There is cutrently
limited information regarding the physioiogical relevance or role of endogenous FGF-2
in the adult hem in vivo as well as the role of this proposed natural mechanism of FGF-2
release. Clearly, exploiting any strategy (via genetic or other means) to stimulate
endogenous FGF-2 levels in the myocardium might allow for prolonged and increased
FGF-2 release from intracellular pools during contractions, which could be important for

regulating the effects of FGF-2 in terms of growth, protection and/or the maintenance of
a healthy myocardium.

2.4.6

FGF-2 cell sur-

receptom in the ntyocardium

There is significant evidence to suggest that cellular FGF receptoa (Le.,
IigancUreceptor interactions) play a major role in regulating FGF-2 bioavailabüity and
thus, its biological activity. The biological effects of FGF-2, like other mernbers of the

FGF family, are regulated by binding to two classes of cell surface receptors,~amely
high and low affinity types {Gaine et al., 1997). The high affiity, low capacity FGFR
bind FGFs with a Kdof 20-600 pM {Partanen et al., 1992), whereas the low Sinity, high

capacity receptors (i.e., heparan sulfate proteoglycans) bind FGFs with a K d of 2-20 n M
(Burgess and Maciag, 1989). In fact, al1 FGFs, including FGF-2, contain both FGFR and
heparin binding sites in a conserved core region within their structures {Szebenyi and

Fallon, 1999). Recent crystallization of a fragment of FGFR (specifically FGFR-1) with
FGF-2 identified the location of a FGF binding site in a region of FGFR-1 as well as a
potential heparin binding cleft in FGFR-1 that was contiguous with the heparin binding
site on FGF-2 (Plomiknov et al., 1999). This study Wher substantiated, at a strttctural
level, the importance of FGF-2's interactions with its ce11 surface receptoa in regulating
FGF-2 bioavailability and signaling. The following sections will primarily focus on the

role of FGFR-1 as well as heparan sulfate proteoglycan (HSPG) receptors in regulating
FGF-2 bioavailability, signaling and biological activities in the rnyocardium as well as

cardiac myocytes.

2.4.6.1

The FGFR Family and the rolr of FGFR-I Ui the iny~~~urdiucm
FGFs transduce signals to the cytoplasm largely through their high affinity

receptors {Johnson and Williams, 1993). FGFRs are members of the tyrosine kinase

farnily and consist of four major types, each encoded by separate genes {Galzie et al.,
1997). They can be divided as: FGFR-1 (flg or hs-like gene) (Lee et al., 1989; Pasquale

and Singer, 1989), FGFR-2 (bek or bacterial expressed kinase) (Houssaint et al., 1990;
Kornbluth et al., l988), FGFR-3 (cek or chicken embryonic kinase) {Pasquale, 1990;
Keegan et al., 1991) and FGFR4 (Partanen et al., 1991; Stark et al., 1991} . Structurally,
FGFRs are monomeric proteins which consist of three domains including: (i) an

extracellular ligand binding domain, coosisting of immunoglobulin (Ig)-like loops 1-III,
(ii) a single trammembrane spanning domain, and (iii) a functional intracellular tyrosine
kinase domain {Klint and Claesson-Welsh, 1999). This form is most commonly referred
to as the 'long' or 'alpha' FGFR (Ornitz et al., 1996; Wang et al., 1995). The FGFR

protein is glycosylated and studies have reported molecular weights ranging fiom 1 10 to
165 kD (Gospodarowicz et al., 1986; Klagsbrun, 1989; Neufeld and Gospodarowicz,
1985; Neufeld and Gospodarowicz, 1986). The overall amino acid sequence identity

between the four receptors is 48-69%, however sub-regions, primarily within the
intracellular (Le., tyrosine kinase) domains, were shown to be nearly 100% conserved
(Chellaiah et al., 1999; Szebenyi and Fallon, 1999). The overall structure of the FGFR
protein as well as various unique features defined within its structure are indicated in
Figure 4. A feature which distinguishes FGFRs from other tyrosine kinase receptors
includes the presence of an acidic rich region (acid box) in the extracellular domain
which shares homology to ce11 adhesion molecules (Doherty and Walsh, 1996).

Different FGFs bind to various FGF receptors in an overlapping and complex
marner and these interactions are fürther complicated by the occurrence of multiple

forms of FGFRs. Although the significance of this variability is not understood, it was
shown that these multiple forms mise predominantly through alternative splicing events

in the same RNA {Powers et al., 2000}. Different exon usage allows the translation of

FGFR proteins which may be prematurely truncated, lack Ig-like domains, or utilize
different codinp regions for the same Ig-like domains (Powers et al., 2000). The most
common splicing event that occurs in FGFR-I and FGFR-2involves the exclusionof the
exon encoding the IgI-like domain, resulting in a 'shoa' (two Ig-like domain form) of the

receptor (splicing site indicated in Figure 4) (Johnson et al., 1991; Powers et al., 2000).
The binding affïnities of FGFs to 'short' (Tg-like Loops II and III) and 'long' (Ig-like

loops 1-111) FGFRs do not appear to change {laye et al., 1992; Johnson and WiUiams,
1993; Omitz et al., 1996), and their significance remains to be detennined. Another RNA

splicing event which occurs in FGFR-1,FGFR-2, and FGFR-3, results in the utilization
of one of two unique exons causing three alternative versions of Ig-like domain III

(referred to as domains IIIa, IIIb, IIIc) (Chellaiah et al., 1994; Johnson et al., 1991;
Werner et ai., 1992). IgIII receptor forms appear to be expressed in a tissue-specific
manner, with the IIIb and IIIc exon splice variant being exclusively expressed in

epithelial and mesenchymal lineages, respectively (Alarid et al.. 1994; Orr-Urteger et al.,
1993; Yan et al., 1993). On the other hand, the IgIIIa splicing variant, as well as some IgI

splice variants result in secreted FGFR forms, due to the introduction of early stop

codons or use of differential polyadenylation sites {Duan et al., 1992; Johnson and
Williams, 1993 } .

The specificity of different FGFs (1-9) for various FGFR spiice variants are
shown in Table 3. FGF-2 was shown to have a high affuiity for FGFR- lmc, FGFR-3IIIc
as well as 'short' FGFR-4 when compared to FGF-1 {Omitz et al., 1996). These studies
were done in the presence of heparin (shown not to demonstrate inhibitory activity
toward FGF-2) and it should be noted that FGFR-3 as well as FGFR-4 forms were

engineered to carry the tyrosine kinase domain for FGFR-1 to enhance signaling capacity
in BaF3 cells (a bone marrow ce11 line devoid of FGFR). Since some FGFs can bind to
subsets of FGFRs, whereas others have a higher degree of specincity this suggests that a
ce11 determines its swceptibility to FGFs by the receptor or receptor isoforms it expresses

(Galzie et al., 1997). Clearly, assessing the expression pattern and role of FGF receptors
in the myocardium and in cardiac myocytes would be essential towards defining the
biologicd role of FGF-2 in the myocardiurn and in cardiac rnyocytes.

Figure 4.

Schematic representation of the structure of the high affinity receptor for fibrobiast

growth factor (FGFR).

The srnictural features of FGFR as well as common exon splicing sites (Tg-like domains 1
and III) and stop codons are indicated- Modified fiom Johnson and Williams, 1993 as

well as Powers et al., 2000.
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Table 3. Specificity o f FGFs 1 3 with various FGFR isofonns as determincd by
relative mitogenic activity in BaF3 cells expressing FGFR varianta

FGFR
1 IIIb

1

FGF-1
100

1

FGF-2

59.9

1

FGF-3

34.4

1

FGF4

15.6

L

1 IIIc

100

103.9

0.3

102.3

2 IIIb

1 O0

9.0

44.6

14.9

3 IIIb

1

100

1

1.2

1

1.5

1

1.0

3 IIIc

100

107.2

0.6

69.1

4
'short'

IO0

113.4

5.8

108.0

Source: Modified fiom Ornitz et ai., 1996

Bolded values indicate mitogenic activity of FGF-FGFR interactions that are above or in

the range of those values obtained with FGF-1,which are indicative of a high affinity
interaction.

The predominant high afinity receptor for cardiomyocytes in the embryonic or
neonatal heart is FGFR-1, shown to exist as 'long' (102 kD) and 'short' (86 kD) fonns
(Bernard et al., 1991; Engelmann et al., 1993; Jin et al., 1994; Liu et al., 2995; Partanen
et al., 1991; Peters et al., 1992b; Patstone et al., 1993; Pasumarthi et al., 1995; Speir et

al., 1992; Wanaka et al., 1991; Yazaki et al., 1993). The majority of FGFR- 1 transcripts
(4.214.3 kb) in the embryo as well as adult heart contain exon IIIc, which is associated
with isoforms that display the highest affnity for FGF-2 (see Table 3) {Jin et ai., 1994;

Johnson and Williams, 1993; Pasumarthi et al., 1995). Signaling via FGFR-1 was shown
to play a vital role in the early stages of growth and development of the heart and
vasculature {Amaya et al., L 99 1;Leconte et al., 1998; Lee et al., 2000; Mima et al., 1995;
Sugi et al., 1995; Wannaka et al., 1991; Zhu et al., 1999). This was supported by studies
in Drosophila which demonstrated that a mutant form of FGFR- 1 (heartless) was unable

to induce formation of cardiac muscle from mesoderm (Gisselbrecht et al., 1996).
Although these studies have established an essential role for FGFR-1 in early cardiac
development, its role specifically in cardiac cells (myocytes) as well as during postnatal
cardiac development is less clear. Adult myocytes were shown to contain functional high

afinity FGF-2 receptors (i.e., FGFR-1){Liu et al., 1995). However, an assessrnent of
FGFR- 1 mRNA levels during rat cardiac development demonstrated that FGFR-1 mRNA

levels are significantly decreased and there is a switch in relative levels of 'long' versus
'short' FGFR-1 isoforrns in embryonic versus postnatal hearts (Engelmann et al., 1993;

Jin et al., 1994; Liu et al., 1995). The 'long' and 'short' FGFR-1 rnRNAs were s h o w to
predominate in the embryonic and adult heart, respectively (Jin et al., 1994; Pastimarthi
et al., 19951, pointing to an association of 'long' FGFR-2 form with "hyperplastic"

phenotype. In contrast, 'long' FGFR was shown to correlate with restriction of growth,
rnalignancy and enhanced differentiated fiinction in view of its reduced expression in
various m o r s (Duan et al., 1992; Kobrin et al., 1993; Yamaguchi et al., 1994). Defiaing

the role of 'long' and 'short' FGFR isoforms in cardiac cells would be important in
understanding the role of FGF-2 and its receptors in postnatal cardiac myocyte growth.
Furthermore, since the decrease in FGFR-1 levels and the isoform switch {Jin et al.,
1994; Liu et al., 1995; Pasumarthi et al., 1995) correlate with the transition of cardiac

myocytes from a hyperplastic (high level of proliferation) to a hypertrophie (limited level
of proliferation) phenotype. Both changes may be required to limit cardiac myocyte
proliferation. The importance of FGFR-1 for cardiac myocyte proliferation has been
illustrated by studies which demonstrated that knockout of FGFR-1 function in vivo
during early avian cardiac development resulted in an inhibition of cardiac rnyocyte

proliferation {Mima et al., 1995). In addition, chronic FGFR activation has been
implicated to play an important role in tumongenesis (i.e., increased proliferation) (Klint
and Claesson-Welsh, 1999). Increasing FGFR- 1 levels, and/or changing the relative

levels of the 'long' venus 'short' isoform, could therefore increase the proliferative
potential of postnatal cardiac myocytes, as well as the ability of FGF-2 to stimulate a
proliferative/regenerativeresponse in the event of cardiac injury in vivo.

A recent study has also suggested that FGFR-4 may play a role in the

myocardium, since "intense" staining for FGFR-4 protein, comparable to FGFR-1, was
observed in human adult cardiac myocytes using immunohistochernistry {Hughes, 1997).
Separate studies, however, have demonstrated that FGFR-4 RNA could not be detected in

mouse cardiac muscle at any developmental stage or in the human fetal heart (Stark et
al., 1991; Partanen et al., 1991). In fact, the expression pattern for FGFR-4 in human
fetal tissues was found to be distinct fiom the expression pattern for FGFR-1 (i.e., not in

the heart) {Partanen et al., 1991). However, this may reflect differences between an
assessrnent of FGFR4 at the RNA versus protein level, changes observed during cardiac
development or species differences. To date, there is limited information on the relevance
of FGFR-4 in the myocardium, however, in view of the importance of FGF-2 which can

also signal via FGFR-4(see Table 3), there is a need to define its role. This could also
reveal a biological role for other FGFs in the myocardium which depend on FGFR-4 and
not FGFR-1 signaling, such as the recently discovered member of the FGF family, FGF16, shown to be exclusively expressed in the postnatal heart (Miyake et al., 1998;

Konishi et al., 2000).

2.4.6.2 Heporan surfate proteoglycams (HSPG) und other receptors for FGF-2 in the

myocardium

FGF-2 bi~availabilityand biological activities can also be modulated by its low
affmity binding to heparin and HSPGs (Omitz and Leder, 1992; Roghani et al., -1994).

HSPGs are integral components of the basement membranes and are categorized into two
major classes which include proteoglycans that are either attached to the plasma
membrane by: (i) transmembrane core proteins (e-g., syndecans, perlecans) or (ii)
covalently linked glycosylphosphatidylinositol (GPI) anchors (e.g ., glypicans) (Asundi et
al., 1997). Perlecans. syndecans and glypicans have al1 been s h o w to bind FGF-2 via
their covalently attached heparan sulfate chains, and thus, act as low affinity binding sites

for FGF-2 (Brumer et al., 1991;Chemousov et al., 1993;Filla et al., 1998; Guillonneau

et al., 1996; Kiefer et al., 1990). The number of sulfate groups present on heparan sulfate
proteoglycans also alters its' affinity for FGF-2 (Miao et al., 1996). Two major
phy siological functions for interactions between HSPGs and FGF-2 are proposed: (i) to

protect FGF-2 from degradation from circulating proteases in vivo, thus, ïncreasing its
half life and (ii) to sequester FGF-2, creatïng a local reservoir for storage, which allows
for strict spatial regulation of FGF-2 signaling as well as mobilization of large supplies
when needed (Powers et al., 2000). Although HSPGs are not absolutely required for

binding of FGF-2 to cells, their presence on the ce11 surface and mobilization nom the
ECM were shown to increase the affinity of FGF-2 for its high &ty

receptor (Fannon

and Nugent, 1996; Powers et al., 2000; Roghani et al., 1994). This notion is furiher
supported by the three current FGF-FGFR dimerkation models which advocate that
HSPGs play an important role in the stabilization of this complex (Plotnikov et al., 1999;
Stauber et al., 2000; Venkataraman et al., 1999). Thus, the extracellular matrix plays an
added dynarnic role in regulating FGF-2 bioavailability. in facf binding as well as release
and diffusion of FGF-2 from the extracellular matrix was shown to be rapid and

dependent on several factors which include FGF-2 concentration and/or basement
membrane integrity (Dabin and Courtois, 1991, Dowd et al., 1999). However, matrk
degradation is not an absolute requirement to 'fiee' FGF-2 (Nugent and Edelman, 1992}.
HSPGs were also suggested to act as direct transducers of FGF-2 signaling by

internalization of FGF-2 into the ce11 independent of the FGFR (Quarto and Amairic,
1994). Recent studies have implicated a direct role for syndecans as signal transducers as
they were s h o w to have a direct interaction with PKC (Horowitz and Simons, 1998; Oh

et al., 1998}, with PIP2 (Lee et al., 1998) and signal via the Src kinase-cortactin pathway
{Kinnunen et al., 1998).

There is limited information on the role and regulation of HSPGs in the
myocardium and cardiac myocytes. Low affity binding sites for FGF-2 have been
identified on cardiac sarcolemrnal membranes, and in some cases were purified, however
specific forms were not identified (Liu et al., 1995; Ross and Hale, 1990; Ross et al.,
1993a). Both glypican and syndecan-3 (N-synaecan) were irnplicated as the major forms

of membrane-associated HSPGs expressed in the neonatal and adult rat heart (Asundi et
al., 1997; Liu et al., 1995). However, recent studies using perlecan-nul1 mice have also
demonstrated an essential role for perlecan in the developing myocardium (Costell et al.,
1999). Although perlecan was not crucial for the assembly of basement membranes on
early contracting cardiac myocytes it was essential in maintaining myocardial basement

membrane integrity when subjected to mechanicd stress (Costell et al., 1999). The role
of perlecan in the postnatal myocardium as well as the role of FGF-2 in perlecandeficient mice remains to be detennined. On the other hand, glypicans were shown to be
expressed specifically in cardiac myocytes and to CO-localizewith FGF-2 binding sites in
adult heart tissue (Asundi et al., 1997). There is conflicting information regarding the

localization of expression of syndecan-3 in the myocardium. Although, syndecan-3 (Nsyndecan) expression was restricted to cardiac myocytes in the adult myocardium (Liu et
al., 1995) a separate study demonstrated that expression of syndecan-3 was restricted to
non-myocytes in the neonatal myocardium (Asundi et al., 1997). ~ o w e v e r ,this
difference could reflect developmental differences (neonatal versus adult cardiac

myocytes cultures) or the specificity of the probe used. Assessrnent of expression of
glypican and syndecan-3 during development revealed that their expression was low in

late embryonic hearts, significantly increaseà in neonatal hearts and sustained at high
levels in the adult heart {Asundi et al., 1997). Clearly, the increase in HSPGs during
cardiac development (Asundi et al., 1997) could reflect the progressive increase in
overall FGF-2 levels observed during cardiac development f Kardami et al., 1995).
However, the impact of the imbalance between HSPGs and FGFR-1 (Le., high HSPGs
and low FGFR-1 in the adult heart) in the myocardium and in cardiac myocytes remains
to be determined. Thus, definlng the role of HSPGs and its relationship to FGFR-1 in the

myocardium could be important in regulating FGF-2 bioavailability and biological
activities in cardiac myocytes including its' proposed effects on growth andor protection.

Other possible receptors for FGF-2 include the high affinity cysteine rich FGF-2

recepton which may play an important role in intracellular FGF-2 trafficking and
secretion of FGFs (Burns et al., 1992; Kohl et al., 2000; Zuber et al., 1997) as well as
the vitronectin receptor which was shown to influence FGF-2's ability to induce ce11

adhesion, mitogenesis, and umkinase type plasmimgen activator @PA) upregulation in
endothelial cells (Rusnati et al., 1997). However, the roles of these receptors in the
rnyocardium and cardiac myocytes remains to be determined.

2. 4.7

FGFR mediated signai transduction path ways in cardiac myocytes

Although most studies on FGF-2-mediated signal transduction pathways via
FGFR have been carried out using FGFR-1 {Powers et al., 2000}, these studies were

lirnited to non-cardiac ce11 types. Thus, the role of FGFR-1 in FGF-2 mediated signal
transduction pathways in cardiac myocytes remains to be determined. The following
section, will first review known FGFR-1 mediated signal transduction pathways
elucidated in diverse ce11 types and secondly, address signaling pathways which are
activated by FGF-2 in cardiac myocytes, which are postulated to occur via high affinity
receptors. Figure 5 presents a schematic diagram of the known signal transduction
pathways for FGF-2 in cardiac myocytes, as well as speculated pathways based on those
elucidated in other ce11 types.

Following FGF ligand binding, high affinity receptor dimerization occurs
{Powers et al., 2000). The rnechanism of FGFR receptor dimerization has been recently
defmed. Three recent independent models have proposed a 2 FGF:2 FGFR dimer modet
which is stabilized by HSPGs as a means to explain the trimolecular complex of HSPGs,
FGF and FGFR (Plotnikov et al., 1999;Stauber et al., 2000; Venkataran et al., 1999). In
these models each FGFR in the dimer binds one FGF, and the complex itself is stabilized
by HSPGs binding across a canyon formed by the FGF-FGFR pairs {Powers et ai.,
2000). The IgII and IgIII-like domains of FGFR wrap around a single FGF molecule at

sites which pertain to the high and low affinity binding sites, respectively, within their
core regions (Plotnikov et al., 1999; Stauber et al., 2000; Venkataran et al., 1999).
Together these pairs fonn a highly positive canyon at the IgII-FGF interface into which a
single HSPG can bind, placing minimal size restrictions to the HSPG that m u t span both
pairs in order to stabilize dimerization of FGFR (Powers et al., 20001. Flanking
structural domains in FGFR are postulated to modify FGF affinity and determine

specificity {Powers et al., 2000; Wang et al., 1997). Following ligand binding and
receptor dimenzation, FGFRs are capable of phosphorylating specific tyrosine kinase
residues (seven residues) on their own and each other's cytoplasmic tails {Lemmon and
Schlessinger, 1994). Transphosphorylation at tyrosine residues was shown to be essential
for the catalytic activity for FGFR-1 (Moharnmadi et al., 1996). The tyrosine
phosphorylation sites on FGFR- 1 serve as high affinity binding sites for Src Homology 2

(SH2) domain-containing rnolecules as well as other adapter proteins, which then
transduce downstrearn signaling events {Klint and Claesson-Welsh, 1999).

Ligand-plasma membrane interactions lead to at least two independent FGFR
mediated signal transduction pathways. One pathway involves the traditionai SH2-linked
pathway joining FGFR directly to PLC-yl (via ~

~ and Crk
r (via
~ ~ ~ ~as~well
r as
) ~

indirectly to Sic (via PLCyl) to activate downstrearn signaling pathways (Powers et al.,
2000). Activated PLCycleaves PIPz to IP3and DAG, which in turn facilitates calcium

release via the endoplasmic reticulum via IP3and PKC activation via DAG and calcium
(Powers et al., 2000). Mutation of ~~r~~~in FGFR-1 was shown to be essential for PIP2
hydrolysis (Moharnmadi et al., 1992; Peters et al., 1992a) but not for FGFR-mediated
mitogenesis, neuronal differentiation or mesoderm induction in Xenopus (Muslin et al.,
1994; Spivak-Kroizman et al., 1994). On the other hand, interaction of the SHUSH3-

containing adapter protein, Crk, at ~~r~~ was shown to essential for FGFR-1 mediated
DNA synthesis in endothelial cells {Larsson et al., 1999). Although, the non-receptor

kinase, Src, was postulated to play an important role in FGFR-mediated cytoskeletal
aiterations (via cortactin), there is continued debate of whether there is a direct interaction

~

between FGFR and Src {Powers et al., 2000). However, there is evidence to suggest that
mutation of the PLCy pathway inhibits Src phosphorylation (Langren et al., 1995). The
second FGFR-mediated pathway, involves linking FGFR to the SNT-l/FGF receptor
substrate 2 (FRS2) adapter protein through an interaction at the jwtamembrane domain
to mediate downstream signaling pathways {Langren et al.,

1995; Powers et ai., 2000;

Zhan et al., 1994; Zhan et al., 1993). FGFR activation of SNT-l/FRS2 was s h o w to
recmit the adapter protein Grb-USOS,that then recruits Ras,thereby activating the MAPK
signaling pathway which was shown to be important for FGF-2-induced ceIl cycle
progression {Kouhara et al., 1997;Wang et al., 1996). FGFR-1 activation of FRS2 has
also been linked with the protein tyrosine phosphatase Shp2 as well as atypicai PKCs

{Lim et al., 1999;Ong et al., 2000). In addition, recent studies have demonstrated that
FRS2 is constitutively associated with FGFR-1, which suggests a fuoction independent of

receptor phosphorylation (Ong et al., 2000; Powers et al., 2000). Some FGF target genes
activated by FGFR signaling include immediate early genes such as c-myc, c-fos, c-jun
and egr-1, ce11 cycle proteins such as cyclins A and E, as well as matrix proteases such as
uPA and collagenase (Szenbyi and Fallon, 1999;Tomono et al., 1998).

The direct intracellular action of FGF-2 and/or FGFR-1 in the nucleus has also
been reported. Mobilization and accumulation of FGFR-1 to a region sunounding the
nucleus has been described as nuclear trafticking in several systems, although not cardiac
myocytes (Prudovsky et ai., 1996; Feng et al., 1996;Stachowiak et al., 1996;Stachowiak
et

al., 1997).Translocation of FGFR-1, with its ligand (FGF-1 or FGFd), to the nucleus

during the G 1 phase of the cell cycle (Kilkemy and Hill, 1996; Prudovsky et al., 1996}

has been associated aith a transition nom quiescent to a proliferative cellular state

(Stachowiak et al., 1997). Recent evidence in mouse fibroblast cells demonstrated that
nuclear transport of FGFR-I was mediated by importin

P,

which is a component of

multiple nuclear impon pathways (Reilly and Maher, 2001). These data suggested a
mode1 whereby activation of FGFR-1 (via FGF-2) at the ce11 surface initiated a set of

signals required for proliferation, and that these events are followed by translocation of
FGFR-1 to the nucleus and initiation of a sequence of events, including c-jun induction
and increased expression of cyclin D l , that was also required for proliferation (Reilly

and Maher, 200 1).It rernains to be determined whether nuclear translocation of FGFR- 1
is a component of FGF-2 mediated signal transduction pathway in cardiac myocytes.

The two predominant signai transduction pathways, which mediate the effects of

FGF-2 in cardiac myocytes are ERK1/2 MAPK and PKC (Kardami et al., 200 1). The
adapter proteins which mediate these responses and the role of FGFR-1 have not been
fully established in cardiac myocytes. There is some evidence, however, suggesting a role

for FGFR in FGF-2 signaling in cardiac myocytes as increased tyrosine phosphorylation
staining was obsemed in cardiac tissue sections corresponding to increased pencellular
accumulation of exogenous FGF-2 in isolated hearts {Liu et al., 1995; Padua et al.,
1995a). In addition, increased tyrosine phosphorylation in response to FGF-2 stimulation
was also observed in proliferating and nonmitotic myocytes (Pasumarthi et al., 1995).

The mitogenic effects of FGF-2 in neonatal cardiac myocytes are predominantly
mediated by ERKlR MAPK (Kardami et al., 2001). However, since 30 % of this effect
could not be blocked by MAPK inhibitors, it was postulated that FGF-2 mediated cardiac

myocyte proliferation could occur through MAPK-inde pendent pathways such as nuciear
targeting of FGF-2 or PKC (Kardarni et al., 2001). FGF-2 ce11 surface receptors have
been implicated to play a role in the mitogenic effects of FGF-2 in neonatal cardiac
myocytes since these effects could be blocked by neutralizing antibodies to FGF-2
(Pasumarthi et ai., 1994; Pasumarthi et al., 1996). FGF-2 mediated ERK1/2 MAPK
activation was also observed in adult cardiac myocytes and isolated whole hearts,
however the significance of their activation remains to be determined {Liu et al., 1995;

Padua et al., 1998). Recent evidence demonstrated that FGF-2 can induce translocation
of c-fos to the nucleus of cardiac myocytes in a PKC independent fashion, and suggested
that c-fos activation may instead be a product of MAPK activation which is important for
changes in gene expression for promoting growth (Kardami et al., 2001). On the other
hand, the decrease in cardiac myocyte communication observed with FGF-2, or FGF-2

induced cornexin 43 phosphorylation in neonatal cardiac myocytes was shown to be
mediated by PKC (i.e., EPKC) and not MAPK (Doble et al., 2000). It was postulated that
this may lead to an increase in proliferation or growth since there is growing evidence of

a correlation between decreased intercellular communication and stimulation of ce11

division (Kardami et al., 2001; Xie et al., 1997; Yamasaki and Naus, 1996). Thus, this
could be an example of a MAPK independent pathway, which could mediate FGF-2's

effects on cardiac myocyte proliferation. Although a specific role for FGFR-1 in these
effects has not been established, it was demonstrated that the tyrosine phosphorylation
inhibitor, genistein, was able to block the effects of FGF-2 on loss of cardiac myocyte
communication (Doble et al., 1996). The effects of FGF-2 on cardioprotection were also
recently s h o w to be mediated via PKC (i.e., EPKC) (Padua et al., 1998). FGF-2 was

s h o w to stimulate PLCyl in adult whole hearts as weii as cardiac myocytes (Tappia et
al., 1999). In addition, the PKC inhibitor chelerythrine was s h o w to block FGF-2
mediated: (i) activation of PKC isoforms in cardiac sarcolemmal membranes (ii) negative
ionotropic effect before ischemia and (iii) improvement of contractile recovery afier
ischemia-reperfusion injury in isolated h e m (Padua et al., 1998). FGF-2aiso increased
membrane association of ePKC, and presumably activation, in cultured adult cardiac

myocytes, suggesting that the cardioprotective effects of FGF-2via PKC signahg were
attributed to direct effects on cardiac myocytes {Paduaet al., 1998). Aithough the role of

FGFR-I in FGF-2 induced cardioprotection has not been detemiined, cross-talk between
G protein coupled receptors and FGF-2 receptors (Le., FGFR-1) was implicated since

FGF-2 was shown to activaie PLCP isofoms in the adult rat heart and cardiac myocytes
(Tappia et al., 1999). The signifïcance of this Cross-talk in cardiac myocytes remains to
be determined. FGF-2 has also been demonstrated to increase the activity of voltage-

dependent calcium channels in neonatal cardiac myocyte cultures, which resulted in
increased beating fiequencies {Merle et al., 1995). IP3 was implicated as one of the
cytoplasmic intermediates involved in this response (Merle et al., 19951, and this would
then in tum increase calcium (via calcium channels) frorn the endoplasmic reticulum.
However, since PLCy would be likely upstream of IP3, it is conceivable that

activation by DAG would also occur as a result.

PKC

Figure 5.

Schematic representation of the signal transduction pathways for FGF-2 in cardiac
myocytes.

ERKl/2 MAPK and PKC are the primary intracellular signaling pathways implicated in
mediating the effects of FGF-2 on cardiac myocyte growth, cardioprotection and cardiac

myocyte communication. Known pathways are indicate by solid arrows or outlines,
whereas, speculated pathways are indicated as dashed arrows or outiines. Although the
role of FGFR-1 in FGF-2 mediated signai transduction pathways in cardiac myocytes

remains to be determined, there has been suggestion of cross-taik between FGFR and G
protein coupled (GPR) receptors. Modïed fiom Kardami et al., 2001.
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2.4.8

Biological activities of FGF-2 in the myocordium

2-4.8.1 Distribution of FGF-2

In the myocardium, FGF-2 is widely distributed in various ce11 types, including
cardiac myocytes and vascular cells, at dl developmental stages (Cummins, 1993;

Kardami et ai., 1995). In cardiac myocytes, FGF-2 was shown to be associated with the
basement membrane, ce11 membrane, gap junctions, 2-lines, cytoplasm, as well as
nucleus {Kardarni et ai., 1995). As stated previously, HMW FGF-2 is expressed in the
nucleus whereas LMW FGF-2 is predominantly cytoplasmic, however, also found in the
nucleus of cardiac myocytes (Pasumarthi et al., 1994; Pasumarthi et al., 1996). The
extracellular, intracellular and nuclear localkation of FGF-2 in cardiac myocytes
suggests an important role for FGF-2 in various aspects of physiological function in
cardiac myocytes and the myocardium.

2.4.8.2

FGF-2in the devdoping rnyocardium
Various members of the FGF family are expressed in the developing heart and

these include FGF-1, FGF-2, FGF-4, FGF-6, FGF-7,FGF-8, FGF-10, FGF-12, FGF-13,
FGF-16 and FGF-18, however, FGF-2 has been the most widely characterized .to date
{Beer et al., 1997; Engelmann et al., 1993; Hartung et al., 1997; Hu et al., 1998; Kardarni

and Fandrich, 1989; de Lapeyreiere et al., 1990; Mason et al., 1994; Miyake et al., 1998;
Schmitt et al., 1996; Zhu et al., 1996). During development, FGF-2 expression first

appears restncted to myocardial cells (stage 9), prior to the onset of contraction, and is
then subsequently found in the extracellular matrix (stage 15) in the embryonic chick

heart {Parlow et al., 1391). A vital role for FGF-2 in early growth and differentiation of

cardiac myocytes was demonstrated when it was shown to induce mesoderm formation in

chick embryo explants, which exhibited synchronous contractions and expression of
cardiac a-actin mRNA (Sugi and Lough, 1995; Sugi et al., 1993). Similarly, -FGF-2
induced mesoderm formation in Xenopus embryos, which was characterized in most
cases by the expression of the cardiac a-actin gene (Kimelman et al., 1988; Logan and
Mohun, 1993; Slack et al., 1987). FGF-2 was also shown to mediate the transformation
of epithelial celis to mesenchyme during the formation of the cardiac cushions

{Markwald et al., 19961, which is a process involving loss of celi-ce11 interactions and

increased migratory potential. In addition, siace FGF-2 c m signal via FGFR-1, and
FGFR-1 was also shown to play a vital role in the early stages of growth and

development of the heart and vasculature (Arnaya et ai., 1991; Leconte et al., 1998; Lee
et al., 2000; Mima et al., 1995; Sugi et al., 1995; Wannaka et al., 1991; Zhu et al., 1999),

together these studies M e r suggested an important role for the FGF-2 axis in cardiac
development. Recent studies, however, using FGF-2 knockout mice have questioned a
role for FGF-2 in cardiac development. Specifically, several groups have demonstrated
that mice ablated of the endogenous FGF-2 gene were not only viable, but were
phenotypically indistinguishable nom wild-type animals by gross examination (Dono et
al., 1998; Ortega et al., 1998; Zhou et al., 1998). Although mild phenotypes including

effects on vascular tone, cortical development, bone development and wound healing
have k e n observed {Dono et al., 1998; Montero et al., 2000; Ortega et ai., 1998; Zhou et
al., 1998), these studies showed that FGF-2 was not essential for cardiac development.
While other FGF fmily members could conceivably compensate for the phenotype
observed, FGF-1 does not seem to be the active factor involved (Miller et al., 2000).

Despite these observations, recent studies in mice have demonstrated that a reduction in
FGF-2 levels after a period of embryogenesis (gestation day 7.5) prevented further
cardiac development (Leconte et al., 1998), suggesting the possibility that other
members of the FGF family do not fully compensate for the lack of FGF-2 during later
stages of cardiac development. This notion is further corroborated by studies which
demonstrate that treatment of stage 6 chick embryos with antisense oligonucleotides
complementary to FGF-2 could inhibit precardiac mesoderm ce11 proliferation and
contractility (Sugi et al., 1993). In addition, late cardiovascular anomalies as evidenced
by increased myocardial ce11 proliferation, were observed in chick embryos when FGF-2

soaked beads were placed adjacent to the developing ventride during later stages of
development (Franciosi et al., 2000; Watkins et al., 1998). To date there is limited
information on the role of endogenous FGF-2 in the postnatal myocardium in vivo.

Evaluating the role of FGF-2 at various stages of cardiac muscle development, by
overexpression or underexpression of FGF-2 specifically in cardiac myocytes, could be
an important strategy towards elucidating its role in the developing heart in vivo.

2.4.8.3 Cardicic myocyte proi~erutionund regenerative potentiai

The dynarnic pattern of FGF-2 staining observed in chicken cardiac myocytes
during the ceil cycle suggests an important role for FGF-2 in cardiac myocyte
proliferation/mitosis {Liu et al., 1997). Specifically this study demonstrated that FGF-2
was localized at al1 stages of the ce11 cycle including: (i) interphase nuclei in the S and G2
phase of the ce11 cycle, (ii) chromosomes in prophase and metaphase, (iii) cleavage

furrow in anaphase, as well as (iv) midbody sites during late telophase and cytokinesis

(Liu et al., 1997). In addition, since higher concentrations of FGF-2 were observed in

adult atrial myocytes (still capable of DNA synthesis and possibly cell division)
compared to ventricles, this suggested that an increase in FGF-2 correlates with an
increased proliferative/regenerative capacity (Kardami and Fancirich, 1989; Kardarni et
al., 1993; Rumyantsev, 1977). Studies have also demonstrated that an increase in FGF-2

accumulation is observed in cardiac muscles in the mdx mouse mode1 of injury and
regeneration, suggestive of a potential role in regeneration.proliferation{Andersonet al.,
1991). indeed, increasing LMW FGF-2 levels (via gene transfer or exogenous addition)

resulted in an increase in embryonic and neonatal cardiac myocyte proliferation in vitro

{Kardami, 1990; Kardami et al., 1995; Pasurnarthi et al., 1994; Pasumarthi et al., 1996).
The effects of LMW FGF-2 (via gene transfer) on cardiac myocyte proliferation could be
blocked by neutralizing antibodies to FGF-2, suggestive of a paracrine (cell surface

receptor mediated) pathway (Pasumarthi et al., 1996). On the b a i s of levels of FGF-2,
since LMW FGF-2 can increase cardiac myocyte proliferation in vitro and an increase in
overall FGF-2 levels is observed during development in vivo (predominantly LMW FGF2 in the adult hem) (Kardarni et al., 1995; Liu et al., 1993), one would expect that the
adult heart may have an increased proliferativehegenerative capacity in response to

injury. However, despite the relatively high abundance of FGF-2 in the adult venus

embryonic heart (Kardarni et al., 19951, and the fact that endogenous FGF-2 accumulates
around infarcted regions in the event of cardiac injury in vivo, which is suggestive of a
role for FGF-2 in myocardial healing {Padua and Kardami, 1993 ), adult cardiac
myocytes still retain a Iimited ability to regenerate/proliferate in response to cardiac
injury in vivo {Field and Soonpaa, 1998; Kardami et al., 1995). Exogenous addition of

FGF-2 can stimulate adult cardiac myocyte DNA synthesis in vitro, however, this
response occurred only in long term cultures and in one study this response was
demonstrated to be coincident with re-expression of FGFR-1 (Claycomb and Moses,
1988; Speir et al., 1992).

FGF-2mediated cardiac myocyte proliferation via exogenous

addition (LMW form) can also be inhibited by thyroid hormone and TGF-P 1
{Engelmann et al., 1992; Kardami, 1990; Kardami et al., 1993), which suggests that
inhibitors of FGF-2 may play a role in limiting postnatal cardiac myocyte
proliferation/regeneration. A more detailed review on the relationship between FGF-2
and TGF-P in terms of cardiac myocyte growth will follow in section 2.5. There is

limited information on the physiological relevance of HMW FGF-2 in cardiac myocytes.
Tt is the predominant FGF-2 species in the immature myocardium, suggesting
involvement with hyperplastic growth f Liu et al., 1993) . Indeed, overexpression of
HMW FGF-2 also resulted in an increase in embryonic and neonatal cardiac myocyte
proliferation in vitro {Pasumarthi et al., 1994; Pasumarthi et al., 1996). The effects of
HMW FGF-2 on cardiac myocyte proliferation could also be blocked by neutralizing
antibodies to FGF-2, suggestive of a paracrine (ce11 surface receptor mediated) pathway
similar to that of LMW FGF-2 (Pasumarthi et al., 1996). In terms of cardiac injury, it
was shown that a transient increase in HMW FGF-2 was observed in adult hearts

following cardiac injury in vivo, coincident with a tirne frame of intense cellular
infiltration and presurnably attempt at proliferation in sites of myocyte degeneration
{Padua and Kardami, 1993). However, the role of HMW FGF-2 in adult cardiac
myocytes and potential regenerative/proliferative response remains to be detennined.
Studies have also demonsttated that thyroid hormone can block the accumulation of

HMW FGF-2 in adult hearts in vivo and cardiac myocytes in vitro (Kardami et al., 1995;
Liu et al., 1993} . Together these studies dong with others suggest at l e s t five possible
reasons, which may contribute to the limited ability of adult cardiac myocytes to respond
to FGF-2 by proliferation after injury in vivo. These include: (i) levels of FGF-2 in
postnatal ventricular cardiac myocytes may not be high enough to induce a proliferative
response (ii) levels or activity of FGFR-1 (i.e., reduction during cardiac development) in
postnatal heart which could limit a proliferative response, (iii) presence of inhibitors of
FGF-2 activity which prevent proliferation, such as TGF-p and thyroid h o ~ o n e

(Engelmann et al., 1992; Kardami, 1990; Kardami et al., 1993; Liu et al., 1993), (iv)
HSPGs in the postnatal heart which may interfere with proliferation, as an increase in
HSPGs is observed during cardiac development {Asundi et al., 1997}, and (v) fonn of
FGF-2 (i.e., HMW versus LMW FGF-2) andor subcellular localization (i.e., nuclear

versus cytoplasmic) of FGF-2 in the postnatal heart which may be important in increasing
proliferative/regenerative response. Clearly, targeting strategies to address the issues
outfined above, alone or in combination, could serve as a means to increase FGF-2

mediated adult cardiac myocyte proliferatiod regeneration in response to cardiac injury
in vivo.

2.4.8.4 In tracrine eflects of FGF-2: Higrk molecuhr weigrkt FGF-2

Although LMW and KMW FGF-2 were shown to have similar effects on cardiac

myocyte proiiferation {Pasurnarthi et al., 1994; Pasurnarthi et al., 1996}, HMW FGF-2

was found to have distinct effects in the cardiac myocyte nucleus. An increase in
binucleation was observed in HMW but not LMW FGF-2 overexpressing myocytes; this

phenotype could not be blocked by wutralizing antibodies to FGF-2,consistent with an
intracrine mechanism of action (Pasumarthi et al., 1996). It was postulated that
binucleation could be a product of amitosis since symmetric and asymmetric nuclear
cleavage was observed in 5% of cardiac myocytes overexpressing HMW FGF-2

{Pasurnarthi et al., 1996). Binucleation has been considered an early marker of cardiac
myocyte hypertrophy {Clubb and Bishop, 19841, and thus it was postulated that some of
these binucleated cardiac myocytes may serve as potential sources of "new" cells in

pathological hypertrophy in the event of cardiac injury (Pasumarthi et al., 1996). ï h e
apparent chromatin condensation, nuclear fragmentation or "DNA clumping" observed in
cardiac myocytes was thought to resemble nuclei in the prophase of mitosis or apoptosis

(Pasumarthi et al., 1994; Pasumarthi et al., 1996). Recent studies, however, have
demonstrated that the nuclear phenotype induced by HMW FGF-2 in cardiac myocytes
likely reflects a direct effect of HMW FGF-2 on chromatin structure which does not
require mitosis or apoptosis, but instead affects chromatin compaction which is important
in the regulation of gene expression {Sun et al., 200 1). This data supports studies which
have demonstrated that FGF-2 can bind to chromatin and directly modie gene
transcription in vitro {Gualandris et al., 1993; Nakanishi et al., 1992). Although the
physiological relevance of this phenotype in cardiac myocytes remains to be determined,
it was postulated that the effects of HMW FGF-2 on chromatin compaction may be

important in modulating gene expression during instances of "stress" or cardiac injury

(Sun et al., 200 1).

2.4J.S

Cardiac hypertrophy

There is growing evidence that FGF-2 plays an important role in cardiac
hypertrophy. Exogenous addition of FGF-2 (Le., LMW) to culhwd neonatal cardiac
myocytes alters the gene profile of contractile proteins fÎom an "adult" to "fetai"
program, which is characteristic of pressure overload-induced cardiac hypertrophy in vivo
(Parker et al., 1990). This study also suggests that FGF-2 may prevent differentiation of
cardiac myocytes. Indeed, FGF-2 was also shown to decrease overall myosin
accumulation in embryonic cardiac myocytes in vitro {Kardami et al., 1995; Pasuinarthi
et al., 1994)

and increases in local FGF-2 release were associated with re-expression of

vimentin in cardiac myocytes surrounding the fibrotic region subsequent to cardiac injury
in vivo (Padua and Kardami, 1993) . It was also demonstrated that paced adult cardiac

myocytes (Le., increased FGF-2 release) but not non-paced control myocytes exhibited a
"hypertrophie response" which could be mirnicked by exogenously administered FGF-2

and blocked by neutralizing antibodies to FGF-2 (Kaye et al., 1996). Furthemore, both

exogenous addition of FGF-2 and human pericardial fluid containing high levels of FGF-

2 were able to induce addt cardiac myocyte hypertrophy N, vitro (Corda et al., 1997).
Although studies using FGF-2 knockout mice demonstrated reduced cardiac hypertrophy
in response to pressure overload hypertrophy in vivo (Schultz et al., 19981, to date, there

are no gain-of-function models (i.e., overexpressing FGF-2) which have been used to
directly address the effects of increased FGF-2 in the heart on the possible stimulation of
cardiac myocyte hypertrophy. Gain-of-function models could provide an important tool
to address the role of FGF-2 and mechanisms involved in both physiological and

pathological cardiac hypertrophy in vivo.

2.4.8.6 Cell adhesion and cardiac myocyte collllltunication

FGF-2 has been implicated in playing a role in cardiac myocyte ce11 adhesion
and cardiac myocyte conununication. Specififally, FGF-2 (at doses greater than 2Ong/ml)

was shown to inhibit attachment of chicken embryonic cardiac myocytes from
fibronectin-coated dishes ( K a r d d et al., 1993). It was suggested that this response may
be due to FGF-2's ability to compete with other adhesive proteins for ce11 binding sites

(i.e., integrin interaction) {Kardamiet al., 1993). Although the physiological relevance of
FGF-2's role in decreasing cardiac myocyte adhesion remains to be determined, it is

tempting to speculate that this may play a role during cardiac development for migration
of cells or in the event of cardiac injwy for possibly removai of ceils tiom injured site.

There is strong evidence implicating a role for FGF-2 in cardiac myocyte communication
as FGF-2 was demonstrated to (i) localize to cardiac gap junctions f Kardami et al., 1991)

and (ii) decrease cardiac myocyte communication through a mechanism involving serine
phosphorylation of connexin 43 by PKCE (Doble et al., 1996; Doble et al., 2000). Since
a decrease in cardiac myocyte c o ~ u n i c a t i o nhas been demonstrated to correlate with
increased proliferation, it was suggested that this pathway may contribute to FGF-2's
ability to increase cardiac rnyocyte proliferation via a MAPK independent mechanism,
during instances of injury (Kardami et al., 2001). In addition, it is conceivable that a
decrease in communication could be cardioprotective in instances of injury as it may
"localizeo' cardiac myocyte darnage to the aEected myocytes.

2.4.8.7

Cardiuprrotcctù~n

There is significant evidence implicating FGF-2 with cardioprotection.
Addition of FGF-2 to neonatal rat cardiac myocyte cultures treated with hydrogen
peroxide or serum-starved resulted in improved ce11 survival and decreased cardiac
myocyte injury as evidenced by preservation of nuclear morphology and myofibrillar
structure (Kardami et al.. 1993). In addition, administration of exogenous FGF-2 prior to

ischemic injtiry in various heart ischemia/repemision models resulted in an increase in
myocyte viability and/or functional recovery in the rat heart (Cuevas et al., 1997; Padua

et al., 1998; Padua et al., 199Sb). Furthermore, increasing FGF-2 levels also stimuiated
improved myocardial function andior reduced infarct size in ischemic porcine, canine and
human hearts through increased angiogenesis and systolic function (Harada et al., 1994;
Horrigan et al., 1999; Laham et al., 1999; Unger et al., 1994; Yanagisawa-Miwa et al.,

1992). It is not known, however, if FGF-2 affects myocyte viability, specifically, in the
mouse heart. This information is essential given the importance that genetically altered

mice now play in studies of heart function. Furthermore, this would facilitate the use of
genetic approaches to assess whether stimulating endogenous FGF-2 levels would allow
prolonged and increased FGF-2 release fonn intracellular pools during contractions.
Assessrnent for a role for endogenous FGF-2 in the adult myocardium could be of vital
importance given that the adult cardiac myocytes have been shown to contain functional
FGFR (Liu et al., 1995) and release FGF-2 during contractions under normal
physiological conditions {Clarke et al., 1995; Kaye et al., 19961, suggestive of a role for
endogenous FGF-2 in the normal maintenance of a healthy myocardium as well as
possibly limiting the extent of injury. This notion is supported by a recent study which

reported that transcoronary arterial gene transfer of a secreted form of FGF-2 was
beneficial for recovery of LV systolic function and development of collaterais in the
microembolized rabbit heart (Iwatate et al., ZOO1 }. FGF-2 was also implicated in the
cardioprotective effects of estrogen, as estrogen was shown to increase FGF-2 release

fiom endothelial cells {Albuquerque et al., 1998). Although the mechanisms remain to
be determined it was proposed that estrogen enhances endothelial cefl-basement

membrane interactions leading to the release of 'trapped' FGF-2 nom the extracellular
matrix {Albuquerque et al., 1998) andor by mechanisms involving the chaperoning of
intracellular FGF-2 via heat-shock protein 27 (Piotrowicz et al., 1997). It would be
important to determine whether estrogen increases the release of endogenous FGF-2 from
cardiac rnyocytes, either as an ongoing process involved in maintaining a healthy
rnyocardium, or as a response to cardiac injury.

Despite strong evidence for the a role of FGF-2 (via exogenous addition) in
cardioprotection, there is Limited information on the rnechanisms which dictate this
response. FGF-2 may act as an antioxidant, based on its structure. FGF-2 contains four
cysteine residues whose thiol groups exist in the reduced state which may act as a fiee
radical scavenger (Padua et al., 1995a). Other thiol containing antioxidants such as
glutathione and captopril have already been shown to protect the heart against ischemiareperfusion injury (Janier et al., 1993; Menasche et al., 1992). Recent studies in the rat
heart have also demonstrated that FGF-2 can induce a negative ionotropic effect, which

may contribute to cardioprotection by acting to preserve energy stores or suppressing the

energy requirement for contraction {Padua et al., 1998). A negative ionotropic effect of

FGF-2 was also observed in adult cardiac rnyocytes {Ishibashi et al., 1997). FGF-2 is
also known to have vasodilator effects (Cuevas et ai., 1991; Unger et al., 1994) and
vasodilators are cardioprotective in ischemia-reperfusion injury {Aiello et al., 1995;
Sommerchild and Kirkeboen, 2000}. However, since FGF-2 is also associated with the
cardiac myocytes, a direct shielding effect on cardiac myocytes has also been proposed to
be a part of the mechanism of FGF-2 mediated cardioprotection which was demonstrated
to be independent of the effects on the vasculahire {Padua et al., 1998). In fact, several
pieces of evidence have suggested links between pathways which mediate ischemic
preconditioning (endogenous mechanism of cardioprotection) and pathways which are
involved in FGF-2 mediated cardioprotection. The cardioprotective effects of FGFs in the
pig myocardium were proposed to rnimic ischemic preconditioning since they could be
blocked by genistein (tyrosine kinase inhibitor) {Htun et al., 1998). The effects of
ischemic preconditioning are known to be receptor mediated primady G protein coupled
receptor but also tyrosine kinase receptoa (Baines et al., 1999a). However, it remains to
be determined whether the cardioprotective effects of FGF-2 can also be blocked by

genistein. Cross-talk between G protein coupled receptors and FGF-2 tyrosine kinase
receptors has been suggested, since FGF-2was able to induce PLCP isofonns in adult
hearts and cardiac myocytes {Tappia et al., 1999). Recent studies in the rat heart have
also implicated PKCeas the cytoplasmic intermediate involved in FGF-2 mediated
cardioprotection {Padua et al., 1998). Extensive work by Ping and colleagues, and other
investigators has established a central role for PKCEin ischemic preconditioning (Ping et
al., 1997). K
' ATP channels may aiso be involved in the cardioprotective effects of
FGFs, as glibenclamide, a specific K+ATP channel blocker, could block the

cardioprotective effects of FGF- 1 (Cuevas et al., 2000). Mitochondrial K+ATP channels
are proposed to be the end-effector of ischemic preconditioning (Baines et al., 1-999a).

However, it remains to be determined whether mitochondrial K+ATP channels play a role
in the cardioprotective effects of FGF-2. Finally, NO has also been proposed to be a
prime mediator of delayed ischemic precondtioning (Carden and Granger, 2000). Indeed,
FGF-2 was demonstrated to block myocardial shinning by stimulating NO production via

an NOSz-dependent pathway (Hampton et al., 2000). FGF-2 has also been shown to
induce NO release into the coronary milieu, as part of the vasodilatory response {Cuevas
et al., 1991) . In conclusion, these data suggest that FGF-2 may play a roie in ischemic

preconditioning.

2.4.8.8

Vasculature

FGF-2 is most notably known for its effects on the vascuiature. In fact,
through the use of antisense strategies, FGF-2 was demonstrated to be essential for
embryonic mouse vascular development (Leconte et al., 1998). FGF-2 also stimulates

proliferation of three principal vascular ce11 types (endothelial cells, smooth muscle cells

and fibroblasts) and is chemotactic for endotheliai cells in vih'o, inducing capillary tube
formation {Lazarous et al., 1995). In fact, overexpression of human FGF-2 in transgenic
mice led to increased DNA synthesis in isolated vascular smooth muscle celis in vitro
{Davis et al., 1997). Major vessels form by the process of vasculogenesis, whereas small
vessels including capillaries arise from angiogenesis (Poole et al., 2001). FGF-2 has
been demonstrated to be important for both processes (Cox and Poole, 2000; ParsonsWingerter et al., 2000; Poole et al., 2001). Thus, it is not surprising that FGF-2 is one of

the most extensively studied angiogenic growth factors to date {Simons et al., 2000).
Tme angiogenesis is described as the growth of thin-walled intramyocardial collateral-

like vessels lacking the development of media {Simons et al., 2000). The ability of FGF2 to induce angiogenesis in mature ischemic tissues was demonstrated in various animal
injury models (Skons et al., 2000). These results are fiirther supported by a study which

demonstrated that transgenic mice overexpressing FGF-2 were predisposed to accelerated
tumor angiogenesis, once provided with an angiogenic substrate {Fulgham et al., 1999).
Although the mechanisms involved in FGF-2 mediated angiogenesis have not k e n N l y
eiucidated, the p38 MAP kinase signaling pathway has k e n irnplicated (Tanaka et al.,
1999), and recent studies have demonstrated that FGF-2 induces VEGF expression in
vascular endothelial cells in an autocrine and paracrine manner to mediate angiogenesis

(Seghezzi et al., 1998). As might be expected, FGF-2 ce11 surface receptors are essential
in FGF-2 mediated angiogenesis (Parsons-Wingerter et al., 2000; Seghezzi et al., 1998).

FGF-2 can also modulate vascular function. Ablation of the endogenous FGF-2 gene in a
genetic mouse model resulted in impaired vascular smooth muscle contractility and a
hypotensive phenotype (Dono et al., 1998; Zhou et al., 1998). Consistent with an effect of
FGF-2 on vascular function, neutralizing amibodies to FGF-2 inhibited lumen narrowing
and negative remodeling during intima1 lesion formation in a coronary ligation model in

mice (Bryant et al., 1999). In addition, earlier studies demonstrated that FGFR-1 was
essential in mediating vascular smooth muscle ce11 proliferation in vitro and could be
important in mediating restenosis (Yukawa et al., 1998). A recent study using a rat
model of expenmental penpheral arterial insufficiency demonstrated that normal NO
production is essential for the enhanced vascular remodeling induced by FGF-2, along

with another angiogenic factor (Yang et al., 200 1} . In addition, FGF-2 has also been

implicated as a survival factor for vascular smooth muscle cells and endothelial cells
(Fox and Shanley, 1996; Gospodarowicz et al., 1981; Karsan et al., 1997; Ku and
D'Amore, 1995; Schweigerer et al., 1987). Thus, regulating FGF-2 levels in the
vasculature could have potential therapeutic effects in the myocardium either by
promoting angiogenesis to reperhise ischemic myocardium through FGF-2 addition
{Simons et al., 2000) or reducing restonosis (characterized by smooth muscle ce11
proliferation) to prevent blockage of a vesse1 by inhibiting FGF-2 activity (Yukawa et al.,
1998).

2.4.8.9

C h i c a i triais in the myocardium

In the last five years, therapeutic angiogenesis has been advocated as a
promising treatment strategy for patients with advanced ischemic heart disease who are
not candidates for standard revascularïzation, since it results in the generation of a new
blood supply in the diseased heart {Simons et al., 2000). The two most widely studied
proangiogenic growth factors, to date, which show promise in clinical trials are VEGF
and FGF-2 (Post et al., 2001). In tenns of FGF-2,several strategies have been used to

deliver FGF-2 into the human hem (Simons et al., 2000). Initial clinical studies used a
heparin alginate FGF-2 delivery system in patients with coronary disease undergoing

coronary artery bypass surgery (Sellke et al., 1998; Laham et al., 1999). Both studies
demonstrated the safety and feasibility of this mode of therapy and patients in the FGF-2
group were found to be symptom free (i.e., no angina) after three months of surgery

(Sellke et al., 1998; Laharn et al., 1999). These effects were shown to be dose-dependent

in the presence of a placebo-controlled group {Laham et al., 1999). Patients in the 100

pg FGF-2 group at the three month time point also showed a trend towards a reduction in
the target ischemic area while placebo-control groups did not (Laham et al., 1999).

Intracoronary and intravenous FGF-2 delivery were also found to be feasible and
tolerable in patients with severe coronary disease (Laham et al., 2000; Udelson et al.,
2000). Delivery of FGF-2 in patients with advanced coronary artery disease resulted in
attenuation of stress-induced ischemia and an improvement in resting myocardial
perfusion up to 180 days after treatment, consistent with a favourable effect of
angiogenesis (Udelson et al., 2000}. In addition, intracoronary delivery of FGF-2
significantly improved symptom assessment, as assessed by angina fiequency and
exertional capacity (Le., exercise tolerance) (Laham et al., 2000) and was weli tolerated
in patients with stable angina {Unger et al., 2000). Overall FGF-2 appears to be well
tolerated producing functionally significant benefits in the ischemic myocardium
(Simons et ai.' 2000). Nevertheless adverse effects (Le., blood pressure, platelet count,
hypertrophy?fibrosis, arrhythmias) and toxicity are also issues which must be addressed

when considering long term therapies with FGF-2. These claims are currently being
evaluated in phase II clinical trials {Simons et al., 2000). Finally, recent studies on
engineering human cardiovascular structures for transplantation purposes demonstrated

that FGF-2 (supplemented with ascorbate), resulted in enhanced early human vascular
myofibroblast proliferation on biodegradable polymers and structurally more mature
tissue formation (Hoerstrup et al., 2000}, thus, providing evidence for an additional
clinical use for FGF-2 in the myocardium.

2.5

Transforming Growth Factor (TGm-/3 in the Myoeurdium
Polypeptides of the TGF-P superfamily have received considerable attention for

their potentiai role in the myocardium {Brand and Schneider, 1995). There are more than

25 members in the TGF-P superfamily, however, there are only three recognized
mammalian isoforms, which are named TGF-P 1, TGF-PZ and TGF-p3 {Brand and
Schneider, 1996; Dünker and Krieglstein, 2000). The three mammalian isoforms are
considered prototypical members of the TGF-p family, and are expressed in the
myocardium in various ce11 types including cardiac myocytes {Thompson et al., 1988;
Thompson et ai., 1989; Brand and Schneider, 1995). Each isoform, however: displays a
distinct expression pattern in both embryo and adult {Akhurst et al., 1990; Millan et al.,
1991; Dickson et al., 1993). Targeted mutations of TGF-P genes in the mouse reveal

distinct and largely non-overlapping phenotypes (Table 4). These mutant mice
demonstrated that TGF-P isoforms are important for various developmental processes in
several organs, including the heart {Dünker and Krieglstein, 2000). However, since some
of the phenotypes resulted in non-cardiac defects as well as embryonic lethality, the

physiological role of endogenous TGF-f3 signaling in the postnatal myocardiumand in
particular postnatal cardiac myocytes remains unclear.

TGF-p are secreted factors, however, once secreted they must be activated by
extreme pH, heat or proteolytic enzymes to f o m the mature 25 k D dimeric protein
{Lembo et al., 1995). Once biologically active, TGF-p can elicit a wide range of effects
on various ce11 - p e s in the myocardium {Brand and Schneider, 1995). Although this

review will focus on the role of TGF-P signaling in cardiac myocyte growth, it is

important to note that TGF-B is implicated in many processes in the myocardium
including ce11 adhesion and migration, cardiac myocyte contractility, angiogenesis,
cardioprotection, fibrosis, and disease {Brand and Schneider, 1995).

Table 4.
TGF-$

Phenotypes of TGF-p ligand, TGF-fl receptor* and Smad knockout mice.

1 Gene Targeting 1

Mutant Phenotype

Pathway

TGF-B 1

Ligand

1

TGF-B2

-i
Receptor

TGF-B3

TGF-PM*

1 Intracellular 1

TGF-BRII
Srnad2

Mediators

Srnad3

1

Smad4

1
Srnad5

1

Smad6

50% are embryonic lethai at EIO.5 from defective yolk sac
vasculogenesis and haematopoiesis
Rest die postnatally (4 weeks old) fiom multi-focal inflammatory
disease, platelet aparegation defect
Die fiom congenital cyanosis before or during birth
Craniofacial (emg.,cleft palate). eye. spinal folumn, innerear. cardiac.
iunp. Iimb. and urogenital malformations
Die within 24h of birth
Defect in palatogenesis (cleft palate) and delay in pulrnonary
developrnent/lung maturation
*cardia= specific expression of a constitutively active fom of TGF$Ri in mice
Arrest in cardiac looping, causing linear, dilated hypoplastic h e m
tube at E9.5
No change in Nkx2.5 or dHAND expression but increased p2 1
Embryonic lethal at €10.5
~ e f kint yolk sac hematopoiesis and vasculogenesis
Embryonic lethal at E7.5-8.5
Defect in egg cylinder elongation, mesoderm formation and
gastnilation
Prirnary defect in extraembryonic tissues
Chimeras (with wild type morula) exhibit defect in leWright
assymehy and anterior development
Viable and fertile at birth
Metastatic colorectal cancer at 4-6 months of age
Impaired immunity and chronic infection
~cceleratedwound healing
Ernbryonic lethal at E7.5-8.5
1 ~ r o $ h retardation, no rnesoderm formed, no gastrulation
1 Abnormal visceral endoderm
Primary defect in extraembryonic tissues
Chimeras (with wild type morula) show anterior defects
Embryonic lethal at E9.5-10.5
Defect in angiogenesis, leftkight asymmetry, cranial-facial
abnomalities
[ncreased mesenchymal apoptosis
Cardiovascular abnormalities
1 Defect in endocardial cushion transformation

1

1

1

1

Source: Modified from Itoh et al., 2000 and Dünker and Krieglstein, 2000, with
additional information from Chamg et al., 1998. References for various mutant
phenotypes are within the listed sources.

2.5. I

TGF-flreceptom and signaîing in cardiac myocytes
TGF-Ps bind to at least three receptors (Rs), which are found on most

mammafian ce11 types that are termed type 1 (TGF-PRI, 53 kD),type II (TGF-BRU, 70-80

kD) and type III (betagiycan; 200-400 kD) (Brand and Schneider, 1995). Crosslinking
studies have demonstrated that al1 three mammalian TGF-P receptors are present on
cardiac myocyte membranes (Roberts et al., 1992). Cardiac myocytes contain
approximately 2000 and 5000 TGF-PEü and TGF-PRII binding sites, respectively {Ross
et al., 1993b, Ross et al., 1 9 9 3 ~ ) .There is currently limited information on the
physiological role of TGF-PRs in cardiac myocytes, however, recent studies in mice

revealed that mutation of TGF-PRII resulted in embryonic lethality due to defects in yolk
sac hematopoiesis and vasculogenesis, whereas, constitutive expression of TGFBRI
(ALKS) resulted in defects in cardiac looping (Table 4). The constitutive expression of
ALKS signaling in mouse hearts was associated with increased p21 {Charng et al.,
19981, a cdk inhibitor associated with terminally differentiated muscle {Parker et al.,

1995). As a result, it was postulated that ALKS mediates cardiac looping through the

control of cardiac myocyte proliferation {Chamg et ai., 1998).

Al1 TGF-p isoforrns elicit their cellular responses through formation of a
heteromeric receptor complex, consisting of specific type 1 and type II serine/threonine
kinase receptors {Itoh et al., 2000). Type II receptors determine the specificity of ligand

binding, whereas type 1 receptoa speci6 the signaling response within the ceil (Bassing
et al., 1994a; Bassing et al., 1994b). The role of type In receptors are not clear, however,
they have been implicated in facilitating TGF-P binding to the type II and type 1 receptors

(Brand and Schneider, 1995). TGF-P signaling via TGF-PRs occurs as follows: TGF-P
binds to the type II receptor, which then recruits the type 1 receptor to form a heteromenc
complex, and this in turn causes phosphorylation of serine/threonine residues and
'activation' of the type 1 receptor, resuiting in downstream signaling events within a ce11
(Itoh et al., 2000). TGF-P receptor heterodimerization and phosphorylation is essential
for TGF-P signaling in various ce11 types, including cardiac myocytes (Brand et al.,
1993; Massague, 1998; Brand and Schneider, 1995 } . Studies in neonatal cardiac
myocytes demonstrated that overexpression of a kinase-deficient TGF-PRII, which would
effectively block heterodirnerization and phosphory lation of TGF-PR1 by competing for

endogenous receptor complex, could block the upregulation of fetal cardiac gene
expression by TGF-P (Brand et al., 1993).

Smad proteins are the major intracellular regulators of TGF-P signaling
(Massague, 1998) however their role in cardiac myocytes is largely unknown. The name

Srnad originates from a fusion between C. elegons Sma and Drosophih mothers against
dpp (Mad) (Derynck et al., 1996). The intracellular domain of TGF-PRI was s h o w to

specifically and transiently interact with and phosphorylate receptor-regulated Smad
proteins (Smad 1, 2, 3, 5 or 8) (Itoh et ai., 2000). Subsequent activation, receptorregulated Smads recruit the common-partner Smad (Smad 4) to form a heteromeric
complex which then translocates into the nucleus (Itoh et al., 2000}. Nuclear Smad
complexes regulate gene transcription of TGF-P target genes by binding to DNA directly
or indirectly through other DNA-binding proteins (Itoh et al., 2000). The transcription
factor, Xenopzis forkhead activin signal transducer (FAST)-1 was identified as the fiist

binding partner for Smad (Chen et al., 1996). Subsequently, a large number of Smadbinding partnea have been identified which regulate transcriptional activity of TGF-P
responsive genes, some of which include; ALK5, p-catenin, calmodulin, TAK-1, p300,
Smad nuclear interacting protein-1 (SMPI), c-fos and c-jun (Itoh et al., 2000). In cardiac
myocytes, TGF-P c m effect the transcriptional regulation of the skeletal a-actin and aMHC genes (Brand et al.. 19931, however it remains to be detemllned whether their

regulation is directly Smad-dependent. Other TGF-P target genes include cyclin
dependent kinase inhibitors p2 1, p27 and p 15 (Reynisdottir et al., 1995} . TGF-BRI
interactions with cytoplasmic Smad proteins can also be negativzly influenced by
inhibitory Smads (Smad 6 or 7) {Massague, 1998). Targeted mutations of Smads in mice
reveal distinct roles for these proteins during mouse development (Table 4). Smad 2, 4

and 5 are essential for early development, however, Smad 3 is implicated in
tumorigenesis and Smad 6 is implicated in playing an essential role in cardiac
development (Table 4). TGF-P family members can also signal via the TAKl binding
protein (TAB l)/TAKl pathway {Shibuya et al., 1996; Yamaguchi et al., 199S}. TAKl
was s h o w to activate the SEKl/MKK4 and MKK3, which then activates the SAP.K/JNK

and p3 8/RK pathway, respectively {Moriguchi et al., 1996). Cross-talk exists between

TAKl and Smads (Kirnura et al., 2000; Sano et al., 1999;Yue et al., 1999). In addition,
TGF-P family members can also activate small GTP-binding proteins (i.e., Rh0 and b)
in certain cells {Atfi et al., 1997;Hocevar et al., 1999).
2-5.2

TGFP slgnoling and cell growth
TGF-P can exert both positive and negative effects on ce11 growth {Spom et al.,

1987), however, recent studies tend to agree that TGF-P acts as an endogenous inhibitor

of growth in vivo (Gold, 1999; Diinker and Kneglestein, 2000). The anti-proliferative
effects of TGF-P have k e n well established in various ce11 types including epithelial

cells, T- and B-lymphocytes as well as mesenchymal cells such as skeletal muscle cells,
fibroblasts, endothelid cells and hepatocytes {Spom and Roberts, 1990). In fact, TGF-P

has been shown to arrest growth at the late Gl phase of the ce11 cycle (Pietenpol et al.,
1990; Laiho et al., 1990). Regulation of TGF-P ce11 cycle arrest by the Cdklpocket

proteidE2F pathway was implicated to occur via at least two rnechanisms including the

induction of Cdk inhibitors including p15, p21, p27 (Reynisdottir et al., 1995) and
downregulation of tumor suppressor protein E2F-1 through hypophosphorylation of
Rb(Li et al., 1997b). A decline of Cdk2 and Cdk4 levels was also observed, however,
this is postulated to occur as a secondary event representative of a program of ce11

adaptation to the quiescent state {Reynisdottir et al., 1995}. In hepatocytes, TGF-P
expression is upregulated during liver regeneration after the first major wave of
hepatocyte DNA synthesis and mitosis has taken place, and it has k e n suggested that this

acts as a signal to prevent uncontrolled hepatocyte growth as regeneration is completed

(Braun et al., l988}. In addition, targeted mutation of TGF-B 1 in mice results in diffuse

and lethal inflammation characterized by infiltration (proliferation) of lymphocytes and
macrophages in the postnatal heart and Iungs (Kulkarni et al., 1993; Shull et al., 1992f .

Furthemore, targeted mutations of TGF-PR11 to specific ce11 types in mice in vivo
-

resulted in various proliferative conditions including skin tumorigenesis {Go et al.,

2000), T ce11 lymphoproliferative disorder {Lucas et al., 2000), and marnmary epithelial
hyperplasia (Gorska et al., 1998). Mutations in TGF-PRU, Smad 2, Smad 3 and Smad 4,

which abrogate TGF-P signaling are also associated with a variety of human tumors,

including colorectal cancers (Eppert et al., 1996; Markowitz et al., 1995; Lu et al., 1998;
Polyak, 1996; Thiagalingam et al., 1996). Although, Smad 3 knockout mice were the
only mice to develop tumors f i e r birth (Table 4), it has been postuiated that the early
leîhality of other mutant phenotypes may have precluded the formation of tumon (Itoh et
al., 2000).

2-53

TGF-/3signahg and cardiac myocyte growth
TGF-p has been implicated as a negative regulator o f cardiac myocyte

proliferation {Kardami, 1990; Roberts and Spom, 1993) . Infusion of TGF-B 1 in rat
hearts in vivo resulted in an inhibition of cardiac ce11 DNA synthesis (Sigel et al., 1994).
Furthermore, an assessrnent of TGF-P1 expression during cardiac development, reveals
that TGF-Pl levels increase with myocardial maturation ( ~ n ~ e l m a ketn al., 1992).
Cardiac myocyte TGF-BR levels were also s h o w to increase during cardiac developrnent
{Engelmann and Grutoski, 1994). The increase in TGF-pl and TGF-BR levels during
cardiac development correlates with the transition of cardiac myocytes from a
hyperplastic state (high proliferation) to a hypertrophie state (iimited proliferation). In
addition, there is evidence to suggest that TGF-f3 directly interferes with myocyte
proliferation as neutrdization of endogenous and/or senun-derived TGF-P in neonatal
cardiac myocytes kept in semm resulted in an increase in DNA synthesis {Kardami et al.,
1993). Furthermore, there is evidence to implicate TGF-P in cardiac myocyte

hypertrophy (Le.. differentiated state) (Brand and Schneider, 1995). TGF-Pl can alter

gene expression in neonatal cardiac myocytes by stimulating the re-expression of "fetal"
cardiac genes (P-MHC, skeletal a-actin, smooth muscle actin and ANF) and

downregulation of "adult" cardiac genes (a-MHC and sarcoplasmic reticdum ATPase)
{Parker et al., 1990). These changes are consistent with the pattern of gene expression

observeci in hearts following cardiac hypertrophy induced by mechanical overioad
{Schneider et al., 1992). In addition, classical hypertrophic agonists, such as
norepinephrine and AngII, have also been shown to induce the expression of TGF-Pl in
cardiac myocytes (Bhambi and Eghbaii, 1991; Sadoshima et al., 1993). Neutralizing
antibodies to TGF-P were also shown to inhibit isoproterenol-induced hypertrophy in

adult rat cardiac myocytes in high serum conditions, while exogenous TGF-P was shown
to induce hypertrophy in adult rat cardiac myocytes in low serum conditions (Schluter et
al., 1995). The increase in TGF-P expression in response to hypertrophic stimuli in adult
cardiac myocytes was demonstrated to be mediated by an autocrine and/or p a r a c ~ e
mechanism (Takabashi et al., 1994). An increase in cardiac TGF-Pl expression was also
observed in animal rnodels of cardiac hypertrophy (Kornuro et al., 1991; Li and Brooks,
1997; Sakata, 1993; Villarreal and Dillmann, 1992) as well as human idiopathic

cardiomyopathies {Li et al., 1997d).

2-5.4

TGF-8 and FGF-2 signahg in cardiac myocyte growth

Extracellular controls have been showa to exist between TGF-P and FGF-2. For
example, TGF-P will promote extracellular matrix deposition (Butt et ai.. 1995). which
will mobilize FGF-2 on HSPGs and downregulate availability. On the other hand, FGF-2
will tend to mobilize, plasminogen activator and liberate FGF nom the matrix (Rusnati et
al., 1997}, but also liberate and activate TGF-P as a short negative feedback loop. In the

myocardium, studies have demonstrated that TGF-P can inhibit FGF-2 mediated

proliferation in embryonic and neonatal cardiac myocytes {Engelmann et al., 1992;
Kardami, 1990; Kardami et al., 1993). TGF-P's inhibitory effects on FGF-2 mediated
proliferation have been documented in other ce11 types, including smooth muscle cells,
fibroblasts and endothelid cells {Baird and Durkin, 1986; Chambard and Pouyssegur,
1988; McCaffery and Falcone, 1993). In addition, since the expression of both FGF-2
and TGF-P are increased afier cardiac injury and localize to the margins of infarcted

regions {Padua and Kardami, 1993; Thompson et al., 1988; Wunsch et al., 1991), this
raises the possibility that TGF-p may contribute to the limited ability of postnatal cardiac
myocytes to regenerate/proIiferate in response to FGF-2, despite its abundance, after
injury in vivo. In ternis of cardiac hypertrophy, a study has demonstrated that

exogenously administered TGF-P inhibits a d d t cardiac myocyte hypertrophy induced by
either exogenous FGF-2 or human pericardial fluid containhg high levels of FGF-2
{Corda et al., 1997).Taken together these studies clearly demonstrate that TGF-P
influences the biological effects of FGF-2 in cardiac myocytes. In tems of proliferation,

the ability of TGF-P to antagonize the actions of FGF-2 could have significant
physiological consequences in terms of inhibiting a regenerative response in the
myocardium subsequent to injury. "Neutralizing" the effects of TGF-p in cardiac
myocytes could prove to be a useful strategy to stimulate or allow a
regenerativelproliferative response by FGF-2 in postnatal cardiac rnyocytes. Previous

studies have used a dominant negative approach to inhibit TGF-P signalling in cardiac
myocytes (Brand et al., 1993; Schneider and Brand, 1995; Brand and Schneider, 19961,
however, to date this strategy has not been employed to influence effects on cardiac
myocyte proliferation.

There is limited information on the cross-tallc between FGF-2 and TGF-P
signaling pathways in cardiac myocytes. PKC and ERK1/2 MAPK signaling pathways
largely mediate the biological effects of FGF-2 in cardiac myocytes (Figure 5). PKC
signaling was found to be important for FGF-2 mediated cardioprotection, whereas,

ERKLR MAPK was shown to be important for FGF-2 rnediated cardiac myocyte
proliferation, aithough MAPK independent pathways have also been implicated to induce
proliferation(see section 2.4. I).Recent evidence, however, suggests that PKC is a likely
target of this interaction, as TGF-P was shown to inhibit FGF-2 mediated translocation of
PKC to the membrane and thus, presumably activation, but not activation of ERIC112

MAPK in neonatal cardiac myocytes {Kardami et al., 2001). TGF-B was also
demonstrated ro prevent FGF-2 induced cornexin43 phosphorylation which is mediated
by PKC (Doble et al., 2000; Kardarni et al., 1997; Kardami et al., 2001) and implicated

as a potential path to increase in cardiac myocyte proliferation {Kardarni et al., 2001 ).
Together these studies suggest that proliferative pathways which are mediated by FGF-2

and linked to PKC could be the likely target of TGF-p. There is a clear need to define the
interactions underlying TGF-p and FGF-2 signaling in order to defme and exploit the
pathways that are important to mediate cardiac myocyte proliferation or hypertrophy.

2. 6

Rationale, Hypotheses and Speclfk AiCardiovascular diseases are the leading cause of death worldwide. The research

described in this thesis is focussed on developing and testing multiple strategies to

-

regulate cardiac rnyocyte growth and protection in an effort to provide the basis for
treatment and/or prevention of cardiovascular diseases.

Considerable attention has focussed on the use of polypeptide growth factors

and in particular FGF-2 in the treatment of cardiovascular disease (Waltenberger, 19971.
FGF-2 is a multifuoctional protein, vihich exerts many of its biological effects by binding

to high afinity ce11 surface receptors (FGFR-1) of the tyrosine b a s e family (section
2.4.6. I ) . FGF-2 possesses properties, which could make it an important therapeutic tool

for reducing or preventing damage by ischemia andor improving cardiac prognosis
subsequent to cardiac injury (section 2.4.8). An increase in FGF-2 (18 kD)levels (mainly
through exogenous administration) is associated with: (i) an increase in cardiac myocyte

proliferation in cultures (implicated in regeneration) (section 2-4-63),(ii) an increase in
de novo angiogenesis (section 2.4.8.8 and 2.4.8.91, (iii) an increase in ce11 survival

(section 2.4.8.7 and 2.4.8.8), (iv) protection of cardiac myocytes and the myocardium
fiom the effkcts of ischemia (section 2.4.8.7), and (iv) a decrease in cardiac myocyte

communication which may be important in protecting adjacent myocytes fiom fürther
injury (section 2.4.8.6). These properties as well as the observations that FGF-2 is

released fiom adult cardiac myocytes with every contraction of the myocardium (section
2.4.5) and adult cardiac myocytes contain functional high affinity FGF-2 receptors (i.e.,

FGFR-1) (Liu et al., 19951, raise the possibility that FGF-2 may play a role in
maintaining a healthy myocardium. Although, considerable attention has been given to
the protective effects of FGF-2 and the development of delivery systems when supplied

exogenously (section 2.4.8.9), there has been Little effort to exploit these effects by

controlling endogenous production of FGF-2.Clearly, if FGF-2 is released fiorn cardiac
myocytes upon contraction and FGF-2 plays a role Ui cardioprotection then:

Hypothesis 1:

Increasing endogenous FGF-2 levels in the heart in vivo will translate into an increase in
FGF-2 release from intracellular stores and result in increased cardioprotection. This
hypothesis is addressed through three specific aims and the results are presented in
Chapter 4.

Specific Aims 1:
1.1

To generate and characterize transgenic mice overexpressing 18 kD FGF-2 in the
hem.

1.2

To assess the effects of increased endogenous production of FGF-2 on levels of

FGF-2 release in hearts.
13

To assess the effects of increased endogenous production of FGF-2 on
cardioprotection, as measured by LDH release (myocyte integrity) and developed
pressure (contractile recovery), in a cardiac injury model.

While intact animal preparations can mimic cardiac injury in man, it is difficult,
if not impossible to define the exact role of factors involved in cellular injury in this
system. As a result, adult cardiac myocyte cultures are an essential tool in understanding
normal cardiac structure and function as well as disease, at the cellular level. Adult
cardiac myocyte cultures are widely used by researchers in a variety of disciplines (Le.,

molecular biology, cellular biology, electrophysiology, phannacology, etc.) to gain
insight into "therapeutic" strategies to "rehabilitate" these cells in the event of injury.
Given the growing use of transgenic and gene "knockout" mouse models for the study of
gene expression and regulation in the heart, there is now a special need for adult mouse
cardiac myocytes. The ability to isolate and culture viable adult cardiac myocytes fiom
mice would prove to be an invaluable system to complement studies in the whole animal
(transgenic or othexwise).

Mouse cardiac myocyte cultures would provide an important system to study
transcriptional regdation of FGF-2 in the heart. In the period of 1995 to early 200 1, less
than 5% of publications in the area of FGF-2 in the heart have reported on its

transcriptional regulation. Transcription is an important component of FGF-2 gene
regulation (see section 2.4.1), and discovery of regulators of FGF-2 transcription in
cardiac myocytes could serve as an additional target to exploit the 9herapeutic" effects of
FGF-2. In an effort to increase knowledge of FGF-2 transcription, our laboratory has
recently generated and charactenzed a transgenic mouse mode1 expressing a hybnd FGFZAuciferase gene (-1058FGFp.l~~)
in the heart containing approximately 1 kb of the rat
FGF-2 promoter region which directs expression of the luciferase reporter gene
(Detillieux et al., 1999). Studies using these mice showed that FGF-2promoter activity
could be increased by adrenergic stimulation (use of catecholarnines) in adult hearts in
vivo (section 2.4.1). However, since these studies exarnined FGF-2 promoter activity at

the whole heart level, it remained to be determined whether (i) the FGF-2 promoter is
active in adult cardiac myocytes and (ii) if active, whether its activity can be increased by

adrenergic stimulation in adult cardiac myocytes, as observed in whole hearts Nt vivo.
Addressing the first premise would be essential in exploiting the use of this transgenic
mode1 for future studies in the area of transcriptional regdation of FGF-2 in the heart.
Hence:
Hypothesis 2:

Treatment of isolated and cultured adult cardiac myocytes fiom -1058FGFp.luc
transgenic mice with the namal catecholamine, norepinephrine, will result in increased
FGF-2 promoter activity. This hypothesis is addressed through two specific aims and the

results are presented in Chapter 5.
Specific Aims 2:
2.1

To generate viable adult cardiac myocytes h m mouse h e m .

2.2

To use adult cardiac myocyte cultures fiom -1058FGFp.l~~
mice to determine
whether the natural catecholamine, norepinephrine, can stimulate FGF-2 promoter
activity.

FGF-2 stimulates cardiac myocyte proliferation and as a result, is implicated in

cardiac regeneration (section 2.4.8.3). There is however no evidence that FGF-2 can
increase adult cardiac myocyte proliferation.regeneration in the postnatal hem. This
raises the possibility that FGF-2 signaling may be limited and/or antagonized in the
postnatal heart (section 2.4.8.3).

FGF-2 signaling is dependent on: (i) FGF-2 bioavailability and levels, (ii) FGF-2
receptor (Le., FGFR- 1) activity and levels as well as (iii) downstream signai transduction.
In terrn of FGF-2 bioavailability and levels, it has k e n shown that (i) FGF-2 is released
on a continuous basis from adult cardiac myocytes upon contraction from the

myocardium (section 2.4.5) and (ii) FGF-2 is expressed in both embryonic and adult
hearts (section 2.4.dl), and in fact, "total" levels were shown to increase during
development {Kardarni et ai., 1995). On the other hand, analysis of FGFR-1 during
development suggests that it may be a limiting factor in the postnatal heart (section
2.4.6.1). A decrease in FGFR-1 levels and the isoform switch correlate with and may

regulate the transition of cardiac myocytes fiom a hyperplastic (high level of
proliferation) to a hypemophic (limited level of proliferation) phenotype. Clearly, if

FGFR- 1 levels are decreased and FGFR-1 isofoms are switched in postnatal cardiac
myocytes, then:

Hypothesis 3:

An increase in FGFR-1 levels and/or change in relative levels of the 'long' versus 'short'

FGFR-1 isofoms in cardiac cells will stimulate the proliferative potential of postnatal
cardiac myocytes. This hypothesis is addressed through two multicomponent specific
aims, which reflect the use of two mode1 systems, a cardiac myoblast ce11 line and
neonatal rat ventricular cardiac myocytes. The results are presented in Chapter 6.

Specific Aims 3:

3.1

Rat heart H9c2 myoblast ce11 lime (cardiac ce11 line deficient in FGFR-1 RNA)

3.1.1

To generate and characterize H9c2 ceils stably expressing FGFR-1 hybrid genes.

3.1.2

To assess whether FGFR-1 isoform expression results in an increase in H9c2 ce11
nurnber.

3.2

Neonatal rat cardiac myocytes (postnatal cells with a limited ability to divide)

3.2.1

To overexpress FGFR-1 hybrid genes in neonatal cardiac myocyte cultures and

assess expression as well as the effects on (i) FGF-2 binding on cardiac myocyte
membranes and (ii) levels of active MAPK @own downstream target of FGF-2).

3.2.2

To assess the effects of overexpressing FGFR-1 isoforms on cardiac myocyte
DNA synthesis and cardiac myocyte nurnber.

FGFR-1 may not be the only variable which could limit the effects of FGF-2 on

cardiac myocyte proliferation since there is evidence to suggest that negative factors
(local or humoral factors) present in senun andlor expressed in cardiac cells can dso

antagonize the proliferative effects of FGF-2in cardiac myocytes. In this context, TGF-B
is abundantly expressed in the heart and cardiac myocytes and is implicated as a negative
regulator of cardiac myocyte proliferation (section 2.5.3). TGF-P was also shown to
inhibit the mitogenic effects of FGF-2 in cardiac myocytes (Engelmann et al., 1992;
Kardami, 1990; Kardami et al., 1993). To define the role of TGF-P signaling in cardiac

myocytes, a hybrid gene expressing a kinase-deficient TGF-PMI was generated as a
molecular tool to "neutralize" TGF-f3signaling (Brand et al., 1993; Brand and Schneider,
1996; Schneider and Brand, 1995). To date, there is no information on whether this

kinase-deficient TGF-PR11can be exploited to "neutralize" the "anti-proliferative" effects
of TGF-f3 and FGF-2 on postnatal cardiac myocyte growth. Clearly, if TGF-P can

"inhibit" the actions of FGF-2on proliferation then:

Hypothesis 4:

Inhibition of TGF-P signaling, using the kinase-deficient TGF-Pm, will increase entry
of cardiac myocytes into the ce11 cycle (S phase entry), as well as ampli@ the stimulatory
effects of FGF-2. This hypothesis is addressed through thrge specific aims and the results

are presented in Chapter 7.

SpeciTic Aims 4:
4.1

To characterize overexpression of an adenovirus encoding a kinase-deficient
TGF-BRIX in neonatal rat cardiac myocytes.

4.2

To assess whether overexpression of the kinase-deficient TGF-PRII can affect the

entry of neonatal cardiac myocytes into the ce11 cycle (S phase) in the presence of
senun.
4.3

To assess whether overexpression of the kinase-deficient TGF-BRII can influence
the effects of FGF-2 on ce11 cycle entry (S phase) in neonatal cardiac myocytes.

The results of these studies are presented in Chapters 4 to 7 and discussed in
tems of a role for the FGF-2 avis in cardioprotection and cardiac muscle ce11 growth.

CHAPTER 3
MATERIALS AND METHODS

3.I

Ce11 Culture

Rat heart myoblast H9c2 and human glioma C6 cells were obtained fiom the
American Type Culture Collection and grown in monolayer culture in Dulbecco's
modified Eagle's medium (DMEM, Gibco-BRL; Burlington, ON, Canada) supplemented
with 10% (v/v) fetal bovine senun (FBS, Gibco-BRL), antibiotics (Gibco-BRL, 1000
unitdm1 penicillin, 1 m g h l streptomycin) and L-glutamine (Gibco-BRL, 0.4 mM) at 37
OC in the presence of 5% CO2.Human embryonic kidney 293 celis, containing ElA and

E 1B Ad5 viral genes, were obtained fiom Quantum (Montreal, PQ, Canada), grown in
rnonolayer culture and maintained in 5% FBS-DMEM, supplemented with antibiotics as
descnbed above, at 37 OC Ui the presence of 5% CO2.

Neonatal rat ventricular cardiac myocytes were isolated fiom 1-2 day old
Sprague Dawley rats by enzymatic digestion with 0.085-0.1% (w/v) trypsin (Gibco-

BRL) using a temperature regulated (35 O C ) spinner flask, followed by fiactionation on a
Percoll gradient using a protocol developed by the laboratory of Dr. K. Chien (Iwaki et
al., 1990) and modified by the laboratories of Dr. E. Kardami and Dr. P.A. Cattini
(Pasumarthi et al., 1996). Briefly, 36 rat pups (1-2 day old) were sacrificed by
decapitation and ventricles were dissected and submerged into Ham's F 10 medium
(Gibco-BRL) chelated with 1.33 m M ethylene glycol-bis[P-aminoethyl etherlN,N,N',Ne-tetraacetic acid (EGTA) at room temperature. Once the dissection was

complete, ventricles were (i) transferred to fiesh chelated FI0 medium (Gibco-BRL), (ii)
minced with scissors until tissue pieces could be easily aspirated with a 10 ml pipette and
then (iii) transferred to a temperature regulated (35 O C ) spinner flask,containing 9.5 ml of

chelated F I 0 with trypsin (Gibco-BRL, 0.85-1.0 mghi) and DNase 1 (Sigma-Aldrich;
Oakville, ON, Canada 30 U / d ) for a 10 min digestion period. AAer the 10 min digestion
penod, the supernatant was removed and collected and subsequently an additional 9.5 ml

of chelated F I 0 medium containing enzymes was added to cells for another 10 min
digestion period. A total of 10 x 10 min digestion periods with chelated FI0 medium
containing enzymes is required for complete dissociation of tissue into cells. The f k t two

supematants were considered fibroblast-enriched and thus were collected separately or
discarded, whereas the subsequent eight supernatants, were considered rnyocytee ~ c h e dand
, were collected in FBS (20 ml) at room temperature. It shodd also be noted
that the amount of trypsin could Vary between 0.085-0.1% (w/v), depending on the
potency of the enzyme' as assessed by the viscosity of the supernatant (dissociated cells)
after the third 10 min digestion tirne p e n d Dissociated cells were then centrifuged (250
g for 7 min) and resuspended in l x Ads Buffer (20 mM N-12-hydroxyethyl]piperazine-

N'[2-ehanesulfonic acid] (HEPES), pH 7.35; 116 mM NaCl; 10 mM NaH2POs; 5.5 mM
glucose; 5.36 mM KCL, 0.8 mM MgS0~.7Hz0)and treated with 300 U DNase 1 for 10

min before they were passed through a Nytex nylon membrane. The filtered cells were
then layered on a discontinuous Percoll (Arnersham Pharmacia Biotech; Baie d'Urfé, PQ,

Canada) density gradient (1-059 g/ml: 1.1 10 g/ml) and centrifuged at 2500 g for 45 min
at room temperature. The upper fibroblast enriched layer was discarded, and the myocyte
enriched layer as well as pellet were collected, washed twice with Ix Ads bufTer and then

resuspended in 30 ml of plating medium. Plating medium consisted of F I 0 medium
containing 10% (wfv) FBS, 10% horse semm (Gibco-BRL) and antibiotics. Large round
cells with continuous (smooth) membranes were counted using a hemacytometer and

plated at densities of 1.3 x 106or 0.7-0.9 x 10' cells per 60 mm or 35 mm culture dishes,
respectively, and maintained at 37 OC in the presence of 5% COz. Cardiac myocytes are
subsequently maintained in 10% FBS in F 12-DMEM (Gibco-BRL) medium, unless
othenvise specified. Culture dishes with or without coverslips (22 mm diameter) were
coated using 0.1% (wh) rat tail type I collagen stock solution (Upstate Biotechnology;
Lake Placid, NY) and lefi to dry ovemight under ultraviolet light. Coverslips were
pretreated with 0.5 M sodium hydroxide (Sigma-Aldrich) ovemight and the next day,
washed extensively with sterile water and dried under ultraviolet light pnor to collagen

coating.

3.2

Hybrid Gene Conshuctions

The construction of hybrid genes containing the full-length cDNAs for both long
and short mouse FGFR-1 (Jin et al., 1994) under the control of the cardiac specific rat

myosin light chain-2 (MLC-2) promoter with simian virus 40 (SV40)enhancer sequences
(SVenh), referred to as SVenhMLCp-FGFR-I fL) and SVerihMLCp.FGFR-l (S), were

generated by Ms. Yan Jin in the laboratory of Dr. P.A. Cattini and described in Sheikh et
al., 1997. The expression vector containing the promoter, but with the fuefly luciferase
gene instead of FGFR-1 sequences (SVenhMLCp.luc) has been previously generated and
chamcterized, and was used as a control for FGFR- 1 transfection experiments (Jin et al.,
1995; Sheikh et al.. 1997). The hybrid gene containing the cDNA for LMW FGF-2

directed by the RSV prornoter, has been previously constructed and expression has been
characterked in vitro in both embryonic chicken and neonatal rat ventricular cardiac

myocytes (Pasumarthi et al., 1994; Pasumarthi et al., 1996). The hybnd reporter gene,
RSVp.~gaZactosidase(B-gal) has k e n descnbed previously {Pasumarthi et al., lW6}.

3.3

Adenoviral Gene Construction und Generution of Virus

The full length human TGF-PMI cDNA (H2-3FF) was obtained as a 4.7 kb
EcoRI fiagrnent in pcDNAI {Lin et al., 1992). The kinase-deficient TGF-BR11 (AkTGF-

BRU) fragment was generated by polymerase chah reaction (PCR)using specific prhers
with unique restriction sites generating a stop codon (foward primer: 5'-AGCCA

GGCCTGCCATGGGTCGGGGGCTGC-3'; reverse primer: 5 '-TCTCTCTAGATTA
TGTCTCAAACTGCTCTGAAGTGTGTTCTG-3') and using PCR amplification conditions
as described previously {Jin et al., 1994). The PCR fragment was subsequently digested
by StuI/XbaI and subcioned into SmaI/XbuI sites of pBluescript II SK+ (pBS) to generate

pBS.AkTGF-@Ul. Generation of the pBS.AkTGF-PRII hybrid gene was done by Ms. Yan
Jin in the laboratory of Dr. P.A. Cattini.

To generate an adenoviral vector containing the kinase-deficient TGF-PRII, first,
the pBS.hRTGF-PMIwas digested with EcoRVBaI to release the approximately 850 bp

AkTGF-BR11 fragment which was subsequently cloned into the EcoRIIXbaI sites of the
pcDNA3.1 vector (Promega Incorp.; Madison, WI) to generate the CMVp.AkTGF-DRII
hybrid gene. Secondly, the CMVpdkTGF-PRII hybrid gene was digested with

HindiIIISaI to release the approximately 850 bp A~TGF-PR11fragment which was

subsequently cloned into the HindnVXb<lI sites of the pShuttIe-CMV adenovirai transfer
vector (Quantum) to generate ~ S C M V . A ~ T G F - ~ N
Generation
I.
of recombinant
adenovirus was performed as described by the manufacturer's instructions (AdEasy kit,
Quantum). Briefly, the ~ S C M V . A ~ T G Fwas
- ~ linearized
~~I
with PmeI, and homologous
recombination was performed in bacteria in vivo by cotransfonning the linearized
~ S C M V . kTGF-PRII
A
with pAdEasy- l (Quantum), which is the adenovirus serotype 5

genome deleted in the E l and E3 regions, in RecA+ bacterial cells (BJS183) via
electroporation to generate the recombinant plasmid, Ad.AkTGF-BRU. Linearization of
the Ad.AkTGF-NI recombinant plasrnid with PacI, generated 35 kb and 4.5 kb sized

fragments (data not shown), indicative of a recombination event between the ongins and
right arms. Subsequently, 5 pg of linearized AddkTGF-PRII was transfected into QBI293 cells (7.5 x los cells per 60 mm dish) in 5% FBS-DMEM using a calcium phosphate

technique described by the manufacturer' s instructions (Quantum). The next day, the
medium was removed, the cells were washed very gently, once with 1 mM EGTA in
phosphate buffered saline (PBS), twice with PBS only and then lifted with a small
volume (2 ml) of PBS by repeatedly pipetting PBS ont0 cells, using a 10 ml pipette as
this exerts more force and as a result doesn't require as many repeats (i.e., reducing

damage to cells). Lifted cells are then supplemented with 5% FBS-DMEM and split ont0
4 x 60 mm dishes, and left to attach overnight. The n e a day, the medium is removed and

the cells are overlaid with 5 ml 1.25% Seaplaque agarose dissolved in 5% FBS-DMEM
as descnbed by the manufacturer's instructions (Quantum), and returned to the incubator
for appearance of viral plaques, which takes from 10-2 1 days. Once viral plaques
appeared, a small scale virus amplification was performed according to manufacturer' s

instructions (Quantum). Screening of positive recombinant AkTGF-PR11 viral clones was
assessed through: (i) integration of the AkTGF-PRII gene in 293 cells via PCR, using a
specific set of primers (forward: 5'-GCGGTAGGCGTGTACGGTGGAG-3'; reverse: 5'-

CGTTAAGATACATTGATGAGTTTGGAC-3') corresponding to regions of the
adenoviral vector imrnediately adjacent to the AkTGF-PR11 cDNA and using conditions
as previously described (data not shown) (Jin et al., 1994) and (ii) expression of AkTGF-

PRII protein in C6 cells via protein blotting, using specific TGF-PRU antibodies and
procedures as described in section 3.7 (data not shown). An adenovinis expressing p-gal
(AdCMVS.pgal) was also generated using a recombinant AdCMVS&guZ DNA supplied
by the manufacturer (QBI-viral DNA) and following the manufacturer's instructions

(Adenoquest system, Quantum).

3.4

Gene Transfer

3.4.1

Stable gene transfer in H9c2 cells
For stable gene transfer, H9c2 cells were plated at 2 x 106 per 100 mm dish and

transfected with the calcium phosphate/DNA precipitation method essentially as
previously described {Cattini et al., 1988}. Briefly, cells were transfected with 15 pg of
hybrid SVenhMLCp plasmid DNA and 1.5 pg of pneodX (Cattini et al., 1986) per 100

mm plate in 10% FBS-DMEM. The lower amount (approximately 20%) of selection
plasmid (pneodX) was used to bias the generation of stable transfectants carrying the
experimental SVenhMLCp plasmid DNA. Afier 24 h, cells were refed with growth
medium and selected with 0.5 mg/ml G418 (active) which was replaced every 3 d during
the 2 1 d 'high selection' period. At this time colony number could be assessed by phase

contrast microscopy.

Colonies were lifted and dispersed using trypsin-

ethylenediaminetetraacetic acid (EDTA) (Gibco-BRL), and then replated in 60 mm

dishes in DMEM supplemented with 10% FBS and 0.1 m g / d G4 18 and grown to m a s .
G4 18 was removed from the growth medium during experiments. Stable gene transfer of

FGFR-I hybrid genes into H9c2 cells was done by Dr. P.A. Cattini.

3.4.2

Transientgene trrrnsfer in neonatal cardiac myocytes
Transient gene transfer experiments with FGFR- 1 hybrid genes were performed

using the calcium phosphate/DNA precipitation rnethod, essentially as previously
described (Cattini et al., 1988). Briefly, neonatal cardiac myocytes were plated on 60 and
35 mm dishes as previously described (section 3.1) and then transfected for 24 h with 10

pg of test plasmid DNA in 10Y0 FBS-DMEM. After 24 h, cells were refed with growth
medium (Le., 20% FBS-F12 DMEM), and maintained for a m e r 48 to 72 h before

processing. Hybrid genes for transfection included: SVenhMLCp-luc (control),
SVenhMLCp-FGFR-1(S) and SVenhMLCp.FGFR-l(L).

3.4.3

Adenouirai mediated gene transfer in neonataf cardiac myocytes

For AkTGF-PR11 experiments, neonatal cardiac myocytes were plated onto
3 5mm plates as described previously (section 3. 1),and transfected with an adenovinis
expressing AkTGF-PRII (Ad-AkTGF-PMI) at a multiplicity of infection (MOI) of 50 for
24 h in 10% FBS F 12-DMEM. As a control, neonatal cardiac myocytes were transfected
with an adenovirus expressing P-gal (Ad.pgal) at an equivalent MOI. M e r 24 h, cardiac

myocytes were refed with growth medium (Le., 10Y0FBS-F12 DMEM) in the absence or

presence of recombinant FGF-2 (Upstate Biotechnology; Lake Placid, NY) at doses of 1,
10 and 1000 @ml for a M e r 24 h before prmessing.

3-4.4

Transgenic mice
The pronuclear injection protocol to generate transgenic mice was carried out by

Ms. Agnes Fresnoza under the direction of Dr. M.L. Duckworth at the University of

Manitoba's Transgenic Facility. Two homozygous transgenic (TG) mouse lines (no. 53 18

and no. 5323) were generated by pronuclear injection of C D 4 mouse eggs with a
modified rat FGF-2 cDNA coding specincally for the 18 kD or LMW FGF-2 (RSVp.met
FGF linearized with Sad) (section 3.2). Age-rnatched CD-1 mice were used as non-TG
controls for ail experiments outlined with FGF-2 transgenics. Two TG mouse lines (P300

and P66) expressing the - 1058FGFp.luc transgene have k e n previously established and
characterized to express the transgene in the adult heart, as well as other tissues
both genders)
(Detillieux, 1999; Detillieux et al., 1999). Adult mice (8-12 weeks of w ,
were euthanized by cervical dislocation and various tissues (hem, lung, skeletai muscle,
brain, kidney, spleen and Iiver) were dissected aseptically for the purposes of the
experiments outlined below. Al1 procedures involving animals were perfonned in
accordance with the guidelines of the Canadian Council on Animal care.

3.5

DNA Isolation and BIotting

Genomic DNA fiom stably transfected H9c2 cells was isolated as described
previously {Nickel et al., 1990). FGFR-1 plasmid DNA (pBSmFGFR(L) and
pBSrnFGFR(S)) {Jin et al.. 1994) was isolated using a Qiagen Maxi Kit (Qiagen Inc.,
CA, USA) according to manufacturer's instructions. DNA was digested with XbuIISaA,

electrophoresed in 1% (w/v) agarose gels and blotted to nitrocellulose as previously
described {Maniatis et al., 1982). The full-length FGFR-1(S) cDNA (Jin et al., 1994)
was radiolabelled to a specific activity of approximately 1 x 10' cpmlpg using a J 2 p

dATP by random priming method (Promega "Prime-A-Gene" Kit). DNA blots were
hybridized to the radiolabelled probe at 42°C in the presence of 50% formamide for 20-

24 hl washed three times for 15 min each time at 65 O C in 0 . 1 SSC
~
(20 x SSC; 3 M
sodium chloride, 0.3 M sodium citrate) with 0.1% sodium dodecyl sulphate (SDS) and
visualized by autoradiography.

As an initial screen for positive FGF-2 TG mice (RSVpmetFGF), tail tips from

mice were collected and genomic DNA was içolated as described previously (Nickel et
al., 1990). Both RSVP-merFGFplasmid (prepared as described above) and genomic tail

DNA were digested with NcoUXbaI, electrophoresed in 1% (w/v) agarose gels and
blotted to nitrocelluiose as described previously (Maniatis et al., 1982). The 500 bp XhoI
metFGF (FGF-2) fragment was radiolabelIed to a specific activity of approximately 1 x
10' cpdpg using

a 3 2dCTP
~ by random priming method (Promega "Prime-A-Gene"

Kit) and hybndized to DNA blots as descnbed on the previous page. With subsequent
generations of FGF-2 TG mice, DNA analysis was done by slot blot analysis using the
RSV promoter region as a probe. Both DNA blotting and slot blot analysis revealed that

mice from the no. 5323 and 5318 lines carried four and two copies of the FGF-2
transgene, respectively (data not shown).

3.6

RNA Isolation und Bloitling
Total RNA was isolated fiom stably transfected H9c2 cells or transiently

transfected neonatal cardiac myocytes cultures, which had been maintained for 48 h in
10% FBS F 12-DMEM ,as well as adult mouse tissues 2s described by Chomczyski and

Sacchi (Chomczyski and Sacchi, 1987) or using a Trizol extraction method (Gibco-

BRL), respectively. Total RNA (50-75 pg) was denatured with formaldehyde and
resoived by electrophoresis through a 1% agarose gel (Maniatis et al., 1982). The RNA
was blotted to nitrocellulose, hybridized with either radiolabelled (i) mouse FGFR-1

cDNA (XbaYSan) (Jin et al., l994), (ii) rat FGF-2(XhoI) cDNA (Cattini et al., 19981,
and (iii) rat ANF (PstI) cDNAs (kïndly provided by Dr. M. Nemer, Clinical Research

Institute, Montreal, PQ, Canada; Nemer et al., 1988) as well as (iv) a-MHC or P-MHC
(Robbins et al., 1990) oligonucleotides (5--CTGCTGGAGAGGTTATTCCTCG-3
' and
5 '-TGCAAAGGCTCCAGGTCTGAGGGC-3') as described previously (Cattini et al.,
1998; Nickel and Cattini, 1991). Following hybridization, the blots were washed

according to previously established protocols {Cattini et al., 1998; Nickel and Cattini,
1991) and exposed to film. Hybridization with GAPDH (PstVBglI) cDNA (khdly
provided by Dr. 1. Dixon, Institute of Cardiovascular Sciences, University of Manitoba)
or detection of 28s ribosomal RNA by ethidium bromide staining was used to assess

RNA loading. Autoradiographs fiom RNA blots were assessed by densitometry.

3.7

Prorein Isolation and Bfotting
Protein Mas isolated from rnouse hearts essentially as described previously

(Kardami and Fandrich, 1989) and quantitated using the Bicinchoninic Acid (BCA)

protein assay (Pierce, Rocldord, IL). Immunodetection of FGF-2 in cardiac heparinbinding protein was performed by using mouse monoclonal antibodies (1 pg/ml; Upstate
Biotechnology) followed by horseradish peroxidase-conjugated anti-mouse Ig (Bio-rad
Laboratories; Hercules, CA). Cytosolic and membrane hctions fiom mouse hearts were
extracted as described previously (Padua et al., 1998). Immunodetection of of the 54 kD
JNK and 38 kD p3 8 kinase was performed in cardiac cytosolic fractions by using rabbit

polyclonal antibodies to: (i) phospho-stress-activated protein kinase (SAPK)/JNK
( ~ h r ~ ~ ~ / T y r which
' * * ) , detects the dually phosphorylated isoforms of al1 three
SAPWJNKs (1 :1000, New England Biolabs; Mississauga, ON, Canada); (ii) SAPUJNK,
which detects total SAPWJNK levels (1: 1000, New England Biolabs); (iii) phospho-p38
MAPK ( ~ h r ' ~ ~ / ' I ' ~which
r ' ~ ~ detects
),
the dually phosphorylated isoform of p38 (1:1000,
New England Biolabs); and (iv) p38 MAPK, which detects total p38 MAPK

(phosphorylation-state independent) levels (1 :1000, New England Biolabs).
lmmunodetection of the 82 kD PKCa and the 90 k D PKCE in cardiac cytosolic and
membrane fractions was performed by using rabbit polyclonal antibodies to the carboxyl
terminus of PKCa (l:200, Santa Cruz Biotechnology; Santa Cruz, CA) or the carboxyl

terminus PKCE(1:200, Santa Cruz Biotechnology). Protein lysate preparations fiom

mouse hearts and imrnunoblotting were done by Mr. R.R. Fandrich from Dr. E.
Kardami's laboratory at the Institute of Cardiovascular Sciences at the University of
Manitoba.

For FGFR-1 experiments, transiently transfected cardiac myocytes were
maintained in 10% FBS F12-DMEM for 24 h and then in 0.5% FBS for 46 h. Cardiac

myocytes were subsequently refed with serum free Fl2-DMEM medium containing 1 x
Insulin-Transfemn-Setenium-A supplement (Redu-Ser II, Upstate Biotechnology), 0.02
mg/ml ascorbic acid, and antibiotics for 2 h and then stimulated with 10% FBS for 5 min.

Cardiac myocytes were subsequently rinsed with calcium and magnesium free (CMF)
PBS [containing 10 mM sodium fluoride, 1 mM sodium orthovanadate, 1 rnM
phenylmethylsulfony1 fluoride (PMSF) and completeM, Mini protease inhibitors (Roche
Diagnostics; Laval, PQ, Canada)], and total protein was isolated using a protein lysis
buffer (200 pi/ 35 mm plate) containing 2% SDS, 50 mM Tris-hydrochloric acid (HCI)
pH 6.8, 60 mM p-glycerophosphate, 10 mM sodium fluoride, 1 mM sodium

orthovanadate, 1 mM PMSF and compieteTM, Mini protease inhibitors (Roche
Diagnostics; Laval, PQ, Canada). Lysates were sonicated (3 x 10 seconds (s)), pelleted at
20,000 g for 15 min at 4 OC to clear lysate of insoluble material, and the supernatant
(protein) was quantitated using the BCA protein assay (Pierce). Twenty micrograms of
protein was resolved by SDS-PAGE on a 10 % gel, transferred ont0 Immobilon P

membrane (Millipore, ON, Canada) and blocked with 10 % milk-TBS-T (10 mM TrisHC1 pH 8.0, 150 mM sodium chloride, and 0.05% Tween 20) overnight at 4 OC.

Immunodetection of phosphorylated (active) or non-phosphorylated forms of MAPK was
performed as described previously (Padua et al., 1998), using specific rabbit polyclonal
antibodies that either preferentially detect: (i) dually phosphorylated, active fom of

MAPK enzymes (ERK1 and ER=) (1:5,000; Promega) or (ii) total ERKl and ERKZ.
wiuch is phosphorylation-state independent ( 1:1,000; New England Biolabs).

For the kinase-deficient TGFP-RI1 (AkTGF-BRU) experiments, transfected
cardiac myocyte cultures were nnsed with calcium and magnesium fiee (CMF) PBS, and
total protein was isolated and quantitated as described on previous page. Twenty
micrograrns of protein was resolved by SDS-PAGE on a 12.5% gel, transferred onto
Immobilon P membrane and blocked with 10 % mik-TBS-T (10 mM Tris-HCL pH 8.0,
150 mM sodium chloride, and 0.05% Tween 20) overnight at 4 OC. Immunodetection of
TGF-PR11 was performed using specific rabbit polyclonal antibodies raised against the
carboxyl terminal residues 550-565 of the human TGF-BR11 (1500; Santa' Cruz
Biotechnology, Santa Cruz, CA), for 1 hom at room temperature. TGF-PRII antibodies

can detect both full-length and kinase-deficient TGF-BRU and have been shown not to
cross-react with TGF-BR1 (Santa Cruz Biotechnology).

Al1 rabbit polyclonal antibodies were followed by horseradish peroxidaseconjugated anti-rabbit Ig (Bio-Rad Laboratories) for 1 hour at room temperature.

Antigen-antibody complexes were visualized by using enhanced cherniluminescence
(Pierce; Rockford, IL). Autoradiographs from protein blots were assessed by
densitometry. Assessrnent of protein loading was determined by staining blots with 0.1%
Ponceau S (Sigma-Aldrich) in 3% tnchloroacetic acid ( K A ) prior to immunoblotting

and staining with 0.1 % amido black subsequent immunoblotting as described previously
{Harlowand Lane, 1988).

3.8

Immun~fr~~~orescence
Mkroscopy
Mouse hearts were excised, bloned dry to remove blood, placed in TissueTek

OCT compound (Miies Laboratories; Elkhart, IN), immediately frozen on dry ice, and
then cut into 7 jm thin cryosections. Sections were fixed in 1% padonnaldehyde-PBS
for 15 min at. To detect FGF-2, sections were incubated overnight at 4 OC in 1% bovine
serum albumin (BSA; Sigma-Aldrich)-PBS containing specific and well-characterized
FGF-2 antibodies (1:1000) {Kardami and Fandrich, 1989; Kardami et al., 1990) and

counterstained with either mouse a-actinin (1 :400, Sigma-Aldrich), mouse a-smooth
muscle actin (1:200, Sigma-Aldrich), and goat collagen IV (1:40, Southern
Biotechnology Associates; Birmingham, AL) antibodies to detect muscle, smooth
muscle-containing blood vessels, and extracellular matrix. To detect endothelial celis
(capillaries), sections were incubated overnight at 4 OC in 1% BSA-PBScontaining rabbit
human von Willebrand factor antibodies (1:100, Sigma). Normal rabbit or mouse Ig were

substituted for pnmary antibodies at equivalent dilutions as controls. Sections were then
incubated with biotinylated donkey rabbit Ig (150, Amersham; Arlington Heights, IL)
antibodies in 1% BSA-PBS for 1.5 h at room temperature. Subsequently, sections were
incubated overnight at 4 OC with FITC-streptavidin conjugate (1:20, Amersham) and
Texas Red conjugated donkey anti-mouse Ig (1:20, Amersham) or Texas Red conjugated
donkey anti-mouse Ig (1:20, Jackson Immunoresearch Laboratories; Westgrove, PA)

antibodies in 1% BSA-PBS. For counterstaining of nuclei, sections were incubated for 5
min with 0.0125% Hoescht-33342 (Calbiochem-Behring, San Diego, CA) in PBS and
then mounted in mounting medium (Crystal/Mount, Biomedia; Foster City, CA) and

examined by epifluorescence and photographed using a Nikon ECLIPSE 800
microscope.

To assess FGFR-1 protein in neonatal cardiac myocytes transiently transfected
with FGFR-1 hybnd genes, cardiac myocytes were ftved 72 h after transfection using 1%

paraformaldehyde for 15 min at 4 OC. Coverslips were first incubated with affinity
purified rabbit FGFR-1 (flg) antibodies (1:200; Santa Cruz Biotechnoiogy) or
nonimmune serum at the same dilution in 1% BSA in PBS for 16 h at 4 OC,thtn with
biotinylated anti-rabbit immunoglobulins (Ig, 1:20; Amersham) for 1 h at room
temperature, followed by incubation with fluorescein conjugated to streptavidin (Strep

FITC, 1:20, Amersharn) for 1 h at room temperature, followed. The rabbit FGFR-1
antibodies were raised against the carboxyl temiinal residues 802-822 of the human flg
receptor and, thus, detect both the 'long' and 'short' FGFR-1 isoforms. These antibodies
are highly specific and do not crossreact with FGFR-2, FGFR-3 and FGFR-4 {Hanneken

et al., 1995). Labeling for myosin, to identify myocytes, was performed using
monoclonal antibodies specific for striated muscle myosin (1 50, MFZO) in 1% BSA-PBS
followed by visualization with Texas Red conjugated anti-mouse Ig (1:îO, Amefsham).
The MF20 hybridoma was obtained fiom the Developmental Studies Hybridoma Bank
maintained by the Department of Pharmacology and Molecular Sciences, Johns Hopkins
University School of Medicine, Baltimore, MD and the Department of Biological
Sciences, University of Iowa, Iowa City, IA, under contract NO 1-HD-6-2915 fkom the

NICHD. When identification of nuclei was necessary, cellular DNA was stained with
0.0125% Hoechst dye 33342 (Calbiochem-Behring). Coverslips were mounted using

mounting media for fluorescence (Vector Vectashield; Burlingame, CA), examined and
photographed with a Nikon Diaphot microscope equipped with epifluorescence optics.

To assess TGF-PMI protein and subcellular localization in neonatal cardiac

myocytes transfected with Ad.AkTGF-BR11 or Ad.Fga1, cardiac myocytes were fùred 24
h afier transfection using 1% paraformaldehyde for 15 min at 4 OC and pemeabilized
with 0.1% Triton X-100 for 15 min at 4 OC. Coverslips were first incubated with affinity

purïfied rabbit TGF-PMI antibodies (1 :200; Santa Cruz Biotechnology) or nonimmune
semm at the same dilution in 1% BSA in PBS for 16 h at 4 OC, then with biotinylated

anti-rabbit imrnunoglobulins (Ig, 1:20; Amersham) for 1 h at room temperature, followed
by incubation with fluorescein conjugated to streptavidin (Strep-FITC, 1:20, Amersham)
for 1 h at room temperature, followed. The rabbit TGF-PR11 antibodies used for detection
have been described in section 3.7. Myocytes were identified by counterstaining with
mouse a-actinin (1 :400, Sigma) which was visualized with Texas red-conjugated anti-

mouse Ig (1:20; Amersham), and nuclei were identified by staining cellular DNA with
0.0125%

Hoechst dye 33342 (Calbiochem-Behring).

A description

of

immunofluorescence staining for bromodeoxyuridine (BrdU) in cells is found in section
3.10. Coverslips were mounted in mounting medium for fluorescence (CrystaV Mount,

Biomedia; Foster City, CA) and examined by epifluorescence and photographed using a
Nikon ECLIPSE 800 microscope.

3.9

FGFR-I Crosslinking Assuy
For FGFR-1 crosslinking studies, neonatal cardiac myocytes were plated on

collagen coated dishes, transfected for 24 h with either SVenhMLCp.FGFR-I(L) or

SVenhMLCp.FGFR-I(S) as well as control DNA (section 3.2), maintained for 48 h, and
incubated with '=I-FGF-~(2.5 ngkarnple; Dupont Canada Inc., Mississauga, ON) for 90
mir, at 4°C in the absence or presence o f 0.1 pg unlabeled FGF-2 (Upstate
Biotechnology). The crosslinking reaction was initiated by adding 0.15 moVL
disuccinimidyl suberate (DSS; Pierce) to transfected cultures for 15 min at room

temperature. The reaction was terminated by adding 10 pl of 0.5 m o n Tris-HCl, pH 7.4.
Cells were subsequently scraped off, followed by cenerifugation (10 min, 10,000 g) and
resuspension of the pellet in 30 pl of homogenizing buffer consisting of 0.02 mol/L
HEPES pH 7.4, 0.25 moVL sucrose, 1 p o V L EDTA, 1 mg/mi leupeptin and 1% Triton

X-100. Insoluble residue was removed by centrifùgation (10 min, 16,000 g) and the
supernatant was analyzed by SDS-PAGE in a 7.5% gel, and visualized by
autoradiography. Transfection and crosslinking of iodinated FGF-2 were pecfomed by

Dr. B. Doble and Mr. R.R. Fandnch, respectively. who were members of Dr. E.
Kardami's laboratory at the Institute of Cardiovascular Sciences at the University of
Manitoba. Levels of labeled FGF-2 complexes were assessed fiom autoradiographs by
scanning densitometry.

3.10

Broncodeoxywidiine(BrdU) and Pikosphorylated phospho)-Hl Lobelittg Assay
For FGFR-1 experiments, neonatal cardiac myocytes were pIated ont0 collagen-

coated dishes (containing three coverslips per 60 mm dish or one coverslip per 35 mm

dish), transfected for 24 h, maintained for a M e r 24 h and then incubated in the
presence of 3 pg/ml (w/v) BrdU (Sigma-Aldrich) for a M e r 24 h in the presence of

10% FBS F 12-DMEM. To assess for plasma-membrane receptor mediated effects of
FGF-2, cardiac myocyte cultures were exposed to neutralizing antibodies to FGF-2using

conditions previously described {Pasumarthi et al., 19961. Neutralizing antibodies have
been demonstrated to be highly specific for the non-denatured form of FGF-2 and shown
not to cross-react with FGF-I (Upstate Biotechnology). Briefly, myocytes were
maintained for 24 h in either the presence of (i) normal mouse Ig (10 pg/ml; Sigma); or
(ii) anti-bovine FGF-2, type 1, monoclonal neutralizing antibodies (10 pg/ml; Upstate
Biotechnology), followed by incubation in the presence of 3 Wrnl (w/v) BrdU. Myocyte
cultures were subsequently f ~ e with
d
1% paraforrnaldehyde for 15 min at 4 OC and then
with 70% ethano1 for 30 min at room temperature, followed by treatment with 0.07 M

sodium hydroxide for 2 min at room temperature. Simultaneous labelling for myosin (to
identiQ myocytes) and/or BrdU in ventricular myocytes was done using monoclonal
antibodies against striated myosin (150, MF20) and BrdU (1 :2, Amersham; or 1:7,
Becton Dickinson, Cockeysville, MD) in 1% (w/v) BSA-PBS. Both myosin and BrdU

were visualized with Texas red-conjugated anti-mouse Ig (1:20; Arnersham). For
quantitative analysis, approximately 2000 cardiac myocytes were assessed from cultures
transfected with SVenhMLCp.luc, SVenhMLCpSGFR-I(L) or SVenhMLCp.FGFR-I(S)
genes (total approximately 6000), fkom 15-20 randornly selected fields on three separate
coverslips, representing three or four independent transfection experiments.

For AkTGF-PRII expenments, neonatal cardiac myocytes were plated ont0
collagen-coated dishes (containing one covenlip per 35 mm dish), transfected for 24 h,
and then incubated in the presence of 1, 10 and 1000 ng/ml FGF-2 (Upstate

Biotechnolo~)for a m e r 24 h in the presence of 10% FBS F12-DMEM. Cardiac
myocytes were pulsed for the final 8 hours of FGF-2 treatment with 15 p g / d (w/v) BrdU
(Sigma-Aldrich). My-ocyte cultures were subsequently fxed with 1% paraformaidehyde
for 15 min at 4 "CI permeabilized with 0.1% Triton X-100 for 15 min at 4OC followed by
treatment with 0.07 M sodium hydroxide for 2 min at room temperature. Sirnultaneousi
labelling for a-actinin (to identifi myocytes) and/or BrdU in ventricular myocytes was
done using monoclonal antibodies against mouse a-actinin (1:200, Sigma-Aidnch) and
BrdU (1:1, Amersham) in 1% (w/v) BSA-PBS. In some cases, cardiac myocytes were
labeled with phospho-Hl histones ,to assess for cardiac myocyte cell cycle entry into the
early M phase (i.e. marker associated with mitotic condensation), using specific
polyclonal phospho H 1 antibodies (1 : Z O ; a generous gift fiom Dr. J. Davie in the Cancer
Centre at the University of Manitoba) which have been previously characterized

{Chadee et al., 1999; Chadee et al., 1995; Hendzel et al., 1998). Both a-actinin and BrdU
were visualized with Texas red-conjugated anti-mouse Ig (1 :20; Amersharn), whereas

phospho-Hl was visualized with biotinylated anti-rabbit immunoglobulins (Ig, 1:20;
Amersham), followed by incubation with fluorescein conjugated to streptavidin (StrepFITC, 1:20, Amersham). For quantitative analysis of DNA synthesis (BrdU labeling

index) in Ad$-gal versus A~.A~TGF-PRII
groups, 10- 15 randomly selected fields on
three separate coverslips, representing two independent transfection experiments was
assessed. For quantitative analysis of DNA synthesis in FGF-2 treatment gmups in Ad$-

gai versus Ad-AkTGF-BRII groups, six separate coverslips in 15 randomly selected fields,

representing one independent transfection experiment was assessed. For quantitative
analysis of phospho-H 1 labelling index in Ad-P-gal versus

Ad- AkTGF-PMI groups, 15

randomly selected fields on three separate coversIips was assessed- In al1 cases,
approximately 550-650 ceI1s was assessed per coverslip.

For DNA synthesis, a BrdU labelling index (LX) was obtained by expressing the
number of cardiac myocyte nuclei staining positively for BrdU as a percentage-of the

total number of cardiac myocyte nuclei assessed. Phospho-Hl LI was obtained by
expressing the number of cardiac myocyte nuclei staining positively for phospho-Hl as a

percentage of the total nurnber of cardiac myocyte nuclei assessed.

S. 2 l

Ceil -ber

Assay

To assess ce11 division in stably transfected or control H9c2 cells, cells were
plated at a density of 1-2 x 104per 100 mm dish in the presence of 10% FBS and then
attached cells were counted at 24 h intervals for 5 days using a hemacytometer. During
this period the medium was changed every 48 h. For FGF-2 treatment, FGF-2(Upstate
Biotechnology, Lake Placid, NY; 10 ng/ml) was added to cells 6-7 days after plating and
cells were harvested and counted 24 h Iater.

To assess ce11 nurnber in transiently transfected neonatal cardiac myocytes,
cardiac rnyocytes were plated and transfected as described for 'Bromodeoxyuridine
Labeling' experirnents. Afier 48 h, myocytes were rinsed with PBS, and fixed with 1%

parafonnaldehyde for 15 min at 4 OC. Cardiac myocytes were labeled for myosin using
monoclonal antibodies against striated myosin (1 5 0 , MF20) and visualized with Texasred conjugated anti-mouse Ig (1:20; Amersharn). Ce11 number was assessed by counting

the number of myocytes from 15 randomly selected fields on at least three coverslips
representing two independent experiments. Ce11 number was expressed as the fold
difference relative to control, which was arbitrarily set to 1.0,

3.12

Langend'rff Perfmion Apparatus

Adult mice (8-12 weeks old) were euthanized by cervical dislocation, and their
hearts were excised and perfbsed by using a retrograde Langendorff method (Ng et al.,

1991} . The ascending aorta was cannulated by using a 2 1-gauge needle tied with a 6-0

silk suture and pemised within 5 min of excision. The perfusate, consisting of a KrebsHenseleit (KH) solution containing (in mM) 118 NaCl, 4.7 KCl, 1.2 M Z P O ~ 1.2
,
MgSOa, 2.5 CaCI2, 10 glucose, 24 NaHC03, and 3% BSA (Roche Molecular
Biochemicals), was bubbled with 95%

02-5%

COz (pH 7.4,

37 O C ) under

nonrecirculating conditions at a constant pressure of 60 mmHg. The atria were removed
and a W-filled latex balloon was inserted into the left ventricle through the mitral valve.
This allows monitoring of systolic lefi ventricular pressure, defined as developed
pressure, and left ventricular end-diastolic pressure (EDP) using a Digimed Heart
Performance Analyzer (Micro-Med; Louisville, KY). In addition, a thennocouple was
inserted into the right ventricle to monitor the temperature of the KH in the heart, which
was kept at 37 OC. Al1 hearts were electrically paced by using a platinum electrodes
placed on the top of the right ventricle with 1-ms pulses at 6 Hz and 3 volts throughout

the experiment. Preload in d l hearts was adjusted to achieve maximal developed pressure
while maintaining a positive EDP (2-5 -Hg)

to monitor for balloon integrity. Only

hearts demonstrating minimal developed pressure of 70 mmHg and stable EDP were

utilized for experimentation. Establishment of this retrograde pemision apparatus for
isolated rnouse hearts was done in collaboration with Mr. David Sontag fiom Dr. P.A.
Cattini's laboratory .

The experimental protocol to assess injury in the mouse mode1 was adopted from
a previously established rat heart Langendorff preparation (Padua et al., 1998). M e r an

equilibration period of 30 min, hearts were subjected to 30 min of global ischemia by

tuming off flow of perfusion medium to the heart. Perfusion was restored after 30 min of
global ischemia, and continued for 60 min. The volume of perfusate during 1-min periods
was cctlected fiom TG and non-TG adult mouse hearts at various time points during the

period of preischernia and ischemia-reperfusion. Time points indude preischemia (30-

min equilibration tirne) and reperfusion time points of 1, 5, 10 , 15, 30, 45 and 60 min.
The coronary flow rate was detemined by measurïng the volume of pemisate collected

during 1-min periods before ischemia (30-min equilibration t h e ) and during repemision
(1, 5, O

15, 30, 45 and 60 min) and by normalizing these values to heart weight (in

mlmin-'-g-'). For exogenous FGF-2 studies, hearts were equilibrated for 25 min with KH
and then supplemented with either vehicle (20 mM Tris-HCl pH7.9, 0.5 M NaCl, 10%

glycerol, 260 mM imidazol, 5 mM P-mercaptoethanol, and 1 rnM EDTA) or 10 pg of
recombinant rat FGF-2 {Padua et al., 1995b; Padua et al., 1998) dissolved in 1 ml KH for

2 min followed by

K H solution for 3 min, before 30-min global ischemia and 60 min

repehion.

To extract FGF-2 nom extracellular rnatrix using the Langend6rff preparation,
hearts were equilibrated for 20 min with KH and then perfiised for 5 min with a high salt
buffer (1.6 M NaCl. 10 mM Tris pH 7.0) followed by KH solution for 5 min. Hearts were
then sectioned and processed for immunofluorescence microscopy as described above.

3.13

LactateDehydoogettaseAssay
Perfusates fiom mouse hearts were collected on ice for 1 min at various time

points before and during ischemia-reperfûsion. The time points include: before ischemia
(30-min equilibration) and postischemic times of 1, 5, 10, 15, 30, 45, and 60 min.

Quantitative kinetic determination of lactate dehydrogenase (LDH) activity in perfusates
was assessed according to the manufacturer's instructions (LDH Optimized, SigmaAldrich). LDH activity was normalized for coronary flow rate and heart weight (in

~-rnin''-~
heart wf'). As an additional control, LDH activity was assessed in non-TG
mouse hearts during a 2-h period without ischemia-reperfusion injury.

3.14

FGF-2 ELISA Assay

Perfusates fiom mouse hearts were collected for 1 min at various times during
the equilibration penod (before ischemia). Blood was collected fiom euthanized fiom
euthanized adult mice and was allowed to clot for 30 min before centrifugation at 10,000
g for 30 min to collect serum. Conditioned medium from neonatal cardiac myocytes

transiently transfected with control or FGFR-1 hybrid genes, was collected 48 h
subsequent transfection. Quantitative detennination of FGF-2 in perfùsates, senun and
conditioned medium was assessed using a Quantikine HS human FGF basic
immunoassay (R&D systems; Minneapolis, MN) as described by the manufacturer's
instructions. FGF-2 in perfùsates was normalized for coronary flow rate and heart weight
(in pgrnin-l-gheart wfi).

3-15

Reporter Gene Assays
Transfection efficiency for transient gene transfer or adenoviral transfection

experiments was assessed by using the 8-gal assay (Xu et al., 1992). Cardiac myocytes,
in the transient FGFR-1 experiments were CO-transfectedwith 10 pg RSVp&gal,
whereas controls cells for adenoviral hkTGF-PR11 experiments were transfected with
Ad.pga.1 (MOI 50) and processed after 48 h and 24 h following transfection, respectively.

Cardiac myocytes were rinsed with PBS-CMF, fixed (1.8% formaldehyde, 0.2%
glutaraldehyde, 2 pmol/L, magnesiurn chloride, 50 mM sodium phosphate, pH 7.4) and
incubated with X-gal solution containing 1 mM magnesium chloride, 3.3 p o V L
potassium ferrocyanide, 3.3 p o V L potassium ferricyanide, 0.15 m o l . ' sodium chhide,
0.0 1 mollL sodium phosphate buffer pH 7.4 and 0.2% (w/v) X-gai for 18 h at 37 O C . For

transient transfection experirnents, quantitative analysis of about 12,000 cardiac
myocytes were assessed for P-gal staining by counting fkom 15 randomly selected fields

on three separate coverslips, representing four independent transfections experiments.
n i e percentage of P-gal stained cells was detennined.

Studies involving -1058FGFp.l~~
mice are descnbed in Chapter 5. At the end of
the norepinephrine (Research Biochemicals International; 0.01 M) stimulation penod,
-1 058FGFp.luc adult cardiac myocytes were rinsed with PBS-CMF, harvested with PBS-

CMF, pelleted, and lysed on ice in 50 @ of Ix Promega Lysis buffer. M e r 15 min on ice,
insoluble material was removed by centrifugation (30 min, 10,000 g), and 20 p1 of

supernatant was assayed for luciferase activity using the Promega "Luciferase Assay
System" and a luminorneter (LUMAT LB9507 Luminometer, BERTHOLD GmBH &
Co. KG) according to the manufacturer's instructions. Luciferase activity was normalized

against lysate protein content as determined by the BCA protein assay (Pierce).

3.16

Statistic~L4naiysiS

Data presented in the text and figures represent the means

* standard error mean

(SEM) fiom at least two independent experiments each done in tripkate, uniess stated

otherwise. Statistical analysis of the results was done in most cases, using the parametric
student's t-test, however, non-parametric Mann-Whitney was used when the standard
deviations were significantly different. Altemate Welch and ANOVA with Dunn's
multiple-cornparison post hoc tests was used for multiple column comparisons. In al1
cases, a value was considered statistically significant if p was determined to be < 0.05.

RESULTS: The Effects of Endogenous Overexpression of FGF-2 in Adult Mouse
Hearts In Vivo and aftcr Ischemia-Reperlusion Injury
4.1

Basic Characferizationof the Effecb of Endogenous FGF-2 0veru1:pressiun
in Adult Mouse Heurts I n Vivo.

4.1.1

The FGF-2framsgene is expressed in stdated muscle.
Two independent transgenic mouse lines (#5323 and #53 18) expressing the low

mwt. forrn of FGF-2 were established for in vivo and ex vivo sîudies on the heart. To

assess the level and range of transgene expression, RNA (50 pg) was isolated fiom
various tissues of FGF-2 TG mice and examined by RNA blot analysis. A 1.3 kb
transcript, consistent with expression of the FGF-2 transgene, was detected in cardiac and
skeletal muscle, but not in lung, brain, kidney, spleen or liver (closed arrowhead, Fig.
6A). Transcripts fkom the FGF-2 transgene were observed in both cardiac atria and

ventricles. Although endogenous FGF-2 M

A was too low to be detectable in cardiac

tissue, it was detected in the lung, brain and liver as indicated by a 6.1 kb transcript (open
arrowhead, Fig. 6A). Overexpression of FGF-2 in the cardiac (ventricle) muscle of both

FGF-2 TG lines was confïnned by protein blot analysis using specific monoclonal
antibodies. Based on densitometry, levels of L8 kD FGF-2 protein were increased about
22 and 34 fold (n=6-9) in the #53 18 and #5323 lines respectively (Fig. 6B). The protein
band above the 18

M)

FGF-2 present in both FGF-2 TG and non-TG hearts, likely

represents 18 kD FGF-2 protein that has undergone post-translational modifications in
vivo or that has been translated or transcribed kom an alternative start site in the

RSV

promoter. An alternative transcription site in the RSV promoter could be a possibility

since a larger sized FGF-2transcript, above the FGF-2 transgene transcript was also

Figure 6.

Expression of FGF-2 in adult mouse hearts in vivo.

(A)

Detection of transgene (1.3 kb, closed arrowhead) or endogenous (6.1 kb, open

arrowhead) FGF-2 transcripts in tissues (as indicated) fiom non-TG and FGF-2
TG (line #5323) mice by RNA blotting and autoradiography. Arrows indicate
mobilities of 28s and 18s RNAs. The 28s RNA band for each sample stained
with ethidium bmmide and photographed before blotting is aiso shown (lower
panel).

(B)

Detection of 18 kD FGF-2 in non-TG and FGF-2 TG (lines #5323 and #5318)
rnouse ventricles by protein blotting, immunodetection using specific FGF-2

antibodies and cherniluminescence. A sample of recombinant 18 k D FGF-2 was
used as a positive control.

This figure is reproduced fiom Sheikh et al., 200 1.

observed in RNA blots (Fig. 6A). Altemate possibilities could include induction of
expression of endogenous CUG-initiated FGF-2 or aggregated species of FGF-2. Serum
FGF-2 leveis in the #5318 (1.75

I0.8

ng/mi, n=4) and #5323 (2.23

+ 0.52 @mi,

n=5)

lines were not significantly different fiom non-TG mouse values (1-35 I 0.32 ng/ml,

n=5) in 3 month old adults.

Immunofluorescence microscopy was used to visualize FGF-2 protein in
ventricular tissue sections fiom non-TG and TG mouse hearts using specific polyclonal
antibodies to FGF-2 (Fig. 7) {Kardami and Fandrich, 1989; Kardami et al., 1990).
Ventncdar tissue was triple-labeled for FGF-2, DNA and either a-actinin or a-smooth

muscle actin, to specifically identi& myocytes or smooth muscle cells (blood vessels)
staining for FGF-2. In the case of non-TG mice, nuclei and cytoplasm of cardiac

myocytes stained specifically for FGF-2 at levels clearly above the background observed
with control Ig (Fig. 7, A and B). No FGF-2 staining of smooth muscle cells/blood
vessels was obsemed (Fig. 7B). In contrast, cardiac myocytes fiom TG mice were stained
uniformly and more intensely for FGF-2. We also observed the accumulation of specific

FGF-2 staining surrounding the cardiac myocytes (Fig. 7, A and B). Again, no FGF-2
staining of smooth muscle cells/blood vessels was observed (Fig. 7B).

4.1.2

Heurt weight-to-body weight ratio i s uncllanged in the FGF-2 TG muse.

Adult mice (9-12 weeks) and their excised hearts, removed of atria, were
weighed to determine heart weight-to-body weight ratios (pg/g). There was no significant
difference between the heart weight-ta-body weight ratios for FGF-2 TG lines #5323

(5.75 + 0.5 1 pg/g, n=4) and #53 18 (4.97 r 0.27 pg/g, n=5) and non-TG (5.14 I0.18 pdg,
n=10) mice. In addition, we used RNA blotting (assessed 50 pg RNA) to compare the
expression of the cardiac differentiation marken ANF, a-MHC and P-MHC in FGF-2TG
(#5323 - highest FGF-2 expressing line) and non-TG mouse ventricles. Expected

transcript sizes of 0.9 kb and 6.0 kb for ANF and a-MC,respectively, were observed
(Fig. 8). Based on densitometry (n=4), there were no significant differences in ANF and

a-MHC RNA levels in TG versus non-TG mouse ventricles. Although P-MHC
transcnpts (6.0 kb) were detected in embryonic mouse heart RNA (Sheikh and Cattini,

unpublished resultsf, no expression, and thus, difference was detected in either FGF-2

TG or non-TG adult mouse ventricles due, presumably, to low abundance. FGF-2
transgene expression was also codirmed in these RNA sarnples by detection of the 1.3
kb FGF-2 (transgene) transcript (Fig. 8). An assessrnent of the 1.3/4.1kb FGFR-1 RNA

levels showed no difference in FGF-2 TG versus non-TG moue hearts (Fig. 8).

4.1.3

CapiIImy demi@is increased rit the FGF-L TG mouse heurt.
The density of blood vessels was estimated in cardiac ventricular sections from

FGF-2 TG hearts (n=4)by staining for a-smooth muscle actin or, for capillaries with von
Willebrand factor. For smooth muscle-containing blood vessels, four fields (1.1 mm2
using x 2 O objective) fiom three sections from each of four FGF-2 TG and four non-TG
mice were counted. Similar values of 19.5 t 0.4 blood vessels/rnxd and 20.7 i 1.4 blood
vessels/mm2were obtained for FGF-2 TG and non-TG mice, respectively. To assess
capillary density, forty fields (0.02 mm2 using x40 objective) from four sections from

four FGF-2 TG and four non-TG mice were counted. The value for capillary density was

increased significantiy (about 1.2 fold) from 1866 I169 capillarïes/mm2 in non-TG to
2297 t 52 capillarieslrnm2in TG mouse hearts (p<0.05).

4-1.4

Relative kveh of /NR, p38 kinase and PKC, are incnased in FGF-2 TG
mouse hearis.

Stress-activated MAP kinases (JNK and p38) and PKC isoforms are known
downstream targets of FGF-2 signaling{Hrzenjak and Shain, 1997; Le and Corry, 1999;
Liu et al., 1999; Maher, 1999; Padua et al., 1998). The relative levels of these kinases in

FGF-2 TG (#5323 line) versus non-TG mouse hearts (n=3) were assessed in membrane
andlor cytosolic fiactions by protein blotting. For IM(and p38 MAPK, antibodies to

both phosphorylated (active) and phosphorylation-state independent (active + inactive)
f m s were used to probe cytosolic protein (Fig. 9). Based on densitometry, levels of

phosphorylated

INK and p3 8 were increased about 14 and 42 fold, respectively, in TG

rnouse hearts ( ~ ~ 0 . 0n=3).
5 , There was no significant difierence, however, in the "total"
ievels of JNK and p38 kinase in TG versus non-TG mouse h e m . For PKCs, relative
levels of membrane-associated aPKC were significantly increased about 15 fold in TG
mouse hearts @<0.05, n=3), but cytosolic levels were unchanged (Fig. 9). In contrast,
cytosolic levels of EPKC were increased significantly about 2 fold in TG mouse hearts
@<O.OS,

n=3), however, membrane-associated levels were not significantly different

fiom controls (Fig. 9).

Figure 7.

Subcellular distribution of FGF-2 in adult non-TG and FGF-2 TG mouse ventricles.

Non-TG and FGF-2 TG (line $5323) mouse ventricles were triple-irnmunostaïned for (A)
FGF-2, a-actinin and DNA or (B) FGF-2, a-smooth muscle actin and DNA as indicated.
a-Actinin or a-smooth muscle actin antibodies were used to confirm the identity of

cardiac myocytes or smooth muscle/blood vessels, respectively. DNA (Hoeschst 33342)
stain was used to identifj-nuclei. Endogenous FGF-2 visible in cardiac myocyte nuclei of

non-TG ventricles is indicated with white arrowheads (A and B). FGF-2 TG ventricles
show strong staining of FGF-2 within the (A) cytoplasm of cardiac myocytes and

extracelluIar spaces but not (B) smooth muscle/blood vessels (indicated by white arrows).

(C) FGF-2 staining of adult non TG and FGF-2 TG (line #5323) mouse ventricles (see

next page). The pattern Observed with non-TG ventricles stained with control Ig is s h o w
for cornparison. Bar is equivaient to 75 Fm.

This figure is reproduced from Sheikh et al., 2001.

Figure 8.

Autoradiogrnph showing expression of cardiac differentiation marken and FGFR-1

in FGF-2 TG mouse hearts after RNA blotting.

RNA was isolated from non-TG and FGF-2 TG (line #5323) mouse ventricles, blotted

and probed for (A) FGF-2 (1.3 kb), a-MHC (6.0kb), P-MHC (6.0 kb) and ANF (0.9 kb)
and (B)FGFR- 1 (4.1 and 4.3 kb) trmscripts as indicated. No change in a-MHC, P-MC,

ANF or FGFR-I mRNA levels were observed in FGF-2TG ventricles. Ethidium bromide
staining of 28s RNA in each sarnple is also shown.

This figure is reproduced fiom Sheikh et al., 2001.

Figure 9.

Autoradiograph sbowing expression of JMG p38 kinase as wel1 as aPKC and ePKC

in FGF-2TG mouse hearts after immunoblotting.

Cytosolic and membrane protein fkactions were isolated nom non-TG and FGF-2 TG
(line $5323) mouse ventricles. (A)Equal amounts of cytosolic protein were analyzed by
SDS-PAGE and immunoblotted with antibodies specific for the phosphorylated foms of

M K and p3 8 or 'total' INK and p3 8 as indicated. (B) Equal amounts of cytosolic and
membrane-associated protein were analyzed by SDS-PAGE and immunoblotted with
antibodies specific for the carboxyl terminus of WKC and @KC.

This figure is reproduced fiom Sheikh et al., 2001.
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4.2

Establishment of n Retrogr*
Perfusion Apparatus for Isolated Movre
Hearts to Assess FGF-2 Releme and to Induce Ischemia-Reperf~~~ion
Injury
in FGF-2 TG Mouse Heartx.

4.2.1

Characterization of the isofatedmuse hearî ( Z a n g e n d ô preporation.
~
The stability of our mouse Langendorff preparation was determined in isolated

non-TG mouse hearts throughout a two-hour period. Both contractile force and percent
ce11 damage as measured by developed pressure and LDH activity, respectively, were
assessed. Representative profiles are shown for two non-TG mice and reveal stable
developed pressures that are above 70 mmHg (Fig. 10A). Perfusates taken nom these
same non-TG mice showed no significant changes in LDH release fiom baseline at
various t h e points throughout the two-hou. period (Fig. 10B). Based on the stability of
Our preparation during a two hour period as well as existing protocols for the rat

Langendorff preparation, an experimentai protocol for myocardial injury was devised
(Fig. IOC).

4.3

FGF-2Release Studies

4.3.1

Distriburion and release ofFGF-2 in irolated and perfused TG versus non-TG
mouse hearls.

Irnmunofluorescence microscopy was used to visualize FGF-2 protein in
venîricular tissue sections from non-TG and TG perfùsed mouse hearts after 30-min
equilibration (Fig. 11). Cardiac myocytes from "equilibrated" non-TG mouse hearts
displayed the same predominantly nuclear and weaker cytoplasrnic FGF-2staining (Fig .
1 1) as seen in "freshly" isolated non-TG mouse hearts (Fig. 11A). in the case of FGF-2

TG mouse hearts, FGF-2 was localized predominantly around cardiac myocytes, and
iniracellular staining for FGF-2 was more intense than seen in non-TG cardiac myocytes

(Fig. 11A). No FGF-2staining of smooth muscle cells/blood vessels was observed in
either non-TG or TG mouse hearts (Fig. 11B).

Ventricuiar tissue sections from "equilibrated" FGF-2 TG mouse hearts were
triple labeled for FGF-2, DNA and collagen IV as a marker for the basal lamina and
extracellular matrix. In addition to nuclear staining (arrows), we observed the
accumulation of specific FGF-2 staining surrounding the cardiac rnyocytes, which CO-

localized with collagen IV staining (Fig. 12). Immunofluorescence microscopy of
ventricular sections fiom "equilibrateà" FGF-2 TG mouse hearts perfwd with a high sait

buffer resulted in the loss of FGF-2 staining fiom the extracellular rnatrix (Fig. 12). In
contrast, nuclear FGF-2 staining was stiil evident (arrows, Fig. 12).

Given the accumulation of FGF-2 in the extracellular matrix, the effect of FGF-2
overexpression on release of FGF-2 from isolated TG mouse hearts was assessed. The
level of FGF-2 release fiom non-TG and FGF-2 TG mouse line #5323 was measured by

ELISA of perfûsates collected at various time points. Levels of FGF-2 were significantly

higher in FGF-2 TG versus versus non-TG mouse hearts at 3 min equilibration. A
decrease in FGF-2 release over the 30 min equilibration time was detected for both non-

TG and FGF-2 TG mouse hearts (Fig. 13). The level of FGF-2 release, however, was
consistently (about 2.5 fold) higher fiom FGF-2 TG hearts throughout the equilibration
period, as seen clearly using a logarithmic scale (Fig. 13).

Figure 10.

Assessrnent of developed pressure and LDH release in isolated mouse hearts.

Developed pressures were monitored and recorded for 120 min in isolated nonTG moue hearts (n=2) perfused on a Langend6B preparation. This section of the

figure was plotted by Mr. D. Sontag fiorn Dr. P.A. Caîtini's labomtory.

LDH release was measured in perfusates from isolated non-TG mouse hearts
(n.=2) for 1 min at the times indicated throughout the 120 min period. Values for

LDH release were nomalized to coronary flow rate.

Experimental protocol for ischemia-reperfusion in isolated pemised mouse
hearts. Al1 hearts were equilibrated over a 30-min period and then subjected to
30-min global ischemia and 60 min repemision. For studies involving exogenous
addition of FGF-2, hearts were equilibrated for 25 min and then supplemented

with either vehicle or 10 pg FGF-2 for 2 min followed by KH solution for 3 min,

prior to global ischemia-reperfusion. Cardiac function and cellular damage (LDH)
were determined at the indicated sample tirne points.

This figure is reproduced fiom Sheikh et al., 200 1.
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Figure 11.

Subcellular distribution of FGF-2 in isolated non-TG and FGF-2 TG mouse herrrts

after 30 min equilibration.

Ventricie sections were triple-stained for (A) FGF-2, a-actinin, and DNA or (B) FGF-2,

a-smooth muscle actin and DNA. Low levels of endogenous FGF-2 staining was
observed in nuclei of cardiac myocytes (white arrows, A). FGF-2 TG mouse hearts
showed strong FGF-2 staining in the cytoplasm and extracellular spaces of cardiac
myocytes(A and B). FGF-2 staining of smooth muscle cells was not observed in FGP-2
TG mouse hearts. (C) FGF-2 staining of non-TG and FGF-2 TG mouse heart subsequent
3 0 min equilibration. Bar is equivalent to 75 Fm.

This figure is reproduced fiom Sheikh et al., 2001.

Figure 12.

Subceiiular distribution of FGF-2in the extracellular mat*

in isolated FGF-2TG

rnouse hearts after 30 min equilibration and high salt wash.

Ventricle sections were triple stained for FGF-2, collagen IV, and DNA in the absence or
presence of 5-min high salt perfusion. Intense FGF-2 staining in the extracelullar spaces

of cardiac myocytes was observed. FGF-2 TG hearts perfused with high salt resulted in a
loss of FGF-2 staining in areas surrounding cardiac myocytes or extracellular matrix.

Examples of nuclei stained for FGF-2 are indicated with arrows. The bar is equivalent to
75 pl.

This figure is reproduced from Sheikh et al., 2001.

FGFQ TG

FGF-2 TG
+ high salt wash

Figure 13.

Measurement of FGF-2 leveb in perfusates from FGF-2 TG mouse hear4J d u d g 30

min equilibration.

FGF-2 levels were determined in perfusates from isolated non-TG and FGF-2 TG (line
#5323) rnouse hearts during equilibration using an ELISA. FGF-2 in pemisates was
norrnalized for coronary flow rate and heart weight @g/rnin/g heart wt). The absolute
levels were expressed as the mean plus or minus standard error of the mean (n=3).

This figure is reproduced fkom Sheikh et al., 2001.
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4-4

Ischemia-Repevmion Injury Studies in Isofated Mouse Heurts

4.4.1

Decreased rnyocyte damage is observed in FGF-2 TG mouse kearis afier
injury.

To examine resistance to injury, isolated non-TG and FGF-2 TG mouse hearts
from both lines were subjected to global ischemia-reperfusion injury (Fig. 1OC).
Myocardial performance of both FGF-2 TG md non-TG mouse hearts were measured as
percent lefi ventricular contractile recovery in developed pressure after reperfusion.
Absolute values obtained for developed pressures just pnor to ischemia were used to
represent maximal recovery and arbitrarily set to 100% (see legend of Fig. 14). FGF-2
TG mouse hearts displayed no significant difference in contractile recovery &er 30,45

and 60 min of repefision when compared to non-TG hearts (Fig. 14, A and B). In
contrast, a significant decrease in pefisate LDH activity and thus, hcrease in cardiac
myocyte viability, was observed at the 30,45 and 60 min reperfusion time points for the
#53 18 FGF-2 TG line as well as 1 and 60 min time points for the #5323 line (Fig. 14, C

and D). When the total LDH release/activity was assessed throughout 60 min of

reperfusion, the decreases (and thus increases in ce11 viability) were highly significant for
both the #53 18 (38%, p<0.0001, n=28-41) and #5323 (45%p<0.0001, n=28) FGF-2 TG
mouse lines.

4.4.2

Ekogenous addition of FGF-2 increases contractile f unction and myocyte
viabiliîy in the mouse heart

Exogenous FGF-2 addition increases both contractile recovery and myocyte

viability in the isolated rat heart after injury (Padua et al., 1998; Padua et al., 1995b).
Thus. it was possible that the lack of improved contractile recovery in the isolated FGF-2

TG mouse hearts afier injury may reflect differences based on: (i) chronic (transgenic)

versus acute FGF-2expression, which could reflect the structural differences obsewed in
FGF-2 TG hearts (ii) endogenous (transgenic) versus exogenous delivery of FGF-2, or
(iii) species (mouse versus rat) -related effect. To address these three questions, we

determined the effect of exogenous FGF-2 (IO pg) or vehicle on isolated non-TG mouse
hearts subjected to global ischernia-reperfusion injury (Fig. 10C). Myocardial

performance of both FGF-2 and vehicle-treated hearts was measured as percent left
ventricular contractile recovery in developed pressure at 30,45 and 60 min reperfusion.
The absolute vaiues obtained for developed pressure in FGF-2 and vehicle-treated h e m
prior to ischemia were 88.6 + 5.3 (n4) and 90.4 k 2.1 mmHg (n=4), respectively. These

absolute values were used to represent maximal recovery and arbitrarily set to 100%. The
contractile recovery increased fiom 34.3 + 3 -9, 43 -5+ 4.3, and 38.9 t 3.3 % with vehicle,
to 6 1.0 I 1.0, 64.9 5 2.7, and 62.6 I4.6 % (n=4) with FGF-2 treatment, after 30, 45 and

60 min reperfusion, respectively (Fig. I SA).

Cardiac cellular damage in FGF-2 and vehicle-treated hearts was assessed by
measurïng LDH release in perfusates at various time points during ischernia-reperfusion
(Fig. 10C). Mouse hearts treated with FGF-2 showed a significant 34% reduction in LDH

release at 15, 30,45 and 60 min of repemision when compared to vehicle-treated hearts
(Fig. 15B).

Immunofluorescence microscopy was used to visualize FGF-2 protein in
ventricular tissue sections from non-TG mouse hearts treated with exogenous FGF-2

(Fig. 16). FGF-2 was iocalized to the nuclei and cytoplasm of cardiac myocytes as well
as extracellular spaces (Fig. 16). Unlike F G F 5 TG hearts (Fig. 11). intense FGF-2

staking of smooth muscle cells/blood vessels was observed (Fig. 16).

Figure 14.

Effect of FGF-2transgene expression on myocardial perCormance and ceUular

damage after ischemia-reperfusion injury.

(A and B)

Developed pressure for non-TG and FGF-2 TG hearts during repemision
were expressed as percentage of the corresponding values of the same
heart obtained before ischemia. The absolute values obtained for
developed pressure after 30 min @rior to ischemia) in FGF-2TG (line

.

#5323) and age-matched non-TG hearts were 77.1

4.9 (d)
and,
78.6

6.7 (n=4), respectively (A), and for FGF-2 TG (line #53 18) and age-

matched non TG hearts were 75.4

2.3 ( ~ 4 and
)
82.8

3.5 mmHg

(n=6), respectively (B). These absolute values were used to represent
maximal recovery and arbitrarily set to 100%.

(C and D)

LDH levels in perfùsates fiom non-TG and FGF-2 TG mouse hearts were
measured before ischemia (equil.) and during repemision. Al1 values were
presented as mean plus or minus standard error mean (n=4-6). Astensks
were used to indicate points at which a statistically significant reduction in

LDH levels was observed with FGF-2 TG versus non-TG hearts (*
p<0.05).

This figure is reproduced nom Sheikh et al., 200 1.
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Figure 15.

Effect of exogenous addition of FGF-2 in mouse hearts on contractile recovery and
cellular damage after ischemia-reperf'usion injuy.

(A)

Functional measurement as defined as developed pressure for each heart d e r
either vehicle or FGF-2 treatment at time points during reperfiision. Values were

expressed as percentages of the corresponding values of the same heart obtained
before ischemia (equil.). The absolute values measured for developed pressure
afrer 30 min equilibration (prior to ischemia) in vehicle and FGF-2 treated hearts

were 90.4 & 2.1 (A)and 88.6

(B)

5.3 mmHg @=4), respectively.

LDH levels in pefisates fkom vehicle and FGF-2 treated mouse hearts before
ischemia and during reperfusion.

Al1 values were presented as mean plus or minus standard error of the mean
(n=4). Asterisks in panels indicate statistically significant differences between

FGF-2-treated hearts compared to vehicle-treated values (*p<O.05, **p<0.01).

This figure is reproduced from Sheikh et al., 200 1.
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Figure 16.

SubceIlular distribution of FGF-2 in isolated FGF-2 treated mouse hezirts after 30

min equilibration.

Ventricle sections were triple-staked for (A) FGF-2, a-actinin and DNA or (B) FGF-2,
a-smooth muscle actin and DNA. Intense FGF-2 staining in the cytoplasm and
extracellular spaces of cardiac myocytes (A and B), as well as smooth muscle cells was
observed (white arrowheads, B). Bar is equivalent to 75 Pm.

This figure is reproduced fiom Sheikh et al., 2001.
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RESULTS:

S. 2

Isolation and Culturing of Adult Mouse Cardiac Myocytes for Studies
in the -1058FGFp.luc Transgenic Mouse Model.

Viable Adult Curdiac Myocytes con be Isolated and Cultured From Mouse
Heurts.

To date, several meâhods have been used to isolate adult cardiac myocytes fiom
mice, however, there are few, which involve either short or long term culture of these
cells. As a result, the method described in this chapter was assembled using modifications

of two protocols which relate to methods reported for isolation of aduit cardiac myocytes
fkom mouse hearts (Maxwell et al., 1999) and culturing techniques reported for adult
cardiac myocytes in the rat heart (Padua et al., 1998). This method was assembled
largely under the guidance of Dr. John Scott (laboratory of Dr. L. Hryshko) and Dr.
Pierre Merle (laboratory of Dr. E. Kardami) of the Institute of Cardiovascular Sciences at
the University of Manitoba, as well as Dr. Bi11 Lester (laboratory of Dr. E. Kranias) of the

University of Cinncinatti, with additional information fiom the existing literature.

Adult rnice (8-15 weeks of age, 25-35 g in weight) were euthanized by cervical
dislocation and their hearts were quickly excised and submerged into ice-cold nominally
calcium-fiee Tyrode solution (137 mM NaCl, 5.4 rnM KC1, 0.5 rnM MgC12, 0.3 rnM
NaH2PO4, 5 mM HEPES, 10 mM glucose, filtered, oxygenated using 100% Oz and
buffered to pH 7.4 at 37 OC using NaOH). Injectable heparin was not used as an
anticoagulant prior to dissection of the heart, since future isolations would involve the use
of mice expressing the heparin-binding growth factor, FGF-2. While in this Tyrode

solution, the aorta was trimmed and fkeed of surrounding tissue under a magniQing lens.

Subsequently, under a magniQing lem, the aorta was tied with 6-0 suture thread to a 21
gauge stainless steel cannula which was mounted on a Langendorff perfusion apparatus.

Time for excision and mounting of the heart ont0 Langendorff perfusion apparatus is

critical to the success of the isolation procedure and should take less than five minutes for
viable adult cardiac myocytes. Pnor to mounting, care should have been taken to make
sure that there were no air bubbles trapped in the cannula or perfusion solution chambers.
Once mounted, the heart is then retrogradely perfused under constant flow rate (2

mllmin) using norninally calcium-fiee Tyrode solution for five minutes for blood wash
out and equilibration. Perfusion with this Tyrode solution resulted in cessation of the
heartbeat. During this perfusion period, (i) the heart was gently rnassaged to remove
blood as the heart was no longer beating, (ii) a thermocouple (IT-lE), comected to a
Physitemp Thermalert TH-5, \vas inserieci into the right ventricle to monitor temperature
and (iii) a water-jacketed glass chamber was raised to enclose the heart, allowing the

temperature of the heart to be maintained at 37 OC by means of a recirculating water bath.
Al1 perfusion solutions were made using double distilled water (specific resistance was 2
18 i2M*cm (25 OC)) from Mega-pure water system, filtered, buffered to pH 7.4,
maintained at 37 OC and oxygenated with 100% Oz. Following this initial five minute

perfusion, the heart was perfused under constant flow (2 ml/min) with the same
nominally calcium-free Tyrode solution, supplemented with 1.25 mglml (wh)
collagenase with an enzymatic activity of 226 Ulm1 (Sigma, type 1), 0.07 mg/ml (w/v)
protease (Sigma-Aldrich, type XIV) and 0.94 mglml (wh) fatty acid-f?ee BSA (Sigma
Aldrich). A total of 32 ml of this solution is suficient to perfuse the heart in our system

for approximately 16 min (i.e., 2 ml/min.). Since enzyme digestion times can vary from

heart to hem, the p e h a t e falling fiom the hem was collected fiom the sealed bottom of

the water-jacketed chamber enclosing the heart, to be recirculated in the event that a
longer perfùsion time was needed.

n i e enzymatic digestion penod was criticai in terms of attaining viable adult
mouse cardiac myocytes and is mainly dependent on heart perfusion (Le., cannulation
procedure and clots) and enzyme activity. Perfusion of mouse hearts with enzyme
solutions varied between 18-22 min.The enzyme activity can be followed based on heart
appearance, solution drip rate and shape of drops falling fiom the heart. In terms of heart
appearance, enzymatic digestion caused the right ventricle to swell or balloon within 5
minutes of perfùsion, turned heart tissue from a dark red to a light red/tan colour and
finally caused the heart to become flaccid (cm be touched with fingers to assess this

parameter) and acquire a drop-like shape. In terms of solution drip rate, enzymatic
digestion caused the drip rate to slightly decrease at the beginning of digestion and then
readily increase as digestion continued. In terms of shape of drops, at the end of
digestion, the drops became more oval-shaped. The end of digestion was usually
determined based on the flaccid and drop-like appearance of the heart as well as the
colour (Iight red/tan) of the heart.

Once the heart was digested, it was removed fiom the Langendorff perfusion

apparatus and submerged into a solution containing the sarne nominally calcium-fkee
Tyrode solution but supplemented with 50 pM calcium and 1% (w/v) a1buMA.X (Gibco-

BRL), which was in a sterile glass petn dish and kept at 37 O C . Under sterile conditions

(Le., laminar flow hood), the heart was removed of atna and the aorta,

and subsequently

teased apart with forceps. Complete heart tissue digestion can be determined at this stage,
by (i) the colour of tissue inside the heart (i-e., dark red signified "underperfiised" areas

and white areas signified "overdigested" areas) and (ii) what was known as the "pillow
effect". The "pillow effecty'referred to an analogy, which could be used to help visualize
the effect of tearing the heart open, nght after digestion. In this anaiogy, the dissociated
cardiac myocytes would be the equivalent of the "feathers" in a pillow and the outer part

of the heart or epicardium would be the equivalent of the "pillow-case". Since complete
tissue perfùsion would resuit in complete dissociation of cardiac myocytes, tearing open
the heart tissue with forceps, would resemble ripping a feathered pillow open. This effect
was only visualized when there was complete hem tissue digestion. The adult cardiac
myocytes were then completely dissociated by M e r trituration using a sterile transfer
pipette, filtered using a 250 p M poiypropylene mesh (Small Parts, Fiorida, USA),

pelleted using Iow speed centrifugation (400 g) for 4 min at room temperature, and the
supernatant was then disgarded. At this point, the pellet should be large (at least between
2-5 ml volume in a 50 ml orange-capped tube) and dark red in colour. Nea, cardiac

myocytes were brought to calcium tolerance by resuspending these cells in three
soIutions, which bad incremental increases in levels of calcium. The three solutions were
made using nominally calcium-fiee Tyrode solution and supplemented with either: (i)
200 pM calcium ~ i t h
1% albumax, (ii) 500 pM calcium with 1% albumax or (iii) 1 mM

calcium with 4% albumax. These solutions were kept at 37 OC. It was critical that t h e
(ranged fiom 5- 10 minutes) be taken between the additions of calcium since this allowed

adult cardiac myocytes time to adapt to the increase in calcium levels. This was essential

since calcium overload could play a major role in Iimiting the success of this procedure.
Also, since adult cardiac myocytes, at this stage, are prone to damage, the cells were

pelleted between each calcium increment under gravity, as opposed to low speed
centrifugation, as this allowed for less mechanical manipulation of the cells. Again,
pelleting of cells occuned at 37 OC. Once cardiac myocytes were brought to calcium
tolerance, they were resuspended in 10 ml of culture medium M 199 (Gibco-BRL),
supplemented with 10% (v/v) FBS, 2 mM (w/v) DL-camitine (Sigma), 5 mM (w/v)
creatinine (Sigma-Aldrich), 5 mM (w/v) taurine (Sigma-Aldrich), and antibiotics .(IO00
units/rnl penicillin, 1 m g / d streptomycin).

To determine the viability of adult cardiac myocytes using this isolation
procedure, both cardiac myocyte shape (Le, rnicroscopic assessment) and cardiac
myocyte membrane integrity (i.e., trypan blue exclusion assay) were assessed. As shown

in Fig. 17, this procedure resulted in the isolation of rectangular rod-shaped adult cardiac

myocytes. To assess adult cardiac myocyte membrane integrity, a 20 pl aliquot of the
adult cardiac myocyte resuspension was added to 20 pl of 0.4% trypan blue (GibcoBRL)? mixed and 10 pl of this mixture was assessed for trypan exclusion using a

hemacytometer. Approximately 70

7 % (n=6) of rod-shaped adult cardiac myocytes

were s h o w to exclude trypan blue. Based on this assessement, 4.1

* 0.4) x IO'

(n=6)

adult cardiac myocytes could be isolated per mouse heart.

Once adult cardiac mouse myocytes were counted, approximately 5 x 10" cells
were plated ont0 35 mm dishes (Coming) which had been pretoated with laminin

(Becton-Dickinson). Laminin was diluted in 10% FBS-M 199 medium and incubated on
plates for 24 h at 37 OC prior to adding cells. Adult cardiac mouse myocytes were plated
for 4-6 hours to allow for ce11 attachment and then washed twice with and maintained in

M 199 medium supplemented with 2% FBS, 2 m M (wfv) carnithe, 5 mM (w/v)
creatinine, 5 mM (w/v) taurine, and antibiotics (1000 unitslml penicillin, 1 mglml
streptomycin) in culture at 37 OC in the presence of 5% COz. For maintenance. the Ml99
maintenance medium was changed daily. Observation by light microscopy after one day
in culture reveaied that striated adult cardiac myocytes retained their rectangular rod-like

shape (Fig. 17). Only rod-shaped striated adult cardiac myocytes could be observed on
plates through assessment by light microscopy, suggesting that this preparation was pure
for myocytes. Adult mouse cardiac myocytes were maintained in culture for up to three
days. After three days, however, adult mouse cardiac myocytes began to lose their rod-

like shape appearance, detach fiom the plate and undergo hypercontracture, which
resulted in cardiac myocyte death.

Figure 17.

C e ï i morphology of adult cardiac myocyta holrted and culhired from the mouse

heart.

(A)

Synopsis of the procedure involved in the isolation and short-tem culture of adult
mouse cardiac myocytes, which briefly include: (a) photograph of mounted heart

ont0 Langendorff apparatus, (b) initial heart pefision for blood wash out, (c)
perfusion of heart with enzymatic solution, (d) heart tissue dissociation to cardiac
rnyocytes, (e) bringing adult cardiac myocytes to calcium tolerance, and (f)
culturing and maintaining ceiis on larninin-coated dishes.

)

Light micrograph of an isolated adult cardiac myocyte after one day in culture.
Bar is equivaient to 25 W.

Excise heart and

Carnulate via aorta
Step 1: Blood wash out
with calcium-fke Tyrode's

I

Step 2: Perfision with entymatic
solution for 18-22 min at 37 OC

Plate adult mouse cardiac
myocytes onto IaminidFBS
coated dishes in Ml99 media

Dissociation of
veatncuiar tissue
into cells

Bring cardiac myocytes
to calcium tolerance (1 mM)

5.2

Norepinepltriine StimufafesFGF-2 PromoferActivify in Addt MouseCardiac
Myocyfes Isolated From -1058FGFp.11~Transgenic Mice.
One of the major reasons for the generation of adult mouse cardiac myocyte

cultures was to make use of the increasing number of transgenic mouse rnodels which are
being developed to address specific questions in the area o f heart research. As an
example, we used our procedure to obtain adult cardiac mouse myocyte cultures fiom the
-L 0 5 8 F G F p . l ~transgenic
~

mode1 which was developed in our laboratory to address

specific questions relating to the role of FGF-2transcription in the heart (Detilliew et ai.,
1999). Viable adult cardiac myocytes were isolated fiom - 1 0 5 8 F G F p . l ~mice
~ (P300

Iine), plated for 4 h, maintained in culture for 12 h and then treated without (control) or
with the natural catecholamine, norepinephrine for 2 h to assess its effect on FGF-2
prornoter (-1058FGFp.h~)activity. The results are shown in Fig. 18. The -1058FGFp.l~~
activity (expressed per pg protein) was detected in control adult mouse cardiac myocyte

cultures and norepinephrine evoked a significant 1.6-fold increase in -1058FGFp.l~~
;
No
activity after 2 h of stimulation, when cornpared to control cultures ( ~ 5p<0.05).

differences in viability were observed between adult cardiac myocytes isolated from

-1058FGFp.h~versus normal mice.

Figure 18.

Effect of norepinephrine on FGF-2 promoter activity in adult cardiac myocytes

cultured from -1058FGFpJuc transgenic mice.

Cultured adult cardiac myocytes from -1 058FGFp.h~transgenic mice (P3OO Line) were
treated without or with 0.01 m M NE as previously described (Iwaki et al., 1990;
Lockhart et al., 19971, harvested and assayed for luciferase activity and protein

concentration. The promoter activities (luciferase/pg protein) for the -1058FGFp.l~~

px are shown as the mean fiom five detemiinations. Bars represent standard error of
the mean.

* *= significant at p<0.01.
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CHAPTER 6

RESULTS: The Effects of Fibroblast Growth Factor

Receptor (FGFR)-1

Overexpression on Cardiac Ceil Proliferation In Vitro.
6.1

FGFR-1 Isoform Erpression Studies in Rat Heurt H9c2 Myobh&.

Previous studies fiom our laboratory have shown that no RNA corresponding to
either long or short species of FGFR-1 could be detected by RT-PCR in H9c2 cells
(Sheikh et al., 1997). Based on this result, the H9c2 ce11 line was determined to be an
excellent candidate ce11 system to attempt expression of FGFR-1 and assess effects on
ce11 division. The results of these experiments are described in the following sections.
61.2

Characterizution of H9e2 celk stabb transfected with FGFR-1 cDNAs.
Both cDNAs coding for long and short isoforms of FGFR-1,under the control of

MLC-2 promoter and SV40 enhancer sequences, were used to stably transfect H9c2 cells
{Sheikh et al., 1997). The SV40enh/MLC-2 promoter was used to express FGFR-1
isoforms since studies in our laboratory have shown that this promoter is active in H9c2
cells {Jin et al., 1995). Stable integration was accomplished by CO-transfectionwith a
neomycin resistance-containing vector and G418 selection. Genomic DNA was isolated
fiom transfected and non-transfected H9c2 cells, and digested with the restriction
endonucleases XhallSall to release the diagnostic fragments of 2,526 bp and 2,259 bp
for 'long' and 'short' FGFR-1 RNA, respectively. Electrophoresis and DNA blotting
using the full-length FGFR-1 (S) cDNA as a radiolabeled probe and subsequent
autoradiography was used to detect the diagnostic fragments (Fig. 19A). Control

fragments of the correct size were generated by XballSoll digestion of plasmids
contairing the cDNAs coding for the long and short FGFR-1 isofoms (Fig. 19, lanes a
and b). Bands of the expected size were detected in the DNA fkom stably transfected cells

(Fig. 19A, lane d and e), but were absent fiom the non-transfected cells (Fig. 19A, lane
c). However, bands greater than 2.5 kb were detected in al1 H9c2 DNA samples and,

presumably, represent fkagments containing endogenous FGFR- 1, or FGFR-1-like genes

(Fig. 19A, lanes c-e),

RNA blotting was used to assess whether the stably transfected FGFR-1 cDNAs
were expressed and the MLC-2 promoter was active (Fig. 19B). A transcnpt of the
expected size of about 4.3 kb was detected with the FGFR-1 cDNA probe in RNA from

H9c2 cells stably transfected with the 'long' FGFR-1 cDNA. A band with slightly faster
mobility was detected in cells stably msfected with the cDNA coding for the short

FGFR-1 isoform. As expected, no transcript was detected in non-transfected ce11 RNA.

Figure 19.

Detection of <long'and 'short'

FGFR-1isoforms in stably transfected A9c2 cells by

DNA and RNA blotting.

(A)

DNA was isolated from plasmids (pBSrnFGFR(L) and pBSmFGFR(S))

containhg the (a) FGFR- 1 (L) and (b) FGFR-1 (S) cDNAs, as wetl as (c) H9c2,
(d) H9cZPongl and (e) H9c2[Short] cells. The DNA was cut with Xaal/Sall to

release the diagnostic hgments of 2,526 bp and 2,259 bp for the 'long' (closed
arrowhead) and 'short' (open arrowhead), respectively. The DNA hgments were
resolved in a 1.5% agarose gel, transferred to nitrocellulose, probed with

radiolabelled FGFR- I (S) cDNA and visualized by autoradiography.

(B) Expression of FGFR-1 RNA in (a) H9c2, (b) H9cZPongl and (c) H9c2[Shord
cells. Total RNA (70 pg) was resolved in a 1.5% denaturing agaroseformaldehyde gel, blotted to nitrocellulose, probed with radiolabelled FGFR- 1(S)
cDNA and visualized by autoradiography. The arrowheads are used to indicate
the mobilities of 28s and 18s RNAs. The inset shows the 28s and 18s RNA

bands for each of the three lanes (a-c) as visualized by ethidium brornide staining
before blotting, as an indication of RNA loading.

This figure is reproduced fiom Sheikh et ai., 1997.

c d e

H9c2 cells stably transfected with the cDNA coding for the long (H9cZ(Long])
or short FGFR-1 isoforms (H9cZ[Short]) as well as non-transfected H9c2 cells were
plated at equal densities in the presence of 10% FBS. A growth curve was determined by
counting cells at 24 h interval for 5 d, and the results fiom two separate experhents, each
done in triplicate, are shown (Fig. 20). The rate of ce11 division for H9c2Fong] and

H9cZ[Short] cells was increased 1.6 and 3.1 fold, respectively, compared to nontransfected H9c2 cells. Furthemore, a simcant

increase in celi numbet was observed

in the e s t 24 h of assessrnent in the cells expressing FGFR-1 but not in control H9c2

celis (Fig. 20).

After 5 d in culture, transfected and non-transfecteci H9c2 cells were treated with
or without 10 ng/ml FGF-2and ce11 number was determined 24 h later (Fig. 21). There

was no effect on the ce11 nurnber of non-transfected H9c2 cells. There was a slight but
significant increase in H9c2 Kong] (1.3 fold, p<O.OZ, n=6) ce11 number in response to
FGF-2 treatment. A more potent effect on proliferation was observed in H9cZ[Short]
celis (1.5 fold, p<0.0005, n=6).

Figure 20.

Cornparison of H9c2, H9c2&ong] and H9c2[ShortJ growth characteristics.

Cells were plated at equal density in the presence of 10% FBS and the ce11 nurnber was
counted using a hemacytometer at 24 h intervals for 5 days. Each point represents the
mean of six determinations nom two independent experiments. The bars are standard
error of the mean.

This figure is reproduced fiom Sheikh et al., 1997.
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3

Time pays)

4

Figure 21.

Effect of FGF-2 treatment on H9c2, H9c2[Longj and H9c2[SboriJ proliferation.

Cells were cultured in the presence of 10% FBS and then treated with or without 10
@ml FGF-2 for 24 h. The ce11 number was counted and the results represent the mean
@lus or minus standard error of the mean) fiom six determinations and are expressed as
the fold difference between treated and the mtreated cells, where the values for untreated

cells were arbitrarily set to 1 .O. The number of untreated H9c2, H9c2J&ong] and
HgcZ[Short] cells was 3.0 x 1 os, 4.0 x 10' and 6.4 x los, respectively. p < 0.05,
0.00 1

This figure is reproduced fiom Sheikh et al., 1997.
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6.2

F G F M Isoform Owrexpression Studies in Neonatal Rat VentricufarCardiac
Myocyte Cultures.

6.2.1

FGFR-I H
A Ievels are kreased in neonatai cordiac myocytes transientiy
îransfected with FGFR-l(L) and (S) cDNAs.
Neonatal (1-2 days) rat ventricular myocyte cultures were used to test the

expression of the same FGFR-1 cDNA constructs coding for either 'long' (L) or 'short'
(S) isoforms used in section 6.1.2, after gene transfer and RNA blotting. Neonatal rat

ventricular cardiac myocytes were used since they represented "postnatal" cells with a
reduced capacity to divide. In addition, the same constmcts were used to express FGFR-1
isoforms as the SVenhMLC2 promoter has been shown to be active in neonatal rat
cardiac myocytes (Jin et al., 1995). Transfection efficiency for the myocyte cultures was
determined initially by expression and detection of B-galactosidase following cotransfection with RSVP$-gd (Fig. 26C). Stainuig was detected in 9.2

+ 0.3 % (n-4)

cells

of transfected cultures. As a negative control, ventncular cardiac myocytes were

transfected with a hybrid gene using the sarne promoter used to direct the FGFR-1
cDNAs, but fused to the firefly luciferase gene. Total RNA was isolated from myocytes
48 h after infection with SVenhMLCp.FGFR-1 (L) and SVenhMLCp.FGFR-I(S),as well

as SVenhMLCp.luc, as a negative control. Sarnples were transferred to nitrocellulose and
probed for FGFR-I using a fragment of the cDNA capable of detecting both FGFR-1(L)
and FGFR-1(S) transcripts (Fig. 22A). Subsequently, the blot was reprobed with GAPDH
to allow a standardization of RNA levels after densitometry of autoradiographs (Fig.

22B). A transcript of about 4.3 kb, reflecting endogenous FGFR-L mRNA and consistent
with the expected size for FGFR- l(L) (Jin et al., 1994; Pasumarthi et al., 1995}, was

detected in the control lane using the FGFR- 1 probe (Fig. ZZA, !me a). Transfection with

the FGFR-1 cDNA resulted in about a ten-fold increase in the intensity of the 4.3 kb

transcript (Fig. ZZA, lane b). In contrast to the low level ofendogenous FGFR-1(L) RNA
observed, no endogenous FGFR-1(S) RNA was detected. As a result, transfection with

the FGFR-1(S) cDNA resulted in the induction of a 4.1 kb transcnpt consistent with the

predicted size of FGFR-l(S) RNA (Fig. 22A, lane c). This estimate was based on the size
determined for FGFR-l(L) and subtraction of the 267 bp associated with the fint Ig Looplike domain (Jin et al., 1994; Pasumarthï et al., 1995). Minor bands were detected at 4.3

and 4.0 kb, which likely reflect endogenous FGFR-I(L) RNA and an alternative FGFR-

1(S) transcript, respectively. A M e r minor transcnpt of 1.6 kb was also detected that
was cornmon to cardiac myocytes tramfected with either FGFR-1(L) or (S) cDNAs (Fig.

22A, lanes b and c). This transcript initiates, presumably, f?om an internai start site
downstream of the fusst Ig ioop-like domain, since this loop sequence would be absent
fiom the FGFR-L(S) cDNA {Jin et al., 1994). It is possible that this transcript is also

generated from the endogenous FGFR-1 gene, but is not detected because of the
relatively lower levels of expression.

Figure 22.

Detection of FGFR-1 mRNA levels in neoiiatal rat cardiac myocyte cultures
transfected with FGFR-1cDNAs.

Total RNA (75 pg) ~ o cardiac
m
myocyte cultures auisfected with (a) SVenhMLCp-luc,
(b) SVenhMLCpFGFR- I (S} and (c) SVenhMLCp.FGFR-I(L) was resolved in a 1.0%

denaturing agarose gel containing formaldehyde, blotted to nitrocellulose and assessed
for (A) FGFR-1 isoform transcripts using the FGFR-l(S) cDNA. (B) RNA loading was

normalized by subsequently reprobing with a radiolabelled cDNA for GAPDH and
detection of the corresponding 1.4 kb transcnpt. Al1 RNAs were visualized by

autoradiography. The mobility of 28s and 18s RNAs as weil as the transcripts detected
with the FGFR-1 cDNA probe are indicated by open and closed arrowheads, respectively.

This figure is reproduced fkom Sheikh et al., 1999.

6.2.2

SubceIIuIar Iocalizafion of FGFR-I Lsoforms in neonafaI cardiac myocytes.
Immunofluorescence microscopy was used to visualize FGFR-1 protein in

neonatal rat cardiac myocytes trançfected with control plasmid (SVenhMLCp-luc) as well
as FGFR-l(L) and (S) cDNAs (Fig. 23). Cells were double-Iabeled for myosin and

FGFR- 1 to ven@ that cells expressing FGFR-I were myocytes. The endogenous pattern
of FGFR-1 localization was assessed in cultures transfected with control plasmid. The
overall FGFR-1 specific staining was relatively weak. FGFR-1 was locdized to the
perinuclear region and a speckled pattern of staining was present in some nuclei. In
cultures transfected with FGFR-I(L) or (S) cDNAs (but not control), intense and specific

staining for FGFR- 1 was observed. This represented localization of FGFR-I in
overexpressing cardiac myocytes. The majority of these overexpressing cells displayed
strong perinuclear staining and/or 'particles' staining intensely for FGFR- I extended out

dong the length of the myocyte (Fig. 23).

6.2.3

Overexprcssion of FGFR-I isoforms increuses specifie binding of 1 2 ' 1 - ~ ~ ~ - 2
on neonatcrl cardiac myocyfemembranes.
Crosslinking and SDS-PAGE were used to determine whether transfection of

neonatal rat cardiac myocytes with FGFR-1 cDNAs increased specifc FGF-2 binding on
the ce11 membrane, and, thus, the presence of receptors capable of binding FGF-2.
Cardiac myocytes were transfected with expression plasmids containing FGFR-1 cDNAs

or control DNA. Following transfection, cardiac myocytes were maintained for 48 h and
incubated for 90 min with iodinated FGF-2 in the absence or presence of greater than 40fold molar excess of non-radiolabelled FGF-2. Membranes were isolated after

crosslinking with DSS and analyzed by SDS-PAGE and autoradiography (Fig. 24). In the

absence of 'cold' FGF-2, sarnples from cardiac myocytes transfected with control DNA
(Fig. 24, lane a) or FGFR-1(S) (Fig. 24, lanes c-e) and FGFR-l(L) cDNAs (Fig. 24, lanes
g-i) revealed crosslinked products of about 35, 50 and 155 kD forming on the membrane.
A M e r band of 135 kD was oniy present in the sample resulting from FGFR-1(S)

cDNA expression, and gave rise to a four-fold (n=2, six determinations) increase in

overall receptor (1 35 + 155 kD)levels (Fig. 24, lane c). Overexpression of the FGFR1(L) cDNA resulted in a seven-fold (n=2, su< determinations) increase in the intensity of
the 155-kD sized band compared to control. Both the 155-kD sized band in the control
and FGFR- 1(L) related sampies as well as the 135-kD band in the FGFR- 1(S) related

samples were competed effectiveiy in the presence of nonradiolabeled FGF-2 (Fig. 24,
lanes b, f and j). The 155 and 135 kD band values for the FGF-2EGFR-l(L) and FGF2EGFR- 1(S) complexes would be consistent with receptor sizes of about 137 and 117

kD, respectively, after subtracting 18 kD for FGF-2. The bands with mobilities
corresponding to proteins of about 35 and 50 kD likely reflect crosslinked multimers of

radiolabelled FGF-2 as described previously (Liu et al., 1995).

Figure 23.

Distribution of endogenous FGFR-1 in neonatal rat cardiac myocytes.

Cardiac myocyte cultures transfected with control SVenhMLCpluc plasmid,
SVenhMLCp.FGFR-1(S) or SVenhMLCp.FGFR-1(L) cDNA, were stained with FGFR- 1
antibodies (a, c, e, i),and CO-stainedfor striated muscle myosin to confitm the identity of
rnyocytes (b, d, f, j). Low levels of endogenous FGFR-1 staining, including the
perinuclear region, was seen (a). Cardiac myocytes overexpressing either 'short' (c, i) or
r
with FGFR-1 antibodies and/or an
'long' (e) FGFR-1 show strong p e ~ u c l e a staining
accumulation of particles staining intensely for FGFR-1 around the nucleus and
throughout the cytoplasm. The pattern observed with transfected cultures stained with
non-immune serum is shown for cornparison (g). Identification of myocytes was again

confirmed by CO-stainingwith an antibody to striated muscle myosin (h). Bar is
equivalent to 25 pm in a-h, and to 10 p m in i and j.

This figure is reproduced fiom Sheikh et al., 1999.

Figure 24.

Effect of FGFR-1 isoform overexpression on specific FGF-2binding on neonatal
cardiac myocyte membranes.

Cardiac myocyte cultures transfected with control (a,b), SVenhMLCp.FGFR-1(S) (c-f),

or SVenhMLCp.FGFR-1(L)DNA (g-j), were incubated with l Z S 1 - ~ ~in~the
- 2 absence

(a, c-e, g-i) or presence (b, f, j) of O.1pg unlabelied FGF-2,and then crosslinked with
DSS. Cells were hmested and a cell membrane preparation was assessed by SDS-PAGE
in a 7.5% gel, and protein visualized by autoradiography. The size (kD)/mobility o f
molecular mass standards and FGF-2 crosslinked bands detected are indicated by open

and closed arrowheads, respectively.

This figure is reproduced fiom Sheikh et al., 1999.
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FGFR-1(L)
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6.2.4

Over~pressbnof FGFR-1 isoforms increases fevels of phosphorylated iCLLPK
in neonutal rat cardiac myocytes.

FGF-2 has been previously shown to activate the MAPK (ERKlERK2)
pathway both in adult cardiomyocytes and whole hearts (Liu et al., 1995; Padua et al.,
1998). To determine whether the FGFR-1 cDNAs can signal a downstream target of

FGF-2, we assessed the effects of FGFR-1overexpression on 'active' ERKl and ERK2
levels in neonatd cardiac myocytes. The relative levels of ERKl and ERK2 were
assessed in total protein isolated from cardiac myocyte cultures transfected with either
control or FGFR-1 cDNAs (long or short isoforms), which were stimulated with 10Yo

FBS for 5 min. As shown in Fig. 25, increased levels of dually phosphorylated and
therefore activated ERKl and ERKîI (42 and 44 k D proteins) were observed in myocytes
overexpressing either FGFR-1 isoform, when compared to myocytes transfected with
control DNA. Both FGFR-1 isoforms, also, appeared to be equally potent in increasing
relative levels of active ERKl and ERK2. In contrast, no change in either 'total' ERKl
and ERK2 levels or protein loading, as assessed by Ponceau Red stained proteins, was
observed between control, SVenhMLC2p.FGFR-I(L) or SVenhMLC2p.FGFR-1(S)

transfected cultures (Fig. 25, lower two paneis).

Figure 25.

Effect of FGFR-1 isoform overexpression on phosphorylated MAPK Ievels.

Cardiac myocyte cultures transfected with control, SVenhMLCp-FGFR-I (L), or

SVenhMLCp-FGFR-1(S)hybrid genes, were maintained for 24 h in 10% FBS, 46 h in
0.5% FBS, 2 h in serum-fiee medium, and then stimuiated with 10% FBS (containhg

FGF-2) for five minutes. Total protein was isolated nom cultures and equal amounts of

protein (20 pg) were assessed by SDS-PAGE and protein blotting, using antibodies
recognizing either phosphorylated (active) or both phosphorylated and nonphosphorylated (total) forms of ERKl (p44) and ERK2 @42), as indicated. The size
(kD)/mobility of bands detected are indicated by closed arrows. Ponceau S stained
proteins, present on the nitrocellulose prior to antibody incubation?were also shown as an

indication of protein loading (lower panel).

This figure is modified fiom Kardarni et al., 2001.
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DNA synthesis and cell number are increneti signijZcanflyin neonafalcardioc
myocytes cultures transfected witk FGFR-I cDNAs.

6.2.5

The effects of FGFR-1 overexpression on DNA synthesis and ce11 nurnber were
assessed as markers of cardiac myocyte proliferation in cultures maintained in the
presence of 10% FBS-DMEM. Immunofluorescence staining with monoclonal antibodies
to myosin and BrdU were used to determine a BrdU LI, or the proportion of myocytes
undergoing DNA synthesis (S-phase nuclei) in cultures transfected with FGFR-1 cDNAs
or a control gene. Anti-BrdU staining was confuied to the nucleus, whereas anti-myosin
staining was exclusively cytoplasmic in the rat cardiac myocytes. The results are s h o w
in Fig. 26A and are presented as the proportion of myocytes staining for BrdU and, thus,

showing evidence of DNA synthesis. There was a significant approximately three-fold
increase in the number of myocyte nuclei staining for BrdU in cultures transfected with
SVenhMLCp.FGFR-l (L) (2.8 fold) compared with cells transfected with control plasmid
@<O.OOl,

n=4). There was no significant difference between the resdts obtained

following overexpression of the 'short' versus 'long' FGFR- 1 isoforms.

Myosin positive cells were also scored in 15 random field per coverslip (n=3) to
detennine whether the increase in BrdU staining (Fig. 26A) also reflected an increase in
cardiac myocyte cell number (Fig. 268). Myocyte number was significantly increased

(approximately 1.7 fold) in cultures transfected with SVenhMLCp-FGFR-I (S) or
SVenhMLCp.FGFR-1(L) compared with cells transfected with control SVen.hMLcp.2~~
plasmid @<0.00l9 n=3) (Fig. 26B). Myocyte number was not significantly different in
cultures overexpressing FGFR-I(S) versus FGFR-1 (L) (Fig. 26B).

Figure 26.

EfTect of FGFR-1 isoform overexpression on cardiac myocyte DNA synthesis and

ceIl number.

(A)

DNA synthesis in transfected cardiac myocytes was assessed by BrdU
incorporation. A BrdU labelling index (BrdU Li= BrDU positive celis staining for
myosin/total number of cells staining for myosin) was determined (n=4) using
irnmunofluorescence staining with monoclonal &bodies to BrdU and myosin.

(B)

Cardiac myocyte proliferation was determined by scoring myosin positive ce11
number in random fields (n=3) in cultures transfected with FGFR-1 cDNAs and
SVenhMLCp.luc.

In both cases, the results are presented as fold differences relative to the control
(SVenhMLCp.luc) value, which was arbitrarily set to 1.O. Bars represented
standard error of the mean.

(C)

Transfection efficiency was determined by scoring P-galactosidase positive cells
in random fields (n=4) in cultures transfected with FGFR-1 cDNAs or
SVenhMLCp.luchota1 number of cells and expressed as a percentage. Bars
represented standard error of the mean.
This figure is modified fiom Sheikh et al., 1999.
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6.2.6

FGF-2 levels are Mgrker in conditioned media f r m cardiac myocytes
overapressing FGFR-1 cDNAs versus control cDNA.
A highly sensitive immunoassay specific for quantitating FGF-2 levels

(Quantikine HS Human FGF basic Immunoassay) was used to detect FGF-2 in samples
of conditioned media from myocyte cultures transfected with FGFR-1(S), FGFR-1(L)
cDNAs or control DNA after 48 h. A standard curve for FGF-2 levels in the conditioned

medium of cultures transfected with SVenhMLCp-lue, SVenhMLCp.FGFR-I(S) or
SVenhMLCpFGFR-I(L) were determined and the results are expressed as mean values
(pg/ml) fiom at least Nne determinations (Fig. 27A). A level of 0.12 p g h l was observed

plasmid DNA. However, the
in cultures transfected with control (SvenhMLCp.1~~)
tevels of FGF-2 in the conditioned medium of cultures overexpressing FGFR-1 (S) or

FGFR-1(L) were 3.2 and 2.9 fold higher, respectively @<O.OS,

n=9) (Fig. 27A).

Subsequently, RNA was isolated from these cultures, and assessed for FGF-2 expression
by RNA blotting (Fig. 27B). The blot was also probed for GAPDH to allow

standardization of FGF-2 mRNA levels following densitornet~of resulting
autoradiographs. A 6.0 kb FGF-2 transcnpt was detected in al1 samples. AAer correction

for RNA loading, the levels of FGF-2 mRNA were not found to be different between
cultures transfected with control, FGFR-1&) or (S) DNA.

Figure 27.

Effect of FGFR-1 isoform overexpression on FGF-2 leveb in the conditioiied
medium of neonatal cardiac myocyte cultures and FGF-2mRNA levels in neonatal

cardiac myocyte cultures.

(A)

Cardiac myocyte cultures transfected with SVenhMLCp.luc, SVenhMLCp.

FGFR-I(S) or SVenhMLCp-FGFR-1(I)
were maintained for 48 h before FGF-2
levels in the culture medium were determined. The results are expressed as the
mean FGF-2 level plus or minus standard error of the mean (n=5).

(B)

RNA was isolated from each transfected cardiac myocyte culture,

electrophoresed, transferred to nitrocellulose and probed subsequently with
radiolabelled FGF-2 and GAPDH. Hybridized bands were visualized by
autoradiography.

This figure is reproduced fiom Shekh et al., 1999.

Control

FGF-2

GAPDH

-

' FGFR-1(S) '

FGFR-1(L)

6.2.7

The increase in DNA synthesk with FGFR-I overcrpression is blocked wifh
neutralizing antibodies fo FGF-2.
We examined the BrdU LI in the presence of neutralizing antibodies to F(SF-2 to

determine whether the increased proliferation seen in FGFR-1overexpressing cultures

was FGF-2 dependent (Fig. 28). Cultures were incubated with normal mouse serum
(NMS) as a control for the mouse anti-FGF-2 serurn. A significant two to three fold

increase in BrdU LI was seen with both FGFR-I(S) and (L) transfected versus control
cells in the presence of mouse Ig (p-dI.001, n=3). The presence of neutralizing antibodies
against FGF-2 (10 &ml) blocked this increase so that there was no significant Merence

between the BrdU LI for cardiac myocytes transfected witii FGFR-1 cDNAs versus
control DNA (p0.05,n=3). Regardless of the presence or absence of antibodies, no
significant difference was detected between the effects observed following FGFR-l(S)
versus FGFR- 1(L) overexpression (Fig. 28). .

Figure 28.

Effect of FGF-2neutralizing antibodies on the increased cardiac myocyte DNA

synthesis obsewed with FGFR-I isoform overexpression.

The BrdU LI for cardiac myocytes was determined for cultures transfected with

SVenhMLCp.Iuc, SVenhMLCp.FGFR-1(S) or SVenhMLCp.FGFR-1(L), and maintained

in the presence of normal mouse Ig (IgG) or FGF-2 neutdiring antibodies ( ~ 3 ) Bars
.
represent standard error of the mean.

*** p<0.001 (when compared to FGFR- 1(S)

FGFR- 1(IL) in the presence of Ig)

This figure is reproduced from Sheikh et al., 1999.
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CHAPTER 7

RESULTS:
7.1

The Effects of the Kinase-Deficient TGF-B Receptor Type II (TGFBRU) on Neonatal Cardiac Myocyte DNA Synthesis

Characterization of Expression of the Kinase-Deficient TGF-WII B Neonatai
Cardirrc M-vocytes.
Protein blotting and immunofluorescence micr~scopywere used to assess and

visualize TGF-PR11 protein expression and localization in neonatal cardiac myocyte
cultures transfected with either a "control" virus encoding the P-galactosidase gene
(Ad.&gal) or a virus encoding the kinase-deficient TGF-PR11 cDNA (Ad-AkTGF-PRIT)
for 24 h. Specific polyclonal antibodies to the carboxyl terminus of the TGF-BR11 were
used to recognize both the bcendogenous"and "tnuicated" forms of TGF-@NI.A protein
band of approximately 70 kD was detected in cardiac myocytes transfected with the

"contrai" virus, which represented "endogenous" TGF-PRII. The size of "endogenous"

TGF-BR11 observed in cardiac myocyte cultures is consistent with the reported size of
TGF-PRII (Fig. 29) {Cheifetz et al., 1990: Lin et al., 1992; Wrana et al., 1992). In
contrast, transfection of cardiac myocyte cultures with Ad.AkTGFPRn (MOI 50) resulted
in a major protein band of 50 kD (Fig. 29), which was not only consistent with the
predicted arnino acid sequence and but also consistent with the only AkTGFPFUI protein
product observed when overexpressed in C6 cells (data not shown). The 50 kD kinasedeficient or "cated''

form of TGF-BR11 was approximately 50 fold (n=2) in excess of

the "endogenous'- 70 kD TGF-PMI form (Fig. 29). The larger, less abundant protein
likely represents post-translational modifications of AkTGF-BRII, including glycosylation

andlor phosphorylation~and the smaller less abundant proteins likely represent degraded
products of the 50 k D AkTGF-PRII protein.
Immunofluorescence microscopy was used to visualize the expression of TGF-

PR II in transfected neonatal rat cardiac myocyte cultures (Fig. 30). Cardiac myocytes
were triple-labeled for a-actinin, BrdU and TGF-PRII to specifically identify myocytes
expressing TGF-BR11 that were in DNA synthesis. The endogenous pattern of TGF-PRU
was assessed in cultures infected with the "control" Ad$-gal. The overall TGF-PR11

staining was weak and localized to the perinuclear region of myocytes (Fig. 30A). In

cultures transfected with the Ad.AkTGF~RII(but not control), intense and specific
staining for TGF-PR11 was observed (Fig. 30A). This represented localiuition of the
kinase-deficient TGF-PR11 in overexpressing cardiac myocytes. The majority of these
overexpressing cells displayed strong perinuclear, cytoplasmic as well as membrane
stauiing (Fig. 3OA). AkTGFPRII transfected cultures incubated with non-immune semm
showed no detectable TGF-PR11 staining (Fig. 30B), confirming the specificity of the

TGF-PMI antibodies. As an additional control, light microscopy was used to visualize j3galactosidase expression in transfected neonatal cardiac myocyte cultures.

P-

galactosidase expression was detected in cardiac myocytes transfected with the '~controi''
Ad-P-gal but not in cultures transfected with Ad.AkTGFPRII (data not shown).

Figure 29.

Detection of Yendogenous"and "kinase-àefîcient" TGF-BR11 in neonatal

cardiac myocytes by protein blotting.

Total protein was isolated fiom neonatal cardiac myocyte cultures transfected with either
"contrai" Ad.P-gal (MOI 50) or A~.&TGFPRII (MOI 50), analyzed by SDS-PAGE and

immunoblotted using antibodies specifïc agahst the carboql terminus of human TGFPRII. Open and closed arrowheads denote bands conespondhg to either "kndogenous"or
major "kinase-deficient" TGF-PEU1 proteins, respectively. The mobility of molecular

mass standards is indicated on the right.

Ad.B-gal
MOI 50

Ad.hkTGF-BR11
MOI 50

Figure 30.

Detection of 4bendogenous"and Ukinase-deficient"TGF-PRII in neonatal

cardiac myocytes by immunofluorescence microscopy.

Neonatai cardiac myocytes cultures transfected with either "control" Ad-P-gal

(A)

(MOI 50) or Ad-AkTGFPRII (MOI 50) were triple stained for TGF-PHI, aactinin and DNA, as indicated. Low levels of endogenous TGF-BRU staining

were observed in perinuclear areas of cardiac myocytes, however, specific TGF-

PRII staining was obsemed in cultures transfected with the base-deficient TGF-

PN I .

White arrows denote AkTGF PRII expressing cardiac myocytes that

incorporate BrdU. Bar is equivaient to 75 pm.

(B)

The pattern observed with Ad-AkTGFBRIItransfected cultures stained with non-

immune serum is shown for cornparison. Identification of myocytes was again
confirmed by CO-stainingwith an antibody to a-actinin. Bar is equivalent to
75 Pm.

Ig

a-actinin

7.2

DNA Synthesis rS Signifwontfy Increascd in NeonataI Rat Ventriculrir Cardiuc
Myocyte Cvllvres Ekprpssing the Kinase-Defwient TGF+ RII.
Studies have demonstrated that the kinase-defkient TGF-BR11 can inhibit TGF-P

signaling in neonatal cardiac myocytes, resulting in a "dominant-negative" phenotype
(Brand et al., 1993). As a result, the effects of the kinase deficient TGF-PR11 were
assessed on BrdU incorporation and phosphorylation of histone-Hl (phospho-Hl) as
markers of cardiac myocyte ce11 cycle entry (DNA synthesis and early mitosis), in
transfected cultures maintained in the presence of 10% FBS. Immunofluorescence
staining with monoclonal antibodies to a-actinin and either BrdU, or polyclonal
antibodies to phospho-Hl were used to determine BrdU or phosph-Hl labelling indexes

(LI). As a result, the proportion of myocytes undergoing DNA synthesis (S-phase nuclei)
and early mitosis (late G2 phase, early M phase nuclei) in cultures infected with

Ad.AkTGFPRII versus cccontrol"Ad&gal were assessed. Both anti-BrdU and antiphospho-H 1 staining were confmed to the nucleus, whereas anti-a-actinin staining was

exclusively cytoplasmic in cardiac myocytes. The results are shown in Fig. 3 1 and are
presented as the proportion of myocytes staining for BrdU and phospho-Hl. There was a
significant 2.4 fold increase in the number of myocyte nuclei staining for BrdU in
cultures transfected with Ad.AkTGFBRI1 when compared with cells transfected with
"control" Ad-P-gai (~~0.05,
n=6). The effects of the A kTGFPFUI expression versus
control (Ad$-gai)

on increasing DNA synthesis can also be observed by

immunofluorescence microscopy in Fig. 30. The proportion of myocytes staining for
phospho-Hl mirrored the effect observed on BrdU. As a result, there was -also a
significant 2.8 foid increase in the number of myocyte nuclei staining for phospho-Hl in
cultures transfected with Ad.AkTGFBRI1 when compared with cells infected with

"control" Ad-P-gal (pc0.05, n=3). Nuclear CO-localizationof BrdU and phospho-Hl
staining in myocytes is s h o w in Fig. 32, demonstrating that cardiac myocytes
undergoing DNA synthesis can proceed to the late G 2 M phase.

7.3

Overexpression of the "Rinase-Deficienf " TGF-PMI Amplzpes the Eflecîs of
FGF-2 on Cardiac Myocyte DNA Synfhesis.

TGF-P has k e n shown to inhibit the increase in cardiac myocyte proliferation
observed with FGF-2 {Engelmann et al., 1992; Kardami et al., 1990; Kardami et al.,
1993). To determine whether "neutralizing" the effects of TGF-P signaling c m influence

the efTects of FGF3 on cardiac myocyte ce11 cycle entry (S phase or DNA synthesis), we

examined the BrdU LI in cardiac myocytes transfected with the kinase-deficient TGFP-

RII (Ad.AkTGF-PMI) in the presence of increased levels of added FGF-2. Varying
concentrations of FGF-2, 1, 10 and 1000 @ml, were used to enswe that FGF-2 was
maximized and thus, not a limiting factor to cardiac myocyte cultures. As a control,
cultures were incubated with a "control" (Ad$-gal) virus in the absence or presence of
increasing concentrations of FGF-2, as previously established. As expected, exogenous
addition of FGF-2 significantly increased cardiac myocyte DNA synthesis between 3 and
5 fold in a dose-dependent manner when compared to cells without FGF-2 treatment (pc
0.05, n=6; Fig. 33). In addition, the effects observed with 10 ng/ml FGF-2 were not
significantly different from 1000 ng/ml FGF-2, suggesting that FGF-2 was indeed
maximized in the cardiac myocyte cultures (n=6; Fig 33). Cardiac myocytes transfected
with Ad-AkTGF-BR11 when treated with 1, 10 or 1000 ng/ml FGF-2 resulted in a
significant 14 , 12 and 13 fold increase in DNA synthesis, respectively, when compared
to control cells (p<0.01, n=6; Fig. 33). The average 13 fold increase in cardiac myocyte

DNA synthesis (based on averaging fold increases with 1, 1O and 1000 ng/rnl FGF-2 in
cardiac myocytes transfected with Ad-dkTGFP-RII) was significantly greater than the
increase in DNA synthesis observed with either the kinase-deficient TGF-PRII (2.4 fold)

or FGF-2 (3.5 fold) alone, suggesting an amplified effect (p<0.05, n=6; Fig. 33).

Figure 31.

Effect of "kinase-deficient" TGF-@RI1overexpression on cardiac myocyte e n t y into
S phase.

DNA synthesis and early mitosis in Ad$-gal and Ad.AkTGF-PRII transfected cardiac-

myocytes was assessed by bromodeoxyuridine (BrdU) and phosphorylated Hl (phospho-

Hl) staining. Both BrdU and phospho-Hl labeling indices (BrdU LI

= BrdU

positive

cells staining for a-actinin/totai number of cells staining for a-actinin and phospho-U 1 LI
=

phoshorylated H l positive cells staining for a-actinin/total number of cells staining for

a-actinin) were determined using imrnunofluorescence staining with monoclonal
antibodies to BrdU and a-actinin as well as polyclonal antibodies to phosphorylated H l .

In both cases, the BrdU LI (n=6, two independent experiments) and phospho-Hl LI (n=3)
are expressed as fold differences relative to a control (Ad.P-ga1) value, which was

arbitrarily set to 1.O. Bars represent standard error of the mean and * = p<0.05.

MOI 50

MOI 50

Figure 32.

Co-localization of BrdU and Pbospho-Al Labehg in AkTGF-BRII transfected
cardiac myocytes.

Ad.AkTGF-PR11transfected cardiac myocyte cultures were quadruple-stained for (A).
phospho-Hl, (B)a-actinin and BrdU as well as (C) DNA. White arrow denotes co-

localization of phospho-Hl and BrdU labeling in cardiac myocyte cultures transfected
with AkTGF-PRIL Bar is equivalent to 38 p.

Figure 33.

Eflect of exogenous addition of FGF-2 on the hcreased canliac DNA synthesis
obsewed with the 'kinase-deficient" TGF-BRIL

The BrdU LI for cardiac myocytes was determined for cultures transfected with
Ad.AkTGF-PRII and Ad. P-gal, and maintained in the absence or presence of 1, 10 and
1000 ng/ml FGF-2 (n=6). The BrdU LI is expressed as fold differences relative to a

control (Ad.P-gai in the absence of FGF-2) value, which was arbitrarily set to 1 .O. Bars
representstandard error of the mean, * = p<O.OS, * * = p<0.0 1, and ** *=p<0.001.

CHAPTER 8
DISCUSSION
8.1

The Role of Endogenous FGF-2Overexpressioon in Mome Hearts In Vivo and
in îhe Context of FGF-2Refease and Cardioprotection
Considerable attention has focussed on the use of polypeptide growth factors

and in particular FGF-2 in the treatment of cardiovascular disease (Waltenberger, 1997).

Although efforts have targeted the protective effects of exogenously supplied FGF-2 and

the development of delivery systems, there has k e n little effort to exploit these effects by
controlling endogenous production of FGF-2. Targeting endogenous FGF-2 production
may serve as an additional strategy to improve cardiac resistance to injury as this

approach would clearly take advantage of the proposed natural mode of FGF-2 release

from the myocardium. As a result, increased FGF-2 synthesis would d l o w for more
prolonged and increased FGF-2 release from intracellular pools upon contraction, which
could then lead to targeted effects on adult cardiac myocytes to mediate protection of the

heart. This may have benefits in both the short term, such as is in the event of injury, as

well as the long term, which may be important in maintaining a healthy myocardium.

We generated TG rnice overexpressing 18 kD FGF-2 and established an isolated

mouse heart Langendorff preparation to assess the release and the potential
cardioprotective effect of increased "endogenous" FGF-S. The RSV promoter was used
to generate FGF-2 TG mice, because previous reports have demonstrated that the RSV

promoter can direct preferential overexpression of genes in striated muscles in vivo
(Conti et al., 1995; Jackson et al., 1990}. Our results are consistent with these fmdings
and demonstrate that the RSV promoter directs preferential overexpression of FGF-2 in

striated muscles, including adult cardiac myocytes in vivo (Figs. 6 and 7). An isolated
mouse heart model system was established as it allows us to: (i) directly measure Yocai"
release of factors in a functioning heart without the influence of systemic factors, (ii)
easily deliver factors (via additions to the perfûsate) directly to the h e m to assess their
response to cardiac injury and (iii) directly measure functionai and cellular responses to
cardiac injury without the interference of the immune system. The immune system, in
particular, was of concem in the FGF-2 TG rnouse model since recent evidence fiom our
laboratory using this model implicated a role for FGF-2 in the inflammatory response
observed in cardiac tissue after injury in vivo (Meij e t al., 1998).

Novel findings presented in this section of the thesis are that stimulation of
ccendogenous"production of FGF-2 as achieved in the FGF-2 TG mouse hearts resulted
in increased: (i) FGF-2 release, (ii) FGF-2 in apparent association with the extracellula.
matrix (basement membrane), (iii) capillary density, (iv) activity of downstrearn kinases

(JNK, p38, aPKC) associated with ischemic preconditioning andlor angiogenesis as well

as (v) resistance of the myocardium to ischemia-reperfbsion injury. These resuits suggest
that myocardial protection in FGF-2 TG mice may reflect a direct effect of FGF-2 on
cardiornyocytes, including the activation of stress MAP kinases and aPKC. These data
support the notion that stimulation of endogenous FGF-2 expression might provide a

strategy for improving cardiac resistance to injury.

8.1.1

FGF-2 reiease in the context of the FGF-2 TG m o m -del
Since it is widely accepted that FGF-2 released fiom cells is retained by the

extracellular matrix and its specialized component the basement membrane, the effects of

FGF-2 overexpression would be expected to manifest localfy at the tissue level and not
systemically. Our results contirm this notion since there were no significant changes in
serum FGF-2 levels between FGF-2 TG and non-TG mice. These results also provide
supporting, albeit indirect, evidence for a role of the extraceflular matrix in tightly
regulating FGF-2 bioavailability (reviewed in section 2.4.6.2). Although the basement
membrane acts as a dynarnic reservoir for FGF-2, binding and release of FGF-2 is rapid
and dependent on several factors which include FGF-2 concentration a d o r basement

membrane integrity (Dabin and Courtois, 1991, Dowd et al., 1999). However, matrix
degradation is not an absolute requirement to 'fiee' FGF-2 (Nugent and Edelman, 1992).

In the heart, endogenous FGF-2 appears to be released fiom cardiac myocytes on a beatto-beat basis through contraction-induced transient remodelling of the myocyte plasma

membrane under normal physiological conditions (Clarke et al., 1995; Kaye et al.,
1996). Additional FGF-2 is released with increased heart rate and force of contraction

(Clarke et al., 1995}, as well as upon darnage to the ce11 membrane resulting. in the
liberation of intracellular stores (Kaye et al., 1996). Two lines of evidence presented in
this thesis, show "proof of concept" that FGF-2 overexpression was accompanied by
increased "local" FGF-2 release (and thus increased FGF-2 potentially available to ce11

FGF receptors) in FGF-2 TG mouse hearts. This includes the increased anti-FGF-2
immunostaining in apparent association with the basement membrane (Fig. 12) and the
increased levels of FGF-2 in the effluent of FGF-2 TG mouse hearts during the 30 min of

equilibration prior to ischemia (Fig. 13). Furthemore, the increased intracellular FGF-2
levels, indicated by imrnunostaining (Fig. 7) and inferred by the 22-34 fold increase in
total 18 kD FGF-2 extracted h m FGF-2 TG hearts, would also be expected to result in

increased levels of FGF-2 release both chronically as well as acutely. Thus, our data
indicate that "loading" cardiac myocytes with FGF-2 through endogenous overexpression
does translate into increased levels of FGF-2 release. This increase in endogenous FGF-2

release wouId be expected to contribute to the increase in myocyte viability observed in
FGF-2 TG mouse hearts subsequent to cardiac injury.

8.1.2

Cardioprotection in the c o n t a of the FGF-2 TG mouse model
Specific parameters were used to determine whether endogenous FGF-2

overexpression in mice in vivo resulted in any gross morphological changes in FGF-2 TG
hearts. This was clearly important to assess since FGF-2 is not only implicated in
cardioprotection but also in various aspects of cardiac growth including proliferation,
hypertrophy and angiogenesis (reviewed in section 2.4.8). FGF-2 TG mice are viable and
hearts from adult FGF-2 TG and non-TG mice displayed no gross differences as reflected
by similar heart weight-to-body weight ratio and density of smooth muscle-conming
blood vessels, as well as expression of cardiac differentiation markers (Fig. 8). Thus,

these data do not provide evidence for a hypertrophie effect on the heart. We did not

ngorously assess specific parameters related to cardiac myocyte proliferation in adult
FGF-2 TG mouse h e m , however, a preliminary assessrnent of DNA synthesis in FGF-2
TG and non-TG adult cardiac mouse myocytes cultured for 48 h and pulsed for 18 h with
BrdU reveaied no evidence or change in the level of DNA synthesis (Sheikh and Canini,

unpublished observations). There was, however, a significant 20% increase in capillary
density in FGF-2 overexpressing h e m . In view of the established angiogenic properties

of FGF-2, it is likely that FGF-2 overexpression resulted in chronicdly elevated basal
levels of "Iocal" FGF-2 release that would then affect endothelial cells which would
result in increased capillary density (Tomanek et al., 1998; Yanagisawa-Miwa et al.,
1992). It is also possible that FGF-2 overexpression may have caused increased capillas.

density indirectly, perhaps by inducing expression/release of other angiogenic factors.
Regardless of the mechanism, an increase in capillary density might be expected to
contribute to the increase in myocyte viability during ischernia-reperfusion injury by
ùicreasing tissue perfusion to myocytes in areas of damage.

To determine whether endogenous overexpression of FGF-2 in mouse hearts in
vivo had any effects on FGF-2 signaling, both levels of the high affinity receptor for

FGF-2, FGFR-1, and downstream targets of FGF-2 were assessed in FGF-2 TG mouse
hearts. Although mRNA expression of FGFR-1 was unchanged in FGF-2 TG mouse
hearts (Fig.

a), baseline activity levels of downstream targets of FGF-2 signaling such as

stress-activated MAP kinases

(INK and p38) as well as membrane-associated

(presumably active) aPKC were augmented (Fig. 9). The upregulation of active JNK,
p38 and aPKC have al1 been implicated in ischemic preconditioning, thus suggesting that
FGF-2 TG hearts may be in a "preconditioned" and thus "protected" state prior to injury
(Kitakaze et al., 1997; Nakano et al., 2000; Ping et al., 1999; Yoshida et al., 19971,
irrespective, of cbfieshly"released FGF-2. This is also consistent with the observed
increase in EPKC which has also k e n implicated in FGF-2 induced cardioprotection and

ischemic preconditioning and thus, may reflect a potential mediator of cardioprotection
{Padua et al., 1998; Yoshida et al., 1997). In addition, we cannot exclude the possibility
that the upregulation of certain kinases could also be related to the increased capillary
density observed as activation of p38 and aPKC but not JNK are reported to be essential

in early and/or iate events of angiogenesis {Harrington et ai., 1997; Erdreich-Epstein et
al., 2000; Mudgett et al., 2000; Rousseau et al., 1997; Yarnarnura et al., 1996; Yang et al.,

2000}. Also, the upregulation of active p38 has been implicated in FGF-2 induced
angiogenesis {Tanaka et al., 1999). The increase in EPKC in FGF-2 TG hearts may also
signal angiogenesis, thus increasing tissue perfûsion in the event of injury {Yarnamura et
al., 1996). Regardless, the expression profiles of the kinases and their potential roles in
ischemic preconditioning and angiogenesis suggest that FGF-2 TG hearts may be
"primed for protection in the event of injury. Although the mechanism of protection
remains to be defmed, the activation of these signaling pathways would be expected to

contibute towards the increase in myocyte viability observed in FGF-2 TG hearts during
ischemia-reperfusion injury.

To deterxnine whether endogenous FGF-2 overexpression in mouse h e ~ had
s
any effects on protection, FGF-TG mouse hearts were subject to global ischemia-

reperhsion injury in an established mouse Langendorffpreparation (Fig. 10) and hearts
were assessed for ce11 viability (as measured by LDH release) and contractile recovery

(left ventricular developed pressure). A significant 35-40% increase in myocardial

viability, as reflected by a decrease in LDH release in perfusates was observed in FGF-2
TG versus non-TG mouse hearts subsequent to ischemia-repemision injury in both FGF-

2 TG lines (Fig. 14 , C and D), which was consistent with the increase in capillas'
density, levels of kinases (JNK,p38, aPKC)associated with ischemic preconditioning
and/or angiogenesis and "local" FGF-2 release. However, in spite of the increase in FGF2 release and myocyte viability, there was no significant difference between the

contractile recovery seen with FGF-2 TG and non-TG mouse hearts after myocardial
injury (Fig. 14, A and B). The Iack of an apparent improvement in cardiac h c t i o n was

not expected given the positive eEect of FGF-2 overexpression on mouse myocyte
viability (Fig. 14, C and D) as well as enhanced contractile recovery and cell integrity
reported for exogenous FGF-2treatment of isolated rat heart preparations {Padua et al.,
1998; Padua et al., 1995b). Several factors may have contnbuted to the differences in

cardioprotection obsewed between exogenously administered and overexpressed
endogenous FGF-2. These include: (i) species-related effects (i-e., mouse versus rat), (ii)
"chronic" (transgenic) versus "acute" exposure of hearts to FGF-2, (iii) the amount of

FGF-2 available to the recepton of cardiomyocytes and other cardiac cells, (iv)
endogenous (transgenic) versus exogenous mode of FGF-2 delivery and (v) mechanism
of cardioprotection by "endogenous" versus "exogenous" FGF-2.

In terms of species-related effects, we showed that this was not the case by
pefising mouse hearts with exogenous FGF-2. This resulted in an increase in contractile
recovery (Fig. 15A) and significantly less damage to the myocardium as reflected in
decreased LDH levels (Fig. 15B). The level of contractile recovery in the mouse heart
(average improvement from 40.9 f 1.9% to 64.2 t 1.1%) was less than reported
previously (improvement fiom 34.1 f 5.1% to 76.4 I4.1%) for the effect of FGF-2 in a

similar isolated rat heart preparation (Padua et al., 1998). This may reflect differences in
the extent of the damage seen with these species as the mouse myocardium is reported to

be more sensitive to changes in calcium concentration than the rat myocardium (Brooks
et al., 1999).

In terrns of "chronic" versus "acute" exposure of FGF-2, the structural
differences in FGF-2 TG hearts (related presumably to chronic exposure) raise the

possibility that increased capillary density may contribute to the differences in
cardioprotection observed in FGF-2 TG hearts. However, an increase in capillary density
is not required for a positive effect on myocyte viability as similar results were obtained
through "acute" exposure to FGF-2 via exogenous addition (Fig. 15). Studies in the rat
heart indicated that the "acute" cardioprotective effects of exogenous FGF-2 were not

dependent on effects on vasculature leading to flow modulation (Padua et al., 1998).
Rather, a direct effect of FGF-2 on adult cardiac myocytes was implied (Padua et al.,
1998 ) . Thus, the increase in myocardial viability caused by the increase in endogenous

FGF-2 reflects a direct protective effect on the adult myocytes.

In ternis of amount of FGF-2 available to receptors, total FGF-2 released nom

FGF-2 TG and non-TG mouse hearts during the 30 min period prior to ischemia was
about 3 and 1 ng (based on data presented in Fig. 13), respectirely. Although FGF-2 TG
cardiomyocytes could be considered to have been exposed to at least three times as much
FGF-2 as non-TG cardiomyocytes, the absolute levels may have been insufficient for
increased contractile recovery. Infusion of 10 pg FGF-2 in the non-TG perfûsed hearts on

the other hand may have resulted in higher overall levels of exposure to FGF-2,at least

for the duration of the experiment. Certainly there is evidence that cardioprotective and
angiogenic properties of FGF-2 are dose-dependent (Harada et ai., 1994;Laham et al.,
1999; Lopez et al., 1997;Padua et al., l99Sb).

In tems of mode of delivery, FGF-2 added exogenously was distributed via the
blood vessels to the cardiac myocytes, while FGF-2 released as a consequence of
endogenous overe'rpression was released by cardiac myocytes into the vessels. ~Blood
vessels were intensely stained for FGF-2 (indicating local retention of this factor) in
exogenously treated but not FGF-2 TG or non-TG mouse hearts (fig. 11B versus 1SB), a
finding consistent with the mode of deiivery. Thus, it is possible that exogenous
administration of FGF-2 resulted in higher exposure and therefore protection fiom injury
of a wider range of cells, particularly smooth muscle and endothelial cells of blood
vessels, compared to local FGF-2 release fiom cardiac myocytes.

In tems of the mechanism of cardioprotection, it is possible that "endogenous"
and "exogenous" FGF-2may mediate divergent signaling pathways, which may exert and

target their effects on protection at different sites within the cell. This concept is not
unheard of as divergent signaling pathways have been reported for endogenous and
exogenous molecules such as nitric oxide in evoking a toxic response by tert-butylhydroperoxide in CHPl O0 cells (Guidarelli et al., 1999) as well as ceramides to mediate
protection of cells against viral infection (ALlan-Yorke et ai., 1998). The two measures
used to assess the response to cardiac injury include: LDH release and contractile

recovery. LDH release is a measure of ce11 membrane integrity, while contractile
recovery is a measure of myofibrillar integrity and function. Although, we cannot exclude
the possibility that exogenous FGF-2 may act through a pathway similar to endogenous

FGF-2 to increase ce11 membrane integrity and that exogenous FGF-2 signaling rnay
mediate effects on myofibrillar function, which are divergent fiom the effects of
endogenous FGF-2 in the event of injury, Our data also raise the possibility that
endogenous FGF-2 may play a unique role in preserving ce11 membrane integrity to
mediate cardiac resistance to injury. Since LDH is an enzyme onginating from
mitochondria, our data also raise the intriguing possibility that endogenous FGF-2 may
play a role in preserving mitochondrial membrane integrity, and possibly function. Thus,
investigating a possible role for endogenous FGF-2 in mediating mitochondrial
membrane inteet)' and cardioprotection offers an exciting new area of research. This is

especially intriguing, given that recently (i) mitochondrial K+ ATP-sensitive channels
have been proposed to be the end-effector of signaling pathways implicated in the
protective effects of ischemic preconditioning (Baines et al., 1999a), (ii) both PKC and
stress MAP kinases are implicated in the opening of mitochondrial K+ ATP channels
(Baines et al., 1999a)and an increase in levels of active p38, JbK and a-PKC as well as
increased myocyte viability is observed in FGF-2 TG hearts (Chapter 4), and (iii) a recent
report has implicated a direct role for K+ channels in FGF-1 mediated cardioprotection in

ischemia-reperfusion injury (Cuevas et al., 2000). Since (mitochondrial) membrane
integrity is also increased in exogenously FGF-2 treated hearts, it is possible, in this

scenario, that this effect may due to a response resulting from an amplification of
"endogenous" FGF-2 production in FGF-2 treated hearts- Since endogenous FGF-2

synthesis c m increase with stimuli related to injury (i.e., ischemic/reperfÛsion injury)
(reviewed in section 2.4.1) and autoregulation of FGF-2 gene expression has been
described in cardiac cells including endothelial cells, vascular smooth muscle cells and
adult rat cardiac myocytes (Alberts et al., 1994; Fischer et al., 1997; Wang et al., 1997;

Weich et al., 1991), we also cannot excIude the possibility that the effects of FGF-2on
ce11 (including mitochondrial) membrane integrity are mediated by an arnplified response

of endogenous FGF-2 signaling. Future directions for assessing a role for endogenous

FGF-2 on mitochondria during cardiac injury are outiined in Chapter 9.

8.1.3

Conclusions
In conclusion, these results demonstrate that overexpression of FGF-2 in vivo

has significant phenotypic effects on the adult heart that might influence its response to
injury Chronic FGF-2 overexpression (associated with increased angiogenesis/capillary

density and mgmentation of kinases linked with ischemic preconditioning, angiogenesis
and cardioprotection) which leads to increased "local" FGF-2 release are iikely

contributing to the increased cardiac myocyte viability observed afier ischemiareperfusion injury. These results also demonstrate, for the k t tirne, that exogenous FGF2 is cardioprotective in the mouse. The differences in cardioprotection observed between
exogenous and endogenous FGF-2 in the mouse heart may reflect differences in FGF-2
concentration, mode of delivery or mechanism of cardioprotection. Taking together these
data in combination with previous reports on the cardioprotective effect of exogenous

FGF-2 suggest that FGF-2 expression and release fiom cardiomyocytes could be viewed
as part of the normal process for maintainhg a healthy myocardiurn as well as part of the

response to injury. Therefore, stimulation of endogenous expression of FGF-2, and thus
targeting endogenous FGF-2 production, may provide a credible method for improving
cardiac health and resistance to injury.

8.2

Generation of Adult Cardiac Mouse Myocyte Cultures for FGF-2
Transcriptional Studies in the Heurt

Adult cardiac myocyte cultures are an essential tool to answer specific questions
at the cellular level, which can be used to either complement or address questions which

are impeded by whole animal studies. For example, adult cardiac myocytes have k e n

s h o w to be a useful model system in assessing various preservation solutions affecting
cardiac myocyte metabolism after preservation for successfùl transplantation and longterni survival of the heart (Schmid et al., 1991). This was stated to have been impossible
to assess systemically in whole hearts (Schmid et al., 1991). Although there is focus on
the development of procedures to isolate and culture adult cardiac myocytes nom various
species including the rat, guinea pig, dog and rabbit, there is a paucity of idonnation in
the titerature with regards to sirnilar methods for the mouse. Given the growing use of
transgenic and gene "knockout" mouse models for the study of gene expression and
regulation in the heart, the ability to isolate and culture viable adult cardiac myocytes

fiom mice would prove to be an invaluable tool to complement studies in the whole
animal (transgenic or othenvise).

We have devised a method to isolate and culture viable adult cardiac myocytes

fkom mouse hearts in order to make use of the -1058FGFp.l~~
transgenic mouse model to
address specific questions which relate to the role of FGF-2 transcription in the heart.

Transcription is one important level at which gene expression is regulated. However, in
the penod of 1995 to early 200 1 less than 5% of publications in the area of FGF-2 in the

heart report on transcriptional regulation of FGF-2. Results fiom a previous chapter

(Chapter 5) have already demonstrated that increasing endogenous FGF-2production is
associated with an increase in cardiac resistance to injury. Therefore, targeting
endogenous FGF-2 production through regulation of FGF-2 synthesis/transcription in
adult cardiac myocytes could serve as an additional means to exploit the beneficial
effects of FGF-2 in the heart. Studies in our laboratory have revealed that FGF-2
transcnption/promoter activity can be regulated in -1058FGFp.l~~
mice in vivo through
adrenergic stimulation (via catecholamines) (Detillieux et al., 1999). However, since
activity was assessed in whole hearts, it remained to be detennined whether the FGF-2
promoter is active and/or could be regulated by adrenergic stimulation in adult cardiac
myocytes. Addressing the fust premise would be essential in exploiting the use of this
transgenic model for future studies in the area of transcriptional regulation of FGF-2 in
the heart.

Novel findings presented in this section of the thesis are that the procedure
developed to isolate and culture adult mouse cardiac myocytes: (i) was successful in

generating 70% viable rod-shaped striated adult cardiac myocytes which could be
maintained in culture for 3 days and (ii) could be applied to the - 1 0 5 8 F G F p . l ~ ~
transgenic model to demonstrate that the FGF-2 promoter is active and can be increased
by the catecholamine, norepinephrine (10 pM), in adult cardiac myocytes. These results

present a procedure to generate and culture viable adult mouse cardiac myocytes, which

can be used to exploit transgenic mouse models. These data also strengthen the notion
that adrenergic regulation of FGF-2 in the kart codd be viewed as an additionai spategy

to exploit the "therapeutic" effects of FGF-2 in the heart, for both normal maintenance of
the hem and in the event of injury.

8.2.1

Technicaf considerations for isolating and culturing aduit mouse cardiac
myocytes

Isolation of adult cardiac myocytes, in general, is a complicated procedure.
Specific modifications of methods for isolation are not oniy required for each species but
also within the same species, dependent on their experimental use (Wolska and Solaro,
1996). In terms of the mouse, there have been several reports on the isolation of mouse

cardiac myocytes, however, these ceiis were mainly used for electrophysiological studies
and not maintained in culture (Albitz et al., 1990; Dom et al., 1994; Li et al., 1998;

Maxwell et al., 1999). Although there is one report for short-term culture and one report
for long-term culture of adult cardiac myocytes, these cells clearly do not retain their

striations or rod-shaped features (Knippenbacher et al., 1993, Zhou et al., 2000). Since
the purpose of our studies required adult cardiac myocytes to be maintained in culture,
we found that the existing isolation procedure for mouse myocytes for

electrophysiological purposes had to be modified {Maxwell et al., 1999). Certain
variables were crucial to this procedure and they include composition of disaggregation
medium, EGTA, calcium, time of enzymatic digestion, pre-treatment of culture dishes
with laminin/sem and use of Ml99 medium as well as low semm to maintain myocytes

in culture.

The isolation method used for moux myocytes involved the use of constant
flow with an enzyme solution containing collagenase, protease and BSA at a temperature

maintained at or just below 37°C (Maxwell et al., 1999). Constant flow was used since it
was s h o w to permit efficient and continuous perfusion of tissue during enzymatic
digestion in the mouse heart {Maxwell et al., 1999). A combination of two proteolytic
enzymes, which include collagenase (breakdown of conneetive tissue) and protease
(breakdown of polypeptide chahs) were used since together they were found, as reported
by others, to permit complete dissociation of mouse cardiac myocytes (Dom et al., 1994;

Maxwell et al., 1999). Quality of collagenase was also an issue, and batches were tested
for isolation procedures. Also, consistent with other reports, use of BSA was crucial to
the isolation method for mouse myocytes since it was found to minimize myocyte
damage and increase viability, presumably due to preservation of membrane integrity

(Garnbassi et al., 1992; Li et al., 1998; Maxwell et al., 1999). We have also found that
BSA addition to pefisates was essential in maintaining normal heart function in the

mouse Langendorff preparation, as it was found to prevent edema (Sontag, Sheikh and
Cattini, unpublished observations). BSA may be a necessity, in particular for mouse

myocyte isolations, since it has been shown that the mouse myocardium has an increased
sensitivity to calcium, and thus possibly damage, when compared to the rat myocardium

(Brooks and Conrad, 1999).
The main modification nom the existing mouse myocyte isolation procedure
used was removal of a wash perfusion step which involved using a buffer conwning
EGTA {Maxwell et al., 1999). Although EGTA (or calcium chelation) can facilitate
release of calcium-tolerant rod-shaped adult cardiac myocytes for electrophysiological

studies (Maxwell et al., 1999; Isenberg and Klockner, 19821, we found that this step
generated viable cardiac myocytes but caused the cells to become irreversibly rounded
when maintained in culture. Removal of this step in the isolation procedure greatly
improved yield of viable adult cardiac myocytes and resulted in survival in culture.
Although the reasons for these differences are largely unknown, it has been shown that
chelator-supplemented medium tend to yield calcium-insensitive cells, however, this was
dependent on time of exposure to the medium (Dow et al., 198 1). Thus, it is possible that
membrane integrity changes with time (i.e., when maintained in culture) and the
sensitivity of isolated adult cardiac myocytes towards calcium increases, leading to ce11
death. In addition, temperature and oxygenation may also play a role in the increased
sensitivity of cardiac myocytes to calcium when maintained in culture.
Extracellular calcium is also a crucial parameter in attaining viable adult cardiac
myocytes. Calcium must be present at concentrations suficiently high to preserve the
functional and structural integrity of the cardiac myocyte sarcolemrna without causing
"calcium overload", but low enough to ensure separation of cells at theu intercalated
discs {Dow et al., 198 11. As a result, we have used a norninally calcium-fiee solution, as

others have reported for mouse myocyte isolation procedures and used incremental
increases in levels of calcium after isolation to obtain viable cells (Li et al., 1998;
Maxwell et al., 1999). Supplementation of BSA in these graded calcium concentrations
was also found to increase both yield and viability of adult cardiac myocytes, presumably
by preserving membrane integrity. ALthough, the calcium concentration was not assessed

during enzymatic digestion using the "nominally" calcium-free solution, others have
reported calcium concentrations of up to 30 to 40 pmoVL at the end of organ pemision in

hearts {Powell and Twist; 1981). This is based on endogenous calcium, calcium
contaminants in collagenase, calcium present in albumin and salts and calcium leached
from the tissue during perfusion {Powell and Twist, 1981}. The use of a nominally

calcium-fiee solution and increasing calcium with graded concentrations has been shown
previously to greatly reduce adult cardiac myocyte sensitivity to calcium, and thus
increase viability {Dow et al., 1981).
Duration of enzymatic digestion was the most crucial parameter in the "success"
of the isolation procedure and the ability to culture adult cardiac myocytes fiom normal
mouse hearts. Three key observations were assessed which include colour, texture and
shape of heart tissue to indicate the termination of enzymatic digestion. The most
meaningfûl test was "the pinch method" which involved directly palpitating the heart to
determine flaccidity or sponginess of heart tissue. This method has been described
previously by others to indicate termination of digestion (Wolska and Solaro, 1996).
From at least ten trials, it was f o n d that enzymatic digestion took between 18-22 min to
isolate viable adult mouse cardiac myocytes that could be maintained in culture.
Perfusion with enzymatic solutions for shorter or longer periods resul-ted in
underdigestion or overdigestion of mouse h e m tissue, reducing ce11 viability and yield.
Timings could, however, Vary depending on different properties observed in both normal

and/or transgenic mouse hearts. We have observed that a reduced enzymatic digestion
period (i.e., 10 min) was required to isolate adult cardiac myocytes fiom FGF-2TG rnice

(Sheikh and Cattini, unpublished observations). Since FGF-2 TG mouse hearts have been
charactenzed with a 20% increase in capillary density (Sheikh et al., 2001 ), a reduced
enzymatic digestion period is presumably required because of better delivery of

proteolytic enzymes for tissue disaggregation. In addition, we also found that enzymatic
digestion of hearts from mice that were greater than eight months old was not as
effective, yielding reduced numbers of viable cardiac myocytes. This is presurnably due
to increased extracellular matrix and collagen deposition which is reported in aged
animals {Eghbali and Weber, 1990; Weisfeldt et ai., 1971) .

The ability to culture adult cardiac myocytes relies on three key parameters, (i)
viability of adult cardiac myocytes fiom isolation procedure, (ii) pre-treatment of culture
dishes with laminui10% FBS-Ml99 and (iii) the use of Ml99 and low serum conditions
for maintenance in culture. Since adult cardiac myocytes do not divide in culture,
replication rates and mitotic indices canwt be used as methods to measure viability of
isolated cells (Dow et al., 1981). The simplest test for ce11 viability, albeit crude, Is the.
dye exclusion assay (Dow et al., 1981) .Using this assay, rod-shaped cardiac myocytes
tend to exclude trypan blue while contracted cells are permeable to this dye {Dow et al.,
1981} . Using our isolation method, approximately 70% of the striated rod-shaped cardiac

myocytes excluded trypan blue. These percentages are greater than reported by others
which are in the range of 3O-58% {Kmppenbacheret al., 1993; Li et al., 1998; Redaelli et

al., 1998; Wolska and Solaro, 1996). Recently another group reported mouse myocyte

viability of approximately 70%, however, these cells did not retain their rod-shaped
features after one day in culture {Zhou et al., 2000). Dye exclusion has also been shown
to parallel respiration features (i.e., oxygen consumption) of adult cardiac myocytes, used
as another indicator of viability {Farmer et al., 1977; Rajs et al., 1978). Other tests
described to measure viability include measurement of LDH release in medium and

calcium transients in ceils exposed to increased extracellular calcium {Dowet al., 1981 ).
In tems of ce11 number, we reported isolating approximately 4.1 x 10' viable adult
cardiac myocytes per mouse heart, however, this may be an underestimate, since

counting of adult cardiac myocyte nurnber using a hemacytometer may be inaccurate due
to their large size (Horackova et al., 1997). We have also found that the the survival of
myocytes in culture is proportional to the viability/yield of isolated myocytes with 70%
viability allowing adult cardiac myocytes to s w i v e for up to 3 days, without undergoing
spontaneous hypercontracture. In tems of culturing conditions, although laminin is
commonly used as the substrate to facilitate attachment of adult cardiac myocytes to
culture dishes (Maxwell et al., 1999; Padua et al., 1998), we have fouod that dishes pre-

treated with a combination of laminin and 10% FBS-Ml99 can increase the survivability
of adult cardiac myocytes in culture. Pre-treatment of culture dishes with serum has
previously been shown to be a crucial prerequisite towards attachent and maintenance

of adult mouse cardiac myocytes, presumably due to factors present in serum which may
promote attachment {Kruppenbacher et al., 1993). We have also found like others that
Ml99 medium, as opposed to other medium, and using low senun conditions can be used

to sustain adult cardiac myocytes in a differentiated state in short-terni culture
(Kmppenbacher et al., 1993; Padua et al., 1998).

After three days in culture adult cardiac myocytes undergo hypercontracture or
increased sensitivity to calcium and die. Although the reason for the hypercontracture at
three days has not been determined it could be related to two possibilities. The first
possibility includes the isolation procedure used for mouse myocytes, which may not be

as efficient as protocols used for other species to maintain these cells in long-terni
culture. We have reported a 70% viability of rod-shaped adult cardiac myocytes,
however, isolation methods to maintain adult rat and guinea pig cardiac myocyte cultures
in iong-term culture have reported >%O% viability of rod-shaped adult cardiac myocytes

{Horackova et al., 1997; Horackova and Byczko, 1997). A second possibility could

reiate to plating densities of addt mouse cardiac myocytes in culture, which may relate to
theformation of ce11 contacts, as this was reported to be a crucial parameter in
maintaining long-term cultures of adult guinea pig cardiac myocytes (Horackova et al.,
1997). In addition, the presence of survival factors not present within low semm could

also account for differences.

8.2.2

FGF-;?gene regulation in -IOS8FGFp.luc adulf cardiac rnyocytes
There is limited information on the transcriptionai regulation of FGF-2 in the

adult heart. This largely relates to the fact that (i) transcriptional reguiation of FGF-2 is

an understudied area (5% publications on FGF-2 in the heart since 1995), (ii) dificulties
in detecting endogenous FGF-2 mEWA due to instability and low levels of message in
cardiac cells as well as (iii) difficulties in using conventional methods to introduce genes

into adult cardiac myocytes for FGF-2 gene regulation studies. To increase the sensitivity
of detecting FGF-2 transcription in the heart, Our laboratory has generated and
characterized a transgenic mouse mode1 containing the rat FGF-2 promoter region
driving the luciferase reporter gene. The use of luciferase as a reporter gene has greatly
increased the sensitivity of detection of FGF-2 transcription in a variety of tissues,
including the heart in vivo (Detillieux, 1999; Detillieux et al., 1999). However, to date,

studies on the transcriptional regulation of FGF-î in the heart, using this model, have
been limited to whole hearts because of dificulties in detecting luciferase at the cellular

level. Attempts at detecting luciferase using conventional methods like in situ

hybndization and irnmunlocalization have been unsuccessful in our laboratory as well as
othen, due to lack of specific methods and reliable commerciaily avaifable luciferase
antibodies (Grothe, Detillieux and Cattini, unpublished observations}. Clearly, detection
of luciferase/FGF-2 transcription in adult cardiac myocytes would be crucial in tems of

exploiting this model and determining its role in the context of adrenergic regulation, to
complement studies in the whole heart. Therefore, to circumvent the difficulties of
luciferase detection, adult cardiac myocytes were isolated and cultured from
-1058FGFp.luc mice to determine whether the FGF-2 promoter was active and/or
responsive to adrenergic stimulation in adult cardiac myocytes.

We were thus able to confirm that the FGF-2 promoter is active and is

responsive to adrenergic stimulation using norepinephrine (10 PM) in adult cardiac
myocytes derived fkom -IO58FGFp.luc mice (Fig. 18). According to the dose reponse
cuve for NE in studies in isolated right ventncular papillary muscles, 10 pM NE was
shown to be within the pharmacological dose response range (Chidsey and Braunwald,
1966). These results also suggest that the genetic information contained within 1 kb of
the rat FGF-2 promoter region is sufficient to drive FGF-2 gene expression in adult

cardiac myocytes. The use of adult cardiac myocyte cultures, in this case, has extended
and complemented in vivo observations in the -1058FGFp.luc model, related to the

adrenergic regulation of FGF-2 transcription in the heart. Previous studies fkom our

laboratory have shown that FGF-2 transcription in -1058FGFp.Iirf mouse hearts in vivo
can be increased by both alpha-adrenergic regulation, using phenylephrine (Detillieux et
al., 1999) as well as beta-adrenergic regulation, using isoproterenol nom our laboratory.

The use of norepinephnne (10 PM), which mediates its effects through both alpha and
beta adrenergic receptors, has demonstrated that FGF-2 synthesis can potentially be

regulated through both pathways in adult cardiac myocytes. Further studies would be
required to d e t e d e the specificity of this response using various adrenergic blockers
andlor specific agonists (i.e., phenylephrine or isoproterenol). In addition, these results
have provided a credible means to exploit the -1058FGFp.l~~
transgenic mouse model for
future studies on cardiac myocyte growth, developrnent and/or injury. Furthemore, since
adult cardiac myocytes release FGF-2 upon contraction {Clarke et al., 1995; Kaye et al.,
1996) and release can be increased by adrenergic regulation (Clarke et al., 19951, these

observations strengthen the notion that FGF-2 transcription may be a natural part of this
process in order to maintain a healthy myocardium (via p-adrenergic regulation) as well

as a mechanism to exploit the protective effects of endogenous FGF-2 in the heart in the
event of injury or congestive heart failure (via a-adrenergic regulation).

8.2.3

Conclusions

In conclusion, we were successful in establishing a procedure for the isolation
of adult mouse cardiac myocytes and theri maintenance in short terni culture. As a
consequence, we were able to c o n h that endogenous FGF-2 synthesis can be regulated
by adrenergic stimulation, using 10 p M norepinephrine, at the transcriptionai level in

-

transgenic mouse model. These results also
adult cardiac myocytes using 1058FGFp.l~~
reveal avenues to exploit the use of the -1058FGFp.l~~transgenic mouse model for

fûture studies in the area of FGF-2 transcription in the heart. Together these results
strengthen the notion that adult cardiac myocytes are a useful mode1 system and that
studies on the transcriptional regdation of FGF-2in this system can be used as a credible
means to target and exploit the protective effects of FGF-2.

8.3

The role of FGFR-1 isoformr in curdiac ce11proIiferation
The FGF-2 axis and thus, signaling, clearly plays an important role in cardiac

myocyte growth, and in particular cardiac myocyte proliferation {Kardami et al, 200 1).
However, despite efforts, the lack of a measurable proliferative response by FGF-2 in
adult cardiac myocytes in vitro and in vivo raise the possibility that F G F 3 signaliugfaxis
may be Iimited or antagonized in the postnatal heart.

With a view towards increasing proliferative potential of cardiac cells, we
generated expression vectors containhg the myosin light chain-2 promoter and SV40
enhancer sequences to overexpress the 'long' and 'short' FGFR-1 isoforms to assess their
effects on ce11 division in two ce11 systems, rat cardiac H9c2 cells and neonatal rat
ventricular cardiac myocytes. The myosin light chain-2 promoter and SV40 enhancer
sequences were used because previous characterization of this promoter revealed that it is
active in both H9c2 cells and neonatal rat venmcular cardiac myocytes (Jin et al., 1995).
H9c2 cells were selected for this task since no RNA corresponding to either long or short
species of FGFR-1 was detected in these cells using a highly sensitive RT-PCR assay
(Sheikh et al., 1997). These results suggested that FGFR-1 RNA in H9c2 cells was either
(i) absent, (ii) present at extrernely low levels or (iii) unstable, and as a result, these cells

presented as an excellent model system to attempt overexpression of FGFR-1 to assess
any effect on ce11 division. Neonatal rat ventricular cardiac myocytes (1-2days) were

used as a second ce11 system, as they were primary cardiac myocytes derived directly

h m postnatal heart tissue which had a limited ability to divide, and thus, represented a
more relevant cardiac model system to anempt FGFR-1 overexpression to assess effects
on ce11 division.

Novel frndings presented in this section of the thesis are that stimulation of
FGFR-1 isoform expression, as achieved by stable gene transfer in H9c2 cells and
transient gene transfer in neonatal rat ventricular cardiac myocytes, resulted in a
significant increase in cardiac ce11 proliferation (as assessed by DNA synthesis aad ce11
number), which \vas clearly FGF-2 dependent. However, these results suggested that
there were no preferential effects by either FGFR-1 isoforms in this response. These

results also suggested that the FGFR-1 mediated proliferation, may at least in part be

mediated by the increase in FGF-2 release as well as ERK/MAPK pathway, as FGFR-1
overexpression was associated with increased levels of activated ERKl/2 MAPK. These
data support the notion that increasing FGFR-1 levels could provide a strategy towards

stimulating FGF-2 mediated postnatal cardiac myocyte proliferatiodregeneration in the
event of injury in vivo.

8.3.1

The role of FGFR-I bofonn~
in cardiac H9c2 ceil proliferation

Stable gene tramfer with the hybrid MLC-Z/FGFR-1 genes, was used to assess
ce11 division given the length of H9c2 doubling time (-36 hours, Fig. 20). DNA and RNA

blotting (Fig. 19) confinned the presence of the transfected genes. The detection of
FGFR-1 transcript supported previous observations that the modified cardiac-specific
MLC-2 is active in H9c2 cells {Jin et al., 1995). The H9c2 cells stably expressing 'short'

or 'long' FGFR- 1 cDNA required less time to recover their proliferative activity after
plating in 10% FBS-DMEM compared to control H9c2 cells (Fig. 20; compare results at
1 versus 3 d). Furthermore, the cells overexpressing FGFR-1 displayed significant

increases in their rates of ce11 division over a period of 5 d which, presumably, reflected
the effect of FGF in 10% FBS or endogenous FGF (Fig. 20). It was likely that the larger

response seen with the short isoform reflected higher levels of receptor as suggested by
the amount of FGFR-1 transcnpt detected in samples from H9c2 cells stably expressing

the 'short' versus the 'long' FGFR-1 cDNAs (Fig. 19B). A mitogenic response signaled
via long or short FGFR-1 was also indicated by the modest but significant increase
(approximately 1 -4 fold) in ce11 number obsewed following treatment of H9c2Fongl or
H9~2[Shoa]with FGF-2 for 24 h (Fig. 21). There was no effect of FGF-2 on 'control'
H9c2 proliferation during the same period (Fig. 21). The effects on proliferation observed
with stable gene transfer experiments were also supported by transient gene transfer
experiments in H9c2 cells (Sheikh et al., 1997). In these studies, a significant two fold
increase in tyrosine phosphorylation and tritiated thymidine incorporation was obsewed
following transient overexpression of FGFR-1 isoforms in H9c2 cells in the presence of
0.5% FBS (Sheikh et al., 1997).

8.3.2

The rule of FGFR-I ûoform in neonatal rat ventricular cardiac myocyte
proi~Yeration
Expression of FGFR-1 (L) and (S) cDNAs in neonatal rat cardiac myocyte

cultures was demonstrated by RNA blotting, through an increase in the levels of the 4.3
and 4.1 kb FGFR-1 transcripts, respectively (Fig. 22). FGFR-1 overexpression in cardiac
myocytes was confirmed by immunohistochemistry and CO-stainingfor FGFR-1 and
striated muscle myosin (Fig. 23). The FGFR-1 antibodies were raised to the intracellular
kinase domain and, thus, recognize an epitope cornmon to both FGFR-1(L) and FGFR1(S). Finally, as evidence of an increase in FGFR- 1 levels, the presence of increased
levels of specific plasma membrane FGF-2 binding sites was detected in cultures
overexpressing either FGFR-1 isoforms (Fig. 24). The ability to overexpress FGFR-1
isoforms in neonatal cardiac myocytes supported previous observations that the modified
cardiac-specific MLC-2 is active in these cells {Jin et al., 1995).

A significant 2.6-2.8 fold increase in DNA synthesis and 1.6-1.8 fold increase in

overall ce11 number (Fig. 26, A and B) confirmed stimulation of postnatal cardiac
myocyte proliferation in cultures overexpressing FGFR-l(L) and (S). These increases,

however, are quite hi& and disproportionate to the hction of myocytes (-IO%, based on
P-galactosidase), expected to be stimulated to divide due to FGFR-1 overexpression, and
suggest that al1 myocytes (not only the overexpressing fraction) may have been subjected
to increased mitogenic stimulation. Indeed, overexpression of either FGFR-1 (L) or (S)
resulted in a three-fold increase in FGF-2 present in the culture medium (Fig. 27A), thus
raising the possibility that increased levels of FGF-2 contribute to the overall cardiac
myocyte proliferation observed. Exogenous addition of FGF-2 to the culture medium has

been previously shown to increase neonatal cardiac myocyte proliferation, to a degree
sirnilar to the stimulation observed in this study {Kardami, 1990). Furthemore, the
stimulatory effect of FGFR-1 overexpression was fùlly blocked by neutralizing
antibodies to FGF-2 (Fig. 28), indicating that the increase in overall myocyte
proliferation is FGF-2 dependent and similar for the 'long' and 'short' FGFR-1 isoforms.
These results are also consistent with unpublished observations fiom Dr. E. Kardami's
Iaboratory which suggest that a kinase-deficient FGFR-1(S) can inhibit FGF-2 induced
DNA synthesis in neonatal cardiac myocytes {Augustin et al., 200 1) . The mechanism

resulting in increased FGF-î levels in the medium of FGFR-1 overexpressing myocytes
is not as yet known but it does not appear to include stimulation of FGF-2 mRNA
expression (Fig. 27B). FGFR-1 overexpression may regulate the expression of proteases
or heparin sulfate degrading molecules directly or indirectly in cardiac myocytes to

release entrapped FGF-2 fiom the extracellular matrix. A sirnilar mechanism was implied

in prostate cancer cells which did not express FGF-2 mRNA, but where senun FGF-2
which was trapped in the extracellular matrix of cells could be released by heparinase
activity in the culture to increase ce11 proliferation (Kassen et al., 2000). There is limited
information on the role of heparan sulfate proteoglycan degrading molecules in cardiac
myocytes, however, there are reports that nitric oxide, plasmin, thrombin, collagenase,
low affinity receptors such as syndecan-1, and factors that increase ce11 density, possess

properties that could degrade heparan sulfate proteoglycans, which would presumably
release FGF-2 into the medium {Kato et al., 1998; Richardson et al., 1999; Vilar et al.,
1997; Whitelock et al., 1996).

8.3.3 FGFR-I signafingin the c o n t a of cardiac cell proliferatir

There is scant information about the specific signaling mechanisms associated
with FGFR-1 mediated proliferation in cardiac cells and specifically, whether long and
short isofoms are associated with similar signaling rnechanisms. However, what is clear
is that signaiing via FGF-2 and FGFR-1has two major components. The first mode is

dependent on ligand-plasma membrane receptor interaction in the extracellular space.
Ligand binding causes FGFR dimerization, autophosphorylation, and activation of
downstream signaling cascades, including increased phosphorylation of raf-1 and

activation MAPK which has been associated with stimulation of proliferation by FGF-2
{Kouhara et al., 1997; Morrison et al., 1988). Although not established in cardiac cells, it
was suggested the FGF-induced mitogenesis requires phosphorylation of FGFR at either
Tyr 653 alone or both Tyr 653 and Tyr 766 residues (Mason, 1994). The MAPK
pathway has been implicated in FGF-2 mediated cardiac myocyte growth effects
{Kardami et al., 2001 ). To this end, we have also demonstrated that overexpression of
either FGFR-1 isoform in cardiac myocytes resulted in downstream stimulation of the

ERK 1/2 MAPK pathway, which may be involved in proliferation (Fig. 25). This would
be consistent with studies which suggest that MAPK activation is required for FGF-2
mediated cardiac myocyte proliferation, as MAP kinase kinase (MEK-1) inhibitors was

able to block 70% of the increase in DNA synthesis observed with FGF-2 (Kardami et

al., 2001). The inhibition of the stimulatory effect of 'long' or 'short' receptor
overexpression on cardiac myocyte proliferation by neutralizing antibodies to FGF-2
(Fig. 28) and stimulation of proliferation by FGF-2 in stable H9c2 cells expressing

FGFR- 1 isofonns (Fig. 20 and 2 l), indicate that a ligand-dependent triggering

rnechanism is largely operating in both of these systems. Consistent with this observation,

no differences have been reported between the intracellular signaiing elicited by FGF-2
binding to the 'long' versus 'short' FGFR-1 isoform. The aninty of FGF-2 for the 'long'

(50-150 pm) or 'short' (100 pm) FGFR-1 is comparable (Johnson and Williams, 1993).
Although more controversial, this also appean to be the case for FGF-1 and the 'long'
(20-80 pm) or 'short' (50-200 pm) receptor isoform {Johnson and Williams, 1993; Shi et

al., 1993).

The second mode of signaling appears to involve direct intracellular action of
FGF-2 and/or FGFR-1.Previous reports fiom our laboratory have shown that nuclear

localization of the CUG, but not the AUG-initiated form of FGF-2 exerts specific, and
apparently receptor- a d o r proliferation-independent, effects on cardiac myocytes
{Pasumarthi et al., 1996). Using antibodies to FGFR-1, staining of the perinuclear region

and cytoplasrnic 'particles' was observed in overexpressing cardiac myocytes (Fig. 23).

This distribution of FGFR-1 was similar for the two receptor isoforms, and was
consistent with overexpression of FGFR-1 and its presence in the cytoplasm at
presumably, different stages of synthesis and processing. However, mobilization and
accumulation of FGFR-1 to a region surrounding the nucleus has been described as
nuclear traficking in several systems, although not cardiac myocytes {Feng et al., 1996;
Prudovsky et al., 1996; Prudovslq et al., 1994; Stachowiak et ai., 1996; Stachowiak et al.,
1997). A translocation of FGFR-1, with its ligand, to the nucleus during the G1 phase of

the ce11 cycle {Prudovsky et al., 1994) has been associated with a transition from a
quiescent to a proliferative cellular state {Stachowiaket al., 1997). Thus, the presence of

FGFR-1 and its ligand at the nucleus could indicate an hcrease in proliferative potential,
and play a role in signaling this process. Although the mechanisms involved in
intracellular signaling effects of FGF-2 and FGFR-1 are largely unknown, it was
suggested that this may be independent of the MAPK pathway (Karàami et al., 200 1}.

8.3.4

The role of the long isoform of FGFR-l in caniiac cellproIi/eration
It has been suggested that expression of 'long' FGFR-1 isoforms correlates with

restriction of celi growth, malignancy and enhanced differentiated h c t i o n (Feng et al.,
1996). However, this is not supported by the pattern of FGFR-1 mRNA expression in the
developing heart. Previously, we used reverse transcriptase-polymerase chah reaction to

assess the relative levels of FGFR-1(S) versus FGFR-L(L) in embryonic (dividing) and
adult (non dividing) mouse cardiac myocytes (Jin et ai., 1994). 'ïhere appeared to be a

switch in the pattern of FGFR-I expression during development as the 'long' and 'short'
RNAs represented the major transcript detected in ernbryonic and adult cells,

respectively. Thus, there was a correlation between predominantly FGFR-1 (L)
expression and a proliferative cardiac myocyte phenotype. The continued presence of
endogenous FGFR-1(L) transcript in neonatal rat cardiac myocytes (Fig. 22) would be
consistent with this idea, reflecting a limited proliferative capacity at this stage. Although
transfection with the FGFR- 1(L) cDNA increased cardiac myocyte growth, no signû~cant
difference was detected between the levels of stimulation of activated ERK1/2 MAPK
and proliferation that was associated with FGFR-l(L) versus FGFR-l(S) overexpression

(Figs. 25 and 26). Although proliferation of H9c2 cells stably transfected with FGFR-1

(L) was not stirnulated to the same extent as in those transfected with FGFR-1 (S), which

may be possibly due to the difference in expression level between both FGFR-1 isofonns

(Fig. 19B). Thus, while we have shown that an increase in either 'long' or 'short' FGFR1 levels can stimulate postnatal cardiac myocyte proliferation in an FGF-2 dependent
manner, there is no evidence that either of the two receptor isoforms stimulated these

effects preferentially.

8.3.4

Conclusions

In conclusion, FGFR-1 levels play a significant role in cardiac ce11 proliferation.
'Long' and 'short' forms of FGFR-1 are capable of stimulating a mitogenic response in
both cardiac H9c2 tumor cells and postnatal primary neonatal cardiac myocytes. No
differences in proliferation were observed between isoforms, suggesting that the 'long'
form of FGFR-1 does not preferentially direct cardiac ce11 proliferation. In addition, we
demonstrated that the proliferative effects of FGFR-1 were FGF-2 mediated and in
neonatal cardiac myocytes may involve activation of ERKl/2 MAPK pathway. A novel
finding presented was that FGFR-1 overexpression promoted FGF-2 release in cardiac

myocytes, and although the mechanism remains unexamined, it could be used to exploit
the mitogenic effects of FGF-2 in cardiac cells. Our results strengthen the notion that a

targeting strategy to increase FGFR-1 levels would be expected to contribute towards
stimulation of regeneratiodproliferation in response to FGF-2 in adult cardiac myocytes
in the event of injury in vivo.

8.4

The Role of T G F g in FGF-2 Medicrted Cardiac Myocyte DNA Synfhesis
The absence of positive signals, such as FGFR-1, in the postnatal heart may not

be the only variable which could Iimit the effects of FGF-2 on adult cardiac myocyte

proliferation in vitro and in vivo. The proliferative effects of FGF-2 can also be
antagonized by the presence of negative factors (present in serum and/or cardiac cells).

TGF-P, in particular, is proposed to be an endogenous inhibitor of growth in vivo
(reviewed in section 2.5.2). in addition, TGF-P has been shown to cancel the mitogenic
effects observed with FGF-2 in embryonic and neonatal cardiac myocytes in viîro
(Engelmann et al.. 1992; Kardami, 1990; Kardami et al., 1993). Also, both TGF-P and

FGF-2 can accumulate in cardiac myocytes at the marguis of infhrcted regions of the
adult heart in the event of injury ni vivo (Padua and Kardarni, 1993; Thompson et al.,
1988; Wunsch et ai., 1991). These data suggest that TGF-P signaling may l

u cardiac

myocyte proliferation as well as the effects of FGF-2 on proliferation in the postnatal
heart in vivo.

With a view towards increasing postnatal cardiac myocyte proliferation we
generated an adenovinis encoding a kinase-deficient TGF-PHI, which would prevent
autophosphorylation of the TGF-PEU and subsequent downstrearn events involved with
TGF-P signaling, ro assess the effects of "knocking out" TGF-p funftion on ce11 cycle
entry in neonatal rat ventricular cardiac myocytes. A "dominant-negative" approach was
used as a strategy because it could inhibit TGF-P signaling via ail mammalian forms of
TGF-P, thus sunnounting the possibility of redundancy. In fact, transfection studies have
already demonstrated that the kinase-deficient TGF-PMI cm block gene expression and

signaling by a11 marnmalian forms of TGF-f3 in neonatal ventricular cardiac myocytes
{Brand et d., 1993; Brand and Schneider, 1996}. The dominant negative approach may
also offer advantages in vivo as it has the capacity to block theoretical consequences of
maternally derived growth factors, which may act to compensate for loss of function
phenotypes (Schneider and Brand, 1995). Studies have suggested that the normal
program of development in some of the TGF-Pl nul1 mice may be attributed to
tramplacental transmission of matemally derived TGF-f31 to embryos (Letterio et al.,
1994). In addition, the use of a dominant negative approach in vitro and in vivo can test

more mechanistically the function assigned to TGF-fi in cardiac myocytes. An adenovirus
was generated for gene delivery as it allowed for easy control of expression of the kinase-

deficient TGF-BRII in cardiac myocytes. This was a key requirement since suficient
expression of the dominant inhibitor m u t be assured to overcorne the effects of the wild
type protein (Schneider and Brand, 1995). Neonatal rat ventricular myocytes were used
as a model system, as they represent cardiac myocytes directly derived fiom postnatal

heart tissue, which have a limited ability to divide, thus representing a relevant cardiac
model system to assess the effects of overexpressing the kinase-deficient TGF-BR11 on
cardiac myocyte ce11 cycle entry. DNA synthesis was used as the main parameter to
assess the effects of overexpressing the kinase-deficient TGF-PMI, as it represents entry
into the S phase of the ce11 cycle {Field and Soonpaa, 1998).

Novel findings presented in this section of the thesis are that the inhibition of
TGF-P signaling, as achieved by overexpression of the kinase-deficient TGF-PRII,
resulted in a (i) significant increase in cardiac myocyte DNA synthesis and early mitosis

in 10% serum and (ii) an amplification of FGF-2 induced DNA synthesis in neonatal
cardiac myocytes. Inhibition of TGF-P signaling in cardiac myocytes, using the kinasedeficient TGF-BRII? as we have shown provides an additional strategy towards
stimulating FGF-2 mediated postnatal cardiac myocyte proliferatiodregeneration in the
event of injury in vivo.

8.4.1

The mie of the kinase-defscient TGF-PRI' in inhibithg TGF+ signufing in
neonataf venhicufar cardiac myocytes
Adenovirai expression of the kinase-deficient TGF-PRLI cDNA in neonatal rat

cardiac myocyte cultures was demonstrated by protein blotting, and was obsewed by the
induction and expression of the major protein of approximately 50 kD in size (Fig. 29).
This protein band was not apparent in control transfected cardiac myocytes, which

contained the approximately 70 kD sized endogenous TGF-PEU protein (Fig. 29).
Assessrnent of the ratio of endogenous versus kinase-deficient TGF-BR11 protein (using
MOI 50) suggested that the kinase-deficient TGF-PMI was in excess of approximately 50
fold (n=2) compared to endogenous TGF-PRII. This level of excess wodd be expected to
overcome the function of the endogenous TGF-PRII proteins, as previous reports
suggested that at least a five fold excess of the dominant inhibitor is needed (Chang et

al., 1994; Chen et al., 1993). Expression of the kinase-deficient TGF-PR11 in cardiac
myocytes was also confirmed by immunohistochemistry and CO-stainingfor TGF-PMI
and a-actinin (Fig. 30). TGF-PR11 expression was localized to the perinuclear,
cytoplasmic and membrane regions of cardiac myocytes, consistent with different stages
of synthesis and processing as well as its presence on the cardiac myocyte ce11 surface

(Fig. 30). The TGFPR-II antibodies used for protein blotting and immunohistochemistry

were raised to the intracellular kinase domain and recognize an epitope that is common to
both the endogenous and kinase-deficient TGF-PRII.

A significant 2.4 fold increase in DNA synthesis (as assessed by BrdU

incorporation) and 2.6 fold increase in cardiac myocytes in early mitosis (as assessed by
phospho-H 1 staining) confirmed stimulation of postnatal cardiac myocyte ceii cycle entry

in cultures overexpressing the kinase-deficieut TGF-PR11 in the preseuce of 10% serum
(Fig. 3 1). The increase in cardiac myocyte DNA synthesis in AkTGF-PR11 transfected
cultures is also shown through immunofluorescence microscopy (Fig. 30). Although it
remains to be assessed, the increase in cardiac myocyte DNA synthesis would be

expected to result in an increase in proliferation, as it was demonstrated by
immunofluorescence staining that AkTGF-BR11 transfected cardiac rnyocytes in DNA
synthesis c m proceed to late G2/M phase (Fig. 32). These results are also consistent with
a previous report, which suggested that inhibition of endogenous a d o r serum derived

TGF-P in cardiac myocytes, using neutralizing antibodies to TGF-PI, can increase
cardiac myocyte DNA synthesis (Kardami et al., 1995). In addition, these results also
support studies which demonstrate that TGF-p can cancel the mitogenic effects of serum
in cardiac myocytes (Kardami, 1990). As a result, deletion of the kinase domain of TGF-

PRII is capable of generating a dominant inhibitor of TGF-P signal transduction, which
can "neutralize" the "inhibitory" effects of TGF-P on cardiac myocyte ce11 cycle entry.

8.4.2

TGF-B and FGF-2 sigrtaling paihwuys involved in cardiuc myocyte DNA
synthesis

TGF-P requires the presence of mitogens to exert its effects on cardiac myocyte
growth as no acute effects on growth have been reported in the absence of mitogens

(Parker et al., 1990). Since serum contains mitogenic factors that promote cardiac
myocyte growth, this raises the possibility that the increased DNA synthesis observeci
with the kinase-deficient TGF-PR11 in 10% senun may be due to the ability of mitogens

present in senun, such as FGF-2, to signal a proliferative response. This is supported by
studies which demonstrate that TGF-P can cancel the rnitogenic effects of FGF-2 in
cardiac myocytes {Engelmann et al., 1992; Kardami, 1990; Kardami et ai., 1993).

indeed, stimulation of cardiac myocyte cultures overexpressing the kinase-deficient TGF-

PMI with FGF-2 resulted in an approximately 13 fold increase in cardiac myocyte DNA
synthesis when compared to control transfected cultures in the absence of FGF-2 (Fig.
33). The level of cardiac myocyte DNA synthesis observed was significantly greater than

the sum of the fold effects observed with either FGF-2 stimulation (3.5 fold) or
overexpression of the kinase-deficient TGF-PR11 (2.4 fold) alone, suggestive of a
synergistic effect (Fig. 33). The increase in cardiac myocyte DNA synthesis observed
with FGF-2 alone was consistent with previous reports {Kardami, 1990). Therefore,
these results suggested that expression of the kinase-deficient TGF-PEU1 can ampli@ the

fold effect on FGF-2 mediated cardiac myocyte DNA synthesis by approximately 10

foid,

There is Iimited information on the cross-talk between downstream signaling
events involved in TGF-p and FGF-2signaling in cardiac myocytes. Preliminary studies

from Our laboratory have demonstrated that the increase in cardiac myocyte DNA
synthesis observed with the kinase-deficient TGF-PR11 could be blocked using the
kinase-deficient or "dominant-negative" FGFR- 1 (Sheikh and Cattini, unpublished
observations). These results suggest that the intracellular signaling pathways which
mediate TGF-PR and FGFR-1 signding pathways cross-talk in cardiac myocytes and
couId be involved in mediate proliferation. There is evidence to suggest that the PKC

pathway may be a likely target in neonatal cardiac myocytes {Kardami et al., 200 1).This

is largely based on studies which demonstrate that TGF-P could block FGF-2 induced

PKC translocation to the membrane(and presumably its activation) but not the activation
of ERKlR MAPK in cardiac myocytes {Kardami et al., 200 1) . TGF-P can also block

FGF-2 induced connexh43 phosphorylation, which was also shown to be mediated by
PKC {Doble et al., 2000; Kardami et al., 200 L ). The role of PKC in the amplification of

FGF-2 mediated cardiac myocyte ce11 cycle entry by the kinase-deficient TGF-PR11
remains to be determined.

8.4.3

Conclusions
In conclusion, TGF-P signaling clearly plays an important role in limiting cardiac

myocyte growth. Using a dominant negative approach, our results demonstrated that

overexpression of the kinase-deficient TGF-PR11 could stimulate serum-induced cardiac
myocyte ce11 cycle entry and ampli@ FGF-2 induced DNA synthesis in neonatal cardiac
myocytes. These results also suggest that dominant-negative genes, like the kinase-

deficient TGF-PRII' could serve as generic approach complementary to gene ablation to
create loss-of-function mutations in vivo. These results strengthen the notion that

inhibition of TGF-P fùnction could serve as an additional strategy to increasefamplify
FGF-2 mediated regeneratiod proliferation in postnatal cardiac myocytes in the event of
injury in vivo.

CFIAPTER 9

FUTüRE DIRECTIONS AND FINAL RElMARKS

9.1

Preamble
The four studies descrïbed in this thesis were designed to regulate the FGF-2

axis in order to exploit its effects on cardiac myocyte protection and growth, to provide
the basis for novel treatments and/or prevention of cardiovascular diseases. The following

section will discuss future directions for the study of FGF-2 in the areas of: (i)
cardioprotection, (ii) cardiac angiogenesis, (iii) cardiac hypertrophy, and (iv) cardiac
regeneration, which have stemmed fiom the work described in this thesis. In addition, the
therapeutic utilities of FGF-2 in acute myocardial infarction and the pathogenesis of
cardiac disease will d s o be discussed,
9.2

Endogenous FGF-2: Parî of the Endogenous Cardiopotecn'veResponse ?
Parallels have been drawn between the signaling pathways which mediate FGF-

2 induced cardioprotection (via exogenous addition) and ischemic preconditioning

(section 2.4.8.1). Ischemic preconditioning is described as the endogenous cardiac

myocyte protection that occurs following b i e f periods of ischemia (Murry et al., 1986).
Considerable attention is focussed in this area as the factors and signaling pathways
which mediate ischemic preconditioning are currently being exploited in treatment
strategies for patients undergoing cardiac surgery and/or srnering fiom cardiac disease.
To date there is no information on the role of endogenous FGF-2 in ischemic
preconditioning. Future studies in the area of FGF-2 and cardioprotection couid be aimed

at elucidating the role of endogenous FGF-2 in ischemic preconditioning through the use
of both in viiro and in vivo mode1 systems.

There is limited information on the rnechanisms involved in the increased
cardiac myocyte resistance to injury afforded by FGF-2, however, our results suggest that
both PKC and stress activated MAP kinases may play a role (Chapter 4)- since these

pathways are upregulated in FGF-2 TG mice and have both been implicated in ischemic
preconditioning and cardioprotection (Kitakaze et al., 1997; Nakano et al., 2000; Ping et
al., 1999; Yoshida et al., 1997). In fact, evidence nom isolated rat heart studies using
exogenous FGF-2 demonstrated that the cardioprotective effects of FGF-2 are mediated
by PKC {Padua et al., 1998). Other major players in ischemic preconditioning include,

mitochondrial K'ATP

channels, which are implicated as the end effectors of acute

ischemic preconditioning (Baines et al., 1999a), and NO which is the prime mediator of
delayed acute preconditioning (Baines et al., 1999a). nius, future studies could be aimed
at elucidating the role of PKC, stress activated MAP kinases, as well as rnitochondrial

K+ATP channels and NO (Le., pathways associated with ischemic preconditioning and

known to be triggered by FGF-2) in the mechanisms involved in endogenous FGF-2
mediated cardioprotection. Recent evidence has implicated a role for NO in mediating the
cardioprotective effects of FGF-2 (exogenous administration) during stunning (Hampton
et al., 2000). Our results also do not exclude the possibility that the protective effects of
exogenous FGF-2 are due to an amplification of endogenous FGF-2 production, future
studies aimed at blocking endogenous FGF-2 production in FGF-2 neated hearts (Le.,
antisense strategies or inducible systems with cardiac specific promoters) could be used

to assess the contribution of the protective of effects of exogenous versus endogenous

FGF-2 in the FGF-2 TG mouse model,

Our results also suggest that release of FGF-2 contributes to the increased
cardiac myocyte resistance to injury observed in FGF-2 TG mice. To confirm this link,
future directions could be aimed at determining a direct role for FGF-2 release in FGF-2

mediated cardioprotection. Ernploying a strategy to inhibit or increase FGF-2 release
(Le., P-adrenergic agonists and antagonists) in the FGF-2 TG hearts prior to ckdiac
injury and then assessing myocyte viability could be used. FGF-2 released fiom cardiac

myocytes would be expected to act on cardiac myocyte ce11 surface FGF-2 recepton to
mediate protection. Although FGFR-1 was demonstrated to be essential in mediating the
biological effects of FGF-2 on cardiac myocyte proliferation (Chapter 5), its role in
cardioprotection is unknown. Thus, fûture directions could also be airned at determining
the role of FGFR-1 in FGF-2 mediated cardioprotection. This would be an important

avenue of research, since this could lead to novel dmg designs aimed at modulating
FGFR activity in an effort to mediate cardioprotection, which would presumably take
advantage of the natural mechanism of FGF-2 release (i.e., availability) from the heart.
There is some evidence to suggest that FGFR-1 may be important in FGF-2 mediated
cardioprotection as exogenous administration of a mutated FGF-2 protein with reduced
affinity to FGFR-1 could not e o r d cardioprotection, unlike the wild type FGF-2 protein
subsequent to cardiac ischemia-reperfusion injury {Jiang et al., 200 1} . Altematively,
blocking activation of FGFR-I signaling in postnatal myocytes could be used as an

approach. Thus, generating a transgenic mouse model that can induce expression of a

dominant-negative (kinase-deficient) form of FGFR- 1 ui postnatal cardiac myocytes (use
of a-MHC cardiac speciftc promoter) at different times during injury could be e e d to

address the role of FGFR-1 in FGF-2 mediated cardioprotection.

9.3

Endogenous FGF-2 Gene Reguiation and Cardioproteetion
The FGF-2 TG mouse mode1 has also contributed significantly towards the

notion that targeting endogenous FGF-2 production, may be a credible method for
improving cardiac health and resistance to injury. Although a genetic approach can be
used to increase endogenous FGF-2 production (Le ., gene therapy), clearly, altemate
methods, which are perhaps less invasive, can be used to increase endogenous FGF-2
production. Although our results demonstrated that the natural catecholamine, NE, which
acts via a and B-adrenergic receptors can increase FGF-2 synthesis at the level of

mice, fiinire studies could,
transcription in adult cardiac myocytes fiom -1058FGFp.l~~
however, be aimed at detennining the specificity of the adrenergic response in adult
cardiac myocytes. Detemùning the underlying mechanisms which regulate these
pathways would be important in not only exploiting strategies to increase endogenous
FGF-2 production and thus, protection, in cases of cardiac i n j q or in maintaining a
healthy myocardium but also in "tailoring" therapies for individuals dependent on their

physical health andior use of medications.

P-Adrenergic receptor signaling is perhaps the most prominent pathway to
modulate cardiac function under normal physiological conditions. Since FGF-2 release
can be increased by Padrenergic agonists from the myocardium through contractions

(Clarke et al., 1995) and endogenous FGF-2 is irnplicated in cardiac myocyte resistance
to injury (Chapter 5)' it is thought that P-adrenergic regulation of FGF-2 synthesis may
be important in maintaining a healthy myocardium. This strategy could conceivably be

used as a "preventative" approach towards decreasing the risk of cardiac injury.

P-

Adrenergic signaling has been proposed to increase FGF-2 synthesis largely through a
mechanism involving autoregulation of FGF-2 (see section 2-11), however to date there
is no direct evidence of this relationship. Thus, future studies could be aimed at
determining the role of autoregulation of FGF-2 (i.e., FGF-2 release) on FGF-2

transcription in adult cardiac myocytes as weli as its' role in P-adrenergic stimulation of

FGF-2 synthesis. There is aiready evidence in the literature, albeit indirect, to suggest that
P-adrenergic regulation of FGF-2 synthesis may reduce the risk of cardiac injury.
Physical exercise could conceivably result in an increase in endogenous FGF-2 ïelease
fkom the heart (via increase in heart rate), which couid lead to increased FGF-2 synthesis

(via autoregulation). The benefits of physical exercise are undisputed in the prevention of
cardiovascular diseases, and given FGF-2's role in cardioprotection it is conceivable that

FGF-2 would be a component of this scenario. Funire studies could also be aimed at
determining whether physical exercise plays a role in regulating FGF-2 synthesis (1 0 5 8 F G F p . l ~mice)
~ as wetl as cardioprotection in cardia~injury models in the FGF-2

TG mouse models. Clearly, fbture studies aimed at elucidating the role of P-adrenergic
stimulation (via other regulators) of FGF-2 synthesis in in vitro and in vivo models of
cardiac injury would be of great value in determining the benefits of regulating FGF-2
transcription as an approach towards mediating cardioprotection.

a-Adrenergic receptor signaling, on the other hand, is thought to play a more
prominent role in the heart in a "disease-state", once Padrenergic receptors are
downregulated and responsiveness is lost. In this case, it has been proposed that aadrenergic receptors serve as a reserve mechanisrn in the heart to maintain its
responsiveness to catecholamines { Wül-Shahab and Schubert, 1991} . Thus, stimulating

FGF-2 synthesis via a-adrenergic stimulation could play an important role in increasing
cardiac resistance to injury in patients with various pathological conditions (Le., lost Padrenergic receptor responsiveness). Future directions in the area of al-adrenergic
receptor regulation of FGF-2 synthesis could be to assess its role in chronic models of
injury or pathological conditions. Egr-1 is proposed to be one of the central mediators of

FGF-2 synthesis in cardiac myocytes as well as other ce11 types (section 2.4.1). Although
a role for transcriptional regulation of FGF-2 was not established in these studies, Egr-1

knockout mice were demonstrated to be prone to increased sensitivity to cardiac stress,
according to the pattern of gene expression following catecholamine-treatrnent (Saadane

et al., 2000). Future studies could be aimed at identiQing other regdators of Egr-1 as a
means to modulate FGF-2 synthesis in cardiac myocytes and thus, possibly
cardioprotection in various cardiac injury/stress models. PKC is implicated as the
cytoplasmic intermediate involved in mediating the effects of Egr-1 on FGF-2
transcription in cardiac myocytes (section 2.4.1) as well as FGF-2 rnediated
cardioprotection {Padua et al., 1998}. Therefore, another future avenue of research could
involve delineating the role of the PKC pathway in mediating FGF-2 synthesis in adult
cardiac myocytes in both in vitro and in vivo mode1 of injury.

9.4

Endogenous FGF-2 and Cardiac Angiogenesis

Consistent with a role for FGF-2 in the vasculature, chronic overexpression of

FGF-2 during development resulted in an Uicrease in capillary density in the adult heart
in vivo. Future studies could be aimed at more fully characterizing the effects of FGF-2

on other vascular parameters including, vesse1 branching and vascular tone. Vascular

tone would be an important parameter to assess, since ablation of the endogenous FGF-2
gene in mice was associated with reduced vascular tone resulting in a hypotensive

phenotype (Dono et al., 1998; Zhou et al., 1998). Although the results presented in
Chapter 4 suggested that the protective effects of FGF-2 were independent of effects on
the vasculature, the ex-vivo cardiac injury mode1 used for these experiments may have
precluded a role for the increased angiogenesis in FGF-2 TG hearis during injury. Several
studies have demonstrated that the cardioprotective effects of FGF-2 in various in vivo

models of cardiac injury are attributed to the angiogenic eEects of FGF-2 {Harada et al.,
1994; Yanagisawa-Miwa et al., 1992). Future studies aimed at using in vivo models of

cardiac injury (e.g., coronary ligation) could be used to fully establish the role of the
increased angiogenesis observed in FGF-2 TG hearts during injury.

Although, FGF-2 is one of the most extensively studied angiogenic growth
factors to date (Simons et al., 20001, the mechanisms which mediate angiogenesis are
not fully established. FGF-2 TG mouse hearts were demonstrated to contain increased

levels of activated p38 and a-PKC(Fig. 9) and both aPKC and p38 are irnplicated in
angiogenesis and/or FGF-2 mediated angiogenesis, respectively {Harrington et al., 1997;
Erdreich-Epstein et al., 2000; Mudgen et al., 2000; Rousseau et al., 1997; Tanaka et al.,

1999; Yamarnura et al., 1996;Yang et al., 2000). Thus, fûture studies could be aimed at

deterrnining the roles of these pathways in FGF-2 mediated angiogenesis. VEGF has also

been irnplicated to play an important role in FGF-2mediated angiogenesis (Segheni et
al., 1998). ThusYfuture studies could also be aimed at determining the role of VEGF in
FGF-2 mediated angiogenesis in FGF-2 TG mice. Crossing FGF-2 TG mice with
transgenic mice which can conditionally turn off VEGF expression specifically in
vascular ce11 types at different tirnes during development can be used as a strategy to
detemine the role of VEGF in FGF-2 mediated angiogenesis.

9.5

Endogenous FGF-2and Cardiac Hypertmphy
To reconcile whether FGF-2 has a role in cardiac hypertrophy, future studies

could be aimed at inducing cardiac hypertrophy using a varïety of methods (e-g., aortic

banding, catecholamines) in FGF-2 TG mice in vivo and then assessing the hypertrophie
response compared to non-TG mice. Determining a role for FGF-2 in cardiac
hypertrophy would be essential in gaining an understanding of the role that FGF-2 may
play in the "big pictureTy
of the pathogenesis of cardiac disease.

9.6

Regdation of the FGF-2Axis by Overexpression of FGFR-I and KinaseDe/icient TGF--:
Potential Rofe in Cardiac Myocyte Regeneration
The results presented in Chapters 6 and 7, have demonstrated at least two

strategies to regulate the FGF-2 axis (FGFR-1 and TGF-p), which c m significantly
influence the effects of FGF-2 on postnatal cardiac myocyte proliferation andlor cardiac
myocyte ce11 cycle entry in vitro. In terms of the kinase-deficient TGF-PRII experiments,

future studies could be aimed at determining whether this response translates into an

increase in ce11 nurnber in vitro, which would be indicative of M phase entry. Ultimately,
future directions in the area of FGF-2 and cardiac regeneration could be aimed at testing
both the effects of overexpression of PGFR-1 as well as kinase-deficient TGF-PRII in

adult cardiac myocyte proliferation in vitro anaor in vivo. Generating transgenic mice
which inducibiy overexpress FGFR-1 or kinase-deficient TGF-PR11 in cardiac myocytes
(use of the cardiac specific a-MHC promoter) could be used as a means to assess the
effects of both strategies on cardiac myocyte proliferatiodcell cycle entry in adult hearts
during development and afler cardiac injury in vivo. In addition, we could use a

combinatory approach to inhibit "anti" FGF-2 signaling pathways and stimulate "pro"
FGF-2 signaling pathways by crossing transgenic mice overexpressing TGF-PRII with
mice overexpressing FGFR-1 as well as FGF-2 to determine whether this strategy could
be infkitely

more potent in stirnulating a proliferative/regenerative response by FGF-2

during development and/or after injury. The could in essence rnaxirnize the chances for

FGF-2 to exert a mitogenic effect in adult cardiac myocytes in vivo. Future directions
could also be aimed at identiQing the underlyh g intracellular signaling pathways (i.e.,
PKC, MAPK, Smad) which mediate the proliferative/regenerativeresponse by FGF-2 via

overexpression of FGFR-1, kinase-deficient TGF-BR11 and FGF-2. This may uncover
novel intracellular targets which could be used to stimulate a proliferative/regenerative

response in the postnatal heart in vivo. Recently a study by Orlic and colieagues, provided
the first account of an approach to induce cardiac myocyte regeneration in the postnatal
heart in vivo following cardiac injury {Orlic et al., 2001). This study demonstrated that

local delivery of bone marrow cells have the capability of regenerating acuteiy signifiant
amounts of contracting myocardium following injury in vivo thereby arneliorating the

outcome of cardiac disease {Orlic et al., 2001 ). It is conceivable, given FGF-2's role in
cardiac myocyte proliferation that it may be one of the key players, which may be part of
the regenerative response. Future directions could also be aimed at assessing a role for
the FGF-2 axis in this mode1 of cardiac regeneration.

9- 7

Therapeutic Potentiaf of FGF-2forCordiac Disetue
There are several key events following acute cardiac injury in vivo which defme

the pathogenesis of cardiac disease and these include: (i) ischemia-reperfkion injury, (ii)

inflammatory response, (iü) cardiac hypertrophy, (iv) cardiac fibrosis and (v) cardiac

arrhythmias. Although the role of FGF-2 has not been defmed in ail of these events, it is
conceivable that given the pleiotropic actions of FGF-2 in the heart, that FGF-2 could
have effects at al1 of these stages. The following section will seek to define a role for

FGF-2 in these events and postdate on the possible beneficial or adverse effects of using

FGF-2 as a therapeutic agent in the hem during these various stages.

In terms of ischemia-repemision injury, several reports support a role for FGF-2
(endogenous and exogenous) in stimulating cardiac myocyte protection in various animai
models of acute ischemia-reperfusion injury, when supplied to the heart pnor to ischemia
(Chapter 4; section 2.4-8.7). However, there is limited information on whether the
protective effects of FGF-2 would prevail if it were supplied to the heart after ischemia.

In other words, would the heart receive the sarne type of protection if FGF-2 were
g
injury? In the setting of acute myocardial ischemia using
increased d u ~ reperfusion
isolated hearts the data is controversial. Preliminary observations using isolated rat

hearts, demonstrated that if FGF-2 was administered after 20 min of ischemia it was
almost as effective in increasing contractile recovery as when it was administered before
ischemia (Padua, 1998). On the other hand, administration of FGF-2 at the time of
reperfusion, in isolated mouse hearts after stunning (causing severe ventricular
dysfünction) did not improve myocardial recovery when compared to administration
prior to stunning (Hampton et al., 2000). This difference may, however, reflect the type
and severity of injury incurred in isolated hearts thus, raising the possibility that the
amount of viable myocardium remaining after injury may dictate whether FGF-2 can

protect the heart, if administered subsequent to ischemic injury. Clearly, a role for FGF-2
during cardiac reperfusion injury in vivo remains to be defined.

A key event following myocardiai reperfusion injury is its association with a

dramatic inflammatory response, which could lead to myocyte injury {Entman et al.,
1994). Although a role for FGF-2 in the cardiac inflarnrnatory response following injury

remains to be defined, several pieces of evidence suggest a possible link between FGF-2
signaling and infiltrating T cells. With regard to recmitment of T cells, FGF-2 is known
to be a chemoattractant affecthg ce11 attachent and migration (see section 2.4.8)
{Nicosia and Villaschi, 19991, accumulating at sites of myocardial injury in vivo {Padua
and Kardami, 1993). With regard to proliferation of T cells, the (CO)-stimulatoryeffects

of FGF-1 and FGF-2 on proliferation of FGFR-1 expressing T cells have been
demonstrated in vitro (Miller et al., 1998; Woodley et al., 1991). In addition, preüminary
studies fiom our laboratos. using FGF-2 TG mice, have demonstrated that endogenous
overexpression of FGF-2 can exacerbate the cardiac inflammatory response following

cardiac injury in vivo in a T ce11 dependent manner (Meij et al., 1998). The infiammatory
response can be viewed as either a beneficial or detrimental component of injury (Le.,
increase or decrease myocardial healing) as it has been shown to be clearly dependent on
the cytokines expressed {O'Garra and Murphy, 1996). F u t w directions could, as a
result, be aimed at assessing the cytokines involved in mediating the inflammatory
response by FGF-2 to clearly determine the long-term effects on myocardial repair.

There is currently lirnited information on the role of FGF-2 in ventricular
remodelling. In terms of cardiac hypertrophy, however, there is evidence, albeit indirect,
via FGF-2 knockout mice to suggest that FGF-2 promotes cardiac hypertrophy in vivo
(Schultz et al.. 1998). Since hypertrophy is viewed as an adaptive response, this raises
the possibility that increasing FGF-2 levels afier cardiac injury could prornote increased
adaptation to injury by increasing hypertrophy. it remains to be determined if FGF-2's
proposed role in cardiac hypertrophy would be beneficial to the heart subsequent to
injury in vivo. Clearly, a direct evidence for a role for increased FGF-2 on stimulation of
cardiac hypertrophy in vivo remains to be defined. In terms of cardiac fibrosis, FGF-2 has
been shown to increase both fibroblast/myofibroblast proliferation (Galzie et al., 1997;
Hoerstrup et al., 2000), which could conceivably have an adverse effect in the heart
leading to increased scar formation or a "stiffer" heart in the event of cardiac injury in
vivo. On the other hand, studies have demonstrated that FGF-2 potently inhibits collagen
fiber production by human smooth muscle cells {Pickering et al., 1997). It is thought
that this represents a mechanism for t h i ~ i n gthe local collagen environment during
vascular remodeling, which could in tum be important in intima1 accumulation of smooth

muscle cells or destabilization of an atherosclerotic plaque {Pickering et al., 1997).
Clearly, FGF-2's role as a therapeutic agent during cardiac fibrosis remains to be definedArrhythmias are another complication following cardiac injury which is dependent on the

degree of fibrosis in the heart (Poole-Wilson et al., 1997). Although responses to
increased load or injury are generally adaptive, remodeling of intercellular junctions
under conditions of severe stress creates anatornic substrates conducive to the
development of lethal ventricular arrhythmias {SafEtz, 2000). Potential mechanisms
controlling the level of intercellular communication in the heart include regulation of
comexin turnover and dynamics {Safitz, 2000). FGF-2 has been shown decrease
cardiac myocyte communication through a mechanism involving phosphorylation of
cornexin43 which is mediated by PKC {Doble et al., 1996; Doble et al., 2000). Since
there is a strong correlation between decreased communication and increased
proliferation, it has been advocated that in the event of injury FGF-2's role in decreasing
cardiac myocyte communication could potentially stimulate a proliferative/regenerative
response in the postnatal heart {Kardami et al., 200 1). However, increasing FGF-2 levels
in the adaptive phase of cardiac disease, could also possibly play a role in exacerbating

cardiac arrhythmias. Prelimhary observations in FGF-TG mice, revealed that increasing
endogenous FGF-2 levels in the heart led to a significant decrease in total levels of
connexin 43 (Kardami. Fandrich, Sheikh and Cattini, unpublished observations}. The
physiological effects of this decrease and its role in cardiac rnyocyte proliferation andor
nsk towards cardiac arrhythmias following injury in vivo remains to be detennined.

However, if we assume that physical exercise can increase FGF-2 synthesis (via
increased heart rate and autoregulation), then there is evidence to support the hypothesis
that increasing endogenous FGF-2 levels after injury may be beneficial. In fact, in
randornized trials it was s h o w that patients that exercise afier suffering from a
myocardial infarction can reduce their overall mortality rate by 20Y0, when compared to
patients that don? exercise (O'Connor et al., 1989). In addition, if we are advocating a
role for FGF-2 as a form of therapy for patients following myocardial infarction, we must
also assess its role in the scheme of other drug therapies (e-g., P-blockers and angiotensin
converting enzyme inhibitors). This would be important since many patients sufTering
frorn myocardial infarction or congestive heart failure are on a variety of medications,

which have a various effects including reducing heart rate and decreasing fluid retention
{Poole-Wilson et al., 1997). Given their diverse role, it is not clear how these drugs
would impact endogenous FGF-2 release and synthesis in the ischemic heart. However,
tailoring dmg therapies or using drugs, which act to increase endogenous FGF-2

production may be an altemate strategy at increasing cardiac myocyte protection. In
addition, we cannot ignore the outcome of phase 1 clinical trials which have indeed,
demonstrated that exogenous administration of FGF-2 can result in functionally
significant benefits in the human ischemic myocardium (see section 2.4.8.9). Although

current studies in patients primarily exploit the angiogenic effects of FGF-2 on the
vasculature to prornote collateral formation in ischemic hearts {Laham et al., 2000;
Udelson et al., 20001, future studies could also be aimed to exploit FGF-2's direct
protective effects on adult cardiac myocytes as well as the repair response afler injury.

9.8

Final Remarks

Figure 34 gives a schernatic overview of the ideas presented in the discussion and
future directions. Using the FGF-2 TG rnodel, we have demonstrated that increasing
endogenous FGF-2 production can be used as a strategy to increase "local" FGF-2 release
from the heart and increase cardiac myocyte resistance to injury. A direct efFect of FGF-2
on cardiac myocyte protection was implicated. A role for the activation of stress MAP
kinases and aPKC was also discussed. By developing a method to isolate and culture
adult mouse cardiac myocytes, we were able to exploit the -1058FGFp.l~~
mouse model
to identify regulators of FGF-2 synthesis, at the transcriptional level, in adult cardiac
myocytes. This strategy could potentially be used to exploit the protective effects of
endogenous FGF-2 in maintainhg cardiac health and increasing resistance to injury.
Specifically, a role for adrenergic receptor signaling pathways was implicated. A role for
endogenous FGF-2 in angiogenesis and cardiac hypertrophy was also discussed In terms

of stimulation of cardiac myocyte growth, we have demonstrated that FGFR-1

availability and levels clearly play a significant role in entry of cardiac cells into the ce11
cycle. However, the significance of the FGFR-1 isoform switch during cardiac
development remains to be determined. We also demonstrated using a dominant negative
approach, that inhibiting TGF-P signaling can ampli@ FGF-2 induced entry of postnatal
cardiac myocytes into the ce11 cycle. Future studies could be directed at determining the
mechanisms involved in FGF-2 mediated cardiac myocyte protection and proliferation,
well as exploiting the possibilities of using combinatory approaches to maximize the
beneficial effects of FGF-2 in the response following injury.

Figure 34.

Therapeutic Potential of FGF-2 in Cardiac Disease.

Schematic representation of the events following acute cardiac injury NI vivo which
describe the pathogenesis of cardiac disease as weli as the postuiated (dashed arrows) and

known (solid arrows) biological consequences of increasing FGF-2 at various stages

during this process. The stages include: (i) acute ischemic injury, (ii) reperfusion injury,
(iii) inflammatory response, (iv) cardiac hypertrophy, (v) cardiac fibrosis and (vi) cardiac
arrhythmias. Text in red directly relate to work presented in this thesis. This includes, the
role of endogenous FGF-2 in cardioprotection (Chapter 4), adrenergic regdation of
endogenous FGF-2 gene expression in adult cardiac myocytes (Chapter S), as weil as the

role of FGFR- 1 (Chapter 6) and TGF-P (Chapter 7) in regulating FGF-2 mediated cardiac
myocyte ce11 cycle entry. The postulated effects of FGF-2 on an inflarnrnatory response
in the heart, in FGF-2 TG mice, are also presented in this schemata {Meij et al., 1998).

The effects of FGF-2 on repemision injury remain controversial as the cardioprotective
effects of FGF-2 have been observed in isolated rat hearts in a global ischemia-

reperfùsion injury model (Padua, 1998)' but not in a stunning model of injury (Hampton
et al., 20001. Additionally, the postulated effects of FGF-2 on increasing cardiac
hypertrophy, regulating scar formation and collagen deposition during cardiac fibrosis as

well as modulating cardiac mhythmias are also outlined.
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