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ABSTRACT

Ischemic heart disease is a major cause of death in industrialized societies.
Myocardial ischemia occurs when there is an interruption of blood flow to the heart.
Restoration of blood flow, termed reperfusion, is required to salvage the ischemic heart
from further injury. Reperfusion itself may cause further damage exacerbating the injury
induced by ischemia. Ischemia-reperfusion (I-R) injury is seen during heart attacks, and
may can occur in patients undergoing heart transplantation, angioplasty, coronary bypass
surgery and anti-thrombolytic drug therapy. Thus interventions which increase cardiac
resistance to I-R injury are of clinical interest.

FGF-2 is a multifunctional protein which is present in the heart and other organs,
and exerts its biological effects by binding to tyrosine kinase receptors at the cell surface.
In addition to being a potent mitogen, FGF-2 appears capable of protecting differentiated
neuronal cells from injury, degradation and death. In cultured cardiomyocytes, FGF-2
administration prevented cell damage induced by H,O, and serum starvation. We therefore
examined whether FGF-2 would act in a cardioprotective manner in cardiac [-R injury.

We used ex-vivo adult perfused rat heart models subjected to global ischemia
followed by reperfusion. These models included isolated whole heart Langendorff
preparations perfused under conditions of constant flow or constant pressure and the
isolated right ventricular wall preparation perfused under conditions of constant flow. All
experiments were conducted under normothermic conditions. FGF-2 was administered
either prior to the induction of ischemia to address its effects on normal cardiac function,

and on recovery from I-R, or during reperfusion to examine if it could be protective after
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ischemia. Contractile function was measured using a pressure and force transducer. Under
both constant flow and constant pressure perfusion conditions and in all model systems,
FGF-2 administered prior to ischemia induced significant improvement in recovery of
contractile function over respective controls as indicated by measurements of DF, DP,
resting tension, EDP, +dP/dt, and +dF/dt. FGF-2-treated hearts released less CPK (an
indicator of myocardial damage) in the perfusate compared to controls, attesting to
improved myocardial integrity. FGF-2 administration to the right ventricular wall model
prior to ischemia induced a significant recovery in contractile function and a complete
recovery of APDgy compared to controls. Thus FGF-2 protects isolated hearts from the
ionic imbalances and the cellular damages which occur during I-R injury. In addition,
FGF-2 administration prior to ischemia induced a negative inotropic effect, indicated by
measurements of DF, DP and +dP/dt in right ventricular preparations perfused under
conditions of constant flow, and whole ventricular preparations perfused under conditions
of constant pressure. Finally, administration of FGF-2 after ischemia and during
reperfusion promoted a significant recovery in contractile function (DF, DP, resting
tension, EDP, +dP/dt, and +dF/dt) over controls, demonstrating that FGF-2 continues to
be cardioprotective against [-R injury even when administered in the reperfusion phase
only.

FGF-2 was found to induce increased levels of ATP and CP prior to ischemia and
a significant preservation of ATP and CP levels after [-R compared to control hearts. In
addition better preservation of ATP and especially CP levels was observed in perfused

hearts treated with FGF-2 during reperfusion only, compared to controls. Increases in
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ATP and CP levels upon FGF-2 administration before ischemia are likely the result of the
FGF-2-induced negative inotropic effect and are probably contributing to the subsequent
protection against contractile dysfunction after [-R, compared to controls. FGF-2,
however, is likely to exert additional effects which result in protection of the myocardium
from injury, as indicated by its effects when administered during reperfusion.

FGF-2 is reported to activate PKC in some systems, and PKC activation by several
effectors and by ischemic preconditioning is believed to mediate cardioprotection. We
therefore examined whether inhibition of PKC by a specific blocker, chelerythrine
chloride, would affect FGF-2-induced cardioprotection. Our results demonstrated that the
improvement in the recovery of contractile function and negative inotropic effect induced
by FGF-2 administration prior to I-R injury, were abolished by chelerythrine. It would thus
appear that PKC activation is necessary for the cardioprotective effect of FGF-2.

Measurements of the effect of FGF-2 on back perfusion pressure indicated a very
minor vasodilatory effect compared to the effect of SNP, suggesting that FGF-2 induced
vasodilation may play only a minor role in FGF-2 induced cardioprotection.

We then used immunoblotting and immunofluorescent staining on FGF-2 perfused
hearts to obtain some information as to potential cell types affected by administered FGF-
2 in the myocardium. FGF-2 administration resulted in a 4-fold increase in heart-
associated FGF-2 over controls, and in strong increases in anti-FGF-2 staining in blood
vessels, capillaries and around cardiomyocytes implicating all the participating cell types as

targets for direct FGF-2 action.



In addition, we obtained evidence that administered FGF-2 can activate signaling
cascades in cardiomyocytes: Immunofluorescence staining of cardiac tissues sections with
specific antibodies revealed increased levels of phosphorylated tyrosine residues associated
with cardiomyocyte intercalated disks in areas of increased anti-FGF-2 pericellular
staining, consistent with a cause and effect relationship. FGF-2, administered by direct
injection to the heart apex, increased overall tyrosine phosphorylation as assessed by
western blotting.

In addition to the use of a PKC blocker, we sought more direct evidence for PKC
activation by FGF-2 in the cardiomyocytes in situ. To this end, we obtained purified
sarcolemmal and cytosolic preparations and analyzed them for PKC enzymatic activity and
PKC translocation (and thus activation) at the sarcolemma. FGF-2 induced a significant
increase in PKC enzymatic activity associated with sarcolemmal membranes, an increase
that was abolished by chelerythrine. As assessed by western blotting, FGF-2
administration induced increased levels of PKC subtypes -a, -8, -€, and -{ at the
sarcolemma. Administration of chelerythrine alone resulted in decreased levels of PKC-C
and possibly PKC-¢ in association with the sarcolemma, while levels of subtypes -a and -8
did not change substantially. Administration of FGF-2 to chelerythrine-treated hearts
resulted, in all cases, in reduced levels of sarcolemmal associated PKC compared to
samples from FGF-2-only treated hearts. Immunolocalization studies showed a
translocation and presumably activation of PKC-§ to the cardiomyocyte sarcolemma

confirming data from subcellular fractionation. Since FGF-2 induced translocation of PKC



isoforms -, -8, -€, and -{ coincides with increased PKC activity, it is likely that some or
all of these PKC isoforms participate in FGF-2 induced cardioprotection.

BARK]1, a serine/threonine kinase, regulates contractility of the heart by
phosphorylating o 1-adrenergic receptors, uncoupling them from their G-proteins. Since
this process can be activated by PKC and PKC is activated by FGF-2, we investigated
whether administered FGF-2 can activate BARKI1 in the isolated perfused heart. Results
from western blotting analysis show increased levels of PARK]1 at the sarcolemma of
FGF-2 perfused hearts. This increased translocation to sarcolemmal membranes most
likely indicates BARKI1 activation by FGF-2. Indeed, this FGF-2-induced increase in
sarcolemma associated BARK coincides with FGF-2 induced negative inotropic effect
and may thus represent a mechanism by which FGF-2 affects contractile function.

The effects of FGF-2 on additional enzymatic systems in situ were also examined.
Measurements of total inositol phosphate showed increased total PLC activity at both the
sarcolemma and cytosolic fractions of FGF-treated hearts compared to control hearts.
Western blotting with specific antibodies to PLC-y1 (linked to tyrosine kinase receptors)
and to 81 and B3 (linked to G-protein signaling) showed that FGF-2 induced changes in
subcellular distribution of all PLC subtypes. OQur data point at a correlation between
increased PLC activity at the sarcolemma and increased levels of PLC-B3 and/or PLC-51-
like enzymes at that site, suggesting that FGF-2 may have stimulated the activity of these
G-linked enzymes implicating for the first time FGF-2 in

G-protein signaling in the heart.
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To determine whether MAPK, a mediator of FGF-2 signaling in various cell
systems, including isolated cardiomyocytes was activated by FGF-2 in perfused hearts,
Western blotting was performed on purified sarcolemmal and cytosolic preparations from
control, FGF-treated, FGF-treated in the presence of chelerythrine and chelerythrine alone
treated hearts, using antibodies specific for the p42 and p44 MAPK and their dually
phosphorylated and thus activated forms. Our data showed that FGF-2 caused an increase
in MAPK levels at the sarcolemma suggesting the presence of potential MAPK-targets at
this location. In addition, Western blot results show increased dually phosphorylated
MAPK isoforms at both cytosolic and sarcolemmal fractions with FGF-2 treatment
demonstrating that FGF-2 activates MAPK in cardiac myocytes in situ. This activation
persisted even in the presence of chelerythrine, suggesting that activation of MAPK may
not be essential for the cardioprotective effect of FGF-2. Our data also indicated that in
contrast to popular belief, p42 and p44 MAPK activation does not occur downstream of
PKC.

Finally, FGF-2 was shown to increase nuclear localization of the proto oncogene
c-fos, in both myocytes and smooth muscle cells, and to induce changes in distribution of
the proto oncogene c-jun and the non-receptor tyrosine kinase src.

Since FGF-2 administration to the heart during reperfusion was also protective
against [-R injury, we looked for changes in the subcellular distribution of some signal
transduction proteins to see whether they may be involved in cardioprotection under these
conditions. Preliminary data have indicated that FGF-2- induced changes in the

localization of PLC-$3 and c-fos in the reperfused heart after ischemia are similar to those
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induced by this factor in the pre-ischemic heart. This would suggest c-fos and the Gq
protein activated PLC-33 may participate in the FGF-2 induced cardioprotective effect
against reperfusion injury.

In conclusion, we have shown that FGF-2 is cardioprotective against I-R injury in
a chelerythrine-inhibitable fashion, implicating PKC in the mechanism of protection. This
cardioprotection induced by FGF-2 against I-R may be receptor mediated as indicated by
increased levels of phosphorylated tyrosine residues upon FGF-2 admuinistration. In
addition, we have provided evidence indicating that FGF-2 administration results in
translocation and presumably activation of several PKC subtypes within cardiomyocytes,
in the context of the whole heart, suggesting that FGF-2 may directly increase resistance
of these cells to injury in situ. This FGF-2-induced cardioprotection seems to be
independent of MAPK activation and may involve the activation and/or translocation of

the various PLC isoforms, BARK(, c- fos, c-jun and src.

Possible clinical applications for the cardioprotective effects of FGF-2 against I-R
injury include: administration immediately after a heart attack; during restoration of blood
flow to ischemic regions upon angioplasty or coronary bypass surgery; or during heart
transplantation. More research into how FGF-2 protects against I-R injury may lead to an

optimization of FGF-2 therapy and the utilization of endogenous FGF-2 to combat

cardiomyocyte damage.
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CHAPTER 1
LITERATURE REVIEW

1.1 [SCHEMIC INJURY

Clinically, ischemic heart disease is a complex disorder which is manifested in
many forms and levels depending on the cause, length of time, and seventy of the
ischemia. In the heart, ischemia occurs when there is an imbalance between oxygen
demand of the working heart and the amount of blood and oxygen supplying it. This
imbalance usually occurs when coronary arteries situated along the epicardial surface
experience a partial or total blockage of their lumen. As a result, myocardial infarction
(cell death) can occur [1,8]. Concurrent with the decrease in blood supply to the working
heart, the supply of metabolic substrates (such as glucose and oxygen) become diminished
and catabolites (such as H™ and lactate) accumulate in the injured region since no blood
flow is present to wash them out [1,8,10]. Thus, as reviewed by Opie et al [1] and others
[8, 10, 91] underperfused dysfunctional ischemic tissues are characterized biochemically
and physiologically by: depressed arterial blood flow; the occurrence of hypoxia;
disruption of the aerobic respiration processes; depletion of cardiomyocyte substrate
supplies; the presence of anaerobic glycolysis; the accumulation of metabolic end products
of ischemia; depressed contractile function; cardiac arrhythmia and altered action potential
profile [1,8,10,91].

Contractile failure, during ischemia, is characterized by a decrease in contractile

force and in rates of contraction and relaxation [1,10,53,94]. Patients suffering contractile



failure exhibit decreased cardiac output, poor circulation of blood and oxygen to tissues
and eventual cardiac failure [1].

A number of mechanisms have been proposed to explain the occurrence of
contractile failure during times of oxygen stress and ischemia. The reduction of cytosolic
ATP and glucose during ischemia, for instance has been proposed to contribute to
contractile failure [1,10,79]. With this depletion of cytosolic ATP and glucose, increased
action potential duration (APD) shortening occurs and Ca®" release from the cytosol is
prevented. Contractile failure ensues as increased intracellular Ca’” eventually leads to
contracture and decreased cardiac performance [[,10,53].

Alternatively, the accumulation of ischemic products are thought to also contribute
towards ischemia-induced contractile failure. Studies have shown that with the
intercellular buildup of metabolic waste products (such as lactic acids, H™ ions, inorganic
phosphates and CO2), acidosis can occur within the cell [1,10,79]. Increased cytosolic H”
ions, in turn, are thought to replace Ca® ions from their binding sites on the thin
contractile filaments, thus inhibiting the actin-myosin cross-bridging and reducing
myocardial contractility.

Alterations in action potential and ECG patterns due to ischemia have also been
shown to be clinically manifested by patients with ischemic disease. These alterations in
action potential are thought to occur because of depressed levels of intracellular ATP
which, in turn, can induce the activation of K zrp channels and thus shorten the action

potential duration [36]. As well, with increased extracellular K™ accumulation outside the



myocyte, an increased resting membrane potential and decreased amplitude of phase O of
the action potential is seen in these ischemic cardiomyocytes [37-40].

Increased intracellular Ca*"concentration in myocytes during ischemia has been
correlated with the development of ventricular fibrillation and other arrhythmias [4-7].
According to Mochwat et al. [2] this increased intracellular Ca*"during ischemia has been
shown to be due to the effects of long-chain acylcarnitines and lysophosphatidylcholine via
three potential mechanisms: (1) inhibition of Na/K-ATPase leading to increase in [Na']i
and thereby activating Na/Ca®” exchange; (2) inhibition of Ca*"-ATPase activity in the
SR, leading to a reduction in net Ca’” uptake and increased intracellular concentration of
Ca®"; and (3) delayed inactivation of the Na~ channel leading to an increase in intracellular
Na", and enhanced Na'/Ca®” exchange [2].

1.1.2  Reversible and irreversible ischemia

According to Ip et al. [8], reversible ischemia is described as the initial period of
ischemia where cardiomyocytes may recover fully from permanent ischemic damage if
reperfused between 10 to 20 minutes after coronary artery occlusion. Metabolically,
during this period of reversible ischemia, hearts show a rapid depletion of myocardial high-
energy phosphate compounds along with glycogen stores. In addition, other biological
changes occur, such as peripheral aggregation of nuclear chromatin, and mild tissue and
myocyte swelling. However, despite these changes, reversibly ischemic cardiomyocytes
still show wiably intact sarcolemmal and cell membranes. Upon reperfusion these
reversibly injured myocytes display a restoration of high energy phosphate compounds and

a reversal of any ischemically induced structural changes [8].



Irreversible ischemia occurs during prolonged periods of coronary occlusion (>20
min.). In this case, irreversibly injured myocytes displayed a disruption of their
sarcolemma, disorganization of mitochondrial cristae, and cessation of anaerobic
glycolysis. Loss of the cytoskeletal protein vinculin from the periphery of cardiomyocytes
is an early sign of irreversible ischeamia [95].

1.1.3 Experimental models of ischemia

As reviewed by Karmazyn [10], there have been different experimental models of
ischemic injury ranging from in vitro isolated cell model to in vivo whole animals. The
primary in vivo ischemic model of injury used is the regional infarction model of the in situ
heart. The advantage of this model is that it has been shown to mimic clinical ischemic
conditions closely. The disadvantage, however, is that one cannot control systemic effects
of ischemia such as collateral blood flow, and the presence of nerve endings, endothelial
cells and other tissues. These systemic effects prevent researchers from manipulating
experimental conditions whereby ischemic effects on cardiomyocytes alone can be
examined [10].

In vitro models, on the other hand, allowed researchers to examine the effects of
I-R injury on cardiac myocytes and coronary vascular cells without the participation of
blood borne factors. Examples of these in vitro models included the hypoxic or ischemic
Langendorff perfused heart [11-13] and the isolated adult cardiomyocytes [14], subjected
to hypoxia, metabolic inhibition, or ischemia. However, the disadvantage of using perfused
heart preparations was shown to include the development of reperfusion deficits (no

reflow) in the subendocardium of ischemia-reperfused hearts following the development of



ATP depletion-induced rigor contracture [54,55]. In addition, the isolated cardiomyocyte
has the disadvantage of possessing possible residual damage caused by the isolation
procedure itself. Also, both the perfused heart and the suspended isolated myocyte
hypoxic models were shown to differ from true in vivo ischemia in that although there is a
limited amount of oxygen and substrate to the in vitro isolated heart, there is still a
continuous flow or a large extracellular space to wash out metabolic end products.

Despite the differences and disadvantages of the various experimental models, all
of the models were shown to produce a severe depletion of ATP prior to irreversible
injury [56-61, 64, 67-70, 72]. This severe depletion of ATP with ischemia implied that the
irreversible ischemic injury is directly or indirectly a result of ATP depletion from within
the cardiomyocyte.

1.1.4 Global ischemia in experimental animal models or during surgical bypass
surgery and heart transplantation

One type of myocardial ischemic model which is seen both clinically and
experimentally is the global ischemic model. In this case, the whole heart is deprived of its
coronary flow and oxygen supply, for example, by cross-clamping the aorta of isolated
perfused animal hearts [1,10,65] or during cold cardioplegic arrest of hearts during
surgical coronary artery bypass or heart transplants [1]. This results in arrest of cardiac
mechanical work and provides a standard laboratory model of severe total ischemia that
can be followed readily by restoration of the coronary flow with reperfusion. Never the-

less, similar to regional ischemia, global ischemia was also shown to display heterogeneity



of phenotype since microzones of total ischemia can develop side by side with other zones
of ischemia in which cardiac tissue is much better perfused [9].
1.1.5 Ultrastructural changes in cardiomyocytes during ischemia

Irreversible injury and rupture of myocyte membranes is thought to occur as a
result of the stresses imposed on the myocyte by the hypercontracture [70-74], osmotic
swelling [64, 75] and weakened cell membrane [75,76] that occurs during ischemia at a
time of depleted energy production. Decreased energy production is thought to lead to
alterations in ionic regulation and increased Ca*” influx into the cell, hypercontracture and
formation of contraction bands, cytoskeletal disruption and thus plasma membrane
detachment and bleb formation.

[rreversibly injured myocytes display detachment of gap junctional connections
between cells [65]; detachment of sacomeres from intercalated discs and from one another
at the Z bands [62,66]; formation of plasma membrane blebs [54,62,63]; detachment of
intermediate filaments at Z and M lines at the sarcolemmal and outer nuclear membranes,
and at cellular organelles (such as mitochondria) [77]. In addition, immunofluorescence
studies have shown decreased cytoskeletal proteins, such as vinculin and o-actinin in
irreversibly injured ischemic myocytes [77,78].

1.1.6 Alterations in metabolic energy production with ischemia

According to Opie [15], during the initial few seconds of ischemia as the remaining
oxygen in the tissue is diminished, there is a shift in the physiological way energy is
produced in the myocardial cell. Instead of energy being produced via fatty acid

degradation in the mitochondria, the ischemic cardiomyocyte shifts its production of



energy towards anaerobic glycolysis [15]. One consequence of this metabolic shift is that
the amount of ATP produced by the cell is decreased because anaerobic glycolysis yields
only five percent of the regular amount of ATP. This decreased ATP production was
correlated with the depletion of intracellular glycogen stores during ischemia as glucose
supply in the tissue diminishes [16,17].

As ischemia becomes more severe, glycolytic metabolites such as protons,
inorganic phosphates, NADH? and lactate are no longer washed out. These accumulated
glycolytic metabolites lead to a decreased intracellular pH, inhibition of glycolytic
enzymes, such as phosphofructokinase and glyceraldehyde-3-phosphate dehydrogenase,
and further decreased ATP production [18-20]. In response, ischemic cells initially
counteract this process by activating various pH regulating cellular ion transport systems
such as lactate transport [21], Na™ dependent HCO3  transport [22] and Na/H exchange
[23,24]. However, as the ischemic damage becomes more severe, ATP production and
intracellular pH becomes further decreased, intracellular sodium is increased, and there is
a decrease in function of the various pH regulating transport proteins. This dysfunction
was attributed to the accumulation of protons in the extracellular space [25,26],
decreased availability of HCO3 ", decreased lactate gradients across the cell and decreased
availability of ATP due to decreased ischemic intracellular pH (or pHj) [16].

Several consequences have been shown for the ischemically-induced decreases in
intracellular myocardial pH and ATP. One consequence seen is a decreased myocardial
contractility observed very soon after the beginning of ischemia [16,27-29]. Since ATP is

required for the contractile process, a reduction of myocardial contraction can be expected



with ATP deficiency. However, the reported drop of ATP of only about 10 to 15%
[16,30] in this first phase of ischemia does not correlate well with the observed fast
reduction in myocardial contraction. This decreased contractility during early ischemia can
still be explained by the possible existence of a critical ATP pool. Due to its close
proximity to the sarcolemma, researchers [10] speculated that SLM-derived ATP may act
as a critical modulator of membrane-associate ATP-dependent processes involved in
contractility, such as Na/K~ or Ca* ATPase activity or the maintenance of ionic
channels. Therefore, contractile dysfunction seen during early ischemia may be attributed
to the depletion of SLM-derived ATP pools, possibly as a consequence of intracellular
phosphate accumulation [10]. In contrast to ATP, the faster decrease in intracellular pH
[24,31-33] seen during the onset of ischemia, gave a much better correlation with the
rapid decline in contractile dysfunction. This better correlation between rapidly
diminishing intracellular pH and myocardial contractility during ischemia was in agreement
with diminished binding of Ca®" to the contractile elements in acidified myocardial cells
[16,28,34] and reduced activity of the myosin-ATPase at low pH [16,34,35]. In addition,
myocardial contractility was very sensitive to only small reductions in intraceilular pH
[16,33].

Another consequence of cytosolic ATP  depletion is the accumulation of
extracellular potassium and shortening of the action potential due mainly to the opening of
the K'ATP channels [36]. This opening of the K’ATP channels has been shown in several
animal models of ischemia including hypoxic myocytes [37], globally ischemic hearts [38]

and regionally ischemic hearts [39,40] and is thought to be an endogenous



cardioprotective response by the heart to reduce arrhythmia, precondition the heart,
maintain vascular tone and increase coronary flow [42].

In addition, with diminishing intracellular ATP concentrations, ATP dependent Na-
K ATPase pump becomes inactivated during early ischemia. This inactivation of Na-K
ATPase pumps has been shown to contribute to the accumulation of extracellular K~
caused by activated K"ATP channels. With inactivation of these pumps, intracellular Na~ is
no longer pumped out of the cell against its concentration gradient and extracellular K
ions are no longer pumped back into the cell in exchange for Na'. Furthermore, other
potassium channels during ischemia, such as those regulated by arachidonic acid and
intracellular sodium, were shown to also play a partial role in the extrusion of K™ out of
the cell [41], which in turn, help promote the shortening of the action potential and
contribute to the cardioprotective response by the myocardial cell.
1.1.7 Ionic changes in the cardiomyocyte during ischemia

With depletion of high energy phosphate compounds and fall of intracellular pH
during ischemia, other ionic changes were shown to occur in the intracellular and
extracellular milieu with respect to Ca’” and Na’. Researchers have shown that there is an
intracellular rise in Na~ and Ca®" during ischemia. These researchers hypothesized that this
increased cytosolic Na~ and subsequent Ca’ rise may play an important role in the
development of myocardial ischemic injury [43]. As of yet though, it is unclear what is the
relationship between the time course in rise of [Na]; and [Ca®]j with the time course of
ischemic injury. However, studies have suggested that the mechanism for the rise in [Na];

and [Ca®"}j during ischemia involves Na"/H" exchange coupled to Na/Ca®" exchange [44].



During ischemia, with the fall of intracellular pH by increased anaerobic glycolysis, there is
a rise in intracellular sodium after 10 min. of ischemia, probably due to activation of the
Na’/H exchanger. This increase in [Na']j is complemented by the decreased activity of the
Na/K'-ATPase [44] preventing intracellular Na~ extrusion. Subsequently, a parallel
increase in [Ca®]j is observed, presumably due to the activation of the Na'/Ca®*
exchange in response to increased [Na']i [45]. This nse in intracellular Ca®" is further
augmented by the decreased sarcoplasmic recticulum Ca”"-ATPase activity caused by
decreased intracellular ATP levels so that cytosolic Ca®” is no longer accumulated by the
sarcoplasmic reticulum [45].
1.1.8 Altered action potential profiles with ischemia

With the changing intracellular ionic milieu and energy requirements, changes in
action potential profile were shown to occur. For instance, a shortening of AP duration
(APD) was observed during acute myocardial ischemia. This APD shortening was
attributed to an increase in K~ outward current [46] and a decrease in slow inward current
resulting in the loss of intracellular K™ [47] from the myocyte and buildup of extracellular
K™ [48]. These altered levels of intracellular and extracellular K™ from the myocyte is
partially mediated by: (1) decreased ATP levels, which in turn, mediate the opening of the
K" stp channels [49] thus decreasing the myocyte APD; (2) co-ionic loss of potassium
with negatively charged lactate and phosphate ions from the myocardial cell, and (3) an
inhibition of Na -K pump due to decreasing levels of local ATP [1]. Thus, with the
increased conductance of K™ out of the cell, there is a hyperpolarization of the resting

membrane potential away from the voltage required for optimal opening of the Na’
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channel resulting in a lessened upstroke and duration of the ischemic AP [1]. This ischemic
AP profile seems to be species specific since it was observed during ischemia in rabbits
[50], dogs [51], and guinea pigs [52] but not in rats [S3].
1.1.9 Protein and enzymatic markers for myocardial damage during ischemia

In addition to alterations of the biochemical and ionic milieu, a number of changes
in serum enzyme concentrations was shown to occur upon ischemically induced myocyte
damage. These altered serum enzymes can be effectively used as indices for myocardial
ischemia and infarction. According to Sobel et al. [79], excreted serum enzymes were
shown to onginate: either directly from the ischemically injured heart; from other organs
which are subjected to diminished perfusion after myocardial infarction; or from
connective tissue or blood elements in the ischemic heart [79]. For instance, in the
ischemic heart, intracellular mitochondrial enzymes such as creatine phosphokinase (CPK)
[80-83] and lactate dehydrogenase (LDH) [82-86] become depleted from injured necrotic
myocytes. According to Sobel et al. [79], the depletion of LDH and CPK is a consequence
of both enzymatic degradation from ischemic cells and leakage of intracellular enzymes
through damaged membranes, thereby increasing their serum concentrations [79]. Other
mitochondrial enzymes which may be used as indices for ischemica-induced myocardial
damage include transaminase and adenolate kinase [79]. These ischemic marker enzymes
usually exist in different isoforms depending on the tissue from which they originated. For
instance, in the heart, the predominant isoforms for CPK and LDH were shown to be

CPK-MB [87-95] and LDH-I [94], respectively.
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Besides enzymes, other factors secreted into the serum that can be used as a
measure of the severity of myocardial ischemia and infarction are noradrenaline [81],
glutathione [82], histamine [86], lactate [83], cardiac troponin T [90] and
malonyldialdehyde (MDA) [89]. The release of these protein factors from the heart can be
easily quantitated from perfusates of isolated hearts, serum from diseased patients and

whole animal models; and from direct measurement of the ischemic tissue itself.
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1.2 REPERFUSION
1.2.1 Introduction

To stop the damaging effects of ischemic heart disease ischemic tissue must be
reperfused rapidly to replace the depleted oxygen and energy supply and remove the
accumulated metabolic wastes. A variety of reperfusion interventions have been used
clinically to treat ischemic heart disease [1]. These treatments included: anti-
thrombolytic agents such as streptokinase and urokinase [2]; coronary bypass surgery
[3,4]; and balloon angioplasty [3,5]. These various interventions, if performed
immediately after the initial infarct, have been shown to promote recovery of the
cardiac function and stop further myocyte necrosis [6]. However, although reperfusion
of ischemic tissues is necessary to restore cardiac function, the reperfusion process
itself can also induce serious compromise to myocyte viability and function leading to
further injury. The mechanism for this paradoxical event of reperfusion injury remains
to be fully elucidated.
1.2.2  The role of ischemia in determining cardiac injury during reperfusion

In determining a mechanism of I-R (ischemia-reperfusion) injury, investigators
have found that one cannot totally separate the events that occur during ischemia from
those that occur during reperfusion. Indeed, the extent of myocardial recovery with
reperfusion has been shown to be dependent on the type and severity of ischemia, the
length of ischemia and the extent of collateral blood flow {1,7,8,9].

However, it is this dependency of reperfusion injury on the severity and

duration of ischemia that has led to the controversy of whether or not reperfusion injury
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really exists as a distinct entity or whether it represents an acceleration of cell death of
already lethally injured tissue. This controversy, is compounded by the fact that many
of the interventions used to reduce reperfusion injury must be implemented before
ischemia prior to reflow. This phenomenon is particularly evident with agents such as
calcium blockers [11] which are shown to protect the heart only when administered
before ischemia. Regardless of the involvement of ischemia in the generation of
reperfusion injury, reperfusion injury itself is associated with distinct events inciuding
free radical generation, neutrophil activation, enhanced eicosanoid synthesis, activation
of the Na*-H* exchanger, and abrupt Ca’* influx, all of which could contribute to cell
injury. For a recent review see reference [13]. Free radical generation in particular,
was shown to be a distinct reperfusion event since rapid free radical generation is seen
only during times of coronary blood flow restoration [12].
1.2.3 Experimental models of reperfusion injury

Reperfusion injury has been demonstrated in a number of experimental models.
In in vivo studies of reperfusion injury, animals are subjected to coronary artery
ligation for various periods of time followed by reperfusion. In in vitro studies, as
outlined in a review paper by Karmazyn [6], isolated heart and cell preparations are
used to study reperfusion injury [6]. In these isolated preparations, global or zero-flow
ischemia is induced by a total cessation of coronary flow, or low-flow ischemia was
induced by a partial interruption of coronary flow.

However, as reviewed by Karmazyn [6], a number of inherent advantages and

disadvantages are seen with each type of I-R injury model. In isolated heart
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preparations, the use of a saline based perfusion buffer has allowed investigators to
elucidate possible mechanisms of reperfusion injury outside the involvement of blood-
born factors. However, the disadvantage of excluding blood-born factors, such as
neutrophils and platelets, from the experimental condition is that their contributions to
the development of reperfusion injury is not examined. In comparison, in vivo regional
ischemia-reperfusion animal models, such as the rat coronary artery ligation model,
was found to be an excellent representation of reperfusion injury in the clinical setting.
However, the disadvantage to in vivo models is that it does not allow determination of
the exact mechanisms of I-R injury and protection by various agents [6]. Regardless of
the experimental model employed, all I-R injured myocytes were shown to display
similar characteristics such as: ultrastructural changes, electrical disturbances, defects
in energy metabolism and ionic and biochemical irregularities [6].
1.2.4 Reperfusion injury in the clinical setting

Reperfusion of ischemically injured tissues has been shown to occur under
different clinical conditions. These conditions have been extensively outlined in a
review paper by Czubryt and Pierce [13]. In this paper, the authors propose four types
of clinical conditions of reperfusion injury: coronary artery vasospasm, coronary
angioplasty, cardiac by-pass surgery, and thrombolytic therapy [13]. In coronary
arterial vasospasm, reperfusion of post- ischemic tissue is achieved upon spontaneous
or drug-induced relaxation of vasospastic vessels [13-16]. In balloon angioplasty, the
removal of an atherosclerotic block from the coronary artery using a balloon catheter

has been shown to successfully restore the blood flow to oxygen deprived tissues
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[3,4,19]. In anticoagulant therapy, the use of anticoagulants following ischemia is
shown to restore blood flow to the ischemic tissue through the enzymatic degradation of
the arterial occlusion [3,4,19]. In cardiac by-pass surgery, the heart is usually paced
under conditions of low-flow ischemia for varying periods of time prior to restoration
of blood flow and attachment of the new arterial graft [3,4,19].
1.2.5 Biological features of the post-ischemic heart

The biological features of reperfusion of the ischemic heart was shown to be
dependent on the time point reperfusion is initiated. For instance, myocardial stunning
is a reversible type of ischemia that is defined as “a transient left ventricular
dysfunction that persists after reperfusion, despite the absence of irreversible damage
and the restoration of normal or near-normal coronary flow” [38]. In other words, in
stunned hearts, reflow is initiated during the reversible phase of ischemia and
characterized by a preservation of cell viability, resumption of aerobic respiration,
proper washout of accumulated metabolites, the disappearance of electrocardiographic
changes, and restoration of electrolytic and water content [19]. The exact mechanism
for stunning in reversibly injured hearts during reperfusion is unknown. However,
depressed or stunned hearts were shown to display depressed adenine nucleotide pools
[20-22] and increased intracellular calcium [18]. This increase in intracellular calcium
and depression of adenine nucleotide pools may, in turn, affect the energy metabolism
and the myofibrillar contractility of reperfused hearts.

In contrast, rapid and striking changes have been shown to occur upon early

reperfusion of irreversibly injured myocytes [23,24]. Sarcomeres become
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supercontracted and form contraction bands. Sarcolemmal plasma membrane become
severely damaged leading to increased intracellular calcium accumulation and leakage
of creatine kinase out of the cell. With increased intracellular calcium accumulation,
increased calcium deposits are observed within the mitochondria [25]. Changes in cell
volume are shown to also increase swelling of the cell [19]. This cell swelling is
characterized by increased intracellular edema, and ultrastructural changes such as the
appearance of intracellular vacuoles, mitochondrial swelling and sarcolemmal blebs
[19,23,24].

When reflow is initiated during late periods of irreversible ischemia, further
detrimental changes occur. For instance, the no-reflow phenomenon of coronary
arteries was shown to occur in ischemic myocardium after 60-90 minutes of ischemia
[26,27], particularly in areas of the myocardium in which significant capillary or
myocyte swelling is present at the time of reperfusion [26-29]. This no- reflow
phenomenon of the coronary arteries and capillaries is characterized by an endothelial
vasodilator dysfunction and increased neutrophil adherence [31]. Furthermore, after 3
hours of reperfusion, the extent of myocyte injury was shown to be dependent on the
location of ischemic cells within the myocardial wall [30]. As reviewed by Reimer et
al. [30], ischemic myocytes in the subepicardial region of the myocardium are found to
be more salvageable after a period of 30-90 minutes of ischemia followed by 3 hours of
reperfusion. In contrast, in the midwall of the myocardium, although the vasculature
tissue was salvageable, myocyte necrosis occurred. In the subendocardial region, both

myocyte necrosis, vasculature injury and no reflow phenomenon occurred [30]. Thus in
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irreversibly injured hearts, reflow can cause further deterioration in myocytes and
coronary vessels.
1.2.6 Reperfusion-induced vascular dysfunction

Microvascular dysfunction has also been shown to occur during reperfusion of
the ischemic myocardium [1]. With long periods of ischemia (>30 minutes)
reperfusion of the coronary vasculature has been shown to lead to a sustained reduction
in blood flow when compared with pre-ischemic levels. This reduction in blood flow
has been commonly referred to as the “no-reflow” phenomenon [31]. As previously
mentioned, the possible mechanisms for this reflow phenomenon have been postulated
to involve: (1) ischemia-reperfusion induced endothelial cell dysfunction; (2) ischemic
contracture of the myocardium which squeezes the coronary arteries and prevents
normal flow [31,32]; and (3) increased basal tone of coronary vasculature and
obstruction by neutrophils [33,35].

One mechanism for this [-R induced microvascular dysfunction can be related to
the impairment of the endothelial vasodilator reserve [35]. Studies have shown, that
endothelium derived mediators, such as nitric oxide and prostacyclin regulate vessel
tone by opposing thrombus formation and vessel occlusion and by inhibiting adhesion
and aggregation of neutrophils [36,37]. However, during ischemia-reperfusion, nitric
oxide and prostacyclin release is reduced by endothelial cells within the ischemic
region. This decrease in vasodilator release is correlated with an increased constrictor

tone, increased adherence of platelets and neutrophils to the coronary endothelium and
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eventual decrease in coronary flow. As a result, a decreased recovery in myocardial
fucntion is observed upon reperfusion [36,37].
1.2.7 Mechanism for reperfusion induced injury of cardiomyocytes

In terms of cardiomyocytes themselves, studies have shown a variety of
mechanisms which are responsible for mediating the myocardial dysfunction and
necrosis that occur upon reperfusion of ischemic tissue. These mechanisms are thought
to act in concert with one another to produce reperfusion damage. The two primary
mechanisms of importance in mediating ischemia-reperfusion damage have been shown
to involve increased intracellular calcium concentrations (or calcium overload) in
myocytes; and the generation of free radicals upon reperfusion of the post-ischemic
heart. Other mediators of reperfusion injury described in the literature all involve
directly or indirectly either the generation of free radicals or further increases in
intracellular calcium. Table 1 depicts some of the known mediators summarized by
Karmazyn et al. [6] for the generation of reperfusion injury in the myocyte:

Table 1: Some factors potentially mediating myocardial reperfusion injury [6]

Oxygen free radicals

Calcium

Adrenergic receptors

Amphiphiles

Arachidonic acid and its metabolites
Glycolytic products

Defective aerobic metabolism
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Osmotic factors
Intracellular ionic derangement

Loss of membrane integrity

1.2.8 Role of calcium in the development of reperfusion injury

Calcium entry into the post ischemic myocyte is a major factor in the generation
of ischemia-reperfusion injury. Numerous studies so far have documented a rise in
intracellular calcium in ischemic cardiomyocytes after reperfusion [39-42] and that
damage occurs as a result of this rise. This intracellular rise was described by
Zimmerman and Hulsmann [43] as the calcium paradox event. In this paradoxical
event, with the increased intracellular calcium during reperfusion, tissue damage,
enzyme release, contracture and reduction in high energy phosphate stores occurs. The
mechanism by which increased calcium ions enter the ischemic cardiomyocyte during
reperfusion and cause injury has been the focus of many studies.

One mode of calcium entry into reperfused ischemic heart was shown to involve
the Na™-H" exchanger [17]. The Na"-Hexchanger is an ion transport or antiport
protein which catalyzes the transport of intracellular H" across the cardiac sarcolemmal
membrane in a 1:1 exchange for extracellular Na® [44,45]. The mechanism for this
exchange involves ischemia-induced acidosis within the ischemic myocyte. This
intracellular acidic environment activates the Na*-H" exchanger [46,47]. In addition to
ischemia-induced acidosis, the Na®-H® exchanger becomes activated during

reperfusion via a ischemia-induced increase of phosphoinositide turnover [48]. This
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increased phosphoinositide turnover induces an increased production of diacyl glycerol
and IP3. This is significant since PKC is activated by diacyl glycerol and that PKC
activation is correlated with increased activation of the Na*-H* exchanger in numerous
tissues [57-60]. With Na*-H* exchange activity stimulated, there is a rise of
intracellular [Na]i within the cell as H* is extruded extracellularly down its
concentration gradient. The Na/Ca exchanger, in turn becomes activated in response to
the rise in intracellular Na*. This exchanger acts to increase intracellular Ca’* as it
extrudes excess Na™ out of the cell [51]. In addition, this pathway of Ca®* entry is
augmented by the inhibition of Na*/K* ATPase by the prior ischemia. Inhibition of
Na*/K* ATPase increases intracellular Na* by preventing the cell extrusion of Na* in
exchange for K™ by this ATP driven pump [40]. A number of studies have been
published to support this pathway of Ca** intrusion into the myocyte cell during
reperfusion [40,51,52]. In addition, when Na*-H"* [13] and Na/Ca [51] exchangers
were inhibited, there was a better recovery of contractile parameters following
ischemia-reperfusion. Thus, as reviewed by Pierce et al. [13], the Na*-H™, Na/Ca
antiport systems as well as the Na/K-ATPase pump play an important role in the
development of reperfusion injury through increased intracellular calcium.

Other modes of Ca’* entry into the myocyte were shown to involve the voltage
operated Ca’* channel [52]; activation of B-adrenergic receptor [53]; phosphorylation
of calcium channels by PKC [54] and decrease in ATP stores and production [S4]. The
involvement of voltage operated Ca’* channels in the intracellular rise of Ca>*; during

reperfusion was first shown by Nayler et al. [52] who blocked ca** entry into post-
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ischemic hearts using nifedipine. In addition, B-adrenergic stimulation was also shown
to enhance the probability of Ca®>* channel opening. Furthermore, Otani et al. [53],
showed that during reperfusion, phosphorylation of Ca’" channels by PKC in post-
ischemic myocytes enhanced Ca’* channel opening. Intracellular rise of Ca** was also
shown to be enhanced by the depletion of glycolytic ATP stores [55]. This ATP
depletion was shown to decrease the extrusion of cytoplasmic ca’* by the ATP
dependent sarcoplasmic recticulum Ca’*-ATPase, thus enhancing the reperfusion
induced calcium overload within post-ischemic myocytes.

However, recent research has shown that  glycogen depletion during
preconditioning may actually enhance recovery against ischemia reperfusion injury. For
instance, in various rat heart models, improved contractile recovery, as a result of
preconditioning [61] is correlated with rapid glycogen depletion. On the other hand,
other researchers have shown that: rapid glycogen depletion does not participate in the
protective effects of preconditioning and agents which mimick preconditioning (eg.
adenososine and bradykinin) in isolated rat [62] and rabbit hearts [63]; that elevated
glycogen levels in isolated rat heart actually improves contractile recovery after
treatment with hydrogen peroxide [64]; and that reduced glycogenolysis is correlated

with a reduction in ischemia-induced acidosis and improved contractile recovery[65].

29



1.2.9

N

10.

11.

13.

14.

REFERENCES: Chapter 1.2 Reperfusion

Yellon, D.M. and Downey, J.M. Curent resdearch views on myocardial reperfusion and
reperfusion injury. (1990) Cardioscience 1(2): 89-98.

GISSI Ttalian Group. Effectiveness of intravenous thrombolytic treatment in acute myocardial
infarction. (1986) Lancet 1: 397-401.

Braunwald, E. The agressive treatment of acute myocardial infarction. (1985) Circulation. 71:
1087-1092.

Bulkiley,B.H., Hutchins, G.M. Myocardaial consequences of coronary artery bypass graft
surgery. (1977) Circulation 56: 906-913.

Branwald, B.H., Hutchins, G.M. Myoicardial conserquences of coronary arterty byapass graft
surgery.(1985) Circulation. 56:906-913.

Karmazyn, M. Ischemic reperfusion injury in the heart. Cellular mechanisms and
pharmachological interventions. (1990) Can.J.Physiol. Pharmacol. 69: 710-730.

Manning, A.S., Hearse, D.J. Reperfusion induced arrhythmias:mechanmisms and prevention.
(1984) J.Mol.Cell. Cardiol. 16: 497-518.

Ferran. R, Ceconni C., Cuerllo, S. et. al. Intracellular effects of myocardial ischemia and
reperfusion: role of calcium and oxygen. (1986) Eur. Heart J. 7(Suppl. A): 3-12.

Mura, T., Yellon, D.M. Hearse, D.J., Downey, J.M. Determinants of infarct size during
permanent occlusion of a coronary artery in the closed chest dog. (1987) J.Am.Col.Cardiol.9:
647-634.

Maxwell, M.P., Hearse, D.J., Yellinn, D.M. Species variation inthe coronary collateral
circulation during regional myocardial ischemia: acritical determinant of the rate of evolutuin
and extent of myocardial infarction. (1987). Cardiovasc. Res. 21: 737-746.

Nayler, W.G. Calcium antagonists and the ischemic myocardium. (1987) Int, J. Cardiol. 15:
267-285.

Zweier, U.L., Kapussamy, P., Williams, R., Raybusn, B.K., Smith, D., Weusfeld, M.L., and
Flaherty, J.T. Measurement and characterization of postischemic free radical generaation in the
isolated perfused heart. (1989) J.Biol. Chem. 264: 18890-18895.

Pierce, G.N., and Czubryt, M.P. The contribution of ionic imbalance to ischemia/reperfusion
injury. (1995) J.Mol.Cell.Cardiol. 27(1): 53-63.

Maseri, A., L'Abbate, A., Baroldi, G., Chierchia, S., Marzilli, M., Ballestra, A.M., Severi,
S., Parodi, O., Biagini, A., Distandro, A., Pesola. A. Coronary vasospasm as a possible cause
of myocardial infarction: A conclusion derived from the study of * preinfarction” angina. (1978)

N. Engl.J.Med. 299: 1271-1277.

30



15.

16.

17.

18.

19.

20.

21.

23.

Kuga, T., Tagawa, H., Tomoike, H., Mitsuoka, W., Egashira, S., Ohara, Y., Takeshita, A.,
Nakamura, M. Role of coronary artery spasm in progression of organic coronary stenosis and
acute myocardial infarction in a swine model. Importance of mode of onset and duratiion of
coronary artery spasm. (1993) Circulation 87: 573-582.

Yasue, H., Ogawa, H., Okamura, K. Coronary artery spasm in the genesis of myocardial
ischemia. (1989) Am. J.Cardiol. 63: 29E-32E.

Dennis, S.C., Coetzee, W.A., Cragoe, E.J., Jr., Opie, L.H. Effects of proton buffering and of
amiloride derivatves on reperfusion arrhythmias in isolated rat hearts. Possible evidence for an
arrhythmogenic role of Na+/H+ exchange. (1990) Circ. Res. 66: 1156-1159.

Kusuoka, H., Koretsune, Y., Chacko, V.P., et al. Excitation-contraction coupling in
postischemic myocardium. Does failure of activator Ca2 + transients underlie stunning? (1990)
Circ.Res. 66: 1268-1276.

Whalen, D.A., Jr., Hamilton, D.G., Ganote, C.E., Jemmings, R.B.: Effect of a transient
period of ischemia in myocardial cells, 1. Effects on cell volume regulation. (1974)
Am.J Pathol. 74: 381

Reimer, K.A., Hill, M.L., Jennings, R.B. Prolonged depletion of ATP and of the adenine
nucleotide pool due to delayed resynthesis of adenine nucleotides following reversible
myocardial ischemic injury in dogs. (1981) J.Mol.Cell.Cardiol. 13: 229.

DeBoer, L.W.V., Ingwall, J.S., Kloner, R.A., Braunwald, E. Prolonged derangements of
canine myocardial purine metabolism after a brief coronary artery occlusion not associated with
anatomic evidence of necrosis. (1980) Proc.Natl.Acad.Sci. 77: 5471.

Swain, J.L., Sabina, R.L., McHale, P.A., Greenfield, J.C., Jr., Holmes, E.-W. Prolonged
myocardial purine, pyrimide, and pyrdine nucleotide depletion after brief ischemia an the open-
chest dog. (1982) Am.J.Physiol. 242: H818.

Henderson, P.B., Sommers, H.M., Jennings, R.B. A comparative study of the fine structure of
normal and ischemic dog myocardium with special reference to early changes following
temporary occlusion of a coronary artery. (1965) Am.J.Pathol. 46: 367.

Kloner, R.A., Ganote, C.E., Whalen, D., Jennings, R.B. Effect of a transient period of
ischemia in myocardial cells. II. Fine structure during the first few minutes of reflow. (1974)
Am.J.Pathol. 74: 399.

Shen. A.C., Jennings, R.B. Kinetics of calcium accuculation in acute myocardial ischemic
injury. (1972) Am.J.Pathol. 67: 441.

Kloner, R.A., Ganote, C.E., Jennings, R.B. The “no-reflow”™ phenomenon after temporay

coronary occlusion in the dog. (1974) J. Clin.Invest. 54: 1496.

31



27.

28.

29.

30.

31.

33.

34.

3s.

36.

37.

38.

39.

40.

41.

Gavin, J.B., Nevalainen, T.J., Seeys, R.N., Webster, V., Thomson, R.W. An association
between the onset of rigor and loss of vascular competence in early myocardial infarcts. (1978)
Pathology 10: 219.

Armiger, L.C., Gavin, J.B. Changes in the microvasculature of ischemic and infarcted
myocardium. (1975) Lab. Invest. 33: 51.

West. P.N., Connors, J.P., Clark, R.E., Weldon. C.S., Ramsey, D.L., Roberts, R., Sobel,
B.E., Williamson, J.R. Compromised microascular integrity in ischemic myocardium. (1978)
Lab.Invest. 38: 677.

Reimer, K.A., Jennings, R.B. The “wavefront phenomenon” of myocardial ischemic cell
death. II. Transmural progression of necrosis within the framework of ischemic bed size
{myocardium at risk) and collateral flow. (1979) Lab [nvest. 74: 233.

Sobey, C.G., and Woodman, O.L. Myocardial ischacmia: what happens to the oronary arteries?
(1993) Trends in Pharmacol. Science 14: 448-553.

Jennings, R.H., and Reimer, K.A. Factors involved in salvaging ischemic myocardium: effect
of reperfusion of arterial blood. (1983) Circ. 68(suppl. 1): I-25 - [-36.

Sobey, C.H., Dusting, G.J., Grossman, H.J. and Woodman, O.L. (1990) Cor.Art.Dis. 1: 363-
374.

Mcehta, J.L.. Nicols, W.W., Donnelly, W.H., Lawson, D.L., Thompson, L., ter-Riet, M., and
Saldeen, T.G.P. (1989) Circ.Res. 65: 1283-1295.

Engler R. Consequences of activation and adenosine-mediated inhibition of granulocytes during
myocardial ischemia. (1987) Fed. Procedure 46: 2407-2412.

Golino, P. Cappelli-Bigazzi, M., Ambrosio, G., Razi, M., Russolillo, E., Condorelli, M.,
Chiariello, M. Endothlium-derived relaxing factor modulates platelet aggregation in an in vivo
model of recurrent platelet activation. (1993) Circ. Res. 71: 1447-1456.

Moncada, S., Palmer, R.M.J., and Higgs, R.A. Nitric oxide: physiology, pathphysiology, and
pharmacology. (1991) Pharmacol. Review 43: 109-142.

Ferrari, R. Metabolic disturbances during myocardial ischemia and reperfusion. (1993)
Am.J.Cardiol. 76: 17B-24B.

Jennings, R.V., Sommers, H.M., Kaltenbach, J.P., West, .J.J. Electrolyte alterations in acute
myocardiali ischemic injury. (1964) Cisc.Res. 14: 260-269.

Tani, M., and Neely, J.R. Role of intracellular Na+ and Ca+ overload and depressed recovery
of ventricular function of reperfused ischemic rat heart: possible involvement of H+-Na+ and
Na+-Ca2 + exchange. (1989) Circ. Res. 65:1045-1056.

Nayler, W.G. Richard, V.J., Reimer, K.A., Jennings, R.B. Ischemic preconditioning slows
energy metabolism and delays ultrastructural damage during a sustained ischemic episode.

(1990) Circ.Res. 66: 913-931.

32



43.

45.

46.

47.

48.

49,

S1.

52.

53.

54.

55.

56.

Du Toit, E.F.. Opie, L.H. Modulation of severity of reperfusion stunning in the isolated rat
heart by agents altering calcium flux at onset of reperfusion. (1992} Circ.Res. 70: 960-967.
Zimmerman, A.N.E., Hulsmann, W.C. Paradoxical influence of calcium ions on the
permeability of cell membranes of the isolated rat heart. (1966) Nature 211: 646-647.

Pierce, G.N., Philipson, K.D. Na+-H+ exchange in cardiac sarcolemmal vesicles. (1985)
Biochem.Biophys. Acta 818: 109-116.

Seiler, S.M., Cragoe, Jr., E.J., Jones, L.R. Demonstration of a Na+/H+ exchange activity in
purified canine cardiac sarcolemmal vesicles. (1985) J.Biol.Chem. 260: 4869-4876.

Lazdunski, M., Frelin, C., Vigne, P. The sodium/hydrogen exchange system in cardiac cells:
Its biochemical and pharmacological properties and its role in regulating internal concentrations
of sodium and internal pH. (1985) J.Mol.Cell.Cardiol. 17: 1029-1042.

Piwnica-Worms, D., Jacob, R., Horres, C.R., Licberman, M. Na/H exchange in cultured chick
heart cells. (1985) J.Gen.Physiol. 85: 43-64.

Otani, H., Prasad, M.R.. Engleman, R.M., Otani, H., Cordis, H.A., and Das, D.K. Enhanced
phosphodiesteratic breakdown and turnover of phosphoinositides during reperfusion of ischemic
rat heart. (1988) Circ.Res. 63: 930-936.

Bazzi, M.D., and Nelsestuen, G.L. Differences in the effects of phorbol esters and
diacylglycerols on protein kinase C. (1989) Biochemistry 28: 282-291.

Nishizuka, Y. The role of protein kinase C in cell surface signal transduction and tumor
promotion. (1984) Nature (London) 308: 693-698.

Ziegelstein, R.C., Zweier, J.L., Mrllits, E.D., Younes, A., Lakatta, E.G., Sterm, M.D.,
Silverman, H.S. Dimethyithiourea, an oxygen redical scavenger, protects isolated cardiac
myocytes from hypoxic injury by inhibition of Na+-Ca2+ exchange and not by its antioxidant
effects. (1992) Circ.Res. 70:804-811.

Nayler , W.G., Panangiotopoulos, D., Elz, J.S., et al. Calcium-mediated damage during post-
ischemic reperfusion. (1988) J.Mol.Cell.Cardiol. 20(suppl. II): 41-54.

Otani, H., Prasad, M.R., Engleman, R.M., Otani, H., Cordis, H.A., and Das, D.K. Enhanced
phosphodiesteratic breakdown and turnover of phosphoinositdes during reperfusion
phosphoinositdes during reperfusion of ischemic rat heart. (1988) Circ.Res. 63: 930-936.
Karmazyn, M., Watson, J.E., and Moffat, M.P . Mechanisms for cardiac depression induced by
phorbol myristate acetate in working rat hearts. (1990) Br. J.Pharmacol. 100: b826-830.

Opie. L.H. Lack of oxygen: ischemia and angina. In “The heart: physiology and metabolism.(Ed.
L.H. Opie. Raven Press, 1991. New York, New York) p.425.

Kaul, N., Siveski-Iliskovic, N., Hill, M., Slezak, J. and Singal, P.K. Free Radicals and the
heart. (1993) J.Pharm. Toxic.Met. 30(2): 55-67.

33



57. Azarani. A.. Orlowski. J.. Goltzman, D. Parathyroid hormone and parathyroid hormone-related
peptide activate the Na+/H+ exchanger NHE-1 isoform in osteoblastic cells (UMR-106) via a
cAMP-dependent pathway. (1995) J.Biol.Chem. 270(39): 23166-72

58. Soleimani, M.. Singh, G.. Dominguez. J.H.. Howard, R.L. Long-term high osmolality activates
Na(+)-H+ exchange and protein kinase C in 2ortic smooth muscle cells. (1995) Circ.Res. 76(4):
530-5

59. Ma, Y.H.. Reusch, HP.. Wilson, E.. Escobedo. J.A.. Fantl, W.J., Williams, L.T., Ives, H.E.
Activation of Na+/H+ exchange by platelet-derived growth factor involves phosphatidylinositol
3'-kinase and phospholipase C gamma. (1994) J.Biol.Chem. 269(48): 30734-9

60. Jourdain. M., Amiel. C.. Friedlander, G. Modulation of Na-H exchange activity by angiotensin II
in opossum kidney cells. (1992) Am.J Physiol. 263(6 Pt 1): C1141-6

61 McNulty, P.H., Darling, A., and Whiting, J.M. Glycogen depletion contributes to ischemic

preconditioning in the rat heart in vivo. (1996) Am.J.Physiol. 271(6 pt 2): H2283-9,

62. Asimakis, G.K. Myocardial glycogen depletion cannot explain the cardioprotective effects of
ischemic preconditioning in the rat heart. (1996) J.Mol.Cell.Cardiol. 28(3):563-70.

63. Wienbrenner, C., Wang, P., and Downey, J.M. Loss of glycogen furing preconditioning is not a
prerequisite for protection of the rabbit heart. (1996) Bsic.Res.Cardiol. 92(5): 374-81.

64. Gan, X.T., Cook, M.A., Moffat, M.P., and Karmazyn, M. Transient ischemia in the presence
of an adenosine deaminase plus a nucleoside transport inhibitor confers protection against contractile
depression produced by hydrogen peroxide. Possible role of glycogen. (1996) J.Mol.Cell.Cardiol. 28(5):
1165-76.

65. Lavanchy, N., Grably, S., Garnier, A., Rossi, A. Crucial role of intracellular effectors on
glycogenolysis in the isolated rat heart: potential consequences on the myocardial tolerance to ischemia.

(1996) Mol.Cell.Biochem. 160-161: 273-82.

34



1.3 CARDIOPROTECTIVE TREATMENTS AGAINST ISCHEMIA-

REPERFUSION INJURY

A number of treatments have been shown to be cardioprotective against ischemia-
reperfusion injury. These agents included: Ca*" channel blockers (such as diltiazem [1],
verapamil [4,5] and nifedipine [2,3]); B-blockers (such as carvedil [6]); angiotensin
converting enzyme (ACE) inhibitors (such as enalapril [7]); Na'-H exchange inhibitors
(such as amiloride [8] and its analogues dimethylamiloride [9] and methylisobutylamiloride
[10]); free radical scavengers (such as vitamin E, vitamin C, and glutathione [ 1]); nitric
oxide derivatives (such as L-arginine [12] and sodium nitroprusside [13]); preconditioning
[14]; PKC activators [14]; adenosine [15-17]; and K stp channel openers [18]. These
treatments were shown to work via a number of different mechanisms which share a
commonality in the end result, that is, the reduction of calcium and, depending on the
agent, a decrease in free radical damage before, during and after ischemia-reperfusion.

How each one of these cardioprotective agents works has been the subject of
extensive research to protect the heart against ischemia-reperfusion damage. Many studies
have used various in vitro and in vivo models of I-R injury, including cell cultures in which
reperfuston injury was stimulated by adding H,O, to the culture medium [19,28]; ex vivo
[-R experiments or isolated animal heart preparations using a Langendorff perfusion
apparatus [20]; in vivo animal models in which temporary regional coronary occlusion was
induced [21].

Evidence for the protective effects of these treatments was obtained by employing

various blockers and/or activators of the specific channels, receptors or signal transduction
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proteins which induced or prevented cardioprotection against I-R. Karp channel openers,
such as bimakalim [21], were also shown to be cardioprotective against I-R injury [18].
Bimakalim acted by reducing the cell’s action potential duration (APD), which, in turn,
limited the amount of time calcium channels remain open during the action potential’s
plateau phase. The protective effect of these Karp channel openers was inhibited by such
K,1p channel blockers as glibenclamide [26] and 5-hydroxydeconoate [27]. In addition,
ischemic preconditioning of the heart was shown to also induce cardioprotection against I-
R injury by a mechanism involving adenosine-induced Al receptors, PKC activation and
K ,p channel opening [23].

Cardioprotective treatments studied so far have differed in their effectiveness
against [-R injury depending on whether they are administered before ischemia or upon
reperfusion. Calcium channel blockers [2,3,22] and most K™ srp channel openers [28] were
shown to be effective only upon pre-ischemic treatment of hearts. The only K .1p channel
opener shown to be cardioprotective when administered not only before, but also after
ischemia, was nicorandil [29]. This was attributed mainly to the ability of nicorandil to
activate K yrp channels before ischemia as well as, during reperfusion, due to its nitrite
property which confers vasodilation and inhibition of neutrophil activity. Other
cardioprotective agents which have been shown to protect the heart against [-R injury
when administered before ischemia or upon reperfusion included: nitric oxide donors (such
as L-arginine [25]), antioxidants [30,31], and Na/H exchange inhibitors [9,35,36].

The mechanisms used by these various agents to confer cardioprotection against

reperfusion injury were shown to be different. Nitric oxide and its donors (L-arginine)
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induce cardioprotection in isolated neonatal lamb [33] and rat [34] hearts when
administered directly after the ischemic injury largely through the inhibition of neutrophil-
mediated injury and adherence to coronary vessels, improved coronary flow and improved
endothelial cell function [33,34] In addition, administration of free radical scavengers
(such as catalase, superoxide dismutase, reduced glutathione, glutathione peroxidases and
the xanthine oxidase inhibitors (allopurinol and oxypurinol)) to postischemic myocardial
tissues, were shown to prevent reperfusion injury [32]. These agents worked by
scavenging free radicals (such as 0, OH- and H,0,) either produced locally in ischemic
and reperfused myocardial tissues or from infiltrating free radical generating neutrophils
during reperfusion [31].

Na/H exchange inhibitors are shown to be cardioprotective against I-R injury when
administered before as well as after ischemia [9,35,36]. Studies employing isolated rat
hearts showed that post-ischemic treatment with Na/H exchange inhibitors (such as 5-
(N,N-dimethyl)amiloride) was able to induce protection by inhibiting Na entry into the
ischemic or post-ischemic cell [36]. With decreased Na,, there is a reduction in the Na/Ca
exchange activity. Reduced Na/Ca exchange activity, in turn leads to reduced Ca entry
into the cell and thus, calcium overload is attenuated [37].

Thus, the use of exogenous treatments which either block or activate specific
channels, receptors or signal transduction proteins has led researchers to discover new
and different pathways and mechanisms of I-R injury as well as different modes of
cardioprotection. In this literature review, the different modes of cardioprotection against

[-R that will be concentrated upon will be: the role of NO and its derivatives; Kirp channel
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openers, and PKC and preconditioning. Although, the other modes of cardioprotection,
such as free radical scavengers and Na/H exchange blockers may represent possible
modes by which FGF-2 may exert its cardioprotective effects against I-R injury, nothing in
the literature has yet directly linked these with FGF-2. In contrast, FGF-2 has been shown
to promote the release of NO [39,40], activate the opening of K™ s1p channels [39], and

activate PKC [38].
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1.4 PRECONDITIONING AND ROLE OF PROTEIN KINASE C (PKC)

Ischemic preconditioning is defined as a protective adaptation by the heart against
long periods of ischemic injury when it is pre-exposed to shorter periods of ischemic
stress. Preconditioned hearts display reduced cellular damage and physiologically
detrimental ventricular arrhythmias upon reperfusion [16]. Understanding the
preconditioning process may lead to better treatments against I-R injury in the clinical
setting (such as during bypass surgery and heart transplantation [17]). In the clinical
setting, preconditioning of the heart with a short burst of ischemia-reperfusion or utilizing
a pharmocological agent which simulates preconditioning may be advantageous when the
heart is exposed to prolonged ischemia during myocardial infarction, or surgical
procedure.

At the moment, the mechanism of preconditioning is not elucidated. Various
studies have shown that ischemic preconditioning was not dependent on: altered
myocardial blood flow [18]; attenuation of oxidant generation [19]; myocardial stunning
[20]; altered glycolytic flux [21]; activation of an endogenous mitochondnial ATPase
inhibitor {22]; increased prostacyclin [23]; nitric oxide synthesis [24].

A growing body of evidence has implicated adenosine and adenosine receptor
activation in ischemic preconditioning [6-9,12,13,26-28,30]. Adenosine receptor
activation was shown to: reduce leukocyte adhesion to postcapillary venules in I-R tissues
[26,27]; modulate neutrophillic oxidative metabolism and inhibit platelet aggregation [28].
In ischemic preconditioning studies utilizing isolated rabbit hearts [9,13] or cardiomyoctes

[8], the cardioprotective effects of preconditioning were either mimicked or augmented by
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the addition of adenosine [26] or adenosine agonists [8] to the perfusate, or blocked by
inhibitors to adenosine A1l receptors, such as 8-(p-sulfophenyl)theophylline (SPT) [6,8]. In
these studies, the activation of adenosine release generated smaller infarct sizes [6,13] and
increased functional recovery [7,12,30] over that of their respective controls.

Protein kinase C (PKC) has also been shown to be a important mediator of
preconditioning. PKC is a family of phospholipid-dependent serine/threonine kinases.
Structurally, PKC consists of up to five variable (V1-V5) regions and four conserved (C1-

C4) regions as described in the figure below:

NH3-terminal

HINGE
REGION

COOH-terminal

The V1, C1, V2, and C2 regions comprise the amino-terminal regulatory domain which is
linked through the V3 “hinge” region to the carboxyl-terminal catalytic domain consisting
of the C3, V4, C4, and V5 regions. Cl region has been shown to contain a
pseudosubstrate site which, in the absence of activators, maintains the inactive state of the
enzyme through its interaction with the catalytic ATP binding site on the C3 region. In
addition, the C1 region contains one or two Zn*"-finger-like Cys-rich motifs which bind
the physiological activators of PKC (such as diacylglycerol or DAG) and their analogues

(e.g., phorbol 12-myristate 13 -acetate or PMA). The C2 region consists of acidic amino
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acids which function in binding Ca®” to the enzyme. The C4 region functions in
transfering the phosphate group from the ATP bound C3 region to various protein
substrates along the signal transduction pathway. Phosphorylation of the PKC is also
required for PKC activity and occurs either prior to or rapidly upon ligand binding [44].

PKC isoenzymes differ in their structure, cofactor requirement, and substrate
specificity [29]. As of to date, twelve PKC isoenzymes have been identified. There are the
conventional PKCs (¢cPKC) which consist of PKC-a, -Bi, -fz and -y and are Ca®* -
dependent enzymes. This subfamily was shown to possess the full primary sequence
described above and is activated by phosphatidyl serine (PtdSer), Ca®", and DAG (or
PMA) [29,44]. The next family of PKCs, called the novel PKCs (nPKC) consists of
PKC-5, -g, -n, wu and -6 [29,44]. This subfamily of PKCs are considered to be Ca®" -
independent since they lack the C2 region in their primary structure and thus are not
dependent on Ca*" for activation. However, members of this subfamily still require PtdSer
and DAG (or PMA) for activation [44]. The third family discovered was the atypical
PKCs (aPKC). This family consisted of PKC-C, 1 and -A and its primary structure lacks
the C2 region and one of the two Zn*"-finger-like Cys-rich motifs in the C1 region. Thus,
this, subfamily of PKCs is independent of Ca2+, DAG or phorbol esters for activation
[29]. However, PtdSer and phosphatidylinositol-3,4,5-triphosphate (PIP3) have been
shown to activate this sub family [44].

Activation of members of the cPKC and nPKC family is shown to involve the

movement of this enzyme from the cytosol to the cell membrane [46,47] where it



phosphorylates proteins containing the consensus sequence X-Arg-X-X-Ser/Thr-X-Arg-X
[4s].

In the heart, nPKC-$, nPKC-¢, cPKC-a and aPKC( have been detected [48,49,50]
and their relative amounts shown to be developmentally regulated, decreasing as the cell
approaches its adult phenotype [51,52]. PKC was shown to be involed in processes such
as: the development of hypertrophy and activation of the early immediate transcription
factor genes [53,54]; phosphorylation of myofibrillar proteins such as myosin light chain
[55], Troponin I,T and C [56]; L-type Ca* channels [57,58], Na~ channels [59], K
channels [60] and CI' channels [61]. PKC’s effect on these above mentioned proteins
would suggest that its activation may play a role in the regulation of cardiac contractility.
However, experiments conducted so far by different researchers have produced mixed
results from negative to positive to no change in contraction upon PKC activation [62].
These vanations in experiments have so far been attributed to differences in the
experimental model chosen [44].

Recently, research into charactenizing the function of PKC in the heart has
focussed on its potential role during ischemic preconditioning. Studies utilizing PKC
agonists such as 1,2-dioctanoyl-sn-glycerol (DOG) [30], diacylglycerol [12], and phorbol
12-myristate 13-acetate (PMA) [4,7,9] on isolated rat or rabbit cardiomyocytes [7,9],
isolated rat hearts [[2], or in vivo rabbit hearts [4] mimicked protective effects of
preconditioning against I-R injury. However, these agonists are used to activate all PKC
isoforms since they work by binding to the DAG binding site present on all of PKCs. This

agonist binding, in turn, activates PKC by facilitating the binding of Ca®" ions and
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phosphotidylserine to the PKC enzyme [64]. However, studies which utilized more
specific activators to various isoforms of PKC such as ingernol (an epsilon and delta-PKC
isoenzyme selective activator) and thymeleatoxin (an alpha, beta, gamma-PKC isoenzyme
selective activator) showed that preconditioning in isolated myocytes was enhanced with
ingernol but not with thymeleatoxin [9]. Since both ingernol and thymeleatoxin have been
shown to be relatively specific for their respective PKC isoforms [43] these results would
suggest that preconditioning is dependent on the activation of the epsilon or delta PKC
isoforms, although inhibitors for these specific isoforms were not used by these
researchers to strengthen their claim [9]

Further evidence for PKC involvement in preconditioning was obtained in studies
utilizing various specific PKC inhibitors. For instance, studies of ischemic preconditioning
in isolated rat [42] and rabbit [6,8,9,13] hearts or cardiomyocytes [8]; in vivo rabbits [4]
and rats [1,3]; and human myocardium [30] have shown that PKC inhibitors such as
chelerythrine chloride [3,30,42], polymyxin B [4,6,13] and calphostin C [1,8] can block
the cardioprotective effects of ischemic preconditioning by inhibiting PKC activation.
These hearts, in turn displayed increased infarct size [1,3,6,13], cell damage [8] and
decreased functional recovery [1,30] compared to control hearts after [-R injury.

In addition to specific activators to PKC, other mediators have also been
implicated in ischemic preconditioning. These include: a-adrenergic agonists (such as
norepinephrine (5], and phenylephrine [13]), via the al adrenergic receptor [12,13];
prostaglandin E1 and E2 [31]; bradykinin via the B2 receptor [32], and angiotensin [6],

via the ATI receptors. These mediators have all been shown to be cardioprotective
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through the activation of PKC [5,6,12,13, 31,32] and the further downstream activation of
K™ atp channels [30,31,33].

However, the involvement of PKC in preconditioning is not without its opponents.
For instance, Przyklenk et al. [65] found in their in vivo dog models, that PKC inhibitors
H-7 and polymyxin B failed to prevent the benificial effects of preconditioning nor was
there any visual translocation of PKC isoforms to the membrane. As well, Moolman et al.
[66] in their isolated rat heart model failed to block the protective effects of
preconditioning using the PKC inhibitors chelerythrine and bisindolylmaleimide. Reasons
for this conflicting data are uncertain. Various reasons have been proposed ranging from
different animal species to dosages of agonist/inhibitors to the type of experimental
manipulation [67,68].

Furthermore, there is an increased likelihood that Gi protein may be involved in the
preconditioning process in light of the fact that ol adrenergic stimulation [6,12,13],
prostaglandin induced bradykinin-B2 receptor activation [33] and adenosine Al-receptor
activation [6], were implicated in mediating preconditioning’s cardioprotective effects.
This Gi protein coupling was demonstrated in Langendorff perfused rat hearts during al-
adrenergic receptor stimulation [6] and in canine myocytes during adenosine-Al receptor
stimulation [34].

The involvement of Gi protein in the preconditioning pathway is important in that
Gi protein activation has been implicated in the activation of membrane phospholipases
[35] and involved in the adenosine Al-receptor induced activation of PLC [36].

Activation of PLC is important because it has been shown to lead to the production of
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diacyl glycerol and inositol 1,4,5 triphosphate. Diacyl glycerol, in turn was shown to be a
potent PKC activator and its exogenous addition to isolated rat hearts can mimic
preconditioning [12].

In addition, G-protein independent activation of phospholipases by tyrosine kinase
receptors may also participate in preconditioning since DAG and IP3 are also produced by
these phospholipases [69,70].

Thus, a possible schema for the mechanism of ischemic preconditioning may
follow the representation in Fig 1. With ischemic preconditioning, there is an increased
release of adenosine, prostacyclin, angiotensin, bradykinina and norepinephrine from
various vascular, cardiac and nervous tissues. This release is followed by the activation of
the adenosine-Al receptor complex; the al1-adrenergic agonist-receptor complex; and the
prostacyclin-induced bradykinin-B2 receptor complex. These receptors would then
activate Gi protein which in turn, activates membrane phospholipases. Increased
phospholipase activity, would induce the release of diacyl glycerol, a powerful PKC
activator. PKC activation can then stimulate a host of other different pathways which may
mediate the cardioprotective effects of ischemic preconditioning. These PKC induced
pathways include: increased glucose transport; decreased norepinephrine release;
activation of the early immediate genes; K s1p channel opening; increased ATP production
and decreased intracellular calcium concentrations. In addition to Gi protein activation,
preconditioning’s protective effects could also be mediated by Gq protein activation via
increased angiotensin-AT1 stimulation. Gq coupling would, in turn, also stimulate PKC

activation an thus help mediate preconditioning effects.
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Furthermore, PKC activation, and cardioprotection against [-R injury by ischemic
preconditioning may also be precipitated through: the activation of a1-adrenergic receptor
[12,13]; the adenosine-A2 receptor induced decrease of the neutrophil oxidative
metabolism and adhesion to post-capillary venules [28]; and adenosine-Al and -A3
activation in isolated rabbit cardiomyocytes [71], isolated perfused rabbit hearts [72] and
conscious rabbit in vivo infarcted hearts [73].

Thus, ischemic preconditioning has been shown to induce cardioprotection in
different animal and human heart models. Many different agonists are capable of
mimicking the protective response of ischemic preconditioning to I-R injury. Many
agonists, such as adenosine, norepinephrine, angiotensin and bradykinin, share a common
signal transduction pathway through PKC as testified by the use of inhibitors or activators

of PKC.
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1.5 FIBROBLAST GROWTH FACTOR-2 (FGF-2)
1.5.1 General Background

Fibroblast growth factor-2 (FGF-2) is a member of the larger family of fibroblast
growth factors (FGF1-9) sharing 30-50% sequence homology [1,2]. This growth factor is
synthesised and localised in most tissues of neurodermal, mesodermal and ectodermal
origin (e.g. astrocytes, neuronal cells, muscle cells, chondrocytes, keratinocytes, platelets,
macrophages, etc.) [1,2,3]. FGF-2 itself is a cationic peptide with a pI of 9.6. FGF-2 lacks
an amino- terminal hydrophobic signal peptide sequence and therefore is not secreted via
the conventional secretion pathways through the golgi apparatus [4,5]. FGF-2 is very well
conserved between species (e.g. bovine and human FGF-2 share 97% amino acid
homology to one another [6,7].

FGF-2 structure also contains 2 disulphide bonds and an inverse cell adhesion (R-
G-D) sequence which facilitates in FGF-2's cell adhesive function [3]. In addition, FGF-2
has serine and threonine amino acids which become phosphorylated by either protein
kinase A or C depending on the FGF-2's association with various ECM components. FGF-
2's affinity for high affinity receptors, in turn, is influenced by this phosphorylation [13].

Different sizes of FGF-2 peptides have been identified ranging from the low
molecular weight forms(14 to 18 kDa) to the high molecular weight forms (21.5 to 29
kDa) [4]. These different species of FGF-2 differ in their localisation in the cell and thus
are thought to perform different functions. Shorter FGF-2 peptides have been found
mainly in the cytoplasm and extracellular matrix but also the nucleus [14,15,16,17]. In

comparison, the longer FGF-2 peptides, were found preferentially targeted to the cell
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nucleus. This nuclear localisation of FGF-2 is associated with proliferative cells suggesting
a possible role in cell proliferation and growth {17,19].

Multiple FGF-2 isoforms derive from initiation of translation from AUG as well as
CUG-start sites. For instance, in humans, three potential "CUG" codons for FGF-2
translation, at positions -302, -329 and -344, were found to exist at the 5' terminal end of
the gene resulting in the expression and synthesis of higher molecular weight FGF-2 (21.5
kDa, 22.5 kDa, and 25 kDa) [20,21]. These amino terminal extended FGF-2s contain a
nuclear translocation sequence in the extended portions.

The question of the mechanism by which FGF-2 is secreted when it lacks a
hydrophobic amino terminal signal sequence still remains unanswered. One theory
speculated that FGF-2 is released upon cell lysis during tissue injury and cell death [30].
However, other studies have shown that cell death may not be required for FGF-2 release.
These studies have shown that minor damage to the cell, without cell death, can also
induce FGF-2 leakage from the cell interior [31]. More theories of FGF-2's mode of
secretion ranged from evagination of the cell plasma membrane forming extracellular
vesicles [S], to FGF-2 'piggy backing' on nascent heparin sulphate as a mode of
transportation out of the cell [5]. Recently, FGF-2 release in the heart was shown to occur
via a transient, survivable disruption (or wounding) of the cardiac myocyte plasma
membrane. This cardiac myocyte wounding appears to be dependent on the normal
contraction of the heart. Indeed, upon beta-adrenergic stimulation and increased heart

rate, an increase in FGF-2 release is seen in these hearts [161].
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1.5.2 Biological effects of FGF-2

FGF-2 is a multifunctional protein which has been studied primarily as a mitogen.
In in vitro studies, the biological effects of FGF-2 were shown to vary according to cell
type and developmental stage. FGF-2 induced transformation of NIH 3T3 [22,28] and
BHK- 21 cells [23] and stimulated proliferation of numerous cell types. FGF-2 reduced
the average doubling time and shortened the G1 phase of the cell cycle of vascular
endothelial cells [4]. FGF-2 was also demonstrated to play a role in cell differentiation. It
can act as an inducer of differentiation (e.g. capillary endothelial cells [4]) or an inhibitor
of differentiation (e.g. myoblasts, chondrocytes and adipocytes [4]). In myoblasts, in
particular, FGF-2 when added to cultures, decreased MyoD1 transcription and prevented
fusion [32,33]. /n vitro, FGF-2 also promoted cell adhesion [34,35]; induced mesoderm
formation [36]; and promoted angiogenesis [37]. As an angiogenic agent, FGF-2
stimulates degradation of the basement membrane, promoted endothelial cell migration,
tube formation and proliferation, and increased plasminogen activator and collagenase
synthesis and release [4].

In vivo biological effects of FGF-2 include: early embryonic mesoderm induction
[36]; regeneration (e.g. newt limbs, lens tissue and cartilage) [3]; and neurotropic and
neurotrophic actions (FGF-2 promoted neurite outgrowth, differentiation and survival)
[3]. FGF-2 stimulates proliferation and growth of all cell types involved in the wound
healing processes in vivo: capillary endothelial cells [38,41], vascular smooth muscle cells
[39], fibroblasts [38,39] and specialised tissue cells (chondrocytes [40] and skeletal

myoblasts [42]). Thus FGF-2 also participates in the healing process of many systems such
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as arterial endothelium damage [43], skin wounds [44], corneal epithelial wounds [45],
CNS injury [46], and epidermal wounds [47]. More recently, increased FGF-2 mRNA
synthesis and anti-FGF-2 immunoreactivity was demonstrated in models of cortical brain
injury [46]; and muscle injury (specifically in myoblasts), and in degenerating and
regenerating myotubes [42].

1.5.3 FGF-2 receptors

FGF-2 is a high affinity heparin binding protein [5]. Work by Steinfeld et al. [10]
demonstrated that for FGF-2 to bind to its cognate receptor, distinctive FGF-2-heparan
sulfate complexes must be formed [10].

Heparin- FGF-2 interactions: (i), protect FGF-2 from degradation and protease
actions [8]; (ii), stabilise the tertiary structure of FGF-2[10]; (iii) act as a possible direct
transducer of FGF’s signalling pathway by internalization of FGF-2 into the cell [12] and;
(iv) more recent studies have shown heparan sulfate proteoglycans associated with the cell
surface and ECM act in concert to regulate the bioavailabililty and growth promoting
activity of FGF-2. In these studies, Miao et al. [9] showed that while heparan sulfate in
the subendothelial ECM functions primarily in sequestration of FGF-2 in the vicinity of
responsive cells, heparan sulfate on the cell surfaces plays an active role in displacing the
ECM-bound FGF-2 and its subsequent presentation to high affinity signal transducing
receptors [9]. In addition, the sulfate groups on heparin are important in the binding of
FGF-2 [9].

The high affinity receptors for FGF-2 are glycosylated single chain polypeptides

with molecular weights ranging from 110 to 165 kDa [3,4] in numbers ranging from 0.2 to
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1.0 (x105) per cell depending on cell type [3,4]. These receptors are tyrosine kinases
embedded in the cellular membrane [4]. As of yet, four related gene products of the high
affinity receptor have been described (FGFR1-4), each with an extensive array of splice
variants [24]. This RNA splicing process has been shown to be highly regulated and tissue
specific [25].

Structurally, the four FGF-2 receptor isoforms are transmembrane proteins
containing either two or three Ig-like domains in the extracellular ligand binding portion.
Within each isoform group, receptor variants differ from another by the presence of two-
amino acid insertions. A fifth isoform has been shown to be a truncated, possibly secreted
protein, containing the first IgG-like domain [25]. Another isoform, reported by Johnson
et al. [26], is also a truncated form of the FGF-2 receptor, which differs from the others in
that it contains the acidic region of the receptor and the Ig-like domains II and IIL. In the
carboxy terminal, FGFRI! contains a tyrosine kinase domain which becomes

autophoshorylated on the Tyr’®® and the Tyr®*. Tyr’® in particular, once phosphoylated

653

acts as a bind site for phospholipase C-y (PLC-y). Tyr”" on the other hand, maybe

involved in regulating kinase activity [157]. In addition to autophosphorylation, the
tyrosine kinase domain of the FGFR1 phosphorylates other intracellular substrates such as

phospholipase Cy [156,157,159], p89 [157], shc [157] and src [156].
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1.5.4 The signal transduction mechanism of FGF-2

1.5.4.1 PC12 cells

The signal transduction mechanism for FGF-2 is complex and varied depending on
the cell type or developmental stage. One cell type system that has been extensively
studied is the rat adrenal pheochromocytoma cell line (PC12).

A summary of the signal transduction pathway is shown in Fig 1.2. One pathway
proposed by Roivainen et al. [84] involves the activation of protein kinase C. These
researchers found that addition of FGF-2 to PCI2 cells induced neurite outgrowth
through enhanced delta or epsilon PKC-regulated pathways with mitogen activated
protein kinase (MAP) taking place downstream to the PKC.

Kremer et al. [91] and Isono et al. [86] demonstrated a PKC independent pathway
of FGF-2 signaling. Upon FGF receptor activation, PLC-yl becomes activated, which in
turn, activates a cascade of downstream signaling proteins which involve: production of
diacylglycerol and inositol 3-phosphate [91]; increased activation of K252a sensitive
protein kinases or phosphatases [86]; increased activation of MAPK [84,86,87,101];
decreased EGF receptor binding [87]; and finally neurite outgrowth and proliferation.
Alternatively or concomitantly, a p60 src - p21 ras activated pathway was shown also to
become activated in PC12 cells upon FGF-2 binding, and may also play a role in neurite
outgrowth and differentiation [86,92].

In addition, Damon et al. and others [93,94] have demonstrated further activation
of other signaling proteins such as tyrosine hydroxylases and S6 [94] and the subsequent

activation of primary response genes (such as: TIS1, TIS2, TIS8 [93,94]; c-fos [93,95];v-
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crk [96]) and secondary response genes (such as: ornithine decarboxylase, acetyl-
cholinesterase, SCG10 [93]). With gene activation by FGF-2 on PCI12 cells, increased
activities of acetylcholinesterase, cholineacetyltransferase, SCGI10, and ornithine
decarboxylase was shown to occur, followed by increased neurite outgrowth and
differentiation [93,94].

Furthermore, FGF-2 has been demonstrated to protect PC12 cells from injury
[17,18]. In studies conducted by Raffioni et al. [99], FGF-2 was shown to activate
phosphatidylinositol 3 kinase (PI 3-kinase), which in turn induced a neurotrophic response
in PC12 cells, independent of phosphatidylinositol 4-kinase activation [99].

A summary of the signal transduction of FGF-2 in PC12 cells is depicted in Figure
1.2. Solid arrows indicate substantiated signal transduction pathways. Dotted arrows

indicate speculative signal transduction pathways.
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Figure 1.2: PC12 cells
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1.5.4.2 Endothelial cells

The signal transduction of FGF-2 in endothelial cells has also proven to be just as
complex and uncertain as in neuronal cells. The biological effects of FGF-2 in these cells
range from chemotaxis and cell migration [102,103,106,109] to induction of DNA
synthesis and proliferation [102-105,110,111]. How FGF-2 accomplishes these various
biological effects in endothelial cells has been the subject of many experiments and has
been shown to differ among the various types of endothelial cells [105]. However among
all the different endothelial cells types, FGF-2 must first bind and activate its tyrosine
kinase receptor [102-111]. Upon stimulation of the FGF-2 receptor, a number of different
signal transduction pathways are activated depending on the type of endothelial sell being
studied.

In bovine aortic and adrenal cortex capillary endothelial cells {103,106,110,111]
and mouse brain endothelial cells [109], motility and plasminogen activation are stimulated
by FGF-2 via a Ca*" dependent/protein kinase C independent pathway [104] (Fig.1.3). In
this pathway, activation of phospholipase A, by FGF-2 leads to the release of arachidonic
acid [103,106,110,111] and endothelial cell migration. How PLCA; is activated is still
uncertain, however recent research points to the involvement of both pertussin toxin
sensitive G proteins (Go or Gi) [106] and MAPK [102,103] upstream of the PLA,.

Additionally, nuclear transloction of the FGF-2/FGF receptor complex was also
found to be associated with the induction of endothelial cell motility [102]. However,

nuclear translocation was associated with increased DNA synthesis [102], which, in turn,
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may contribute to the angiogenesis of endothelial cells by increasing proliferation
[102,107] and increasing the production of plasminogen activator {104,109].

As well, Ca® independent PKC pathways have also been implicated in the
induction of endothelial cell motility. Sa et al. [103] speculated that activation of PKC may
indeed be involved in endothelial cell motility by activating p42 MAPK isoform, which, in
turn, was shown to be upstream to PLA2 activation [103] in bovine aortic endothelial
cells. Similarly, in experiments with human endothelial cells, FGF-2 was shown to
stimulate the Ca®" independent novel PKC isoforms (§,n,0) [105]. Activation of these
isoforms was linked to increased endothelial cell motility [105,110] possibly via the
activation of MAPK [103].

FGF-2 activation of its receptor has also been linked to increased proliferation of
endothelial cells [102,103,104,105,110,111]. In bovine coronary venular [102] and
bovine aortic [107] endothelial cells, FGF-2 binding to its receptor led to a nuclear
translocation of the FGF-2-receptor complex. Once in the nucleus, translocation was
shown to increase phosphorylation of the protein kinase CKII. CKII, in turn,
phosphorylates the nucleolin protein. With phosphorylation of nucleolin, there was an
increase in DNA synthesis [102] along with increased rDNA transcription and a Gl to S
phase transition of the quiescent endothelial cells [107].

Other proliferative pathways activated in endothelial cells by FGF-2 were shown to
involve protein kinase C. In human umbilical cord [105], bovine adrenal cortex capillary
[110] and bovine aortic [108] endothelial cells, PKC activation led to an increase in

cellular proliferation. This proliferation was shown to be Ca®* dependent [104] suggesting
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the involvement of the Ca*"-dependent PKC isoforms [105,108]. However, this calcium
dependency of endothelial cells is cell type specific since PKC activation of adrenal cortex
capillary endothelial cells did not require Ca®" to induce proliferation [110].

A summary of the signal transduction of FGF-2 in endothelial cells is depicted in
Figure 1.3. solid arrows indicate substantiated signal transduction pathways. Dotted

arrows indicate hypothetical signal transduction pathways.
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Figure 1.3: Endothelial cells
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1.5.4.3 Smooth muscie cells

In smooth muscle cells, the biological effects of FGF-2 include the induction of cell
proliferation [112,110,133,135,140,142-146,148], hypertrophic growth [112], migration
[129,148] and phenotypic trantransformation into a more proliferative state [116]. The
result of these various biological effects in vivo is increased angiogenesis [122,128], the
development of restenosis (after angioplasty) [124] and atherosclerosis [116].

The signal transduction pathway for FGF-2 in smooth muscle cells is not well
characterized. Knowledge of the effects of FGF-2 in smooth muscle cells consist mainly of
its synergistic actions and release induced by other growth factors such as platelet-derived
growth factor (PDGF), epidermal growth factor (EGF), vascular endothelial growth factor
(VEGF) and insulin-like growth factor (IGF). The flow chart in Figure 1.4 depicts the
signal transduction pathway for FGF-2 in smooth muscle cells from signals that induce its
release to the final biological effects induced by FGF-2.

A number of factors which contribute to the development of atherosclerosis and
smooth muscle cellular growth have been shown to induce the release of FGF-2 into the
extracellular milieu. These agents include: Thromboxane A2 [112]; Interleukin-1f [123];
sodium nitroprusside [123]; and Angiotensin II [112,114,115]. Enzymes such as glycosyl-
PI specific phospholipase C (PI-PLC) have also shown to induce the release of FGF-2 in
bovine aortic smooth muscle by cleaving the gylcosyl-PI anchored cell surface heparan
sulfate proteoglycan where FGF-2 is bound [153].

Mechanical strain [119], atherosclerosis [133], and smooth muscle [123,124,133]

and endothelial cell [144] injury (eg. due to angioplasty [124] or nitric oxide toxicity
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[123]) have also been shown to contribute to the release of FGF-2 from smooth muscle
cells. Injury to endothelial cells, for example, causes the release of membrane attack
complex complement C5b. Complement CSb then attaches to smooth muscle cells where
it damages the cell membrane and thus facilitates the release of FGF-2 from its
intracellular stores [144].

Increased release of FGF-2 into the extracellular milieu was shown to occur also
during times of hypoxic stress. Hypoxia was shown to attract macrophages to the site of
ischemia where they would release FGF-2 to the surrounding vascular tissues [122]. In
addition, hypoxia has been shown to induce endothelial cells to release FGF-2, which
inturn, acts as an autocrine factor or paracrine factor on the surrounding endothelial and
smooth muscle cells [143].

Once FGF-2 is released into the extracellular milieu, it then binds to its tyrosine
kinase receptor on smooth muscle cells [116,118,110,120,125-129,142]. In smooth
muscle cells, FGFR1 was shown to be the predominate receptor isoform for FGF-2 [151].
Thus FGF-2 acts in both an autocrine and paracrine fashion to induce its biological effects
on smooth muscle cells [119,122].

Activation of PKC was shown to mediate the mitogenic response of smooth
muscle cells to FGF-2 [112,113,117,110,120,133]. Upstream of PKC, a number of other
signal transduction proteins including: pp 90 [120]; p21™ [141]; G-protein/cAMP
activated protein kinase A [120], are activated.

Downstream of PKC, a number of early-immediate proto-oncogenes become

induced [112]. Induction of these early-immediate proto-oncogenes causes the
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transcription of later genes involved in cellular proliferation and migration [112]. In rat
aortic vascular smooth muscle cells, the proliferative effects of FGF-2 was correlated with
increased expression of c-myc [114,131], c-fos [114], c-myb [148] and c-jun [114]. In
human aortic medial smooth muscle cells, FGF-2 induced expression of c-fms [116] was
correlated with increased scavenger receptor synthesis [116], formation of foam cells
[116] and development of atherosclerosis [116]. In rat thoractic aortic smooth muscle
cells, increased SD1 and SREB transcription factors was correlated with increased LDL
receptor synthesis followed by increased cholesterol uptake and membrane synthesis
[120].

FGF-2 induces the synthesis of proteins which participate in membrane
biosynthesis [120]. In rat aortic vascular smooth muscle cells, FGF-2 stimulates increased
LDL receptor expression. More LDL receptors, in turn, increases the delivery of
cholesterol into the cell. Cholesterol is a substrate for the cholesterol esterfication
substrate acyl-CoA:cholesterol acyltransferase and thus increases this enzyme’s activity.
As a consequence of the increased metabolism of cholesterol, there is an increase in
membrane biosynthesis and thus growth of the smooth muscle cell.

Scavenger receptor biosynthesis is also increased with FGF-2 [120]. With an
increase in scavenger receptors, smooth muscle cells demonstrated an increased uptake of
oxidized-LDL and increased transformation into atherosclerotic foam cell phenotype

[120].
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Figure 1.4 Smooth muscle cell
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1.5.4.4 Striated muscle

Little is known about the signal transduction pathway for FGF-2 in adult
cardiomyocytes. Most of the information pertaining to FGF-2 signal transduction in
myocytes has come from research using skeletal muscle cell lines [156-
159,165,166,178,179] or cultured neonatal cardiomyocytes [163,164,168-173,175-177].
A schematic diagram of the known and speculated signal transduction pathway for FGF-2
in myocytes is depicted in Figure 1.5. Black solid arrows indicate substantiated signal
transduction pathways in skeletal muscle cells. Black dotted arrows indicate signal
transduction pathways which have been speculated in skeletal muscle cells. Red solid
arrows indicate substantiated signal transduction pathways in cardiac muscle cells. Red
dotted arrows indicate signal transduction pathways which have been speculated in cardiac
muscle cells.

After tyrosine kinase receptor activation a variety of different possible signal
transduction pathways have been shown to occur in myocytes. In rat L6 myoblasts, FGF-2
stimulation led to the phosphorylation of membrane bound p89 signal protein and the
cytosolic shc [157] and the src[156] signal proteins. The phosphorylation and activation of
these proteins in turn, leads to their binding to the membrane bound and cytosolic SOS-
Grb2 signal complex. Activation of this complex then leads to the phosphorylation and
activation of p21™ [156,157]. In MM 14 mouse myoblasts [156], C212 mouse myoblasts
[159] and rat L6 myoblasts [157], activation of p21™ has, in turn, been linked to the
activation of c-raf [159], mitogen activated protein kinase kinase (MAPKK) [156,159],

mitogen activated protein kinase (MAPK) [156,159] and the S6 signal peptide. Further
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downstream signaling after MAPK activation may also include MAPK nuclear
translocation [156] and the nuclear translocation of FGF-2-FGFRI complex [156]. The
activation of these MAPK mediated proteins were originally thought to be directly
involved in the inhibition of differentiation and increased proliferative action of FGF-2
[157]. However, Campbell et al. [156] showed that in MM14 cells, the activation of
MAPK was not required to maintain proliferation or repress muscle differentiation, but in
fact, it is the activation of MAPK phosphatase which plays the role in repressing
differentiation [156]. These results would suggest that although FGF-2 activates MAPKK
in proliferating myoblasts, the mitogenic signal does not move on to further downstream
protein kinases [156].

The involvement of protein kinase C (PKC) in mediating effects of FGF-2 in
myocyte proliferation and differentiation is still speculative. In C212 mouse myoblasts, for
instance, FGF-2 was shown to induce the activation of two types of TIS (Tetradecanoyl
phorbol acetate inducible sequences) transcription factors, TISI and TIS8 However,
whereas induction of TIS8 genes relies on a PKC independent pathway (Grb—-c-
raf SMEK—->MAPK—S6 kinase—>TIS8), induction of TIS! relies on PKC activity
(PLCyl—>Tdiacyl glycerol-»TPKC activity— Tactivation of TIS1) [4]. In addition,
although TIS-1 and TIS-8 are both activated by FGF-2 in C212 myoblasts, it is still
uncertain as to whether activation of these primary response genes are directly involved in
mediating the differentiating and proliferating effects of FGF-2 [159].

In myoblasts, FGF-2 was shown to induce a variety of nuclear events, most likely
responsible for the transduction of the dedifferentiating and proliferating effects of FGF-2.

In cultured mouse muscle Sol 8 myoblasts, FGF-2 induced an increase in DNA synthesis
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[166] and an increase in Egr-1 proto-oncogene expression [165]. In C2Cl12 mouse
myoblast cells, FGF-2 induced a decrease in MyoD1 and myogenin gene expression [179]

and an increase in the transcription factors TIS-1 and TIS-8 [159].
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1.5.5 FGF-2 and receptors in the heart

In the heart, FGF-2 is synthesised and stored by various cell types including
cardiomyocytes. In cardiomyocytes, FGF-2 is associated with the nucleus, cytoplasm, cell
membrane, basement membrane and gap junctions [35]. This localisation of FGF-2
suggests an intimate involvement with various aspects of physiological function. In blood
vessels, FGF-2 is accumulated at all cell layers [3].

Kardami et al. [14,51] have identified different forms of FGF-2 in cardiomyocytes.
The 18 kDa FGF-2 species predominated in adult 5 week old rats [35,48,51]. The 22 and
24 kDa species were mainly detected in new born rats. A 25 kDa species was shown to be
localised in the nucleus of proliferating cardiomyocytes [14,51]. In transfection studies by
Pasumarthi et al. [17], overexpression of high and low molecular weight FGF cDNAs in
chick and rat cardiomyocytes resulted in the higher molecular weight FGF-2 localising
mainly in the nucleus and low molecular weight FGF-2 mainly in the cytoplasm and
nucleus. Liu et al.[81] found elevated levels of 21.5- to 22 kDa forms of FGF-2 in
hypothyroid compared to euthyroid cardiac ventricles suggesting that thyroid hormone
may play a significant role in regulating the accumulation of high molecular weight forms
of FGF-2 [81].

Upregulation of high molecular weight FGF-2 forms has been also observed in
cardiac injury. Padua et al. [51] found that in the isoproternenol-induced cardiomyopathic
model of injury, transient increases in the high molecular weight 21.5 and 22 kDa FGF-2
occured 24 hrs after injury in the adult ventricle. Concurrent with this observed increase,

necrotic myocytes displayed increased cytoplasmic FGF-2 staining suggesting an increase
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and/or release of FGF-2 from injured myocytes. After 1 week, however, 21.5 and 22 kDa
FGF-2 forms were downregulated to levels similarly seen in ventricular extracts of control
hearts. Localization of FGF-2 showed increased pericelular FGF-2 staining on myocytes
adjacent to the scar region. Necrotic myocytes have been phagocytized and replaced by
scar tissue at this time point [51].

FGFRI1, the flg gene product, is the only FGF-2 receptor so far identified [52] in
myocardial cells. FGFR1 was shown to exist in the heart as different RNA splice variants
with either two (82-kDa, “short” form) or three (92-kDa, “long” form) extracellular
immunoglobulinlike domains [52]. Recent studies on fetal and adult hearts [53,54], as well
as cultured mitotic and non-mitotic neonatal cardiomyocytes [55] demonstrated a
transition from the “long” to the “short” FGFR1 mRNA expression and protein isoforms
as the heart progresses from fetal to adult stage [52,53,54] or from the mitotic to non-
mitotic stage [52,55].

When FGEF-2 binds to its high affinity tyrosine kinase receptors, increased tyrosine
phosphorylation of cellular substrates is observed in both proliferating and non-
proliferating cardiomyocytes in culture [24,52]. In western blot studies, proliferating
myocytes showed increased tyrosine phosphorylation compared to controls in proteins
migrating with an apparent molecular mass of approximately 180,110,125 and 92 kDa,
while in non-mitotic myocytes, these proteins migrated with an apparent molecular mass
of >200,180,140,90-100. The apparent differences in phosphorylation profiles of both
cultures would indicate possible alternate FGF-2-induced signal transduction systems

dependent on the proliferative state of the cell. Similarly, in ex vivo hearts treated with
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FGF-2 by perfusion (see chapter 3 result section), increased tyrosine phosphorylation
staining was seen in tissue sections corresponding to increased pericellular asccumulation
of exogenous FGF-2 [56,57]. Low affinity heparan sulfate proteoglycan FGF-2 binding
sites receptors have been identified in the heart belonging to the N-syndecan family
[53,56].

Biological effects of FGF-2 in the heart are thought to be exerted via autocrine,
paracrine and/or intracrine pathways [5,17,52,59]. FGF-2 may play a role in regulating
cardiac cell differentiation. Kardami et al. [48], found that atrial myocytes, which are less
differentiated than ventricular myocytes, are surrounded by an FGF-2- rich endomysium.
As well, Schneider et al. [58] has shown that FGF-2, when added to neonatal cardiac cell
cultures, induces a reversal to an earlier program of contractile and non- contractile gene
expression. FGF-2, along with TGF-B1 and FGF-1, were shown to uniformly suppress
expression of the muscle- specific genes in skeletal myoblasts and biochemically
differentiated myocytes. For instance, TGF-B1 and FGF-2 are both found to selectively
provoke embryonic B-MHC and a-SKA expression and inhibit adult «-MHC expression
as well as adult SR Ca*-ATPase [58].

FGF-2 is able to stimulate DNA synthesis in cardiomyocytes of several species
[60,61,82], an effect blocked by the addition of TGF-B1 [60]. Claycomb et al. [61]
showed that FGF-2 induced increased DNA synthesis with an increase in protein synthesis
and the acquisition of a more dedifferentiated phenotype in adult cardiomyocytes. Mikawa
et al. [82] showed that introduction of dominant-negative FGFR1 cDNAs or cDNAs for

antisense FGFR1 into early chick embryos, resulted in an inhibition of myocyte
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proliferation and/or survival during the first week of chicken embryonic development but
had much less effect after the second week. These results suggest that receptor-coupled
FGF signaling regulates cardiac myocyte growth during tubular stages of cardiogenesis.

FGF-2 may also play a role in cell to cell recognition, adhesion and
communication. It has been localised along the intercalated disc regions of cardiomyocytes
[34]. Immuno electron microscopy demonstrated localization of FGF-2 to the cytoplasmic
face of gap junctions [34]. More recently, Doble et al. [83] demonstrated that FGF-2
acting on connexin 43 in neonatal rat cardiomyocytes decreased cell to cell communication
via the phosphorylation of a serine residue on the cytosolic face of gap junctions.

FGF-2 released by cells of the vasculature, interstitium and cardiomyocytes, may
trigger capillary and vessel formation and cardiac innervation [63]. For instance, FGF-2, in
conjunction with vascular endothelial growth factor, was able to stimulate endothelial cell
proliferation, migration, and vascular tube formation in atrial and ventricular explants in
from rat embryos [18,64]. As well, FGF-2 was able to promote smooth muscle cell
migration and proliferation in coronary arteries [65,66] .

In cardiomyocytes, nuclear localisation of FGF-2 has been associated with
proliferative cells suggesting a possible role in cell proliferation and growth [17,19]. This
concept was supported by work done by Pasumarthi et al. [17] who transfected and
overexpressed higher molecular weight FGF-2 (21.5-22-kDa) in rat neonatal
cardiomyocytes. Their work showed two types of chromatin patterns in the nuclei where
the expressed FGF-2 localized. In most nuclei of overexpressing cells, the pattern of

chromatin clumping or fragmentation resembled that of nuclei in the prophase of mitosis.
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However, a second chromatin pattern was observed in nuclei of overexpressing cells
where the chromatin appeared “clumped” (similar to the pattern seen in nuclei of apoptotic
cells). Thus it would seem that high molecular weight FGF-2 may exert both a
proliferative response or an apoptotic one. Indeed, further evidence for the involvement of
FGF-2 in nuclear and cellular division come from experiments showing the presence of
endogenous FGF-2 in close association with chromatin during early prophase in the
chicken [18].

In early development, FGF-2 has been localised, at first only in developing
myocardial cells, appearing subsequently in the extracellular matrix [67]. Functional
studies have shown that FGF-2, along with TGF-B, FGF-1, IGF-II and other growth
factors may contribute to induction of the cardiac myocyte lineage or other components of
the heart. Formation of valve primordia in chick embryos (epithelial- mesenchymal
induction) is elicited by TGF-B1 [68] or cardiac extracellular matrix containing FGFs [69].
As well, in cultured precardiac endoderm cells from explanted chick embryos, FGF-2, was
able to induce terminal cardiac differentiation as characterised by the exhibition of
synchronous contractions and expressed cardiac alpha-actin mRNA [70].

In cardiac disease and wound healing, endogenous FGF-2 may stimulate
regeneration [34,35,48 71]. An increase in cytoplasmic FGF-2 immunolabelling for
necrotic myocytes with eventual increased perimyocyte staining in regions bordering the
infarct area, and an overall increase in FGF-2 accumulation was observed for cardiac
muscle cells in the mdx mouse model of injury and regeneration [72] and in the

isoproterenol-induced cardiomyopathic rat model [51]. These observations suggest that in
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response to cardiomyocyte injury there is an increase in FGF-2 expression/release in cells
of the injured areas possibly playing a role in the cardiac healing process.

A number of studies have turned toward looking whether exogenous FGF-2 may
affect cardiac function. FGF-2 when administered to rabbits induced peripheral
vasodilation and hypotension[181]. This vasodilatory effect by FGF-2 was shown to be
mediated by the initial activation of K ATP sensitive channels and the release from the
endothelium of endothelial relaxing factor (EDRF) or nitric oxide. In addition FGF-2,
injected systemically into /n vivo rats, induced a dose dependent short-lasting decrease in
blood pressure which was followed by a striking increase in blood pressure and heart rate
variability [73]. These FGF-2-induced physiological effects were shown to involve an
initial release of nitric oxide followed by a release of vasoactive prostanoids. In in vivo
canine hearts, exogenous FGF-2 induced an acute vasodilation and increased coronary
blood flow[74].

In /n vivo models of canine [74,75], porcine [76,77], and rat [78] coronary
occlusion, long term treatment with FGF-2 increased coronary collateral artery formation,
increased recovery of contractile function, increased recovery of coronary collateral artery
endothelial function and decreased infarct size. Furthermore, FGF exerted a protective
effect against hydrogen peroxide or serum-starvation induced injury of cultured
cardiomyocytes [57].

In the adult heart, FGF-2 receptor activation can occur upon the release of FGF-2
into the cardiac milieu either from exogenous sources (administration) or from

endogenous sources. Endogenous sources of FGF-2 in the heart include mainly
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cardiomyocytes [160,161], but also vascular smooth muscle cells [162], endothelial cells
[143] and blood borne cells such as macrophages [122]. FGF-2 is likely released from
intracellular stores through cell injury and mechanical stress [160,161] on the cell. In the
heart, FGF-2 release was shown to be mediated via a contraction -induced cardiomyocyte
cell wounding. In this case, pacing of the heart caused temporary reversible wounding of
the myocyte membrane allowing for the passage of intracellular FGF-2 into the
extracellular milieu [161]. In addition, other modes of FGF-2 release may exist in the
heart. Angiotensin II, for instance, induces the release of FGF-2 from vascular smooth
muscle cells via a unknown mechanism [162].

In cultured neonatal rat ventricular myocytes, FGF-2 was shown to increase the
activity of voltage-dependent Ca’" channels [164]. The activation of these channels, in
turn, resuited in an increase in cardiomyocyte beating frequency. Inositol-3-phosphate
(IP3) was thought to be one of the intermediate signals responsible for transducing this
effect since addition of this compound to neonatal rat cultures also induces a similar
increase in cardiomyocyte beating frequencies. Thus, presumably, activation of PLCy1 to
produce IP3 [164] and possible PKC activation by diacyl glycerol may also participate in

transducing this physiological effect of FGF-2 in neonatal cardiomyocytes [164].
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1.6 PHOSPHOINOSITIDE-SPECIFIC PHOSPHOLIPASE C (PLC)

As reviewed by Noh et al. [1] and Bristol et al. [2], phosphoinositide-specific
phopholipase C (PLC) is a hydrolytic enzyme, which when activated by specific cell
receptors, catalyzes the breakdown of the common inositol-containing phospholipids:
phosphatidylinositol [PtdIns or PI}, phosphatidylinositol 4-monophosphate [PtdIns(4)P or
PIP], and PtdIns(4,5)P, [PIP2] [1]. The result of this hvdrolytic reaction is the production
of inositol 1,4,5-triphosphate (IP3) and 1,2 diacylglycerol (DAG) [1,2].

When produced, IP3 and DAG act as important biological signals. IP3, for
instance, functions in the transient release of calcium upon [P3 binding to its
endoplasmic reticulum receptors [2]. DAG functions as a potent protein kinase C
activator [3].

There are 10 isoforms of mammalian PLC which are divided into three families:
PLC-y (1 and 2), PLC-B (1-4) and PLC-8 (1-4). These isoforms differ in their amino acid

sequence, sharing anywhere from 40 to 60 percent homology within their X and Y

regions [1]:
PH X
H_——— M - | B-TYPE
PH X PH

PH Y
b Fw-TYPE

I I 5-TYPE
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Of the three families of PLC, PLC-y is the largest in size followed by PLC-B then PLC-3
[1]. All three families contain a pleckstrin homology domain in their amino terminal ends
with only PLC-y having an extra split PH domain between the X and Y domains. In
addition, PLC-y contains src homology domains (SH2 and SH3). These PH and SH
domains function as binding domains to other signal transduction proteins which activate
the PLC [1].

The various isoforms of PLC differ in terms of substrate affinity, products formed
and mode of activation. For instance, in terms of selectivity for PIP2 over other
phosphotidylinositols, PLC-1 has a greater affinity than PLC-81, which in turn, has a
greater affinity than PLC-yl [1]. In addition, although all three types of PLCs produce
cyclic and non-cyclic inositol phosphates, PLC-B1 produces a higher ratio of cyclic
versus noncyclic inositol phosphates over that of PLC-31, which in tumm, produces a
higher ratio than PLC-yl. This ratio of cyclic versus non-cyclic inositol phosphates is
important in that it is generally believed that cyclic inositol phosphates regulate cell
growth [1].

Although all three families of PLC require calcium for activation, they also differ
in other activation requirements. PLC-f isoforms for instance, are activated by receptors
which activate the sub-family of Gq proteins [1]. These Gq proteins differ in their type of
a-subunits (Gag, Gayy, G4 and Gi), which, in turn, differ in their affinity for guinidine
triphosphate (GTP) and different isoforms of PLC-fs. [n vitro studies have shown that
both the a-subunits of pertussis toxin-insensitive G-proteins and the By subunits of

pertussis toxin sensitive Gq proteins are capable of activating PLC-p [10]. However these
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subunits differ in their affinities for the various PLC-f isoforms with the a subunits
activating PLC-B isozymes in the order of PLC-BI1>PLC-B3>PLC-B2, and the By
subunits activating PLC-B isozymes in the order of PLC-B3>PLCB2>PLCp1 [10]. Some
agonists which activate Gq proteins include vassopressin, adrenelin and carbachol [2]
and endothelin-1 [6]. Once activated, PLC-B activity can be regulated by PKC via a
feedback loop mechanism [17].

PLC-B isoforms (1 and 3) have also been shown to contain PEST sequences
which are common to proteins susceptible to calpain proteolysis [10,11]. Both the PLC-
B1 (140 kDa) and PLC-B3 (140 and 155 kDa) were shown to be cleaved by calpain near
the carboxyterminal end to produce a 100 kDa proteolytic isoform which is more
susceptible to By-subunit activation [10,11].

In the heart, PLC-B activity has been demonstrated in cultured rat neonatal
cardiomyocytes [12], adult rat cardiac muscle [S]. Here, activation of PLC-3 has been
correlated with an increase PKC activation and an increase in cardiac hypertrophy{3.12].

PLC-y is activated via the phosphorylation of tyrosine residues in its SH domains
by agonist activated receptor tyrosine kinases [2,7-9]. Such agonists have been shown to
include: platelet derived growth factor {7], erythropoietin [16] nerve growth factor [13],
epidermal growth factor [8], and fibroblast growth factor [14]. Activation of PLCy
isoforms, in particular PLCyl, has been correlated with increased mesoderm induction

[15], myocardial growth and hypertrophy [16].
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Currently, the mechanism for PLC-8 activation is unclear [1]. However, recently
PLC- 81 in adult rabbit ventricles has been shown to require phosphatidic acid to bind to
the membrane for activation[18].

In the heart, PLC activation has been associated with diverse functions including
growth and protection on one hand and induction of ischemia-reperfusion injury on the
other [1]. In addition, PLC has been shown to participate in regulating the heart’s
inotropic and chronotropic processes [3]. When PLC is activated in the heart by «l-
adrenergic agonists, endothelin-1, angiotensin [I, histamine, a-thrombin, and P2-
pruinergic agonists, an increase in [P3 production occurs leading to increases in
intracellular Ca2+ concentrations. Increased intracellular Ca2+ concentrations, in turn,
lead to a positive inotropic effect. [ncreased activation of PLC also leads to the release of
DAG. DAG is a potent activator of PKC. PKC, in turn, has been shown to participate in
preconditioning and in reducing infarct size after a short period of ischemia in the heart
[3]. PKC activation, also has been correlated with both a positive and negative inotropic
effect. Why do differences in inotropism exist with PKC and PLC activation is uncertain?
A number of possibilities have been proposed ranging from species differences to varying
degrees of PKC isoform activation and different types of experimental manipulations
[28,29]. In addition, varying degrees of PLC isoform activation and direct participation
can also occur in the inotropic process which is dependent upon the type of experimental
model and manipulation being performed.

As well, increased PLC activity has been shown to participate in the development
of adaptive hypertrophy of the heart following chronic increased workload [3]. For

instance, in cardiomyopathic hamsters [19] and stroke-prone spontaneously hypertensive

102



rats {20], increased PLC activity, with increased workload eventually led to increased
cardiac hypertrophy.

Increased PLC activity has also been reported as potentially deleterious to the
heart. For instance, in isolated rat hearts after a period of ischemia followed by
reperfusion, there is an increase in PLC activity [21-23] which coincides with increased
intracellular Ca®* [23], arrhythmias [21,23] and decreased contractile parameters [22].

Fibroblast growth factor-2 is a potent activator of PLC activity with its receptors
FGFRI1 having the highest affinity for PLC-y [24]. Activation of PLC-yl in Xenopus
embryos is correlated to mesoderm activation [25]. In PC12 cells, FGF-2 stimulation of
PLC-yl1 is correlated with increase neurite outgrowth and proliferation [26]. [n C212
mouse myoblasts, FGF-2 was shown to induce the activation of TIS1 transcription factors
via the activation of PLC-y1 [27].

Recent data by Mohammadi et al. [24] and Clyman et al. [14] in myoblast
cultures, show that although FGF-2 does indeed activate PLC-yl, blockage of this
pathway does not block the mitogenic and chemotactic effects of FGF-2, respectively.

Thus, the role of the activation of PLC by FGF-2 still remains speculative.
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1.7 MITOGEN-ACTIVATED PROTEIN KINASE (MAPK)

MAPK is a serine/threonine kinase which is an important intermediary signal
transduction protein. There are different isoforms of MAPK ranging from the
extracellular-signal-regulated kinases (ERKs) and JNK/SAPK in mammals and higher
eucarvotes to the HOG1 homologs in veast [1].

As reviewed by Page et al. [2], the basic components of the classical MAPK

signal pathway generally follows the following scheme:

RTK STMR

EGF-R
cPLA2

Cytoskeletal Proteins

Tau
MBP

Protein Kinases

/ \ Transcription Factors

c-Myc
Upstream Downstream c-Jun
MAPKKK (c-raf) MAPKAP-K2 c-Fos
MAPKK (MEK) S6-Kinase p627¢F




To become active, MAPK requires dual phosphorylation of a tyrosine and threonine
residues patterned in a T-x-Y motif where T represents threonine and Y represents
tyrosine. X varies depending on the MAPK family [1]. In case of ERK1 and ERK2, the X
residue is glutamic acid (E) [2].

As outlined in the above scheme by PAGE et al. [2], in mammalian cells,
activation of the MAPK signal pathway originates with agonist binding to either a
receptor tyrosine kinase (RTK) or to a seven member spanning receptor (STMR).
Following RTK activation, RAS becomes activated when RTK transfers its signal
through two intermediary proteins, Grb2 and mSos. Ras then interacts and activates c-raf
(MAPKKK) which in turn phosphorylates MEK(MAPKK). MEK then, in turn, activates
MAPK. Alternatively, STMR activation could trigger Gq protein activation which is
followed downstream by either Ras or MEKK activation.

Once MAPK is activated, it can target: cell surface proteins such as epidermal
growth factor receptor (EGFR) and phospholipase A2 (PLA2); cytoskeletal proteins such
as ternary complex factor (TCF) and myelin basic protein (MBP); transcription factors
such as c-Myc, c-Jun, c-Fos and p62"F; other downstream signal proteins such as
MAPKAP-K2 and S6-kinase; and upstream signal proteins such as MAPKKK and
MAPKK [2].

In cardiomyocytes neonatal [3] and adult [4] and non-cardiomyocyte cells of the
heart, MAPK p42 and p44 are the predominant isoforms. In addition, p40 and p44/45
MAPK isoforms have also been detected in rat aortic vascular smooth muscle cells

although their specific role is uncertain [2].
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In cardiac myocytes, MAPK has been shown to be triggered by bradykinin [5],
Endothelin [6], FGF-1 [3], stretch [7] and phenylephrine [8]. Although all these agonists
trigger MAPK to induce cardiac growth and hypertrophy, modes of MAPK activation
differ [2]. For instance, whereas endothelin, bradykinin and phenylephrine activate
MAPK to induce hypertrophy via the translocation and activation of nPKC (-8 and €) [5],
aFGF activation of MAPK is thought be PKC independent [3].

MAPK activation has also been shown to mediate biological effects in non-
myocyte cardiac cells. In fibroblasts, activation of MAPK by angiotensin II and platelet
derived growth factor is correlated with increased fibroblast proliferation [9]. In rat
aortic smooth muscle, MAPK activation was thought to mediate the proliferative and
hypertrophic response following vascular injury [10]. In vascular endothelial cells, PKC
activation was shown to mediate the activation of ERKI/ERK2 [11], which in turn, led
to endothelial cell proliferation [11].

FGF-2 has also been shown to be a potent activator of MAPK. In L929 cells, FGF-
2 was shown to protect cells against tumor necrosis factor alpha-mediated apoptosis via
the activation of Ras and MAPK p42 [12]. In Xenopus oocytes MAPK activation was
shown to mediate the mesoderm induction by FGF-2 [13]. In endothelial cells, FGF-2
induces the activation of PLA2 and release of arachidonic acid. This pathway was shown
to be mediated via MAPK activation resulting in endothelial cell motility [11]. In cardiac

rat neonatal myocytes, FGF-2 induction of MAPK resulted in increased hypertrophy [3].
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1.8 BETA-ADRENERGIC RECEPTOR KINASE-1 (BARK1)

BARK1 is a serine/threonine kinase which phosphorylates amino acid residues of
various target receptors such as the B, and (3,-adrenergic receptor [1,3], a:x-adrenergic
receptor, muscarinic M2, and rhodopsin {2]. BARKI1 (79 kDa) is one of a family of six
G-protein-coupled receptor kinases responsible for receptor desensitization via a
receptor-G protein uncoupling mechanism [4]. The mechanism of this receptor
desensitization involves the phosphorylation of agonist-occupied B-receptors by the
specific BARK followed by binding of the inhibitor protein B-arrestin to the
phosphorylated receptors. The result of this desensitization process is the decrease of the
myocyte’s contractile response to adrenergic stimulation. [4]. The Ser/Thr target sites for
BARK are most likely located in the carboxy-terminal regions of the B-adrenergic
receptors [2].

Activation of BARK is dependent on agonist occupation of its receptor site and
the Gg, subunit for anchoring BARK to the receptor site on the membrane [1,7]. Some
examples of agonist-receptor complexes which activate BARK include: noradrenaline
[6]; Substance P [8]; acetylcholine [9]; and prostaglandin [5}. In addition, protein kinase
C [1] has been shown to phosphorylate and activate BARK1 and induce its translocation
from the cytosol to the membrane where (3-adrenergic receptors are located.

In the heart, increased BARK expression and activity and B-adrenergic receptor

uncoupling is associated with failing human hearts [4] and myocardial tschemia [6].
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1.9 ¢-FOS AND ¢-JUN

c-Fos and c-Jun are nuclear oncogenes which code for transcription factors which
interact with one another to form the DNA binding activator protein-1 (AP-1) complex
[1]. Both c-fos and c-jun contain an a-helical structure which contains repeated leucine
residues. These repeated leucine residues interact with one another between the c-jun and
c-fos to form as leucine zipper. This zipper allows for dimerization of the c-jun and c-fos
onto an AP-1 complex [29]. It is the c-jun portion of the AP-1 complex that binds to
DNA elements of late response genes containing TRE and AP-1 sites [30].

Structurally, c-fos is a member of a family of related fos proteins with a
molecular weight of approximately 55 kDa and consists of 380 amino acid residues [31-
33]. c-Jun also belongs to a multigene family of jun proteins which is approximately 39
kDa and consists of 334 amino acid residues {34-36].

In the heart, c-fos and c-jun have been shown to mediate the actions of various
agonists and trophic factors which include: endothelin-1 [11,12]; norepinephrine [6,14];
angiotensin (2,3,11,12,15,16]; stretch receptors [2,3,14,17]; mechanical and emotional
stress[6,8]; pressure overload [3,6]; hypertension and hypotension [4]; transforming
growth factor-f [6,14]; hydrogen peroxide [7]; phenylephrine [9]; isoproterenol [10] and
ischemia [13].

As a result of c-fos and c-jun activation a number of biological effects occur. For
instance, in human patients suffering from atrial septal defect and tetrology of fallot,
induction of protooncogenes such as c-fos and c-myc was correlated with increased
synthesis of messengers of heat shock protein gene-HSP70 and cardiac hypertrophy [18].

In fetal and neonatal rat tissues, f-adrenergic stimulation of c-fos promoted cell
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differentiation as opposed to replication [9]. In contrast, in adult rat cardiomyocytes,
isoproterenol induced cardiac hypertrophy. This hypertrophy was correlated with an
increase in c-fos but not c-jun expression [19]. On the other hand, a-adrenergic
stimulation by phenylephrine and norepinephrine in adult rat cardiomyocytes induced
cardiac hypertrophy with both upregulation of c-fos and c-jun expression [9,19]. In
addition, 1n adult cardiomyocytes, induction of c-fos and c-jun with angiotensin
[2,11,12], endothelin [11], stretch [2] and pressure [3,5,21] and volume overload [21] all
led to increased hypertrophic growth. Furthermore, in adult animal hearts, induction of ¢-
fos and c-jun by mechanical stress [6,22,23] and other trophic factors such as
transforming growth factor-pB and norepinephrine [6] was associated with increased re-
expression of fetal contractile genes [6,22] and increased expression of atrial natriuretic
factor [23].

Proto-oncogene expression in cardiomyocytes has also been associated with non-
growth or differentiating effects. Das et al. [20] demonstrated that with preconditioning
of isolated perfused adult rat hearts, there is an induction of proto-oncogene (c-fos and c-
myc) expression along with the expression of various stress and anti-oxidant proteins.
The expression of these genes was correlated with increased protection of the heart
against i1schemia-reperfusion injury. Similarly, Wechsler et al. [3] in their models of
global myocardial stunning, demonstrated elevated expression of heat shock protein 70,
c-myc and c-fos upon exposure to ischemia-reperfusion. In addition, Brand et al. [24]
showed in porcine myocardium subjected to ischemia and reperfusion, slight elevations
in c-jun expression and five to seven fold increases in c-fos, Egr-1 and junB expressions.

The authors speculated that increased induction of these transcription factors may
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represent some sort of adaptive response against ischemic stress, possibly related to a
repair and/or angiogenic processes [24].

FGF-2, has also been shown to activate c-fos and c-jun. In cultured hamster lung
fibroblasts, FGF-2 was found to up-regulate c-fos, c-jun and c-myc expression. The
upregulation of these early-immediate genes was correlated with an increase in FGF-2-
induced fibroblast mitogenicity [25]. Similarly, in bovine corneal endothelial cells, FGF-
2 increased c-fos expression, which in turn was correlated to increased cellular
proliferation [26]. In oligodendrocyte progenators FGF-2 induction of c-fos expression
was correlated with protein kinase C activation and increased cell proliferation [27]. [n
cardiac muscle cells, FGF-2 was shown to upregulate c-fos expression. This expression

was correlated with re-expression of fetal cardiac genes (such as skeletal a-actin, B-

myosin heavy chain and atrial natriuretic factor [28].
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1.10 SRC

pp60°™" or c-src is a member of a family of nine non-receptor tyrosine kinases,
whose members differ due to alternative translational initiation codons and tissue-
specific splicing [1]. c-src is a peripheral membrane protein, which is involved in
cellular signaling [2].

Structurally, members of this family share amino acid homology for all but 60-80
amino terminal amino acids [1]. Members of the c-src family range in size of
approximately 500-530 residues. Their common structure, as outlined by Shalloway et al.

[2], is summarized in the following diagram:

Regulatory
Membrane non-catlytic
Binding tail domain

From the N-terminus, structural regions include: the N-terminal myristovated signal, the

SH3 and SH2 (i.e. src-like homology) domains, and a C-terminal non-catalvtic tail [1].
The unique sequences represent the amino acid residues with greatest variability among
the Src family members with many sites for serine/threonine protein kinases [2]. At the
amino terminal end is a myristylated terminal glycine residue thought to be involved in
membrane association of the c-src [3]. The two Src homology domains (SH2 and SH3)
are thought to act as binding domains of Src to tyrosine phosphorylated proteins which
may regulate Src activity. The catalytic kinase domain on the carboxy-terminal end

contains a tyrosine 416 residue which, when phosphorylated, stimulates src activity [1,2].
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Src functions as a signaling protein for a variety of agonists. Only a few examples
will be mentioned here. For instance in human thrombin-stimulated platelets, Grondin et
al. [4] observed an increase in pp60c-src migration from the soluble to the cytoskeletal
fraction where it is thought src may activate lipid metabolizing enzymes such as
phosphostidylinositol-2-kinase and phospholipase C. In NIH 3T3 fibroblast cell lines,
platelet-derived growth factor (PDGF) induced the activation and cytosol to membrane
translocation of c-src to the PDGF receptor [S]. In cultured aortic rat smooth muscle cells
pp60°*™ was shown to mediate angiotensin II activation of PLC-y1. Phosphorylation and
activation of PLC-yl by angiotensin II, in turn, induced increased smooth muscle cell
production of plasminogen activator [6].

Fibroblast growth factor-2 has also been shown to activate Src in a variety of cell
systems. In PC12 cells, a p60 src - p21 ras activated pathway was shown to become
activated upon FGF-2 binding, and may also play a role in neurite outgrowth and
differentiation [9,11,12]. In lung capillary endothelial cells and murine fibroblasts, FGF-2
stimulation of FGFR-I led to an increase in autophosphorylation of various Src family
members [10]. As well, an association of activated FGFR 1 with src was reported for NIH
3T3 cells [13]. In contrast though, in porcine aortic endothelial cells and lung fibroblasts
from Chinese hamster, activation of FGFR caused a reduction in the autophosphorylation
of Src. In addition, these cells showed a lack of complex formation between Src and
FGFR-1. This negative regulatory effect on Src activity by FGFR-1 was found to be
mediated by an increase in PLC-y and PKC activity [10]. In human umbilical vein
endothelial cells, activation of the fibroblast growth factor receptor 1| (FGFR1) is

correlated with increased src tyrosine kinase activity and increased proliferation [7].
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[n the heart, only a limited amount of research so far has concentrated on the role
of Src. In cultured neonatal rat ventricular myocytes increased Src activity was shown to

stimulate promoter activity of atrial natriuretic factor [8].
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HYPOTHESIS

Fibroblast Growth Factor-2 acts as a cardioprotective agent against ischemia-reperfusion
injury in isolated perfused adult rat heart preparations. FGF-2 induces cardioprotection

via a mechanism involving protein kinase C activation.
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CHAPTER 2
EFFECT OF FGF-2 ON RECOVERY FROM ISCHEMIA AND REPERFUSION

OF THE EX-VIVO PERFUSED HEART

2.1 INTRODUCTORY REMARKS

The purpose of this study was to investigate whether administration of FGF-2 to
the heart by perfusion would influence recovery from I[-R injury. FGF-2 is a
multifunctional protein released into the extracellular environment [1,2]. Upon release,
FGF-2 likely becomes associated with heparin-like components and with high affinity
FGF-2 receptors, which mediate the biological effects of FGF-2 [3]. The mechanism of
release of FGF-2 into the extracellular milieu is still under investigation. However, several
theories point to either a release through cell death or myocyte injury [1] or through
exocytotic vesicles which transport and release FGF-2 during the normal beating of
cardiac muscle [4]. In adult hearts, FGF-2 is localized to extracellular, cytoplasmic and
nuclear sites of cardiac myocytes, as well as non-muscle cells, suggestive of an intimate
involvement with cardiac physiology [2,5-7].

As yet, there is no clear notion as to the physiological function(s) of FGF-2 in
adult organs, although its ability to improve survival and prevent degeneration of cells in
vivo and in vitro [8,9] points to a protective role against injury. Physiologically, FGF-2 is
shown to have vasodilatory and vasorelaxing properties when administered to in vitro

isolated arterial preparations and in vivo animal hearts {11-13]. FGF-2’s vasodilatory and
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vasorelaxing properties are thought to be exerted by activating K+ATP channels and
inducing the release of nitric oxide and prostaglandin [13,14]. In addition, FGF-2 is
shown to affect contractility and induce bradycardia in vivo in rats [15]. These
vasodilatory and contractile depressant properties would be important in the myocardium
subjected to ischemia-reperfusion injury in that blood flow to ischemic areas would be
improved and high energy phosphate compounds would be preserved.

The Langendorff perfusion technique was used to supplement isolated whole rat
hearts or right ventricles with FGF-2 either just before ischemia or upon reperfusion in the
presence or absence of the PKC inhibitor chelerythrine chloride. Measurements were
made of: the contractile functional parameters under constant flow and constant perfusion
pressure; of creatine phosphokinase (CPK) activity in the perfusate; of the levels of ATP
and CP; and of the action potential profile (APDg) to determine the extent of and
recovery from myocardial injury. Our results show that: (1) FGF-2 is cardioprotective
when given before I-R and after ischemia, during reperfusion; (2) FGF-2 administration to
the pre-ischemic heart induces a negative inotropic effect; (3) FGF-2 promotes the
recovery of the APD after I-R; (4) Chelerythrine chloride blocks the cardioprotective
effect against [-R induced by FGF-2; and (5) FGF-2, when adminstered prior to I-R
promoted the production/preservation of ATP and CP and promoted increased recovery
of ATP and CP levels after [-R compared to control hearts; and (6) FGF-2, when
administered after ischemia, during reperfusion also promoted the increased recovery of

ATP and CP levels compared to controls.
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2.2 MATERIALS AND METHODS

2.2.1 ISCHEMIA-REPERFUSION USING WHOLE HEART LANGENDORFF
PREPARATIONS
2.2.1.1 Pilot experiments using a force transducer

Male Sprague-Dawley rats (250-300g) were killed by decapitation, their hearts
excised and washed in cold buffer. After trimming off the atria, extraneous fat, and
connective tissue, a short cannula was introduced in the aorta and the hearts were
perfused under non-recirculating constant pressure conditions [1]. The composition of the
perfusion medium (Krebs-Henseleit) was (in mM): NaCl 118.0, KCl| 4.7, CaCly 1.25,
MgSO4 1.2, NaHCO3 25.0 (Malinckrodt Chemical Inc., Paris, KY), KH2PO4 1.2 (Fisher
Scientific Co., Fairlawn, N.J.), and glucose 9.0 (J.T. Baker Inc. Philipsburg, N.J.). The

perfusion solution was continuously gassed with a mixture of 95% O2 and 5% CO2 (pH

7.4), and maintained at a temperature of 37°C. The hearts were electrically driven by an
electrode placed in the AV-node with 2-ms pulses at 240 bpm or 4 Hz and a voltage of 10
% above threshold. The hearts were vented near the apex and a resting tension of 2g was
applied on starting the perfusion. After an equilibration period of 25-30 min., the resting
tension was increased to 5-6 g. The developed contractile force (DF) and derivative of the
contractile force (dF/dt) were monitored on the Beckman Dynograph Recorder-R511A by
means of a Grass FT-03 force displacement transducer. FGF-2 (5-20 pg) was dissolved in
12 ml of perfusion solution and ‘injected’ into the perfusion buffer at 12ml/ min.
immediately before the point of entry to the heart. Hearts were then exposed to 60 min. of

global ischemia under ambient conditions followed by 30 min. of reperfusion.
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To minimize losses due to adherence to glassware and tubing, FGF-2 was added to
a small volume of buffer which was then infused immediately to the main stream entering
the aorta via retrograde perfusion. It has not been possible to quantitate the absolute
amount of FGF-2 that reached the heart as a substantial proportion adheres to the cannuia
and tubing [11].
2.2.1.2  Creatine phosphokinase assay

Perfusate aliquots (1ml each) were collected once before global ischemia induction
as well as at | min. intervals during 20 min. reperfusion. These samples (kept on ice) were
immediately sent for CPK determination to the Biochemistry department of St. Boniface
General Hospital (Winnipeg, Canada); CPK activity was assayed using a BM-Hitachi
System 717 automated analyzer and BMC automated analyzer kit (Boehringer Mannheim
Canada Inc., Dorval, Que).
2.2.1.3 Experiments using a balloon catheter and computerized data recording
and analysis

Rat hearts were prepared and perfused essentially as described in section 2.2.1.1.
Hearts were perfused under non recirculating conditions [4,5] either under a constant
pressure (80 cmH20) [4,5,6] or constant flow rate (10 ml/min.) [6,7,8]. The hearts were
vented near the apex and a resting tension of 2g (under constant flow perfusion) or a left
ventricular end diastolic pressure (LVEDP) of 2 mmHg (under constant pressure
perfusion) was applied on starting the perfusion. After an equilibration period of 25-30

min., the resting force was increased to 5-10g (constant flow perfusion) or the LVEDP
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was increased to 5-10 mmHg depending on the maximum Frank-Starling length-tension
relationship achieved [6].

Under constant flow conditions, after a 25- to 30- min. period of equilibration
when the wall resting tension was gradually increased to produce optimal developed
tension, global ischemia was induced by turning off the peristaltic pump. During ischemia,
a plexiglass cover was placed over the entire experimental apparatus so that the humidity
temperature, and O2 content of the air could be regulated, as described [8]. Reperfusion
began after 20 min. of ischemia by turning the peristaltic pump back on for approximately
60 min. The developed force (DF) , the derivative of the contractile force (dF/dr) and the
resting tension (RT) were monitored on a polygraph (Linearecorder Mark VII WR3101,
Graphtec, Irvine, CA). Changes in coronary arterial perfusion pressure was measured
using a glass manometer situated at a point just prior to where the perfusion medium
enters the heart. Under constant pressure conditions, after a 25- to 30-min. period of
equilibration when LVEDP was gradually increased to produce optimal developed
pressure, global ischemia was induced by clamping the flow of perfusion medium to the

heart. During ischemia a glass and plexiglass cover was placed around the entire heart

with a pool of heated perfusate (37°C) just under the heart such that the humidity,

temperature, and O2 content of the air could be regulated. Reperfusion began after 30

min. of ischemia by restoring flow of perfusion medium at a constant reperfusion pressure

of 80 cmH20 for 60 min. Developed pressure (defined as systolic left ventricular
pressure), EDP and its derivative (dP/df) was measured with a water-filled latex balloon

(Radnotti Glass Technology Inc. Monrovia, CA), which was introduced into the left
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ventricle via a left atrial incision and connected to a Gould Statham pressure transducer
(P23 ID) and a Biopac Acquisition System (Harvard Apparatus Canada, Saint-Laurent,
Quebec). Intraballoon pressure was adjusted such that the LVEDP coincided with the
ventricular peak Frank-Starling curve for contraction to obtain a stable preparation [6,9].

10 ug of FGF-2 was dissolved in 12 ml (0.825 pug/ml) of the perfusion medium.
Using a peristaltic pump FGF-2-supplemented or control solution was ‘injected’ into the
perfusion buffer at 1ml/min. immediately before the point of entry to the heart either just
before ischemia or upon reperfusion. Loss during handling through adsorption to plastic
tubing was accommodated by using an optimum FGF-2 concentration of 10 pg/ml which
is required for maximum recovery, as previous characterized [10].

For the protein kinase C inhibitor studies, chelerythrine chloride (Research
Biochemicals International, Natick, MA) was perfused into control and FGF-2-treated
hearts at a concentration of Syumol per ml, 3 min. prior to and during the 12 min. period of
FGF-2 infusion.

Coronary perfusion pressure was measured using a glass manometer situated at a
point just prior to where the perfusion medium enters the heart. Sodium nitroprusside was

purchased from Sigma Chemical Company (St. Louis, Mo.).

2.2.2 I-R using isolated right ventricular wall and electrical recording.

2.2.2,1 Perfusion of isolated right ventricular wall
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Adult Sprague-Dawley rats (300-400g) were killed by decapitation and their hearts
were quickly removed and placed in a dish containing cold Krebs-Henseleit solution. The
right ventricular walls were prepared and maintained in vitro according to a technique
previously described [2]. The atria were removed, and the right ventricle was dissected
from the heart, leaving the base of the aorta attached to the wall and the right coronary
vasculature intact. A fine cannula was placed in the aortic opening of the right coronary

artery and sutured in place, and the ventricular wall was perfused at a constant flow rate of

1.5 ml/min. with 37°C Krebs-Henseleit solution. The base of the walls was pinned to the
bottom of a Perspex bathing chamber with the epicardial surface up and the apex of each
tissue attached to a force transducer [Gould Statham] for recording mechanical activity.
The muscles were stimulated by 2 millisecond square puises delivered from a point source
at a rate of 2 Hz. Resting tension was adjusted to a level (generally 250 to 400 mg) that
optimized developed tension. Action potentials recorded from arterially perfused right
ventricular walls under control, ischemic and reflow conditions had a waveform similar to
that reported for other preparations [2,3]. The tissues did not exhibit abnormal rhythm or
decay in mechanical function for >8 hours and were stable over the period required for the
present experiments. There was no evidence of ischemic dysfunction even at the extreme
edges of the tissues, implying that the dissection procedure did not damage the arterial
vasculature of the right wall and that the entire preparation was well perfused.

After obtaining control recordings from right ventricular walls, the tissues were
either (1) subjected to 60 minutes of no-flow ischemia and 60 minutes of reperfusion in

the absence of treatment (untreated preparations), or (2), treated with a bolus dose of 20yt
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g of FGF-2 solubilized in 30 ml of perfusion buffer and administered to right ventricular
walls 15 min. prior to 60 min. of ischemia and 60 min. of reperfusion.
2.2.2.2 Electrical recording

Transmembrane potentials were recorded from ventricular walls with conventional
intracellular glass microelectrodes. Impalements were made from the epicardial surface of
the right ventricular walls, and action potentials were recorded under control conditions,
after 60 minutes of ischemia, and at several times during reperfusion. Mechanical
movement of the right ventricular wall preparations precluded continuous electrical
recording from a single cell for the entire duration of the experiments; however, it was
frequently possible to maintain an impalement for more than one or two sampling intervals
before the micropipette was dislodged. The micropipettes (20 to 30 MQ) were pulled
from filamented capillary tubes (outer diameter, 1.2mm; World Precision Instruments) on
a P-87 pipette puller (Sutter Instruments), filled with 3 mol/L KCl, and connected to a
WPI Duo 773 electrometer (World Precision Instruments). Electrical and contractile
activities were recorded on videotape by using a Vetter 420 analog recorder (A.R. Vetter
Co.) and subsequently digitized and stored on hard disk at a sampling frequency of 2 kHz
by using a TL-1-125 Labmaster A/D board (Axon Instruments), AXOTAPE data
acquisition software (Axon Instruments), and an IBM AT clone computer. The following
parameters of the recorded action potentials and contractions were determined from the
digitized recordings: (1) resting membrane potential, (2) action potential duration (at 30%
and 90% repolarization [ADP30 and ADPgq, respectively], (3) resting tension, and (4)

developed tension. Action potentials were selected at random from periods when the
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preparations were not arrhythmic. Only those action potentials at which the diastolic
(resting membrane) potential was stable for at least three previous cycle lengths were
used.

Mean+SEM values of (1) action potential parameters, and (2) resting and
developed tension were determined for n=3-4 tissues. Statistical comparisons were made
by using a t-EASE statistical calculation software. Unpaired t tests were used for single
comparisons. A value of p<0.05 was considered to be significant
2.2.3 FGF-2 sources

Recombinant human FGF-2 (preparation #1) was purchased from Pepro Tech Inc.
(Rocky Hill, NJ) and used for most of the experiments described. A second human
recombinant FGF-2 preparation (preparation #2) was a generous gift from Dr. Andrew
Baird (The Whittier Institute for Diabetes and Endocrinology, La Jolla, CA). A third
preparation (preparation #3) was produced in E.coli bacteria and purified according to
standard procedures [12] with some modifications (full procedure to be submitted for
publication by Doble and Kardami).

2.2.4 Measurements of ATP, CP

ATP and CP measurements were performed by enzymatic analysis as described by
McPherson et al. [9]. At the end of the no-flow ischemic period, tissue samples were
immediately frozen in liquid nitrogen and weighed. The samples were then frozen
pulverized and digested with 0.9 M perchloric acid. The solutions were homogenized with
a polytron on ice and then centrifuged for 10 min. at 5000 rpm. The suspension was

retained and the pellet combined with 0.2M perchloric acid prior to homogenization and
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centrifugation as above. The two suspensions were combined, the pH adjusted to 6-6.5
with 3.75 M K2CO3 and then frozen prior to assay of high energy phosphate levels
(within 1| week). ATP and CP levels were determined according to Lamprecht et al. [11].
Hexokinase (30 mg protein/ml at 135 units/mg protein; Sigma Chemicals, St. Louis, MO.)
and creatine phosphokinase (165 mg protein/ml at 135 units/mg protein; Sigma Chemicals,
St. Louis, MO.) were used for determination of ATP and CP, respectively.

2.2.5 Calculation and Statistical Analysis

All calculations and statistical analysis were performed using the Microsoft Excel
Analysis Tool Pac version 5.0 (Microsoft Corporation, Cambridge, MA) and the T-ease
statistical calculation software. Utilizing a paired student t-test for statistical significance
(as determined by the degree of standard error), alterations in ATP and CP values (n=4-5)
from FGF-2-treated and control hearts were compared at different time points (i.e. i. pre-
ischemia; ii. after 30 min. ischemia; and iii. after 30 min. ischemia and 60 min.
reperfusion); and versus their pre-ischemic levels.

Statistical significance for changes in coronary perfusion pressure in control and
FGF-2-treated perfused hearts (n=4) were also determined using a unpaired two-tailed
student t-test for statistical significance. In this case, standard error in the alterations in
coronary perfusion pressure was obtained by comparing the amount of pressure change
(mmHg), at one minute intervals for 12 min.) upon addition of either FGF-2 or sodium
nitroprusside, with the coronary perfusion pressure values prior to perfusion with the

exogenous agent. In all cases mentioned above, significant difference occurs when p<0.05.
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2.3 RESULTS

2.3.1 Langendorff model of ischemia-reperfusion (I-R) under normothermic
conditions
2.3.1.1 Effect of FGF-2 on [-R under conditions of constant flow

The effect of preischemic treatment with FGF-2 on the recovery of hemodynamic
function of the heart after 20 min. of global ischemia and 60 min. of reperfusion is shown
in Fig. 2.1. Control group displayed a 34.1+£5.1% recovery in DF whereas the FGF-2
treated group displayed a significantly improved recovery in DF of 76.4+4.1% (Fig. 2.1A)
after [-R. A clear rise in resting tension (1.4£0.1 fold increase over pre-ischemic value) is
seen in the control group after [-R whereas the FGF-2-treated group displayed a complete
recovery of resting tension (Fig. 2.1B). Finally, the control group displayed a 47.6+7.7%
recovery in +dF/dt and a 41.74+6.3% recovery in -dF/dt whereas the FGF-2 treated group
displayed significantly improved recoveries of 85.5+7.3% and 79.4+4.7%, respectively
after [-R (Fig. 2.1C,D).

FGF-2 administration did not induce any significant change in DF (Fig. 2.1A).
FGF-2, however, did cause a statistically significant decrease by 7.4+2.1% (Fig. 2.1B) in

resting tension during the same time interval, within 12 min. from treatment.

135



Figure 2.1: Effect of FGF-2 administration on DF (A), resting tension
(B), rate of contraction, +dF/dt (C) and rate of relaxation, -dF/dt (D) of
isolated rat ventricles during reperfusion after 20 min. of global
ischemia, under constant flow conditions. Values are expressed as means +
SE (n=5). FGF-2 was included in perfusion medium 12 min. prior to global
ischemia. FGF-2-treated and control hearts are represented by the closed
circles (--e--) and open squares (—{}—), respectively. Absolute values for DF
and resting tension in control group (g/g wet wt) before ischemia were
17.88+2.10 and 6.08+0.39, respectively. Absolute values for +dF/dt and -
dF/dt in control group (g/g wet wt/sec) before ischemia were 11.21+0.96 and
9.11%£1.03, respectively. Absolute values for DF and resting tension in FGF-
2-treated group (g/g wet wt) before FGF-2 perfusion were 17.85+1.49 and
5.00+0.45, respectively. Absolute values for +dF/dt and -dF/dt in FGF-2-
treated group (g/g wet wt/sec) before FGF-2 perfusion were 11.59+0.70 and
8.73+0.54, respectively. Absolute values for DF and resting tension in FGF-
2-treated group (g/g wet wt) before ischemia were 17.70+1.58 and
4.62+0.44, respectively. Absolute values for +dF/dt and -dF/dt in FGF-2-
treated group (g/g wet wt/sec) before ischemia were 11.87+0.71 and
8.73+0.62, respectively. *P< 0.05 vs. FGF-2-untreated group.
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2.3.1.2 Effect of FGF-2 on perfusion pressure

Back perfusion pressure was measured as a function of FGF-2 administration
under constant flow conditions. Results are shown in Fig. 2.2. The FGF-2 treated group
dispiayed only a slightly drop in back pressure of approximately 1.82+0.29 mmHg
compared to the back pressure before FGF-2 andministration. On the other hand,
administration of the vasodilator SNP at a dosage known to cause cardioprotection (10
uMol) caused a large decrease in back pressure of approximately 12.96+2.48 mmHg

compared to the back pressure before SNP administration.
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Figure 2.2: Effects of FGF-2 administration on coronary perfusion
pressure of isolated rat ventricles, under constant flow conditions. Values
are expressed as means = SE (n=4). 10 ug of FGF-2 (closed circle) or 10 p
mol of SNP was administered into the perfusion medium, 12 min. prior to
global ischemia under constant flow conditions. Perfused hearts treated with
FGF-2 or SNP displayed a significant mean decrease in coronary perfusion
pressure (mmHg+SEM) of 1.5+0.8 and 13.0+2.5, respectively. *P<0.05.
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2.3.1.3 Effect of FGF-2 on recovery from I-R under conditions of constant
pressure

The effects of preischemic treatment with FGF-2 on the recovery of hemodynamic
function of the heart after 30 min. of global ischemia and 60 min. of reperfusion are shown
in Fig. 2.3a. After reperfusion, the control group displayed a 48.68+6.16% recovery in
developed pressure (DP) compared to a significantly improved recovery of 83.11+7.03%
in the treated group. A large, 7.34+1.23 fold increase in end diastolic pressure (EDP) over
the pre-ischemic value, is seen in the control group after reperfusion compared to only a
3.34£0.50 fold increase in treated hearts. FGF-2 did therefore significantly depress the rise
in resting tension during reperfusion in comparison to untreated hearts. A similar increase
in % recovery of +dP/dt was observed in FGF-2-treated hearts compared to controls after
I-R (Fig 2.3c and d, respectively). Control hearts displayed only a 45.06+5.25% and
51.31+5.45% recovery in positive and negative dP/dt, respectively, FGF-2 perfused

hearts, displayed 80.07+6.33% and 73.27+6.02% recovery, respectively.

FGF-2 administration induced a moderate negative inotropic effect, reflected in all
contractile parameters measured (Fig. 2.4a, c, and d, respectively). DP decreased by
14.86+2.40% in treated hearts compared to controls, prior to induction of global ischemia
(Fig. 2.4a). Similarly, positive and negative dP/dt decreased by 12.03+2.37% and a
15.40+3.15%, respectively after FGF-2 treatment (Fig. 2.4c and d, respectively). No
significant change in EDP was observed during the FGF-2 perfusion. (Fig. 2.4b).
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Figure 2.3: Effect of FGF-2 administration on DP (A), EDP (B), positive
dP/dt (C) and negative dP/dt (D), of isolated rat ventricles after I-R
under constant perfusion pressure conditions. Values are expressed as
means + SE (n=5). FGF-2 (closed circle), was included in perfusion medium
for 12 min. just prior to global ischemia. Control perfused hearts (open
square) contained no FGF-2 in the perfusion medium. Absolute values for DP
and EDP in control group (mmHg+SE) before ischemia were 95.14+£3.23 and
7.29+0.59, respectively. Absolute values for +dP/dt and -dP/dt in control
group (mmHg/sec+SE) before ischemia were 3265.92+59.69 and -
3266.53+83.12, respectively. Absolute values for DP and EDP in FGF-2-
treated group (mmHg+SE) before ischemia were 85.65+8.98 and 6.68+0.50,
respectively. Absolute values for +dP/dt and -dP/dt in the FGF-2 treated
group (mmHg/sec+SE) before ischemia were 3460.48+281.80 and -
3315.87+371.43, respectively. *P< 0.05 vs. FGF-2-untreated group.
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Figure 2.4: Negative inotropic effect of FGF-2 on (A), DP, (B) EDP, (C)
positive dP/dt, (D) negative dP/dt under constant perfusion pressure.
Values are expressed as means = SE (n=5). FGF-2 factor was only included
in perfusion medium for 12 min. just prior to global ischemia. FGF-2-treated
hearts are represented by the closed circles (—e—). Just before the onset of
ischemia, a drop in DP of 12.9+2.6% was observed upon FGF-2
administration. *P< 0.05. This figure represents an expansion of the initial

preischemic section of Figure 2.3.
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2.3.1.4 Effect of FGF-2, administered during reperfusion, on recovery from I-R
The effects of post-ischemic treatment with FGF-2 on the recovery of
hemodynamic function of the heart after 30 min. of global ischemia and 60 min. of
reperfusion is shown in Fig. 2.5. After reperfusion, control group displayed a
42.14+7.94% recovery in the contractile force whereas the FGF-2 treated group displayed
a significantly improved recovery in DF of 75.07+5.07% (Fig. 2.5a). Similarly, control
hearts displayed a 40.34+8.39% and 38.28+8.16% recovery in positive and negative
dP/dt, respectively, after I-R, compared to a significantly improved recovery of
76.61+6.39% and 75.24+6.12% in FGF-2 treated hearts (Fig. 2.5c and d, respectively). In
addition, a large 6.94+1.03 fold increase over preischemic values in end diastolic pressure

(EDP) was seen in the control after [-R compared to a 3.93%.57 fold increase in EDP in

the FGF-2 treated hearts (Fig. 2.5b).
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Figure 2.5: Effect of FGF-2 on DP (A), EDP (B), positive dP/dt (C) and
negative dP/dt (D) of isolated rat ventricles when administered during
reperfusion after 30 min. of global ischemia, under constant pressure
conditions. Values are expressed as means + SE (n=7-8). FGF-2, was
included in the reperfusion medium for 12 min. immediately after global
ischemia. FGF-2-treated and control hearts are represented by the closed
circles (—e—) and open squares (--U--), respectively. Absolute values for DP
and EDP in control group (mmHg+SE) before ischemia were 97.20+8.21,
7.66+0.57, respectively. Absolute values for +dP/dt and -dP/dt in control
group (mmHg/sec+SE) before ischemia were 3561.45+276.961 and -
3454 92+232.24, respectively. For FGF-2-treated group absolute values
(mmHg+SE) for DP and EDP before ischemia were 103.31+5.94 and
7.59+.46, respectively. Absolute values for +dP/dt and -dP/dt in FGF-2-
treated hearts (mmHg/sec+SE) before ischemia were 3696.80+202.11 and -
3520.82+192.58, respectively. *P< 0.05 vs. FGF-2-untreated group.
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2.3.1.5 Measurements of CP and ATP levels

Figures 2.6a and b summarize the results of ATP and CP measurements, from
whole ventricles subjected to: (1) perfusion with or without FGF-2 immediately before
ischemia and (2) perfusion with or without FGF-2 followed by 30 min. ischemia and 60
min. reperfusion. After the equilibration period and FGF-2 administration a small but
statistically significant (p<0.05) increase in ATP and CP levels was observed in FGF-2
perfused tissues compared to control tissues. FGF-2 perfused tissues displayed ATP and
CP levels of 2.9+0.3 and 4.1+0.5 umol/g wet wt., respectively, whereas corresponding
levels in control tissue were 2.4+0.2 and 3.60+0.05 umol/g wet wt., respectively (Fig.
2.6). After [-R, ATP and CP levels were significantly elevated in FGF-2-treated hearts
compared to those of untreated hearts: ATP and CP levels in FGF-2 treated hearts were
1.2+0.2 and 5.1=0.6 pumol/g wet wt., respectively, and in control tissues 0.5+0.1 and
2.5+0.9 umol/g wet wt., respectively. In comparison to their corresponding preischemic
levels, FGF-2-treated and untreated hearts displayed a decrease in ATP levels after I-R
with a mean difference of 1.7 and 2.0 umol/g wet wt., respectively. FGF-2-treated hearts
displayed a slight but statistically insignificant increase in CP levels after I-R compared to
pre-ischemic levels. Untreated hearts also displayed a slight but not statistically significant

decrease in CP levels after I-R compared to pre-ischemic levels with a mean difference of

1.18 pumol/g wet wt.
In hearts treated with FGF-2 during reperfusion (after ischemia), increased
preservation in ATP and CP levels over control hearts is also seen after [-R. This is

illustrated in Fig. 2.7 which shows ATP and CP content in: (1) untreated ventricles before

[-R; (2) untreated ventricles after I-R; and (3) treated ventricles (FGF-2 administered
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during reperfusion) after I-R. A significant decrease in ATP and CP levels was observed in
untreated hearts, from a preischemic level of 2.4+0.2 and 3.60+0.05 umol/g, respectively,
to 1.1£0.2 and 2.1+0.4 pmol/g, respectively, after [-R. ATP levels in FGF-2 treated
hearts, were still, significantly decreased to 1.7+0.2umol/g wet wt. compared to
preischemic levels but were significantly higher than those of untreated hearts after [-R.
Conversely, CP levels in FGF-2 treated hearts after [-R (4.1+ 0.7umol/g wet wt) were
significantly greater than CP levels in untreated hearts (2.1+0.4) after I-R and about

equivalent to CP levels in untreated hearts before ischemia (4.1+0.5pumol/g wet wt).
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Figure 2.6: Effects of FGF-2 administration on ATP (A) and CP (B) levels of
perfused rat hearts. Values are expressed as means + SE (n=5) umol/gm wet wt. from
control (cross-hatched bars) and FGF-2 (solid bars) perfused hearts, subjected to: (1) 30
min. perfusion only; and (2) 30 min. perfusion followed by 30 min. no-flow ischemia and
60 min. reperfusion. FGF-2 was introduced for 12 min. prior to ischemia. Absolute values
for ATP levels for FGF-2-treated and control hearts prior to ischemia were 2.87+0.28 and
2.36£0.24, respectively. Absolute values for FGF-2-treated and control hearts after
ischemia-reperfusion period were 1.24+0.18 and 0.48+0.06, respectively. Absolute values
for CP levels for control and FGF-2 treated hearts prior to ischemia were 4.06+0.53 and
3.64+0.0.01, respectively. Absolute values for control and FGF-2 treated hearts after

ischemia-reperfusion period were 5.14+0.59 and 2.46+0..90, respectively. *P< 0.05 vs.

FGF-2-untreated group.
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Figure 2.7: Effects of post-ischemic FGF-2 administration on ATP (Fig. 7a) and CP
(Fig. 7b) levels in perfused rat hearts, under constant perfusion pressure conditions.
Values are expressed as means £ SE (n=5) for CP (cross hatched bars) and ATP (solid
bars) in umol/g wet wt. from control and FGF-2 reperfused hearts subjected to (1)
perfusion for 30 min.; and (2) 30 min. perfusion followed by 30 min. no-flow ischemia
and 60 min. reperfusion with or without FGF-2 treatment. FGF-2 was perfused for 12
min. immediately after ischemia. Absolute values for CP and ATP levels for untreated
hearts prior to ischemia were 3.64+0.05 and 2.48+0.24, respectively. Absolute values of
CP for untreated and treated hearts after I-R period were 2.10+0.42 and 4.10+0.74,
respectively. Absolute values of ATP for untreated and FGF-2-treated hearts after
ischemia-reperfusion period were 1.08+0.19 and 1.67.10+0.24, respectively. *P< 0.05 vs.

FGF-2-untreated group.
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2.3.1.6 Effects of (I) chelerythrine chloride (CEC) and (ii) FGF-2/CEC on
recovery from I-R. Comparison with (iii) untreated and (iv) FGF-2-only treated
hearts

Pilot studies indicated that chelerythrine administered at 1 or 2 pumol did not have
any effect on FGF-2 induced cardioprotection (data not shown). CEC was then
administered to the hearts at a concentration of S pmol/L, for up to 15 minutes before I-R,
under constant perfusion pressure conditions. Administration of CEC did not cause any
significant changes in cardiac function compared to baseline control values (Fig. 2.8A).
Data for control hearts and for FGF-2-treated hearts included in Fig. 2.8 and 2.9 are the
same as those shown in Fig. 2.3. They are shown again to facilitate comparison with CEC-
treated and CEC/FGF-2 treated hearts, and to illustrate statistical significance. After 60
minutes of reperfusion, CEC-treated or control hearts (Fig. 2.8A) displayed approximately
57% or 48% recovery of DP, respectively. This trend towards slightly increased DP
recovery values in CEC-treated hearts compared to controls was observed at most time
points during reperfusion (t=10-60 min.), although differences were not statistically
significant for the majority of time points. Increases observed in recovery values of CEC-
treated compared to control hearts although relatively small were statistically significant at
three time points, at 40, 50 and 55 minutes of reperfusion.

The moderate drop in DP prior to ischemia induced by FGF-2 administration alone
was completely absent when FGF-2 was administered in the presence of CEC (Fig. 2.9A).

Recovery of DP after I-R of hearts treated with FGF-2 in the presence of CEC was at
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approximately 48% of pre-ischemic values, virtually identical to that of untreated, control
hearts, and substantially lower than the 80% recovery seen in the presence of FGF-2 alone
(Fig. 2.9A). Comparison of values of % recovery after I-R indicated that differences seen
between FGF/CEC-treated and FGF-treated hearts were statistically significant, while
those between control hearts and FGF/CEC treated hearts were not (Fig. 2.9A).

EDP after 25-60 minutes of reperfusion was increased by approximately 6-fold in
CEC-treated hearts (Fig. 2.8B). This value represents a trend towards some improvement
over the 7.5-fold increase seen in control hearts, aithough differences were not statistically
significant at any point. Hearts treated with CEC-FGF-2 displayed a 6 to 7-fold increase in
EDP after I-R; these values were significantly higher than those obtained by FGF-2
treatment alone, but not different from corresponding values of control or CEC-treated
hearts (Fig 2.9B). A similar trend was seen in measurements of recovery in +dP/dt (data
not shown). In all contractile parameters measured, the improvement in recovery of

contractile function after I-R induced by FGF-2 was abolished by CEC.
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Figures 2.8 & 2.9: Effect of FGF-2, chelerythrine, and chelerythrine/FGF-2, on the
relative developed pressure (DP), and left ventricular end diastolic pressure (EDP),
as indicated, before and after ischemia and reperfusion of the isolated rat heart
under constant pressure conditions, compared to controls. Data from control (squares,
--[J--) or FGF-2-treated (circles, --O--) hearts are reproduced in both Figures 2.8 & 2.9 to

facilitates comparisons with data form chelerythrine treatment (Figure 2.8, diamonds,
—<>—) and chelerythrine/FGF-2 treatment (Figure 2.9, triangles, —A—) and to indicate

statistical significance. The horizontal axis indicates sequence/duration of heart treatment
and is divided into 4 steps: Step I represents a 30 min. period of equilibration with Krebs
buffer. In step II which represents a total of 15 min., hearts are either continued to be
perfused with Krebs (controls), or with FGF-2 in Krebs, or with chelerythrine in Krebs, or,
finally, with chelerythrine in Krebs for 3 min. followed by FGF-2 and chelerythrine in
Krebs for an additional 12 minutes. In step III, hearts are subjected to 30 min. of global
ischemia, followed by (step IV), 60 min. of reperfusion. Figure 2.8: Effects of FGF-2 or
chelerythrine on relative DP and EDP before and after [-R. Figure 2.9: Effect of FGF-2 or
chelerythrine/FGF-2 on relative DP and EDP before and after I-R. Values are expressed as
mean+SE (n=5-6). Absolute values for DP and EDP in control hearts after stabilization for
30 minutes, and prior to ischemia, were 95.1£3.2 mmHg and 7.320.6 mm Hg,
respectively. Corresponding values in FGF-2 treated hearts were 85.7+8.9 mmHg and 6.7
+0.5mmHg (after stabilization, immediately prior to FGF-2 administration).
Corresponding values in chelerythrine-treated hearts were at 94.1+10.5 mmHg and
5.6+0.8mmHg, respectively, (after stabilization, immediately before chelerythrine
administration), and at 105.8%5.7 mmHg and 6.1+0.5 mmHg in chelerythrine/FGF-2
hearts (after stabilization and prior to FGF-2 administration). Statistical analysis was done
using unpaired, two-tailed student t-test, where P<0.5 was considered significant. In
Figure 2.8, comparisons between the FGF-treated or chelerythrine-treated, and control
groups (*=P<0.5) are indicated for each time point. In Figure 2.9, comparisons between

the FGF- chelerythrine-FGF treated groups (%¥=P<0.0.5) are indicated for each time point.
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2.3.1.7 Measurements of creatine phosphokinase in the perfusates.

CPK activity in the coronary effluent collected in 20 min. of reperfusion after I-R
under constant pressure was determined to estimate damage to the myocardium in
response to the I-R challenge (Fig. 2.10). CPK values in the effluent of control hearts
were over 2-fold higher than the values after FGF-2 treatment. FGF-2 treatment therefore

resulted in significantly (p<0.05) reduced myocardial damage.
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Control FGF-2

Figure 2.10: Relative levels of creatine phosphokinase (CPK) in effluents
from isolated whole ventricles after I-R (CPK[-R), over those before

ischemia (CPKJ).
Relative CPK activities taken from coronary effluents collected at the 20 min.
reperfusion time point after [-R under constant flow conditions. P<0.05

indicates significant difference.
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2.3.2 Antigrade perfusion of the isolated right ventricular wall
2.3.2.1 Effect of FGF-2 on contractile function and recovery from [-R

The effect of FGF-2 administration (0.7 ug/ml) on DF was examined in isolated
perfused adult right ventricular wall. The concentration of FGF-2 used represented the
minimal concentration necessary to induce an effect, as determined in pilot studies, and
was comparable to the concentrations used in perfusions of the whole heart. FGF-2
administration induced a reduction in DF of approximately 12 % compared to values from
ventricles perfused with buffer only (Fig. 2.11). This reduction was sustained throughout
the perfusion of FGF-2 to the tissues. After 60 min. of global ischemia, DF of both control
and FGF-2 perfused tissues decreased to near zero. After 30 min. of reperfusion, a
recovery of approximately 84.7£5.2% of DF was observed in FGF-2 treated tissues
compared to approximately 42.5+9.0% in control tissues. Resting tension measurements
during reperfusion showed no significant differences between FGF-2 treated and control
tissues (Fig. 2.12) with both tissues showing a gradual recovery in resting tension during
reperfusion. However, a trend toward lower resting tension values was observed in FGF-2
treated samples compared to those of control values. Our previous results using whole
heart ventricles perfused with or without FGF-2 (Fig. 2.3) showing a recovery in
developed pressure of 83.11+7.03% and 48.68+6.16%, respectively after [-R are

consistent with the right ventricular wall perfusion data presented here.
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Figure 2.11: Effects of FGF-2 administration on developed tension of
isolated perfused adult rat right ventricular wall before and after I-R.
Values are expressed as means + SE (n=3 for control and n=5 for FGF-2-
treated tissues). FGF-2 was included in perfusion medium for 15 min. just
prior to ischemia. Absolute values for developed tension in control and FGF-
2-treated groups (g/g wet weight) before ischemia were 353.62+23.53mg and
500.45+87.29mg, respectively. *P< 0.05 vs. FGF-2-untreated group.
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Figure 2.12: Effects of FGF-2 administration on resting tension of
isolated adult rat right ventricular wall before and after I-R. Values are
expressed as means + SE (n=3 for control and n=5 for FGF-2-treated tissues).
FGF-2 was only included in perfusion medium for 15 min. just prior to no-
flow ischemia. Absolute values for resting tension in control and FGF-2-
treated groups (g/g wet weight) before ischemia were 357.40+24.29mg and
277.86+62.46mg, respectively. *P< 0.05 vs. FGF-2-untreated group.
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2.3.2.2 Effect of FGF-2 on Action Potential Duration (APD)

APD of the perfused rat right ventricular wall was examined: (1), before FGF-2
administration; (2), during FGF-2 administration; (3), during 60 min. ischemia; (4), and
during 50 min. reperfusion. In comparing the APDg, values before FGF-2 perfusion with
the APDyo values during FGF-2 perfusion, we see a significant difference only at the 5
min. time point of FGF-2 perfusion (Fig. 2.13), when a shortening of approximately 17%
in APDyy was observed in FGF-2 treated hearts. By the end of the 12 min. FGF-2
perfusion period, APDyo values for FGF-2 treated hearts returned to pre-FGF-2 perfusion
APDy, levels. In the 60 min. global ischemic period, we observed a slower decline in
APDyg, shortening in FGF-2 treated hearts compared to control hearts. However, by the
end of the 60 min. ischemic period, APDg, values from both FGF-2-treated and control
hearts shortened to approximately 20 % of their pre-FGF-2 APDgq levels. After 60 min.
ischemia, and 30 min. of reperfusion, a 120+£12.3% recovery was observed in FGF-2-

treated hearts compared to 70.6£7.7% in control hearts.
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Figure 2.13: Effects of FGF-2 administration on APD of isolated adult
rat right ventricular wall before and after I-R. Values are expressed as
means + SE (n=3 for control and n=5 for FGF-2-treated tissues). FGF-2 if
present, was only included in perfusion medium for 15 min. just prior to no-
flow ischemia. Absolute values for APD in control and FGF-2-treated groups
before ischemia were 54.61+9.56ms and 43.89+3.12ms, respectively. *P<

0.05 vs. FGF-2-untreated group.
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2.3.3 Effect of FGF on recovery from I-R injury. Initial experiments with heart at
ambient temperature during global ischemia
2.3.3.1 Initial experiments on the effect of FGF on I-R injury

Initial experiments conducted to examine the cardioprotective effect of FGF, used
a less sophisticated version of Langendorff perfusion. In this initial version, constant flow
perfusion was performed at 37°C at a rate of 10 ml/min. However, due to the nature of
the setup and positioning of the force transducer, global ischemia was done under ambient
room temperature conditions. Measurements of contractile force were determined using a
Grass FT-03 force displacement transducer connected to two hooks which were attached
superficially along the midpoint on opposite sides of the heart. A dynograph Beckman
Dynograph Recorder-R511A was used to record the contractile parameter measurements.
Different preparations of FGF-2 were also tested in dose-response experiments in this
initial setup.

Fig. 2.14 shows the effects of pre-ischemic treatment with FGF-2 on the recovery
of hemodynamic function of the heart after I-R, as conducted in our initial Langendorff
perfusion experiments. Control group displayed a 63.8+1.5% recovery in DF as well as
54.4 +2.8% and 53.8+4.9% recovery in +dFdt and -dF’dt, respectively, upon resteration
of flow (Fig. 2.13 a,b and c). When hearts were treated with FGF-2 (preparation #1),
recovery of DF and of +dF/dt, -dF’dt, reached, at 10 ug of FGF-2/heart, values of 90.0 +
5.1% and 93.1 + 6.0, 96.4 + 3.7%, respectively. The increases in recovery of FGF-2-

treated hearts over controls were overall dose-dependent and statistically significant. A
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second human recombinant FGF-2 preparation (preparation #2) was even more potent,
resulting, at 10 pg of FGF-2 /heart, in 96.5 £3.5% recovery of DF and 99.8+0.2,
96.6+3.5% recovery of ~dF/dt, -dF dt, respectively (Fig. 2.14). Bovine FGF-2, purified
from pituitaries was similarly protective (data not shown). The slightly different potencies
with respect to cardioprotective effect displayed by the two different recombinant FGF-2
preparations may be due to age of the preparation as well as storage conditions. Prolonged
storage of recombinant FGF-2 (3 months, at 0.5 mg/ml, at -70°C) resulted in loss of
mitogenicity, ability to bind heparin as well as cardioprotective ability (n=2, unpublished
observations). These studies served to identify an optimal dosage for cardioprotection, at
10 pg /heart.
2.3.3.2 Recovery of contractile parameters upon FGF-2 administration during
reperfusion only
FGF-2 (preparation #1) was administered to hearts after they had been subjected
to 50 min. of ischemia, at the onset of reperfusion. This resulted in a 78.0+1.7% recovery
of DF in FGF-2-treated hearts, compared to 64.8+5.3% recovery in controls (fig. 2.14a,
broken line). The difference in recovery between control and FGF-2-treated hearts
obtained when FGF-2 was administered during reperfusion was smaller (approximately
half) than the one obtained when FGF-2 was administered before ischemia, but was
statistically significant (p<0.05). Recoveries of +dF/dt and -dF’dt displayed a statistically

insignificant improvement as a result of FGF-2 treatment (Fig. 2.14b and c, broken line).
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Figure 2.14: Effect of FGF-2 on recovery of cardiac mechanical function
after I-R (initial studies). Percentage recovery of, (A), DF, (B), +dF/dt, and
(C), -dF/dt is plotted as a function of the amount of FGF-2 (ug) added to the
12 ml buffer. Bars and asterisks denote standard error and statistical
significance (p< 0.05, compared to control values at 0 ug of FGF-2),
respectively. Full circles and clear triangles, data from FGF-2 preparation #1,
clear squares, data from preparation #2. Continuous line, preischemic
administration of FGF-2. Broken line, administration of FGF-2 during
reperfusion only.
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2.4 DISCUSSION
2.4.1 Introduction

Involvement of growth factors and cytokines in healthy as well as diseased
myocardium is becoming increasingly evident. For example, transforming growth factor
beta (TGFB), which is synthesized and secreted by myocytes, helps to maintain their
beating rate in culture [1] and inhibits circulating neutrophils from adhenng to the
endothelium, minimizing neutrophil-induced cell injury [2]. Interleukin-1B was shown to
depress cardiac contractility by inducing production of nitric oxide [3]. FGF-2, which
shares structural similarities with the interleukins [4], can also be considered to exert
effects on cardiac function. In the present report we have examined the hypothesis that
FGF-2 may influence recovery from myocardial injury.

We used an isolated rat heart model in which global ischemia was simulated by
interruption of flow followed by reperfusion. This approach offers the advantage of
examining the effects of various factors on cardiac responses to injury directly without the
interference of the immune system of other pathological parameters. The disadvantages
are that blood borne factors which influence and contribute to the degree of I-R injury
directly or indirectly on cardiomyocytes and the vasculature are ignored thus removing the
context of the study away from actual physiological conditions. In addition, unlike in vitro
cell cultures, this model does not allow indepth study of the effects of various factors on
specific cardiac cell populations such as cardiomyocytes, endothelial cells, smooth muscle
cells and fibroblasts. In addition, hearts in Langendorff preparations, are to some extent

exposed to short durations of ischemia upon excision of the heart from the animal and
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during cannulation. Never the less, this model does allow for a controlled study whereby
specific cardiac reponses to various factors can be deduced and characterized in a
methodical manner.

Our initial studies provided a strong indication for a cardioprotective effect of
FGF-2 when administered to the heart before I-R, but also after ischemia during
reperfusion. These studies also established that various preparations of FGF-2 were all
effective in inducing cardioprotection and established an appropriate dose, at 10 pg/heart,
for optimal results. This dosage was used in all subsequent experiments. Because the initial
experiments did not allow adequate regulation of temperature and humidity of the heart
during the ischemic period, and were subject to large variability, we continued our
experiments on cardioprotection by FGF-2 in a more upgraded system (balloon catheter,
computerized data collection and processing) which allowed us to investigate the effects
of FGF-2 on cardiac function and recovery from I-R under normothermic conditions of
constant pressure or constant flow. Global ischemia was induced by interruption of flow
for 20 minutes (constant flow conditions) or 30 minutes (constant pressure conditions);
these time points produced a 35-45% functional recovery after reperfusion for 40-60
minutes and were selected in pilot experiments as providing baseline recovery values over

which cardioprotection could be detected.
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2.4.2 Induction of cardioprotection from I-R by FGF-2 administered before
ischemia, under various conditions

Most [-R experiments were done under constant perfusion pressure conditions
which provided the main bulk of our evidence establishing the cardioprotective effect of
FGF-2. However, in order to examine if FGF-2 had a vasodilatory effect, which would
manifest itself as a drop in perfusion pressure when perfusion was done under constant
flow conditions, we needed to do one series of cardioprotection experiments under
constant flow conditions. This demonstrated that FGF-2 continued being cardioprotective
under constant flow conditions, even though it did not induce substantial vasodilation.
Finally, we conducted one series of experiments in an additional perfusion system, that of
the isolated right ventricular wall, to again examine if FGF-2 is protective under these
conditions and to measure additional functional parameters such as APD; these
experiments which confirmed the cardioprotective effect of FGF-2 were done in
collaboration with Dr. W. Cole, now at the University of Calgary.

Overall and in the context of the whole heart FGF-2 consistently improved
recoveries of DP, EDP, =dP/dt, resting tension, +dF/dt after I-R compared to controls. In
addition, FGF-2 induced improved recovery in APDy, after I-R of the isolated right
ventricular wall model. Complete recovery in APDg was observed in FGF-2 treated
tissues after 10 minutes reperfusion and remained elevated at approximately 120% of
preischemic levels. This slight elevation could be explained by a rebound effect in the
APDsy, possible due to increased alkaline environment or possibly increase Ca®" ion

permeability. FGF-2 is reported to induce increased intracellular pH and intracellular
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Ca27[5]. Regardless, this increased recovery in APDy, during reperfusion in FGF-2 treated
tissues correlates well with the increased recovery in developed tension during reperfusion
seen in FGF-2 treated tissues. This would indicate that FGF-2 may have improved
contractile function by protecting the cardiomyocyte from cellular injury since APDog
levels were near normal suggesting preservation of the ionic homeostasis via intact
membrane and ionic channel function.

Increased functional recovery after I-R could reflect some augmentation of
function of the viable myocardium by FGF-2 or could reflect reduced myocyte damage
from ischemia and/or reperfusion. We presumed the latter to be true since we detected
decreased levels of CPK in the perfusate of FGF-2 treated hearts.

Mechanism/ATP preservation: FGF-2 administration before ischemia induced a
negative inotropic effect under all experimental settings. This should promote preservation
of energy stores, which is exactly what we found: ATP and CP levels were higher in FGF-
2 treated hearts, compared to controls, prior to ischemia. Elevated levels of energy stores,
in turn, would be expected to be beneficial towards subsequent injury.

Agents which either preserve or increase high energy phosphate levels during

. i . . . +
ischemia protect against the detrimental effects of [-R injury. K 1rp channel openers, such

as pinacidil, enhance the shortening of the action potential duration (APD), thus indirectly

preserving high-energy phosphates and reducing injury during ischemia [6]. Ca?* channel
antagonists, such as verapamil [7] and diltiazem [8] and other bradycardiac agents [9]
have also been shown to exert a similar effect on preserving ATP and other high-energy

stores during ischemia. Adenosine administration has also been shown to protect against I-
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R injury with an observed increase in tissue ATP and stimulation of anaerobic glycolysis
during ischemia [10]. In all cases, with an increased ATP production, an improved
recovery of contractile parameters upon reperfusion was observed [7-10].

It is therefore more than likely that the FGF-2 induced cardioprotection is a
consequence, at least in part, of the negative inotropic effect exerted on myocytes.
Similarly, phorbol-esters, which are activators of PKC and which exert a negative
inotropic effect are cardioprotective in [-R [11,12].

Mechanism/vasodilation: In addition to preservation of high energy phosphates,
FGF-2 may be inducing its cardioprotective effects on the ischemic heart through its
actions on the coronary vasculature. FGF-2 has been shown to be a potent hypotensive
agent when administered intravenously to rabbits [13] and to cause hypotension and a
slight decrease in heart rate in rats [14]. Additionally, when recombinant FGF-2 was
administered to canine [15-17] and porcine [18,19] hearts, an acute vasodilation and
vasorelaxation effect was observed with a concomitant increase in coronary blood flow.

The vasodilatory action of FGF-2 was also shown to be mediated by the activation of

K+m= channels [13] and the release of nitric oxide into the coronary vascular milieu
[13,20]. Indeed, vasodilatory agents, such as SNP [21], have been shown to be
cardioprotective against [-R injury. Its mechanism of action has been shown to be through
the release of nitric oxide (NO) which induces coronary vasodilation and thus improved
perfusion of the myocardium [22]. Thus improved coronary perfusion prior to the
ischemia may serve to attenuate the detrimental effects of ischemia by providing the heart

with a store of oxygen and necessary metabolites for energy production.
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In our I-R model, to examine whether the protective action of FGF-2 correlated to
vasodilation, FGF-2 was administered to isolated perfused rat hearts under conditions of
constant flow. Coronary perfusion pressure (or back pressure) was monitored as an
indicator of increased vasodilation, and sodium nitroprusside (SNP), which is an
established vasodilator, was used at concentrations reported to induce cardioprotection
[21]. While SNP induced a clear drop in back perfusion pressure, the effect of FGF-2 was
by comparison very small, consistent with only minor vasodilatory action. These data
suggested that vasodilation may not be a major mechanism of cardioprotection by FGF-2.
However, more detailed studies must be done to address the relationship between
vasodilation and cardioprotection, or to determine exactly the contribution of FGF-2’s

minor vasodilatory activity to cardioprotection.

. + . .
FGF-2 has been shown to activate K ', channels and induce the release of NO in

vascular tissue [13]. FGF-2 induction of NO release and activation of K+ATP channels in
vascular tissue may, in turn, be responsible for the apparent physiological effects such as
vasodilation [13,14,18] and the observed negative inotropic effect with FGF-2 treatment.
SNP does induce a negative inotropic effect along with vasodilation. This effect would
cause a decrease in work load and at the same time increase supply of oxygen and
nutrients to the tissues [23].

Mechanism/PKC: FGF-2 exerts its biological effects by binding to its tyrosine
kinase receptors which are considered linked to the phosphoinositde pathway via PLC-y
activation in some systems, leading thus to PKC activation [73,74]. The above pathway is

by no means established for all cell types or for all possible biological roles of FGF-2. It
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was important however to examine whether FGF-2 caused PKC activation in the context
of our experimental system since PKC is believed to mediate another major
cardioprotective process, namely that of ischemic preconditioning.

PKC stimulators such as 1,2-dioctanoyl-sn-glycerol (DOG) [24], diacylglycerol
[25], and phorbol 12-myristate 13-acetate (PMA) [26-28] used on isolated rat or rabbit
cardiomyocytes [27,28], isolated rat hearts [25], or in vivo rabbit hearts [26] have
mimicked the protective effects of ischemic preconditioning. Other inducers of
preconditioning such as: «-adrenergic agonists (such as norepinephrine [29], and
phenylephrine [30]), via the ol adrenergic receptor [25,30]; prostaglandin E1 and E2
[31]; Bradykinin via the B2 receptor [32], and angiotensin [33], via the AT receptors, all
have been shown to be cardioprotective through the activation of PKC [25,29-33] and the
further downstream activation of K-ATP channels [24,31].

PKC inhibitors such as chelerythrine chloride [24,34,35], polymyxin B [26,30,33]
and calphostin C [36,37] block the cardioprotective effects of ischemic preconditioning.
However, while the various PKC inhibitors have problems in terms of solubility and
specificity, it is the water soluble chelerythrine which has emerged as the preferred choice.
The advantage of using chelerythrine is that it acts on the catalytic site of, presumably, all
PKC subgroups, it is very specific and it is not as toxic to the cells as other PKC inhibitors
[38]. We therefore examined if FGF-2 exerted its effects on cardiac function and/or
cardioprotection via the PKC pathway, by using chelerythrine as a PKC inhibitor.

Chelerythrine administered to the ex-vivo rat heart in our system blocked

cardioprotection induced by FGF-2; in its presence, FGF-2, administration resulted in a
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degree of recovery of all contractile parameters measured that was indistinguishable to
that of controls, at about 50% of pre-ischemic control values. Chelerythrine also blocked
the negative inotropic effect of FGF-2, indicating that in both instances, cardioprotection
after [-R and decrease in developed pressure before ischemia, activation of PKC is an
essential component of the mechanism involved.

It should be noted that when chelerythrine was used by itself during the pre-
ischemic period it induced a slight improvement in recovery after [-R compared to
controls. The reason for this is unclear. It is possible that chelerythrine exerts as yet
undiscovered, non-PKC-dependent, effects on the myocardium. On the other hand, there
is a preliminary report indicating cardioprotection can be induced by PKC inhibitors other
than chelerythrine [39], thus supporting our findings. Since the PKC family includes at
least 12 members at this point [40], it is plausible that not all of them are affected to the
same extent by chelerythrine or other inhibitors and that not all of the PKC subtypes are
acting in the same direction, i.e. towards cardioprotection. For example, while PKC
activation is on the whole considered to protect from apoptotic death [41,42], activation
of PKC-B1 or PKC-6 have been linked to the signaling mechanism actually leading to
apoptosis [43,44]. Chelerythrine acting alone and blocking/decreasing activity of all PKCs
may shift the balance of the overall response of the heart towards a slight
cardioprotection, compared to controls.

An important issue with administration of inhibitors such as chelerythrine by
retrograde perfusion is whether inhibition has actually been achieved in situ and whether

all cells have been affected to the same degree. Since chelerythrine was administered to the
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hearts via the same route as FGF-2, it is presumed that at the very least it came in contact
with and affected the same areas, including cardiomyocytes [45]. The decreased or absent
FGF-2 induced PKC activation (chapter 3) in the sarcolemmal preparations obtained after
chelerythrine administration would argue in favor of the notion that chelerythrine
successfully prevented or decreased FGF-2 activation, in situ.

In addition, with increased high energy phosphate compounds present in the heart
upon FGF-2 treatment, increased PKC mediated phosphorylation of other signal
transduction proteins can occur. All PKC isoforms were shown to contain a C4 region.
This C4 region functions in transferring the phosphate group from the ATP bound C3
region to various protein substrates along the signal transduction pathway.
Phosphorylation of the PKC is also required for PKC activity and occurs either prior to or
rapidly upon ligand binding [46]. Thus with increased production and/or preservation of
ATP with FGF-2 treatment discussed above, there is a greater likelihood of an increase in
PKC activity and cardioprotection against I-R injury.

PKC was shown to be involved in processes such as: the development of
hypertrophy and activation of the early immediate transcription factor genes [47,48];
phosphorylation of myofibril proteins such as myosin light chain [49], troponin I,T and C
[50]; L-type Ca®" channels [51,52], Na" channels [53], K™ channels [54] and CI' channels
[55]. Phosphorylation of contractile and calcium handling proteins suggests potential
regulation of contractility by PKC. However, experiments conducted so far by different
researchers have produced mixed results from negative to positive to no change in

contraction upon PKC activation {56]. These variations in experiments have so far been
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attributed to differences in the experimental model chosen [46]. They may also reflect
differences in the isoform of PKC being stimulated.

PKC activation can stimulate a host of other different pathways which may
mediate the cardioprotective effects of ischemic preconditioning. These PKC induced
pathways include: K yrp channel opening [24]; increased expression of heat shock proteins
{57} and increased intracellular Ca2+-induced cardioadaptation to [-R injury [58].

2.4.3 Induction of cardioprotection from I-R by FGF-2 administered during
reperfusion only

Administration of FGF-2 to the isolated perfused heart after ischemia and during
reperfusion induced substantial improvement in the recovery of all contractile parameters
measured, as well as in the preservation of energy stores, indicating that FGF-2 is capable
of protecting cardiomyocytes froinjury incurred under these conditions. In our preliminary
set of experiments, when ischemia duration was 60 minutes and it was not possible to
adequately regulate temperature of the heart during ischemia, the degree of protection
afforded by FGF-2 administered during reperfusion, although significant, was not as high
as when FGF-2 was administered before ischemia. In the second set of experiments,
however, when ischemia duration was 20 minutes and the heart temperature and humidity
well controlled, FGF-2 administered during reperfusion (75% recovery in DP compared to
45% in controls) was almost as effective as when administered before ischemia (83%
recovery in DP compared to 50% in controls). These results offer strong support to the

notion that FGF-2 can improve the recovery of ischemic myocytes from I-R injury.
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The mechanism for this FGF-2-induced recovery is at this point speculative.
However, since Cuevas et al. have shown that FGF-2 induces the release of NO from the
coronary milieu [13], it is could be possible that the improved contractile recovery we see
with FGF-2 reperfusion after ischemia may be attributed to NO induction and improved
perfusion. Indeed, other studies have shown that reperfusion with NO donors [62] or
precursors to NO, such as L-arginine [63], improves the recovery of isolated perfused
animal hearts against [-R injury. However, other alternative mechanisms by which FGF-2

may also protect against reperfusion-induced damage remain to be investigated. For
: . + ot
instance, it is yet not known whether FGF-2 has any effect on the Na /H exchanger;

inhibitors of the Na'/H" exchanger, such as dimethyl amiloride [64], have been shown to
be effective in protecting the myocardium against I-R injury when introduced into the
reperfusion medium.

It is also possible that FGF-2 may act as an antioxidant. Antioxidants, such as
superoxide dismutase and catalase [65], have been shown to protect the heart against I-R
injury, when introduced to isolated perfused hearts in the reperfusion medium. It is
plausible that an alternative mechanism to FGF-2-induced cardioprotection may lie in the
very structure of this growth factor. FGF-2 contains 4 cysteine residues whose thiol
groups exist in the reduced state and may act as free radical scavengers [66]. Since other
thiol containing antioxidants, such as glutathione [10] and captopril [67] have been shown
to protect against I-R damage, it is plausible that FGF-2 may be acting in a similar fashion
during the reperfusion, by preventing free radical oxidative reactions from destabilizing

membrane integrity [65], ionic homeostasis [65] and inactivation of NO [68].
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As mentioned in the previous section, the negative inotropic effect and energy
store preservation induced by FGF-2 administered before ischemia are likely to cause, at
least in part, the observed cardioprotection. Data from this section, however, point
strongly to a component of the FGF-2 induced cardioprotection which is independent of
the preischemic effects and which can occur during reperfusion. As will be shown in
chapter 3, FGF-2 administered to the hearts before ischemia remains associated with the
myocardium and the cardiomyocytes during I-R and can be considered to exert effects on
the myocytes throughout this process.

Since FGF-2 induced negative inotropic effects before ischemia, one would expect
contractility to be decreased in reperfusion rather than increased, over controls. However
if FGF-2 preserves myocardial function during reperfusion by protecting the myocyte cell
integrity and its contractile apparatus against reperfusion induced injury, the contractile
parameters of FGF-2 treated hearts would indeed be significantly greater than that of the
non-treated heart. When we compared the force of contraction, DP was slightly higher in
hearts treated with FGF-2 prior to I-R (~83%) vs. during reperfusion only (~75%). This
slightly lower recovery in DP could be attributed to a negative inotropic effect of FGF-2.
On the other hand, FGF-2 may not exert a negative inotropic effect on ischemic
cardiomyocytes. Detailed studies will be needed to address these issues. These studies may
involve using isolated perfused animal and exposing them to a period of ischemia. This
procedure would then be followed by a period of reperfusion, however, FGF-2 would be
introduced at various time points after the initial reprefusion to see if contractility is

affected.
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2.4.4 Conclusion

We have provided evidence that FGF-2 administered to the isolated heart before
ischemia protects the myocardium from I-R injury, that this protection is preceded and
likely caused by a negative inotropic effect caused by FGF-2 and leading to preservation
of energy stores, and that the effects of FGF-2 on contractility before ischemia and on
recovery after I-R are blocked by the specific PKC inhibitor chelerythrine, implicating
PKC in the mechanism of protection.

Our observations may lead to clinical applications targeted at better cardiac
preservation. Surgical procedures, such as cardiac bypass surgery and heart
transplantation would benefit from FGF-2 treatment protecting the heart against global
ischemia. Indeed, understanding the signal transduction mechanism by which FGF-2
conveys cardioprotection against I-R injury may give insight to other clinical methods of
protection such as preconditioning. Furthermore, elucidation of the mechanism of
regulation of expression of endogenous FGF-2 and its receptor(s) in the heart may provide
novel approaches for enhancement of cardiac resistance to injury. It is of interest to point
out that the increases in endogenous FGF-2 reported for several models of cardiac injury
[14,15,27] may, as our data suggest, also represent an endogenous self-defense
mechanism.

We have shown that FGF-2 continues to be cardioprotective even when
administered to ischemic myocytes, during reperfusion. This may have important clinical
applications such as: administration immediately after a heart attack; upon the restoration

of blood flow to ischemic regions during angioplasty or coronary bypass surgery; or
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during heart transplantation. One question raised by the negative inotropic effect of FGF-
2 is whether such an agent would be an appropriate therapy after a heart attack. Although
we have shown that FGF-2 does induce a slight decrease in contractile function during
reperfusion, its beneficial and long lasting protection against reperfusion injury may prove
to be more advantageous by far. More research into how FGF-2 protects against
reperfusion injury would, no doubt, lead to an optimization of FGF-2 therapy after a heart
attack.

Further research is required to characterize the beneficial effects of FGF-2 during
reperfusion in terms of: reperfusion arrhythmia; the types of cells protected by FGF-2; the
regions and extent cardiac damage; changes in ionic homeostasis (such as intracellular
Ca* and H"); and how high energy phosphate compounds are preserved with FGF-2
treatment. In addition, the mechanisms of FGF-2-induced protection against reperfusion
injury must be addressed: measurements of free radical generation with FGF-2
reperfusion; the involvement of PKC and its various isoforms; the role of other signal
transduction compounds such as the PLCs, MAPK, src, c-fos, c-jun and BARKI; the role
of cell membrane channels such as the K™ srp channel and the Na'/H™ exchanger; whether
FGF-2 protects and affects vascular function; and whether FGF-2 affects the production
or release of endogenous compounds known to be involved in cardioprotection such as
adenosine [69,70] and NO [71,72]. Characterization and manipulation of the biological
effects of FGF-2 may, in turn, lead to more effective therapies in treating against

reperfusion injury.
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CHAPTER 3
STUDIES ON POTENTIAL MECHANISM OF FGF-2 INDUCED
CARDIOPROTECTION
3.1 INTRODUCTORY REMARKS

As previously mentioned, the biological effects of FGF-2 are mediated by binding
to high and low affinity receptor sites at the plasma membrane [1]. The low affinity FGF-2
receptors consist of heparin suifate proteoglycans thought to function in storage and
presentation of FGF-2 to its high affinity receptors [1], as well aid in the transduction of
FGF-2’s biological effects [1]. The high affinity receptors are responsible for mediating the
biological effects of FGF-2. These receptors consist of a family of isoforms (FGFR1-4) [1]
which appear to be subject to developmental and tissue specific regulation, and are
tyrosine kinases [1]. Heart expresses FGFRI as either short or long isoforms which are
developmentally regulated with the short isoform being predominant in the adult heart
[3,4].

The signal transduction system for FGF-2 remains to be completely elucidated.
Complications in studying FGF-2 signal transduction system stem from the fact that there
are different isoforms of FGF-2 as well as FGFRs depending on the cell type and stage of
development. A number of signal transduction proteins and pathways are implicated in the
transduction of the biological effects of FGF-2. These include the activation of PLCyl
[62,63], rafl [64], ras [63,64], Mapkk, mapk [65], s6 [67,17], src [66], PKC [18], and

also the oncogenes (myc, c-fos c-jun, she, Grb) [5].
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When administered to animals systemically FGF-2 is shown to accumulate in
various tissues including liver, heart and vasculature [5]. As shown in the previous section,
FGF-2 administered to the heart by perfusion induces increased recovery from I-R injury
[6,7]. In this section, we address the localization of administered FGF-2 in hearts
subjected to I-R injury, to identify potential sites of direct action. We have subsequently
examined potential signaling mechanisms activated in cardiomyocytes by FGF-2 starting
with the activation of the tyrosine kinase receptors, and continuing downstream with the
phosphoinositide PLC-PKC pathway, the MAPK kinase and the src-kinase pathways.

Our data indicate that FGF-2 administered to the hearts by retrograde perfusion
has a direct tyrosine kinase receptor mediated effect on cardiac myocytes in situ. All three
pathways mentioned become activated or affected by FGF-2 in the heart. Activation of
PKC is found to be essential for cardioprotection and for the negative inotropic effect
observed upon FGF administration prior to ischemia. Some evidence is provided that this
may not be so for MAPK which also becomes activated by FGF-2. Effects on several PLC
isozymes suggest cross-talk between tyrosine receptor and G-protein-mediated pathways.
Finally, translocation, and presumably activation of B-ARK1 puts forward the notion that

FGF-2 may regulate the activity of adrenergic receptors.
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3.2 MATERIAL AND METHODS
3.2.1 Detection of FGF-2, phosphotyrosine, PLC83, PLC61, PKC isoforms, src,
and fos in hearts treated with FGF-2 or vehicle by perfusion, ex-vivo.

Heart perfusion and FGF-2 administration has been described in detail in Chapter
2 section 2.2.2.3.1 and by Padua et. al.[6]. The various proteins were detected by
immunofluoresence staining and/or by western blotting of sarcolemmal membrane
fractions. Tissue sections were obtained within 10 min. of FGF (or vehicle) administration
by cryosectioning and processed for immunofluorescence staining to detect FGF-2,
phosphotyrosine-containing proteins, PLC-31, PLC-B3, PKC-a, PKC-g, PKC-L, src-
kinase, c-fos.

Sarcolemmal fractions were obtained from snap-frozen hearts within 10 min. of
FGF or vehicle administration and examined by western blotting for above mentioned
proteins as well as B-ARK 1, MAPK, phosphorylated MAPK and c-jun. ATP and CP levels
were determined at various time points, i.e. 10 min. after FGF administration, prior to I-R,
after FGF-administration followed by 30 min. ischemia and after FGF perfusion, 30 min.
ischemia and 60 min. reperfusion.
3.2.2 Determination of phosphotyrosine pattern in hearts injected with FGF-2
directly, in vivo

Sprague-Dawley rats, approximately 200- 250g, were placed in a anaesthetic
induction chamber and exposed to 5.0% Isoflurane/95% oxygen gas to induce anaesthesia
[3]. The animals were then intubated through the mouth using a 4.5 inch 16 gauge

catheter as an endotracheal tube. A anaesthetic plane of approximately 2.5%
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isoflurane/97.5% oxygen was maintained during the surgery with a ventilation pressure of
approximately 25 cm of H20. After the animals were anaesthetised, the skin was incised
left of the sternum, and retractors were inserted. The pericardial sac was exteriorized
through the intercostal space and 2ug of recombinant FGF-2 (Prepro Tech Inc., Rocky
Hill, NJ) in 50 pl of ImM sodium orthovanadate/PBS was injected using a Hamilton
syringe in 5 random spots along the apical portion of the heart. The hearts were then
repositioned within the thoracic cavity and the chest wall closed without suturing. After 10
minutes, the heart is excised and dissected and placed immediately in ice-cold 1 mM
NaHCO3 containing 5 mM EDTA, ImM phenylmethylsulfonyl fluoride (Sigma Chemical
Co., St. Louts, MO), 0.2 trypsin inhibitor units aprotonin/ml (Sigma Chemical Co.), 10
uM leupeptin (Sigma Chemical Co.) and 1 mM sodium orthovanadate (Sigma Chemical
Co.). Control hearts were treated similarly except no FGF-2 was present in the IlmM
sodium orthovanadate/PBS solution. After thorough rinsing, tissues were homogenised
briefly in 10 volumes of ImM NaHCO3 solution with a homogenizer (Polytron;
Brinkmann Instruments Co., Rexdale, Ont.) at low setting at 4°C to a obtain a uniform
dispersion. Aliquots were removed for protein determination [3,4] and the remainder was
stored in small aliquots at -70°C.
3.2.3 Immunofluorescence microscopy
3.2.3.1 Anti-FGF-2 antibodies

Antiserum S2 was raised in rabbits against a synthetic peptide containing residues
[1-24] of the truncated 146 amino acid bovine brain FGF-2 conjugated to keyhole limpet

hemocyanin, as previously described [11,12]. Specificity of S2 for FGF-2 has been
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demonstrated repeatedly by absorption with immobilized FGF-2 [12], and was used at
dilutions of 1:2000 for immunofluorescence and at 1: 10,000 for western blots.

Anti-[1-24] FGF-2 antibodies were also obtained in our laboratory in guinea pigs.
These antibodies have qualitatively similar properties to those of S2, however they are less
potent (E.Kardami, unpublished observations) than S2, so they need to be used at higher
concentrations (1:500, 1:1000 for immunofluorescence). The guinea-pig anti-FGF-2
antibodies were used to localize FGF-2 when rabbit IgG were used to localize other
antigens (double-labeling).
3.2.3.2 Other marker antibodies and nuclear staining

Monoclonal antibodies against vinculin [Sigma Chemical Co. St. Louis, MO] and
phosphotyrosine residues [4G10; no. 05-321, Upstate Biotechnology Inc.; Lake Placid,
NY.] were used at 1:40 dilution and 1:10, respectively.

Polyclonal antibodies against PKCo(1pg/ml), PKC81 (4ug/ml), PKCe (1ug/ml),
PKCC (1pg/ml),PLCB3 (1ug/mi), PLCyl (1ng/ml) and BARK] (1pg/ml), src (1pg/ml), c-
fos (2ug/ml) and their corresponding immunizing peptides were purchased from Santa
Cruz Biotechnology, Inc. [Santa Cruz, CA.] and polyclonal antibodies against MAPK,
dually phosphorylated-MAPK and c-jun were purchased from New England Biolabs, Inc.
[Missisauga, ON.]. All these polyclonal antibodies were used at dilutions specified by the
manufacturer.

The secondary antibodies used were the following: Fluorescein-conjugated anti-
rabbit IgG [Amersham Corp.; Arlington Heights, IL] raised in donkey and used at 1:20

dilution; Texas Red-conjugated anti-mouse IgG [Amersham Corp.], raised in goat and
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used at 1:20 dilution; Biotinylated - anti-rabbit IgG [Amersham Corp.] used at 1:50
dilution; and Fluorescein-Streptavidin [Amersham Corp.] used at 1:50 dilution.

Nuclear counterstain used was Bisbenzimide Hoechst dye 33342 [Boehringer
Manhiem Diagnostics; La Jolla, CA] at a concentration of 1 pg/ml.
3.2.3.3 Detection of FGF-2 by immunofluorescence

Cardiac tissue was obtained from the apex and middle portion of the heart
immediately after perfusion with or without FGF-2, frozen in a dry ice/ethanol bath and
used immediately for cryosectioning. Transverse sections, 7 um thick were routinely
obtained using a Leitz Kryostat [E. Leitz Inc.; Wetzlar, FRG]. The sections were
collected onto gelatin-coated slides and placed in humid chambers. The sections were then
incubated overnight at 4°C with the rabbit anti-[1-24] FGF-2, at 1:2000 dilution, and with
one of the mouse monocional antibodies in 1% (w/v) bovine serum albumin (BSA; Sigma
Chemical Co.; St. Louis, MO) and 0.01% (w/v) sodium azide [Sigma Chemical Co.] in
phosphate buffered saline (PBS). The PBS used consisted of 26.82 mM potassium
chloride, 0.59 M sodium chloride and 81 mM sodium phosphate dibasic. Sections were
then washed gently with cold PBS (3 times) and incubated with the appropriate
combination of secondary antibodies. Sections were then incubated for 1 hr, ZOOC, with
biotinylated anti-rabbit IgG and Texas Red conjugated-anti-mouse IgG at 1:20 and 1:30
dilution, respectively, in 1% BSA-PBS. Sections incubated with biotinylated anti-rabbit
antibodies required a third incubation with Fluorescein-Streptavidin. Non-specific
fluorescence was tested by routinely incubating sections with pre-immune rabbit serum at

identical dilutions as the anti-FGF-2 sera used. A fluorescent image was considered to be
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FGF-2-specific when it was obtained with the anti-FGF-2 but not with the non-immune
sera.

After extensive washing with cold PBS, all sections were fixed in cold 95%
ethanol [Commercial Alcohols Ltd.; Toronto, Ontario] for ten minutes, washed with PBS
and immersed for thirty seconds in 1uM Bisbenzimide Hoechst dye 33342. After washing,
sections were mounted in glycerol-PBS (9:1) containing 1mg/ml p-phenylenediamene)
[Eastman, Kodak Co., Rochester, N.Y.]. Coverslips and slides were sealed with colorless
nail varnish and stored at -20°C until observation.
3.2.3.4 Photography

A Nikon Labophot microscope [Diaphot:Nikon Inc.; Garden City, NY] equipped
with epifluorescence optics and appropriate filters (B-2A for Fluorescein, G1-B for Texas
Red, and DM4400 for Hoechst 33342), plus phase contrast optics was used for specimen
observation. The UFX-ITA Nikon system and TX-400 black and white film (Kodak) were
used to photograph selected fields.

3.2.4  Tissue Extraction
3.2.4.1 Extraction for FGF-2, and heparin-sepharose affinity chromatography

All procedures were performed at 4°C unless otherwise specified. Immediately
after perfusion, hearts were weighed and ventricular muscles were minced with scissors
and homogenized briefly with a polytron homogenizer [Brinkman Instruments Co.;
Rexdale, Ontario] at low setting in three volumes over mass of extraction buffer (0.15M
ammonium sulfate [Mallinckrodt Inc.} pH 4.5, ImM phenylmethylsulphonyl fluoride, 5 n

g/ml leupeptin and 5 pg/ml pepstatin). Residual tissue was removed by ultracentrifugation
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at 195,000 x g for 60 min. at 4°C ({ultracentrifuge and 42.1 rotor head: Beckman
Instruments; Palo Alto, CA]. The supernatant collected and protein concentration was
then determined using a Bradford colorimetric assay [Bio-Rad Laboratories; Richmond,
CA], according to manufacturer’s instructions.

Heparin-sepharose affinity chromatography was used for FGF-2 isolation from
cardiac extracts. 100 pl of packed heparin-sepharose beads [prepared according to the
manufacturer’s instructions] were used per 100 mg of extracted protein. The
concentration of the crude extracts were made to 0.6 M NaCl by adding solid NaCl.
Extracts (6-8 mg/ml) in 0.6 M NaCl, 10 mM Tris-HCI, pH 7.0 (column buffer) were
absorbed to heparin-sepharose beads (1 mg protein/pl settled heparin beads; Pharmacia
Fine Chemicals, Uppsala, Sweden). After extensive washing with column buffer, acidic
FGF-like peptides were eluted with 1.1 M NaCl, 10 mM Tris-HCI, pH 7.0. The beads
were then equilibrated in 0.1 M NaCl in 10 mM Tris-HC!, pH 7.0, and heparin-bound
peptides eluted by boiling directly into sample buffer. The sample buffer used consisted of
10% mercaptoethanol [Biorad] 10% glycerol [Mallinckrodt], 1% SDS ([Biorad] and
0.05M Tris at pH 6.8. After boiling of the beads in two volumes (over mass) of SDS/Page
sample buffer, the whole suspension was loaded onto the wells of the gel.
3.2.4.2 Extraction for analysis of tyrosine phosphorylation

After rat hearts were injected with 2 pug of recombinant FGF-2 in 50 pl of ImM
sodium orthovanadate/PBS and removed from the animal, they were placed immediately in
ice-cold 1 mM NaHCO3 containing 5 mM EDTA, 1mM phenylmethylsulfonyl fluoride,

0.2 trypsin inhibitor units aprotonin/ml (Sigma Chemical Co.), 10 uM leupeptin (Sigma
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Chemical Co.) and 1 mM sodium orthovanadate. Control hearts were treated similarly
except no FGF-2 was present in the ImM sodium orthovanadate/PBS solution. After
thorough ninsing, tissues were homogenized briefly in 10 volumes of ImM NaHCO3
solution with a homogenizer (Polytron; Brinkmann Instruments Co., Rexdale, Ont.) at low
setting at 4°C to a obtain a uniform dispersion. Aliquots were removed for protein
determination, and the remainder was stored in small 50 pg aliquots at -70°C. Protein
concentration was determined using a Bradford colorimetric assay [Biorad Laboratories;
Richmond, CA], according to manufacturer’s instructions. Then 10-20 pug of extracts were
placed into 2 volumes of sample buffer consisting of 10% mercaptoethanol [Biorad] 10%
glycerol [Mallinckrodt], 1% SDS [Biorad], and 0.05M Tris at pH 6.8 and boiled for S
min. and loaded onto a well for SDS-PAGE electrophoresis.
3.2.4.3 Isolation of Sarcolemmal Membranes and Cytosolic Fractions

Hearts were perfused with buffer in the presence or absence of FGF-2 for 10
minutes. Subsequently, hearts were frozen in liquid nitrogen with a freeze-clamp technique
[22], stored briefly (<3hr) at -80°C, pooled (3hearts per preparation) and processed
according to the method described by Pitts [23] to prepare sarcolemma-enriched
membranes. All isolation procedures were carried out at 4°C. Ventricular tissue from the 3
pooled hearts (5 ml buffer/ g tissue) was finely minced by hand in a 0.6M sucrose 10 mM
imidazole. The pieces were homogenized with a Polytron 3000 homogenizer (Kinematica
AG, Switzerland) at 13000 RPM for 6 x 15 seconds. The resulting homogenate was then
centrifuged at 12,000 g for 30 min. and the pellet was discarded. A 500ul supernatant

aliquot was centrifuged at 100,000 g for 60 min. in a Beckman TL-100 Ultracentrifuge to
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remove any membrane fractions. The resulting cytosolic fraction was divided, frozen in
liquid nitrogen and stored at -80°C until later use. The remaining supernatant was diluted
with 140mM KCL, 20 mM 3-(-N-morpholino)-propanesulfonic acid (MOPS), pH 7.4 (5
ml buffer/ g tissue) and centrifuged at 100,000 g for 90 min. in a Beckman swinging
bucket rotor (SW-28) the band at the sucrose-buffer interface was taken and diluted with
3 volumes of 140 mM KCL, 20 mM MOPS, pH 7.4. The pellet from this final
centrifugation at 100,000 g for 30 min. was resuspended in 0.25 M sucrose, 10mM
histidine, pH 7.4 (225ul/ g tissue). This sarcolemmal enriched fraction was divided into
aliquots, frozen in liquid nitrogen and stored at -70°C until later use. The purity of the
sarcolemmal membrane prepared by this method has been evaluated previously [24-26] by
assaying for the activity of marker enzymes for sarcolemma, mitochondria, sarcoplasmic
reticulum and endothelial cells. Protein concentration was determined using a Bradford
colorimetric assay [Biorad Laboratories; Richmond, CA], according to manufacturer’s
instructions. Then 10-20 pg of membrane and cytosolic fractions were placed into 2
volumes of sample buffer consisting of 10% mercaptoethanol [Biorad] 10% glycerol
[Mallinckrodt], 1% SDS [Biorad] and 0.05M Tris at pH 6.8 and boiled for 5 min. and

loaded onto a well for SDS-PAGE electrophoresis.
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3.2.5 SDS-PAGE, Western blotting and autoradiography
3.2.5.1 SDS-PAGE

7.5-12.5% polyacrylamide gels were used [15]. Each gel contained molecular
weight markers (10-100 kDa or 10-200 kDa; Bio-Rad Laboratories depending on the
specific proteins). To examine changes in FGF-2 levels in FGF-2-treated and control
hearts, human recombinant FGF-2 was used as a reference marker, at 5 ng/lane.

To compare FGF-2 levels in FGF-2-treated and control hearts before ischemia and
after global ischemia/reperfusion, heparin bound fractions (3ug of protein) from equivalent
amounts of heart extracts (40 mg of extracted protein) were analyzed in 12.5%
polyacrylamide gels, as described [6,13,16]

To analyze changes in the protein profile of phosphorylated tyrosine residues in
FGF-2-treated versus that of control hearts, equivalent amounts of cardiac extracts (30ug
protein) from control (injected with orthovanadate-PBS) hearts and FGF-2-treated
(injected with FGF-2-PBS-orthovanadate) hearts were analyzed in 7.5% polyacrylamide
gels, as described [6,13,16].

To analyze signal transduction proteins (PKCa,6,C, €, PLC B3, SRC, MAPK, and
MAPK-P) in FGF-2-treated versus control hearts, equivalent amounts of sarcolemmal
membranes and cytosolic fractions (25ug protein/lane) from control and FGF-2-perfused

hearts were analyzed in 7.5% polyacrylamide gels, as described [6,13,16].
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3.2.5.2 Western blotting

Proteins analyzed by SDS-PAGE were transferred -electrophoretically onto
Immobilon-P membranes (Millipore, Ontario, Canada). All subsequent steps are as
described previously [6,13,16].

For FGF-2 and phosphorylated tyrosine residue analysis, after protein transfer was
completed, immobilon-P membrane was blocked either in 1% BSA in PBS for 30 min. at
room temperature for FGF-2 or with 5% milk in PBS for | hr at room temperature. These
blocking agents served to saturate the non-specific protein binding sites. Afterwards, the
blocking agent was poured off and either a solution of anti-FGF-2 (S2) [1:10,000] or anti-
phosphorylated-tyrosine antibodies (1:1000) in TBST (10 mM Tris, 150 mM NaCl, 0.05%
Tween [Biorad Laboratories]) was added to the blot and incubated for 25 hr. at 4°C under
gentle shaking motion. Several TBST washes 15 min./each were followed to remove any
non-specifically bound antibodies. Antigen-antibody complexes were then visualized by
incubating the membrane with 0.1 pCiv/ml of 125I—protein A [Amersham Corp.; Oakville,
Ontario] in TBST wash buffer for one hour at room temperature. Afterwards, the blot was
washed S times with TBST and with PBS. The blots were then dried and packaged in
plastic seal-a-meal bags.

Once Western blot transfer and immunoblotting was completed, the sealed blots
were placed, face up, between two intensifying screens [Lightning plus model; Dupont
Cronex Co.]. An X-OMAT film {Eastern Kodak Co.; Rochester, NY] was placed on top

of the blot in the dark and the autoradiographic cassette was then incubated at -70°C for 7
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days. Autoradiograms were then developed and scanned with a LBK 2202 Ultrascan laser
densitometer {[Sweden], as per manufacturer’s instructions.

Visualization of antigen-antibody complexes was also achieved using a
chemiluminescence kit (Pierce, Rockford, IL.) as per manufacturer’s instructions, for the
analysis of signal transduction proteins (PKCa.,8,C, €, PLC B3, SRC, MAPK, and MAPK-
P) from sarcolemma and cytosolic fractions of FGF-2-perfused and control hearts. In this
instance, immobilon P membranes were incubated with a 1:10,000 dilution of goat anti-
rabbit IgG (H +L)-HRP conjugated (Bio-Rad Inc.), followed by incubation with a
Chemiluminescence Blotting Substrate as per manufacturer’s instructions. X-ray film was
subsequently exposed to these blots for 10 sec to 30 min., depending on the intensity of
protein bands.

3.2.6 Densitometer

Densitometery was performed using the Bio-Rad Model GS-670 imaging
densitometer and the computer program Molecular Analyst/PC 700 Densitometry Version
3.11 [Bio-Rad, Mississauga,Ont.]. Values were plotted as arbitrary units of value.

3.2.7 Assay for Protein Kinase C Activity

The enzyme activity present in Sul of cytosolic or membrane cardiomyocyte
fractions was assayed using MARCKS peptide (Calbiochem) as the substrate [19]. To
measure calcium-dependent activity, the assay was conducted in a reaction mixture (total
volume of 50 ul) containing 25 mM Tris-HCI pH 7.5, 5 mM MgCl, , 0.1 mg/ml
phosphatidylserine, 0.5 pg/ml diacylglycerol, 1.2 mM CaCl; and 10 uM peptide [20]. The

reaction mixture used to assay calcium-independent activity was identical except for the
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absence of CaCl,. The reaction was initiated by the addition of [**P]-ATP (4 X 10° cpm)
and the samples were incubated at 30°C for 10 min. A 40 pl aliquot was transferred to
P81 paper which were subsequently washed S times in 150 mM phosphoric acid and once
in ethanol. Radioactivity incorporated into the peptide substrate was quantified by
scintillation counting. All values were corrected for background incorporation using a
complete reaction (including sample) minus the substrate. Specificity for PKC was
confirmed by conducting parallel experiments in the presence of 40 puM chelerythrine.
Similar data were obtained with reactions using 0.12 mM neurogranings.sy [21] instead of
MARCKS peptide as the substrate.
3.2.8 Phospholipase C Assay

The assay for PLC activity was conducted on sarcolemma and cytosolic fractions
as previously described by Meij et al.[68,69]. Exogenous substrates were prepared by
mixing an aliquot of [*H]PIP~, [*H]PIP, [’H]PI (Dupont/NEN, Mississauga, ON) with an
aliquot of the respective non-labeled substrate (Sigma Chemical Co., St. Louis, MO). A
stream of N2 gas was used to subsequently dry this mixture. Mixture was then redissolved
in 0.1 g/ml (232 mM) sodium cholate(Sigma Chemical Co., St. Louis, MO). This substrate
solution was stored in the presence of N2 gas overnight at 4°C and was diluted to 112
mM Na-cholate shortly before addition to the incubation mixture. For the reaction,
mixture consisted of 30 mM HEPES-Tris (pH 7.0), 100 mM NaCl, 2mM EGTA, 3.13mM
CaCl2, ~15 ug cytosolic or SL proteins, 14 mM Na-cholate and 20 puM ‘H-labeled
substrate (400-500 dpm/pl) in a final volume of 40 ul. These reactions were carried out at

37°C and terminated after 2.5 min. by the addition of 144 nl ice-cold CHCl;/CH;OH/HCI
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(1:2:0.2, vivlv), followed by 48 ul 2M KCI and 48 pul CHCI;. In addition, blanks were
treated identically to experimental samples, except that protein was added after the
reaction was stopped. Phase separation was achieved by mixing and centrifugation of the
reaction mix. The resulting aqueous upper phase was aspirated and applied to a column of
500 pl Dowex AG 1-X8 slurry (Bio-Rad Laboratories, Mississauga, ON). Inositol mono-,
bis-, and trisphosphate were eluted each with 1 ml 0.1 M formic acid containing 0.2 M,
0.4M and 1,0 M NH,-formate, respectively [68,69]. Quantitation was done by liquid
scintillation counting in 10 ml of CytoScint™. Inositol triphosphate is the primary product
of PIP; hydrolysis[68,69]. Unless otherwise indicated, data represent the sum of the three
inositol phosphates[68,69].
3.2.9 Calculation and Statistical Analysis

All calculations and statistical analysis were performed using the Microsoft Excel
Analysis Tool Pac version 5.0 (Microsoft Corporation, Cambridge, MA) and the T-ease
statistical calculation software. Utilizing a student t-test for statistical significance (as

determined by the degree of standard error).
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3.3 Studies on potential mechanism of FGF-2 induced cardioprotection

3.3.1 Localization of exogenous FGF-2 in perfused hearts

Sections from hearts perfused with buffer or buffer supplemented with 10ug FGF-
2 were processed for FGF-2 localization by indirect immunofluorescence staining. Results
are shown in Fig. 3.1. Control heart sections displayed near background levels of anti-
FGF-2 staining (Fig. 3.1d). Treated hearts displayed intense anti-FGF-2 staining in
association with blood vessels (Fig. 3.1a and c, large straight arrows) and capillaries (Fig.
3.1b and c, curved arrows). In addition, strong anti-FGF-2 labeling was detected around
cardiomyocytes near FGF-2 rich blood vessels (Fig. 3.la,b and c), in a distribution
resembling that of basement membranes [27]. The pattern of anti-FGF-2 staining was
similar in hearts sectioned before ischemia (Fig. 3.1) or after ischemia and reperfusion (not

shown). Entry of FGF-2 into the myocardium, occurred, presumably, via the capillaries.

204



Figure 3.1: Micrographs of indirect immunofluorescence for FGF-2 on

tissue sections from perfused hearts. (a), (b), and (c), sections from hearts
perfused with 10 pg of FGF-2. (d) hearts perfused with buffer. Large straight
arrows point to blood vessels, curved arrows to capillaries, and, small arrows

to cardiomyocytes. (Size bar = 50 um).
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3.3.2 Relative levels of FGF-2 in perfused hearts

Extracts were obtained from age-matched isolated perfused ventricles that were
subjected to (i), perfusion with FGF-2, (ii), perfusion with FGF-2 followed by 60 min. of
global ischemia and 20 min. of reperfusion, and, (iii), perfusion with medium, in the
absence of FGF-2. Protein yields were similar in extracts from control as well as FGF-2-
treated hearts (42+2 mg protein per g wet weight of tissue). Equivalent amounts of these
extracts (i.e. containing exactly the same amount of extracted protein) were fractionated
by heparin-sepharose affinity chromatography and analyzed for FGF-2 content by
immunoblotting. A characteristic set of results is shown in Fig. 3.2. Recombinant human
FGF-2 used as a positive control migrates with a mobility corresponding to an apparent
molecular mass of 18 kDa (Fig. 3.2, lane 4). Hearts perfused with FGF-2 displayed a clear
increase in FGF-2 levels (Fig. 3.2, lane 1) compared to controls (Fig. 3.2, lane 3). Extracts
from FGF-2-treated hearts displayed a 4-fold increase in the relative intensity of the 18
kDa FGF-2 band compared to that of controls.

Increased FGF-2 content over controls (3.5-fold) was also evident in hearts
perfused with FGF-2 and subjected to global ischemia and reperfusion (Fig. 3.2, lane 2),
indicating a strong association with cardiac tissue, in agreement with a recent paper
reporting that intravenous administration of this factor resulted in rapid deposition within

organs including the heart [28].
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Figure 3.2: Analysis of FGF-2 in cardiac heparin-binding fractions by
immunoblotting. Lane 1, hearts perfused with 10 ug of FGF-2, lane 2, hearts
perfused with 10 ug FGF-2 and subjected to ischemia and reperfusion, lane 3,
hearts perfused with buffer, lane 4, 5 ng of human recombinant FGF-2.

Relative mobility of molecular weight markers is indicated in kilodalton

(kDa).
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3.3.3 Localization of phosphorylated tyrosine residues after FGF-2 administration
in isolated perfused hearts

Because FGF-2 high-affinity receptors are tyrosine kinases [1], we examined
whether FGF-2 can induce tyrosine phosphorylation in the adult myocardium. To this end
we therefore examined anti-phosphotyrosine staining in cardiac sections from control and
FGF-2-perfused hearts within 10 min. from the initiation of FGF-2 perfusion (Fig.3.3).
Control hearts, i.e., hearts perfused with buffer and expressing basal levels of FGF-2,
displayed faint anti-phosphotyrosine staining in areas of intercalated disks, in agreement
with previous reports [29] (Fig. 3.3B). Intensity of anti-FGF-2 staining in these sections
was barely above background, because we used a high dilution of the anti-FGF-2 serum
(Fig. 3.3A). Myocytes in sections from FGF-2-perfused hearts displayed increased anti-
FGF-2 (Fig. 3.3C) as well as increased anti-phosphotyrosine staining (Fig. 3.3D). The
increase in anti-phosphotyrosine staining was evident at the intercalated disk regions but
also in association with lateral surfaces of cardiomyocytes (Fig. 3.3D). Patterns of anti-
phosphotyrosine staining identical to those described above were detected in sections that

had not been costained for FGF-2.
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Figure 3.3: FGF-2 induced stimulation of tyrosine phosphorylation in

adult cardiomyocytes in vivo. Micrographs of indirect immunofluorescence
for phosphotyrosine-containing proteins and/or FGF-2 on tissue sections from
perfused hearts. a and b: double immunofluorescence labeling of ventricular
sections for FGF-2 and phosphotyrosine, respectively, in hearts perfused with
buffer only. ¢ and d: double imminofluorescence labeling for FGF-2 and
phosphotyrosine, respectively, in hearts perfused with FGF-2 (10 pg/heart).

Arrowheads, areas of phosphotyrosine labeling. Bar, 50 um.
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3.3.4 Examination of tyrosine phosphorylation of proteins in cardiac extracts after
administration of FGF-2 to rat hearts in vivo

We investigated the effect of FGF-2, administered by direct injection to the heart
apex, on tyrosine phosphorylation pattern and levels as assessed by western blotting with
phosphotyrosine-specific antibodies. Results are shown in Fig.4. Injection of FGF-2 into
the myocardium resuited in changes in tyrosine phosphorylation levels of several proteins,
compared to control hearts injected with buffer alone. Tyrosine phosphorylation was
stimulated in proteins of more than 200 and about 98, 83, 72, 59 and 42 kDa (Fig. 3.4,
lane 2). Decreased tyrosine phosphorylation after FGF-2 treatment, however, was seen in
proteins of about 123 and 66 kDa, which appeared to have higher phosphotyrosine
content in the controls (Fig. 3.4, lane 1). Net anti-phosphotyrosine immunoreactivity was
increased by about 50% in FGF-2-treated cardiac tissue, as estimated by densitometry of
the immunoblot shown in Figure 3.4, indicating that the immunoreactive bands seen after
FGF-2 treatment cannot be accounted for by degradation of immunoreactive bands of
control tissue. At any rate, protein staining of duplicate gels did not reveal any differences
in protein band composition and intensity between control and FGF-2-treated heart
lysates, indicating that no major changes in proteolysis occurred as a function of FGF-2
treatment. In addition, levels and pattern of phosphotyrosine phosphorylation in extracts
from non-injected areas of the heart were similar to those of controls shown in Figure 3.4
(lane 1), indicating that neither injection per se nor the use of orthovanadate could account

for the changes in phosphotyrosine observed in the FGF-2-injected cardiac tissue. The
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observed decrease in tyrosine phosphorylation of certain proteins indicated that FGF-2

treatment may have induced specific phosphotyrosine phosphatase activation in vivo.
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Figure 3.4: Effects of FGF-2 injection on phosphotyrosine
phosphorylation. Cardiac extracts (30 pg protein) obtained form hearts
injected with FGF-2 or vehicle were analyzed for phosphotyrosine containing
proteins by western blotting. Lane 1, extract from control (injected with
orthovanadate-PBS) hearts; lane 2, extract from experimental (injected with
FGF-2-PBS-orthovanadate) hearts. Arrows indicate bands for which the
intensity differs between control and experimental hearts. Migration of

molecular weight markers are indicated on the left, in kDa.
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3.3.5 Examination of Phospholipase-C activity (PLC) activity from FGF-2-
perfused and control hearts

Figure 3.5 shows total inositol phosphate produced (nmol InsP mg/min) as a result
of the total PLC activity in the sarcolemma and cytosolic fractions. FGF-2-treated hearts
showed a 11.5% increase in total inositol phosphate produced over that of control
perfused hearts in the cytosol. Similarly, in sarcolemma fractions, FGF-2 treated hearts
showed a 21.8% increase in total inositol phosphate produced over that of control
perfused hearts.
3.3.6 Examination of Protein Kinase C activity (PKC) activity from FGF-2-
perfused and control hearts

PKC activity of sarcolemmal fractions was measured in the presence of
diacylglycerol and phosphatidylserine to fully activate PKC. Thus, this assay represents a
means of detecting levels of PKC at the sarcolemmal fraction and does not evaluate
endogenous activation of PKC per se. The substrate utilized in this assay was the
MARCKS peptide since it has been previously proven to be highly specific for PKC [19].
As summarized in Table 1, samples from FGF-2 treated hearts exhibited substantially
increased activity, tested in the absence as well as in the presence of calcium. This FGF-2-
induced activity was inhibitable by chelerythrine (40 pmol/L), when included in the
reaction medium (data not shown), providing additional confirmation that PKC activity
was actually being measured. Similar results were obtained when neurogranin was used as

an alternate PKC substrate (data not shown).
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In PKC assays conducted in the presence of EGTA, FGF-2 administration in the
absence of chelerythrine elicited a nearly S-fold increase in sarcolemmal PKC compared to
control untreated hearts, while FGF-2 administered in the presence of chelerythrine
resulted in sarcolemmal PKC activity levels virtually indistinguishable to those of control
hearts, and only slightly (1.4-fold) higher than those seen in hearts treated with
chelerythrine alone. Chelerythrine administration itself appeared to reduce, compared to
control values, sarcolemmal PKC activity.

In PKC assays conducted in the presence of calcium, FGF-2 administration in the
absence of chelerythrine elicited an over 2-fold increase in sarcolemmal PKC activity,
while no such increase was detected when FGF-2 was given in the presence of
chelerythrine; if anything, a decrease in sarcolemmal PKC activity to levels below those of
control or chelerythrine treated hearts was seen in the latter case; the reason for this

finding is unclear at present. Chelerythrine itself did not affect sarcolemmal PKC activity,

assayed in the presence of calcium.

214



:

-

Total inositol phosphates produced (nmol InsP mg/min)

%/f

7 7
% Z

7
7

/ %

~ control FGF-2 contro
cytosol cytosol =~ membrane  membrane

Figure 3.5: Examination of Phospholipase-C (PLC) activity from FGF-2-
perfused and control hearts. PLC activity was measured as a function of the
amount of total inositol phosphate produced. Solid columns represent
cytosolic and membrane fractions from control perfused hearts. Hatched
columns represent cytosolic and membrane fractions from perfused hearts
treated with 10 ug FGF-2. Absolute values for the total inositol phosphates
produced (nmol InsP mg/min.) in control and FGF-2-treated cytosolic
fractions were 11486.34+313.22 and 12806.10+389nmol I[nPs/mg.min,
respectively. ** denotes significant difference from control values at P<0.05.

Statistical analysis was performed using an unpaired, one-tailed student t-test.



TABLE 3.1: Effect of FGF-2 Administration on Sarcolemmal PKC Activity.

Treatment Activity/ EGTA Activity/Calcium
pmol/min/mg protein pmol/min/mg protein
Control 0.032+0.002 0.065+0.006
+FGF-2 0.153+.006 0.144+0.009
+Chl 0.021+0.000 0.061+0.002
+Chl/FGF-2 0.030+0.001 0.049+0.001

216



3.3.7 Examination of PKC-o,PKC-3, PKC-{ and PKC-¢ subcellular localization
Studies using cultured cells and cell lines have shown that FGF-2 activates PKC
[30,31], although the effect of FGF on PKC localization in cardiomyocytes is not known.
Activation of PKC by other effectors (e.g. adenosine [32], stretch/rennin-angiotensin [33]
and noradenaline [34]), produces a translocation of the enzymes to the sarcolemma
compartments of the stimulated cell, including the sarcolemma of cardiomyocytes. Hearts
treated with FGF-2 prior to ischemia were thus examined for an indication that similar
effects occurred with adult cardiac myocytes in situ. Subcellular distribution of the various
PKC isoforms was examined by western blotting of sarcolemmal fraction and by
immunolocalization on tissue sections, whenever possible. Representative results from one
series of western blot analyses are shown in Fig. 3.6A. Cardiac sarcolemmal samples
contained bands recognized specifically by antibodies to the PKC subtypes -a, -8,-€,-C,
and migrating with an apparent molecular mass of 85,78,90 and 72 kDa, respectively.
These bands are eliminated when antibodies are incubated with their corresponding
immunizing peptides (data not shown). In each instance, administration of FGF-2 resulted
in increased levels of PKC in association with sarcolemma. This would indicate
translocation and presumably activation, of all four subtypes. A quantitative estimate of
relative sarcolemmal PKC levels is shown in Fig. 3.6B. Measurements represent the
average of three separate determinations (Western blot analysis followed by densitometry)
from the same pooled samples. The complete experimental series (sarcolemmal
preparations from control and FGF-treated hearts, followed by western blotting and

densitometry) has been repeated four times with very similar results.
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Administration of chelerythrine alone resulted in decreased levels of PKC-e and
PKC-( in association with the sarcolemma, compared to untreated control samples, while
levels of subtypes -o. and -8 and did not change substantially. FGF-2 administration to
chelerythrine-treated hearts resulted in increased sarcolemmal PKC levels (all subtypes)
compared to those from chelerythrine-alone treated hearts. On the other hand,
administration of FGF-2 to chelerythrine-treated hearts resulted in all cases, in reduced
levels of PKC associated with the sarcolemma compared to samples from FGF-2-only
treated hearts.

Immunolocalization of PKC-a indicated diffuse cytoplasmic, bright nuclear and
weak sarcolemma-associated staining in cardiomyocytes of control heart sections (Fig.
3.7). FGF-2 administration led to no perceptible change in the immunostaining of the
cardiomyocytes however, increased vascular endothelial and/or smooth muscle staining
was observed with FGF-2 treatment as indicated in Fig. 3.7.

Immunolocalization of PKC-d indicated a diffuse cytoplasmic and weak
sarcolemma-associated localization in cardiomyocytes of control heart sections (Fig. 3.8).
FGF-2 administration led to increased plasma membrane-associated anti-PKC-0 staining
compared to controls, confirming the results from Western blotting analysis.
Immunolocalization of PKC-¢ and PKC-C on cardiac tissue sections did not show any
obvious changes in localization patterns between controls and FGF-treated hearts (data

not shown).
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Figure 3.6: Effect of FGF-2 on PKC distribution to sarcolemmal fractions
(A): representative micrographs from western blot analysis of cardiac
sarcolemmal fractions (20 g/lane) obtained from control (C), FGF-2-treated
(F), chelerythrine-treated (Chl) and chelerythrine-FGF-treated (Chl/F) hearts and
probed for PKC |, PKC , PKC and PKC as indicated. Immunoreactive bands
migrating at 82 kDa (PKC ), 78 kDa (PKC ), 90 kDa (PKC ), 72 kDa (PKC

are indicated. (B) Quantitative (densitometric) analysis of PKC (PKC , PKC

PKC and PKC as indicated) subtype levels in cardiac sarcolemmal fractions
obtained before and after FGF-2 administration and analyzed by western
blotting (n=3). Statistcal analysis was performed using an unpaired, two-tailed

student t-test.
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Fig. 3.7: FGF-2 effect on PKCa localization. Micrographs of transverse
sections of hearts perfused with (b) or without (a) 10 pg of FGF-2, and
stained for PKC-a. by immunofluorescence. Arrows in (a) indicate normal
PKC-a staining along the endothelial cell region of the coronary vessel.
Arrows in (b) indicate increased PKC-a staining along the endothelial cell

region of coronary vessels from hearts treated with exogenous FGF-2. (bar =

20 pm).
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Fig. 3.8: FGF-2 effect on PKCS localization. Micrographs from
immunofluorescence staining of cardiac tissue sections for PKC3. (A),
Staining in sections from FGF-treated hearts. (B), Staining in sections from

control hearts. Arrows point to areas in cardiomyocyte periphery. Bar = 50

pum.
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3.3.8 Examination of PLC-y1,PLC-61 and PLC-83 subcellular localization

Studies using cultured celis and cell lines have shown that FGF-2 activates PLC
[35-39], although the effect of FGF on PLC activation and localization in cardiomyocytes
is not known. Activation of PLC by other effectors produces a translocation of the
enzymes to the membrane compartments of the stimulated cell [40]. Stimulation of PLC in
the heart is considered to contribute to cardiac growth and hypertrophy [41-44]. In
addition PLC activation induces the production of DAG, a potent activator of PKC
[45,46] and a possible mediator of ischemic preconditioning [47].

Hearts treated with FGF-2 prior to ischemia were thus examined for any indication
that similar effects occurred in aduit cardiac myocytes in situ. Subcellular distribution of
the various PLC isoforms was examined by western blotting of sarcolemmal fraction and
by immunolocalization of tissue sections, whenever possible. Representative results from
one series of western blot analyses are shown in Fig. 3.9A. Cardiac sarcolemmal and
cytosolic samples contained bands recognized specifically by antibodies to the PLC
subtypes -yl, -61,-83. These bands were at 148 kDa for PLC-yl, at 87 and 110 kDa for
PLC-81, and at 110 and 145 kDa for PLC-B3. These bands were eliminated when the
antibodies were incubated with their corresponding immunizing peptides (data not shown).

In the case of PLC-f33, administration of FGF-2 induced negligible changes in the
levels of the 145 kDa band at the sarcolemma but a significant decrease of this same band
in the cytosol. FGF-2 induced a significant increased in the 110 kDa band at the

sarcolemma (Fig. 3.9 A and B).
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In the case of PLC-81, FGF-2 did not induce any changes in the levels of the 87
kDa band at either the cytosol of sarcolemma. FGF-2 induced a significant increase in the
levels of the 110 kDa band at the sarcolemma and a significant decrease of the same band
in the cytosol.

In the case of PLC-yl, FGF-2 induced a significant decrease in the levels of the
148 kDa band at both sarcolemma and cytosol.

A quantitative estimate of relative sarcolemmal and cytosolic PLC levels is shown
in Fig. 3.9B. Measurements represent the average of three separate determinations
(Western blot analysis followed by densitometry) from the same pooled samples. The
complete experimental series (sarcolemmal preparations from control and FGF-treated
hearts, followed by western blotting and densitometry) has been repeated three times with
very similar results.

Immunolocalization of PLC-B3 is shown in Figure 3.10. Immunolocalization of
PLC-yl and PLC-41 on cardiac tissue sections did not show any obvious changes in
localization patterns between controls and FGF-treated hearts (data not shown).
Transverse sections from control (Fig. 3.10a and b) and FGF-2-perfused (Fig. 3.10c and
d) hearts were co-stained with anti-PLC-3; (Fig. 3.10a and c) and Hoechst nuclear stain
(Fig. 3.10b and d). In sections from control hearts (Fig. 3.10a) PLC-B3 immunostaining
was observed faintly around pericellular regions of myocytes (arrows). The corresponding
nuclear stain of the section depicted in Fig. 10a is shown in Fig. 10b. In FGF-2-perfused
hearts (Fig. 3.10c), PLC-B3 immunostaining was increased around myocytes (arrows).
The corresponding nuclear stain of this section is depicted in Fig. 3.10d. This increased

pericellular staining likely represents the increased association of the 110 kDa and 145

223



kDa PLC-B3 with sarcolemma which was detected by western blotting
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Fig. 3.9: Effect of FGF-2 on PLC levels at sarcolemmal and cytosolic
fractions (A): representative micrographs from western blot analysis of
cardiac sarcolemmal and cytosolic fractions (20 pg/lane) obtained from
control (-) and FGF-2-treated hearts(+) and probed for PLCB3, PLC31, and
PLCyl as indicated. Immunoreactive bands migrating at: 110 and 145 kDa
(PLCB3); 110 kDa (PLCS31); and 148 kDa (PLCyl) are indicated. (B)
Quantitative (densitometric) analysis of PLC (PLCB3, PLC31, and PLCyl as
indicated) subtype levels in cardiac sarcolemmal and cytosolic fractions
obtained before and after FGF-2 administration and analyzed by western
blotting(n=3).
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Fig. 3.10: FGF-2 effect on PLCPB3 localization. Micrographs of transverse

cardiac sections of hearts perfused with (c,d) or without (a,b) 10 pg of FGF-
2. Sections were stained by double fluorescence labeling for PLC-f3 (a and
c¢) and nuclear DNA (b and d). Thick arrows in (a) and (b) indicate normal
myocytes double labeled for PLC-B3 and nuclear DNA, respectively. Thick
arrows in (c) indicate myocytes perfused with exogenous FGF-2 and
displaying enhanced pericellular PLC-33 staining. Thin arrows in (c¢) and (d)
indicate possible capillaries perfused with exogenous FGF-2 and displaying
enhanced PLC-B3 staining. Lack of nuclear staining in these regions (d)

argue against the presence fibroblast cells. Bar=50um.
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3.3.9 Examination of MAPK and phosphorylated-MAPK subcellular localization

Studies using cultured cells and cell lines including cardiac myocytes have shown
that FGF-2 signaling results in phosphorylation and activation of MAPK [48-51], although
the effect of FGF on MAPK localization in cardiomyocytes is not known. In the heart, the
predominate MAPK isoforms are the P42 and P44 [50,54]. Hearts treated with FGF-2
prior to ischemia were thus examined for MAPK activation in cardiac myocytes in situ.
Subcellular distribution of the various MAPK and phosphorylated MAPK isoforms were
examined by western blotting of sarcolemmal fraction and by immunolocalization on tissue
sections, whenever possible. Representative results from one series of western blot
analyses are shown in Fig. 3.11A. Cardiac sarcolemma and cytosolic fractions contained
bands recognized specifically by antibodies to the p42 and p44 MAPK and dually
phosphorylated (and therefore activated) MAPK p42 and p44.

Administration of FGF-2 resulted in increased levels of the p42 and p44 MAPK
and phosphorylated MAPK in association with sarcolemma. In the cytosolic fractions,
FGF-2 induced decreased p42 and p44 MAPK but increased dually-phosphorylated p42
and p44 MAPK (Fig. 3.11A). These results indicate that translocation, and activation of
both subtypes is taking place. A quantitative estimate of relative sarcolemmal and
cytosolic p42 and p44 MAPK and phosphorylated MAPK levels is shown in Fig. 10B.
Measurements represent a typical determination (Western blot analysis followed by
densitometry) from the same pooled samples. The complete experimental series
(sarcolemmal and cytosolic preparations from control and FGF-treated hearts, followed by

western blotting and densitometry) has been repeated three times with very similar results.
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Since MAPK has been reported to be activated downstream of PKC in cardiac myocytes,
we examined the effect of the PKC inhibition by chelerythrine on MAPK activation at the
sarcolemma under our conditions.

Fig. 3.12 depicts western blot results and their respective densitometer
measurements of sarcolemma fractions from perfused hearts treated with: (i) control; (ii)
FGF-2; (iii) chelerythrine; and (iv) FGF-2 in the presence of chelerythrine. Blots were
probed for phosphorylated-MAPK. As expected, we observed a significant increase in the
levels of dually phosphorylated p42 and p44 with FGF-2 treatment. FGF-2 continued to
stimulate increases in the levels of phosphorylated MAPK even in the presence of
chelerythrine. Chelerythrine alone induced a 2-fold increase in the levels of the
phosphorylated p42, which is rather small compared to the 8-fold increase induced by
FGF-2 alone or with chelerythrine. Overall, our results suggest that FGF-2-induced
activation of MAPK at the sarcolemma may be independent of PKC activation.

Immunolocalization of MAPK and phosphorylated MAPK on cardiac tissue
sections did not to show any obvious changes in localization patterns between controls

and FGF-treated hearts (data not shown).
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Fig. 3.11: Effect of FGF-2 on MAPK and phosphorylated MAPK levels
at sarcolemmal and cytosolic fractions (A): representative micrographs
from western blot analysis of cardiac sarcolemmal and cytosolic fractions (20
pg/lane) obtained from control (-) and FGF-2-treated hearts(+) and probed for
MAPK and dually-phosphorylated MAPK as indicated. Immunoreactive
bands migrating at: 42 and 44 kDa are indicated. (B) Quantitative
(densitometric) analysis of p42 and p44 MAPK and phosphorylated MAPK
levels in cardiac sarcolemmal and cytosolic fractions obtained before and

after FGF-2 administration and analyzed by western blotting(n=3).
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Fig. 3.12: Effect of chlerythrine on FGF-2-induced phosphorylation and
distribution of MAPK in sarcolemmal fractions (A): representative
micrographs from western blot analysis of cardiac sarcolemmal fractions (20
ng/lane) obtained from: (I) control (con); (ii) FGF-2-treated hearts (FGF-2);
(iif) chelerythrine (Chl) treated hearts; and (iv) FGF-2-treated hearts in the
presence of chelerythrine (F/Chl). These blots were probed for
phosphorylated MAPK as indicated. Immunoreactive bands migrating at: 42
and 44 kDa are indicated. (B) Quantitative (densitometric) analysis of p42
and p44 phosphorylated MAPK levels in cardiac sarcolemmal fractions
obtained from control, FGF-2 treated, chelerythrine-treated and FGF-
2/chelerythrine treated hearts and analyzed by western blotting (n=3). *P<

0.05 significant.
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3.3.10 Examination of beta adrenergic receptor kinase-1 (BARK(1) localization

Subcellular distribution of the BARK1 was examined by western blotting of the
cytosolic and sarcolemmal fractions. Representative results from one series of western blot
analyses are shown in Fig. 3.13A. Cardiac sarcolemmal samples contained bands
recognized specifically by antibodies to the BARK1 and migrating with an apparent
molecular mass of 79 kDa. This band was eliminated when the antibodies were incubated
with their corresponding immunizing peptides (data not shown). As shown in Fig. 3.12A,
administration of FGF-2 resulted in increased levels of BARKI in association with
sarcolemma, indicating translocation and presumably activation. Similar results have been
obtained with cultured myocytes in our laboratory. However, anti-BARKI1 antibodies did
not detect an immunoreactive band in the cytosolic fractions from control and FGF-2-
treated hearts (data not shown). A quantitative estimate of relative sarcolemmal BARK1
levels is shown in Fig. 3.13B. Measurements represent the average of three separate
determinations (Western blot analysis followed by densitometry) from the same pooled
samples.

Immunolocalization of BARK! on cardiac tissue sections did not show any
obvious changes in localization patterns between controls and FGF-treated hearts (data
not shown).

3.3.11 Examination of c-jun in sarcolemmal and cytosolic fractions from perfused

hearts

Hearts treated with FGF-2 prior to ischemia were examined for changes in c-jun

distribution in situ, by western blotting of sarcolemmal and cytosolic fractions.
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Representative results from one series of western blot analyses are shown in Fig. 3.13A.
Cardiac cytosolic fractions contained bands recognized specifically by antibodies to c-jun
which migrates with an apparent molecular mass of 39 kDa. In Fig. 3.13A, administration
of FGF-2 resulted in increased levels of c-jun in association with cytosol.

A quantitative estimate of relative cytosolic c-jun levels is shown in Fig. 3.13B.
Measurements represent the average of three separate determinations (Western blot
analysis followed by densitometry) from the same pooled samples. The complete
experimental series (cytosolic preparations from control and FGF-treated hearts, followed
by western blotting and densitometry) has been repeated three times with very similar
results.

3.3.12 Examination of src-kinase in sarcolemmal and cytosolic fractions from
perfused hearts

Activation of c-src by several effectors induces translocation [58,59] and
autophosphorylation [60,61] of this enzyme to the membrane compartments of the
stimulated cells. Subcellular distribution of src was examined by western blotting of the
sarcolemmal and cytosolic fraction and by immunolocalization on tissue sections,
whenever possible. Representative results from one series of western blot analysis is
shown in Fig. 3.13A. Cardiac sarcolemma and cytosol were found to contain bands
recognized specifically by antibodies to c-src. These bands were shown to migrate with an
apparent molecular mass of 60 kDa. When anti-c-src antibodies were incubated with their
corresponding immunizing peptides (data not shown), these 60 kDa bands were

eliminated. Administration of FGF-2 resulted in decreased levels of src in association with
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sarcolemma and increased src levels in cytosol. This src pattern of distribution would
indicate that translocation to other subcellular fractions, degradation or down regulation
of src at the sarcolemma is taking place with FGF-2 stimulation, at least in the time point
examined.

A quantitative estimate of relative sarcolemmal and cytosol src levels is shown in
Fig. 3.13B. Measurements represent the average of three separate determinations
(Western blot analysis followed by densitometry) from the same pooled samples. The
complete experimental series (sarcolemmal preparations from control and FGF-treated
hearts, followed by western blotting and densitometry) has been repeated three times with

very similar results.

Immunolocalization of src on cardiac tissue sections did not to show any obvious
changes in localization patterns between controls and FGF-treated hearts (data not

shown).
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Fig. 3.13: Effect of FGF-2 on BARKI1, c-jun and src levels at
sarcolemmal fractions (A): representative micrographs from western blot
analysis of cardiac sarcolemmal fractions (20 pg/lane) obtained from control
(-) and FGF-2-treated (+) hearts and probed for BARKI, c-jun and src as
indicated. Immunoreactive bands migrating at 79 kDa (BARK1), 39 kDa (c-
jun), 60 kDa (src) are indicted. (B) Quantitative (densitometric) analysis of
BARK]1, c-jun and src levels in cardiac sarcolemmal and cytosolic fractions
obtained before and after FGF-2 administration and analyzed by western

blotting(n=3).
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3.3.13 c-fos

Activation of c-fos by other effectors, including PKC activation, induces nuclear
translocation and increased c-fos expression in the stimulated cell, including the
cardiomyocytes [55-57]. Hearts treated with FGF-2 prior to ischemia were thus examined
for any indication of increased nuclear c-fos proteins in adult cardiac myocytes in situ.
Representative results from one series of immunolocalization experiments is shown in Fig.
3.14.

Figure 3.14 shows transverse cardiac sections from control and FGF-2 perfused
hearts double labeled with anti-c-fos (Fig. 3.14a and c), and Hoechst nuclear stain (Fig.
3.14b and d). Large arrows (Fig. 3.14c) point to the increased anti-c-fos myocyte nuclear
stain in FGF-2-treated hearts. The large arrows in Fig. 3.14a point to regions in control
perfused tissues where little to no anti-c-fos myocyte nuclear staining is observed. Further
more, separate sections from FGF-2 treated hearts were stained only with the c-fos
antibody (results not shown). Again, increased c-fos nuclear staining was seen in FGF-2-
treated cardiomyocytes indicating that the anti-c-fos nuclear staining was specific and not
due to carry-over of the Hoechst nuclear stain.

In addition, increased nuclear c-fos labeling was observed in nuclei of cells within
coronary vessels of FGF-2-perfused hearts. In Fig 3.15¢c, large arrows indicate nuclear
regions of a coronary vessel which exhibited increased c-fos staining compared to nuclear
regions in coronary vessels of control perfused hearts (Fig. 3.15a, large arrows). Fig.

3.15d and b depicts the same section seen in Fig. 3.15c¢ and a, respectively, double
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immunolabelled with Hoescht nuclear stain to show that the c-fos staining was indeed

nuclear in origin along the vessel walls.
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Fig. 3.14: Immunolocalization of c-fos in myocytes of transverse tissue

sections from isolated perfused hearts. Micrographs of transverse sections
of hearts perfused with (c,d) or without (a,b) FGF-2. These sections were
stained by double immunofluorescence labeling for c-fos (a and c) and
nuclear DNA (b and d). Arrows in (a) and (b) indicate nuclei of normal
myocytes double labeled for c-fos and nuclear DNA, respectively. Arrows in

(c) and (d) indicate nuclei of myocytes treated with exogenous FGF-2 and

displaying enhanced c-fos staining. (bar = 50 pum).
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Fig. 3.15: Immunolocalization of c-fos in coronary vessels of transverse

tissue sections from isolated perfused hearts. Micrographs of transverse
sections of hearts perfused with (c,d) or without (a,b) FGF-2. These sections
were stained by double-immunofluorescence labeling for c-fos (a and ¢) and
nuclear DNA (b and d). Arrows in (a) and (b) indicate nuclei from normal
coronary vessel cells double labeled for c-fos and nuclear DNA, respectively.
Arrows in (c) and (d) indicate nuclei of coronary vessel cells treated with

exogenous FGF-2 and displaying enhanced c-fos staining. (bar = 20 pum).
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3.3.14 Effect of FGF-2 administration during reperfusion on the localization of c-
fos and PLC-B3

Fig. 3.16 depicts typical transverse cardiac sections taken from isolated rat hearts
treated with (Fig. 3.16 c and d) or without (Fig. 3.16a and b) FGF-2 during reperfusion,
after ischemia. These sections were double immunostained with anti-c-fos (Fig. 3.16 a and
c) and Hoechst nuclear stain (Fig. 3.16b and d). Arrows in Fig. 3.16a show endogenous c-
fos immunostaining diffusely in myocyte nuclei. Arrows in Fig. 3.16b confirm that c-fos
immunostaining in the myocytes depicted in Fig. 3.16a are indeed within nuclear regions.
Nuclear anti-c-fos staining is brighter in FGF-2-treated compared to intreated hearts
(compare Fig. 3.16c¢ to Fig. 3.16a, respectively).

When coronary vessels were examined for c-fos immunostaining (Fig. 3.17), no c-
fos nuclear staining was observed (arrows) in tissue sections of control-treated reperfused
hearts (Fig. 3.17a). In contrast, in FGF-2-reperfused hearts (Fig. 3.17c) arrows show
increased c-fos immunostaining along nuclear regions of the coronary vessel, as confirmed

by nuclear double immunolabelling of this same section (Fig. 3.17d, arrows).

Fig. 3.18 depicts typical transverse cardiac sections taken from FGF-2-treated
(Fig. 3.18c and d) or control (Fig. 3.182 and b) rat hearts after I-R. These sections were
double immunostained with anti-PLC-85 (Fig. 3.18 a and c) and Hoechst nuclear stain
(Fig. 3.18c and d). Increased PLC-B; immunostaining is detected around myocytes in
FGF-2-treated hearts. In contrast, only faint PLC-B; immunostaining is seen around
myocytes of control reperfused hearts. Our data indicate that FGF-2 induced translocation

of PLC-B3 from the cytosol to the sarcolemma of cardiomyocytes during reperfusion.
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Fig. 3.16: Immunolocalization of c-fos in myocytes after I-R. Micrographs

of transverse sections of hearts subjected to [-R with (C,D) or without (A,B)
FGF-2 in the reperfusion medium. These sections were stained by double-
immunofluorescence labeling for c-fos (A and B) and nuclear DNA (C and
D). Arrows in (A) and (B) indicate nuclei of normal myocytes double labeled
for c-fos and nuclear DNA, respectively. Arrows in (C) and (D) indicate
nuclei of myocytes treated with exogenous FGF-2 and displaying enhanced c-
fos staining. (bar = 50 pum).
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Fig. 3.17: Immunolocalization of c-fos in coromary vessels after I-R.

Micrographs of transverse sections of hearts subjected I-R with (C,D) or
without (A,B) FGF-2 in the reperfusion medium These sections were stained
by double-immunofluorescence labeling for c-fos (A and C) and nuclear DNA
(B and D). Arrows in (A) and (B) indicate nuclei from normal coronary vessel
cells double labeled for c-fos and nuclear DNA, respectively. Arrows in (C)
and (D) indicate nuclei of coronary vessel cells treated with exogenous FGF-2

and displaying enhanced c-fos staining. (bar = 50 um).
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Fig. 3.18: Immunolocalization of PLC-$3 in myocytes of transverse
tissue sections from isolated perfused hearts after I-R. Micrographs of
transverse sections of hearts perfused with (C-F) or without (A,B) FGF-2.
Sections were stained by double-immunofluorescence labeling for PLC-83
(A,C,E) and nuclear DNA (B,D,F). Thick arrows in (A) and (B) indicate
normal myocytes double labeled for PLC-B3 and nuclear DNA, respectively.
Thick arrows in (C) and (D) indicate myocytes perfused with exogenous
FGF-2 and displaying enhanced pericellular PLC-$3 staining. Thin arrows in
(C,D) and (E,F) indicate capillaries perfused with exogenous FGF-2 and
displaying enhanced PLC-B3 staining.(bar = 50 pum).
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3.4 DISCUSSION

In this chapter, the mechanism by which FGF-2 may induce cardioprotection
against I-R injury is explored by examining signal transduction pathways which are
triggered when this factor is administered before or after ischemia.

3.4.1 Distribution of exogenous FGF-2 and in perfused hearts

Initially, to gain some insight as to potential direct targets of exogenous FGF-2 in
the heart we investigated its localization immediately after perfusion of hearts for 10 min.
with FGF-2. This was achieved by immunofluorescence localization performed using
antibodies specific for FGF-2. As well, tissue extraction, immunoblotting, and
densitometry was performed to determine levels of FGF-2 associated with control and
FGEF-2 perfused hearts.

We found that FGF-2 administration to perfused hearts, resulted in at least a four
fold increase in extracted FGF-2 compared to controls [1]. This increase in FGF-2 content
persisted even after ischemia and reperfusion, indicating that there is a strong association
between FGF-2 and cardiac tissue. This observation is in agreement with a report which
showed that administration of this factor intravenously results in a rapid deposition of
FGF-2 within organs, including the heart [6].

In addition, previous research has shown that FGF-2 is bound to heparan-sulfate
proteoglycans present in the matrix, basement membranes, and plasma membranes of most
cell types [7,8]. Similarly, this pattem of FGF-2 distribution was seen in our
immunolocalization experiments. In these experiments, increased amounts of FGF-2 was

found associated with large and small blood vessels, around capillaries and around
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cardiomyocytes near these vessels, in a basement membrane-like distribution [1]. High
dilutions of the anti-FGF-2 antibodies were used in our immunolocalization experiments
to minimize the contribution of endogenous anti-FGF-2 labeling. Thus, control hearts did
not display any staining above background [1]. It is presumed that the increased levels of
FGF-2 reflect retention of the exogenous FGF-2 protein. It is theoretically possible that
exogenous FGF might have induced synthesis and/or release of endogenous FGF-2. Both
possibilities are considered unlikely. Increases in heart-associated FGF-2 were observed
within 10 min from starting the infusion, arguing against de novo synthesis. Stored FGF-2
furthermore would have become accessible to detection following the exhaustive tissue
extraction procedures established in our laboratory [1,2,3]. Entry of FGF-2 into the
myocardium, occurred, presumably, via the capillaries. This is likely the result of increased
permeability of the cardiac capillary bed compared to that of other vascular beds such as
that of the brain [4], although it may also represent a direct effect of FGF-2 on
permeability of cellular junctions. In our experiments, the fact that we see increased
amounts of FGF-2 around cardiomyocytes proximal to capillaries and blood vessels
supports this conclusion.

Of particular interest in our immunolocalization studies is the observation that
administered FGF-2 may have some direct affect on the coronary vasculature. Since FGF-
2 has been shown to induce vasodilation in arteries of rabbits [37] and coronary arteries of
canines [37,5], the possibility exists that in our model, the exogenous FGF-2 localized on
the coronary vasculature may similarly be inducing vasodilation. This vasodilatory effect

may, in turn, lead to the cardioprotective effect we see with FGF-2 against I-R injury in a
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way similar to SNP [36]. However, as previously mentioned, only a very mild decrease in
coronary perfusion pressure was observed with FGF-2 administration suggesting that the
vasodilatory effect by FGF-2 may play a minor role in cardioprotection. Another
possibility could be that the localized FGF-2 may be acting to protect the coronary
vasculature from I-R injury, thus preserving coronary vasculature function.
3.4.2 Localization of phosphorylated tyrosine residues after FGF-2 administration
in isolated perfused hearts

The localization around cardiomyocytes suggests that administered FGF-2 may
have direct effects on these cells such as protecting them against I-R injury, probably via a
receptor mediated event. This notion is quite plausible in light of recent research in our
laboratory showing the presence of high-affinity FGF-2 tyrosine kinase receptors in adult
cardiomyocytes and the ability of FGF-2 [9] to protect cultured cardiomyocytes from
H,0, damage [12]. When FGF-2 binds to its high affinity tyrosine kinase receptor, a
tyrosine phosphorylation cascade is induced leading to the biological response(s) [10].
Thus we investigated whether adult cardiac myocytes express functionally coupled FGF
recptors [9] and if so, whether these receptors can be activated by FGF-2 in situ. We have
demonstrated that FGF-2 can indeed stimulate the tyrosine kinase receptor in adult
myocytes in culture [9]. To examine potential activation in situ, we looked and found
increased protein tyrosine phosphorylations in cardiac myocytes in sections from control
and FGF-2 treated hearts, using immunofluorescence with specific antibodies. Regions of
the heart which displayed increased immunostaining for FGF-2 also had increased anti-

phosphotyrosine staining consistent with a cause and effect relationship. Increased
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phosphotyrosine staining was clearly associated with the intercalated discs region of
myocytes. This region is significant since no other cell types are present, thus
demonstrating the in situ stimulation of tyrosine phosphorylation by FGF-2 in cardiac
myocytes. Our findings are consistent with the notion that adult cardiomyocytes possess
high affinity tyrosine FGF-2 receptors capable of triggering a phosphorylation cascade that
affects amongst other things areas of cellular contact. Some of these phosphorylation
targets may include: cytoskeletal protein vinculin [12]; and connexin-43 (gap junction
protein) in the intercalated disc area [11]. Indeed, Doble et al. [14] demonstrated in
cultured neonatal rat cardiomyocytes that exogenously administered FGF-2 can induce
phosphorylation of the serine residues on Cx43 and alter the metabolic coupling between
cardiomyocytes.

One significant observation from these immunolocalization studies was the fact
that blood vessels (which do accumulate FGF-2) did not stain for phosphotyrosine
residues. One possibility for this phenomenon is that FGF-2 may not activate a tyrosine-
kinase cascade in these cells under the conditions of these experiment. Alternatively sites
containing the phosphotyrosine-containing amino acids may be masked from antibody-
antigen interaction. One final possibility for lack of immunostaining of phosphotyrosine
residues in blood vessels is that tyrosine phosphatases may also become activated by FGF-
2 administration [11]. The following experiments lends support for this notion.

We looked for changes in the pattern of tyrosine phosphorylation, as assessed by
western blotting, when FGF-2 is administered by direct injection to the apical region of the

heart. Results showed that injection of FGF-2 into the myocardium resulted in increases in
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the level of tyrosine phosphorylation of several proteins, compared to control hearts
injected with buffer alone. Decreased tyrosine phosphorylation after FGF-2 treatment,
however, was seen in proteins of about 123 and 66 kDa, which appeared to have higher
phosphotyrosine content in the controls. Two interpretations are possible for these
findings. Either FGF-2 stimulated a tyrosine phosphatase or reduced levels of the tyrosine-
phosphorylated 66 and 123 kDa resulted from FGF-induced degradation. Densitometry of
the immunoblot of FGF-2 treated hearts showed that the net anti-phosphotyrosine
immunoreactivity was increased. This net increase suggests that the immunoreactive bands
seen after FGF-2 treatment cannot be accounted for by degradation of immunoreactive
bands of control tissue [12]. Furthermore, no significant difference in protein band
composition and intensity was observed between control and FGF-2-treated heart lysates
as revealed by protein staining of duplicate gels This lack of differences would indicate
that no major changes in proteolysis levels occurred as a function of FGF-2 treatment
[12]. The decrease in tyrosine phosphorylation of certain proteins is more in agreement
with the activation of a phosphotyrosine phosphatase with FGF-2 treatment [12]. Indeed,
an abundant phosphotyrosine phosphatase has been identified in the heart; this
phosphatase is a target for protein tyrosine kinases such as growth factor receptors [11].

It must be noted that the tissue extracts examined contain both muscle and non-
muscle cell proteins. Thus changes in phosphotyrosine phosphorylation observed by
immunoblotting likely reflects the response of a mixed cell population. However, since
approximately 80% of cardiac mass represents cardiomyocytes it is very likely that

cardiomyocytes make a major contribution to this phosphotyrosine phosphorylation
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phenomenon. Thus, FGF-2 elicits a complex, receptor-mediated response in the
myocardium, which may be aimed at maintaining cardiac phosphotyrosine homeostasis
[12]. Finally, it should be noted that FGF administration may also have indirect effects on
cardiomyocytes by inducing for instance release of other factors which are acting on these
cells. Studies in our laboratory however have shown that activation of signaling cascades
in cardiac myocytes by FGF-2 in vitro is very similar to those seen in the perfused heart
[113] and [12].

3.4.3 FGF-2 and cardiac PLC

Similarly to other tyrosine kinase receptors, activated FGFR has been linked to the
stimulation of the ras-raf and MAPK pathways, a src-kinase pathway, and the
phosphoinositide hydrolysis pathway via the binding and phosphorylation of PLC-yl
[15,16,112]. In addition there are reports linking FGF-2 to activation of pertussis-sensitive
G protein(s) via unknown mechanism(s) [71,108]. We therefore investigated activation of
PLC and the phosphoinositide pathway by FGF-2 in in situ.

Phosphoinositide-specific PLC is an important signal-transducing enzyme which
generates inositol triphosphate and diacylglycerol [13,22]. In the heart, PLC is involved
in the inotropic and hypertrophic responses of the myocardium,; it has also been linked to
preconditioning [17-19,22]. Our enzymatic activity assays showed that FGF-2 treatment
activated PLC and thus the phosphoinositide pathway at both sarcolemmal and cytosolic
sites. This assay however does not provide information as to which PLC isoform (s) is
responsible for the activity measured. As mentioned previously, there exist three groups of

PLC isoforms; PLC-B and PLC-8 are coupled to receptor stimulation via G-protein
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signaling, while PLC-y binds directly to tyrosine kinase receptors such as FGFR
[15,16,20-22,112]. FGF-2 signaling would be expected to stimulate primarily the PLC-y
group; because however there are reports of unknown G-proteins coupled to FGF-2
receptors, the other groups of PLCs are also potential candidates for stimulation.

We cannot at this point attribute the PLC activity measured to a specific PLC
isoform. Predominant PLC isoforms identified in the adult rat heart are PLC-yl, PLC-B3
and PLC-61 [28,106-108,23,111]. We have conducted an analysis of subcellular
distribution of the various PLCs to obtain an indication as to how localization of
molecules may be affected by FGF-2 signaling. It should be noted that, unlike the
consensus for PKC isozymes [24], there is no straightforward relationship between PLC
association with the particulate fraction and increased activation. Rather, changes in
localization can be taken to signify an effect of FGF-2 signaling on subcellular distribution

of these enzymes.

To study localization of the PLC isoforms we used commercially available
antibodies. Specificity of these antibodies was ascertained by absorption with their
immunizing peptides. The anti-PLC-yl recognized, at both cytosolic and sarcolemmal
fractions, a band at approximately 148 kDa specifically, consistent with the known size of
this enzyme [22]. The anti-PLC-B3 antibodies recognized specifically a band of
approximately 145 kDa at both sarcolemmal and cytosolic sites; in addition they
recognized specifically a 110 kDa band at the sarcolemma. This band likely represents a
degradation product of PLC-3 since PLC-3 contains PEST sequences and has been

shown to be susceptible to proteolysis by calpain [20,21]. Indeed, a 100 kDa
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enzymatically active PLC-B3 has been reported, produced by calpain degradation of the
larger form [20,21]. This truncated PLC-33 was very susceptible to activation by the By-
subunit of G-proteins [20,21]. Finally, the anti-PLC-81 antibodies recognized specifically
an 87 and a 110 -kDa band at either sarcolemmal or cytosolic sites. It is considered that
the 87 kDa band represent the conventional form [23], while the 110 kDa band likely
represents a PLC-31-like enzyme.

Our data from Western blotting analysis of PLC isoform distribution demonstrated
that FGF-2 induced changes in localization of all three types of PLCs. Levels of PLC-yl
decreased at both cytosolic and sarcolemmal sites, suggesting translocation to another
cellular site(s) or possibly degradation. Levels of the 145 kDa PLC-B3 decreased in the
cytosolic compartment upon FGF-2 administration; this was accompanied by a
pronounced increase in the 110 kDa form at the sarcolemma, while the 145 kDa band
remained unchanged at the same site. The increased sarcolemma-associated anti-PLC-33
staining seen by immunofluorescence after FGF-2 administration likely represents changes
in the 110 kDa immunoreactive form and possibly activation of the latter. Finally, no
changes were seen in the distribution of the 87 kDa immunoreactive PLC-61. The 110
kDa PLC-51-like band however appeared to translocate from the cytosol to the
membrane upon FGF-2 treatment.

Our data point to some correlation between increased PLC activity at the
sarcolemma and increased levels of PLC-B3 and/or PLC-§1-like enzymes at that site,
suggesting that FGF-2 may have stimulated the activity of these G-linked enzymes.

Certainly, increased association of these PLCs with sarcolemmal membranes may reflect
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coupling to the activating receptor and/or increased association with substrate. On the
other hand, no correlation between activity and concentration could be seen in the
cytosol, where enzymatic activity was elevated while levels of all three isoforms appeared
to decrease compared to controls. It is possible that as yet unidentified or undetected PLC
isoforms may have contributed to the cytosolic PLC activity; each major PLC isoform
exists in several related variants (PLC-B1-3, PLC-y1-2, PLC-51-4), not all of which have
been examined here. A further complicating factor arises from the fact that measurements
of enzymatic activity represent an expression not necessarily of local concentration but of
local activation (such as the state of phosphorylation) of the particular enzyme.

To clearly demonstrate, therefore, that FGF-2 stimulates activity of the specific
PLC isoforms it would be essential to examine activation of the individual isoforms. This
was achieved in collaborative studies with Drs. P.Tappia and V.Panagia
(Inst.Cardiov.Sciences, SBGH Res.Cntr). Although these experiments are not part of the
present document (manuscript in preparation), it is important to summarize relevant
information: Using immunoprecipitation with commercially available antibodies to PLC-yl
and PLC-81 (there are no immunoprecipitation-competent antibodies to PLC-f3) it was
found that FGF-2 clearly stimulated the activity of both PLC variants when added to fresh
cultures of adult cardiomyocytes; FGF-2 also stimulated redistribution of all three PLC
isoforms between cytosolic and particulate compartments, in a manner similar to our
observations from the perfused hearts. These experiments demonstrate for the first time

that FGF-2 is capable of G-linked signaling in cardiomyocytes.
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Based on these observations we suggest that the redistribution of PLCs induced by
FGF-2 in the perfused heart is linked to the activation of PLC-yl, PLC-31 and possibly
PLC-f3. Confirmation for our claim however awaits determination of the specific
activities of the individual PLCs in the in situ setting. Changes in localization of all three
isoforms in myocytes in culture and in situ demonstrate that they are direct or indirect
targets of FGF-2 signaling.
3.4.4 Examination of PKC activity and subcellular localization of PKC isoforms -
a, -0, -€ and - with FGF-2 administration (in the presence of chelerythrine) from
FGF-2 perfused and controlled hearts

Activation of PKC is closely linked to its translocation to the membrane [24]. We
therefore examined whether administration of FGF-2 to the heart causes any changes in
PKC distribution and whether these changes are linked to the cardioprotective effects
exerted by FGF-2. Certain variables were taken into account for these determinations.
First, like PLC, PKC consists of a group of several isozymes. Thus, western blotting was
employed to examine individual isoforms. Our studies extended to PKC subtypes -, -5, -€
and {, which have been consistently identified in rat hearts [24,25]. We did not examine
PKC-B, which has also been detected in the rat heart [26,98], since levels of anti-PKC-
immunoreactivity at the sarcolemma fraction either in control or FGF-2 treated hearts
were marginally above background (data not shown); a recent report localizes PKC-8 to
the perinuclear region [97]. Since there may still exist unidentified PKC subtypes, total
PKC enzymatic activity was also determined as an additional measure of change. Second,

like in our PLC studies, purified sarcolemmal membrane preparations were used
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throughout, in order to examine the link to a particular cell type and a particular cellular
compartment such as the cardiomyocyte plasma membrane. Although cardiac myocytes
represent about 80% of cardiac mass and would be expected to be the major contributors
in the total heart fractions, several other cell types (fibroblasts, endothelial, smooth
muscle, neuronal cells , macrophages) which are likely responsive to FGF-2 in some
fashion are present in the heart. Most importantly, crude cardiac membrane preparations
do not differentiate between plasma membrane and other membrane compartments. It is
not known whether PKC translocation/association involves all membrane compartments of
a cell nor whether different cell types display the same PKC response to an agonist. In
view of the distinct patterns of subcellular localization reported for various PKC isoforms
[97,98], one might expect differences related to specific membrane targeting. The
sarcolemmal preparations used for this investigation are highly enriched in myocyte
sarcolemmal enzymes [99] and have minimal contribution from other cellular or
subcellular compartments [99,100]. Finally, our studies were accompanied whenever
possible by immunolocalization, to further ascertain the identity of affected cells as well as
cellular sites. Having delimited our examinations thus, we could demonstrate that
administration of FGF-2 to the heart resulted in increased levels of PKC-a, PKC-g, PKC-6
and PKC-( to the sarcolemmal membrane fraction, in situ. This is presumed to reflect
translocation from other cellular compartments, although we cannot exclude the possibility
of strengthened association with the sarcolemmal membrane. In either case, increased
presence at a membrane fraction is taken to indicate activation of the enzyme at that site.

Other agonists in the heart have been demonstrated to similarly cause various PKC
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isoform translocations. Phenylephrine, an al adrenergic agonist and ATP, which
stimulates the purinergic receptor, are reported to cause translocation of the -6 and -e but
not the -a or -C subtypes [27] whereas the phorbol ester phorbol-12-myristate (PMA)
[28,29] and 12-O-tetradecanoylphorbol-13-acetate (TPA) [30] caused translocation of the
-a,-0,-¢ but not the - subtypes to myocyte membranes[28-30]. Endothelin caused
translocation of the -9, -g but not -a and - PKCs [27,28]. Hypoxia increased membrane
association of -a and -g but decreased that of - subtype [31]. Ischemic preconditioning or
high calcium simulated preconditioning induced, and was dependent on, translocation of
PKC-a and PKC-3 to the myocyte sarcolemma [97]. The effects of FGF-2 treatment
therefore on overall PKC redistribution in heart myocytes may be distinct from those of
the above mentioned agonists or conditions, especially regarding the - subtype. Changes
in the latter isoform, however, may have been masked by the use of all membrane fractions
for analysis in the above mentioned studies. Furthermore, FGF-2 administration to the
whole heart may have resulted in release of other factors acting on myocytes, and
therefore the PKC redistribution we detected may be the result of a combination of factors
rather than FGF-2 alone; we think this scenario unlikely to be the major contributor to the
changes we observed since FGF-2 elicited similar changes on PKC redistribution when

cultured cardiac myocytes were examined [113].

Translocation of PKCs to cardiac sarcolemma as a result of FGF-2 administration
was also indicated by the significant increase in PKC activity, assayed in the presence as
well as in the absence of calcium at this cellular location. Furthermore, in one instance

immunolocalization offered additional evidence for translocation of PKC-8 to the
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sarcolemma of cardiomyocytes in situ after FGF-2 addition. A similar translocation of this
isoform to the cardiomyocyte plasma membrane has been reported as a result of adenosine
Al stimulation [29] and of ischemic or calcium-induced preconditioning [32,97]. We were
unable to detect differences in the distribution pattern of the other PKC isoforms by
immunolocalization (data not shown). It is possible that antibody sensitivity was not
adequate to detect small changes in local concentration of these isoforms or that
translocation to a different site may have affected antibody recognition.

It is not at this point possible to discriminate whether some or all of the PKC
subtypes affected by FGF-2 administration and examined here would act towards
cardioprotection. Comparison with other manipulations which are cardioprotective and
cause translocation of PKC-§ [29] and PKC-a [29,97] to the sarcolemma, however,
strengthens the link between these subtypes and cardioprotection.

We have previously demonstrated that administered FGF-2 localizes to blood
vessels, capillaries and around cardiomyocytes through the whole heart, in a basement
membrane-like distribution [1]. Increases in sarcolemmal PLC and PKC activity after
FGF-2 administration is certainly consistent with an effect of this factor on myocytes, as is
increased sarcolemmal association of the PKC subtypes. Elimination of the FGF-2 induced
increase in PKC activity at the sarcolemma, and decreased levels of sarcolemmal-
associated PKC-g and -{ after chelerythrine treatment argue in favor of the notion that

chelerythrine did reach these cells and successfully prevented or decreased FGF-2-induced

PKC activation, in situ.
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Translocation of PKC to the membrane is believed to require association with
diacyl glycerol (DAG) which increases enzyme affinity for phosphatidylserine at the
membrane; the latter, plus calcium binding for the calcium-dependent forms, results in full
activation of PKC [33,34,104]. Chelerythrine is reported to affect the catalytic site of PKC
[35]. Our data, showing that chelerythrine reduced the endogenous levels of PKC-{ and
possibly PKC-¢ associated with sarcolemma, as well as the FGF-2 induced increases,
suggest that this inhibitor may either interfere with translocation itself or weaken the
interaction of PKCs with the membranes potentially leading to dissociation of PKCs
during preparation of sarcolemma. It is interesting that chelerythrine, when administered
alone, seemed to have marginal effects on control sarcolemmal levels of PKC-a and -5 but
it clearly decreased control levels of PKC-C, introducing the notion that this inhibitor may
affect membrane localization, and perhaps activation/inactivation, of different isoforms to
a different degree. FGF-administration in the presence of chelerythrine resulted in clear
increases in sarcolemma-associated subtypes-a. and -C, compared to samples treated with
chelerythrine alone. Under all circumstances, however, PKC levels at the sarcolemma of
chelerythrine/FGF-2 treated samples were lower than those of FGF-2-treated samples.
This reduction by chelerythrine of FGF-2-induced PKC association with the sarcolemma
correlates well with this inhibitor’s ability to eliminate the cardioprotective effect of FGF-2
after I-R, as well as the negative inotropic effect before ischemia.

Thus, the data collected so far implies that increases in sarcolemma association of
one, some, or all of the PKC isoforms studied here and achieved before ischemia by FGF-

2 administration, is cardioprotective. This in turn would suggest that PKC is protective by
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affecting the properties of specific sarcolemmal targets. One PKC target that has been
strongly implicated in cardioprotection is the K rp channel [52,101,102]. Activation of this
channel, as might occur by PKC phosphorylation, reduces action potential duration and
decreases contractility [36] resulting in preservation of energy stores. It is therefore of
interest that FGF-2 administration attenuated contractility and increased cardiac ATP
stores before ischemia, suggesting that FGF-2 may produce a PKC-dependent modulation
of Karp activity, leading thus to cardioprotection. A report that FGF-2 administered
systematically affects vascular K,rp channels [37] is consistent with the proposed scenario.
3.45 FGF-2 and MAPK in the heart

In the heart, the major isoforms of MAPK are the p42 and p44 [38,39]. Activation
of these isoforms has been correlated with growth and hypertrophy [38,40]. In cardiac
myocytes, MAPK has been shown to be triggered by various agonists including bradykinin
[41], endothelin [42], aF GF [38], stretch [43] and phenylephrine [44]. Our laboratory has
demonstrated that FGF-2 activates MAPK in freshly cultured adult cardiomyocytes.
Although these agonists trigger MAPK to induce cardiac growth and hypertrophy, modes
of MAPK activation differ [40]. For instance, whereas endothelin, bradykinin and
phenylephrine activate MAPK to induce hypertrophy via the translocation and activation
of nPKC (-8 and €) [41], aFGF activation of MAPK is thought to be PKC independent
[38].

Thus we examined whether MAPK may be involved in the FGF-2-induced
cardioprotective effect. Western blot results showed FGF-2 administration causes an

increase in both p42 and p44 MAPK levels at the sarcolemma suggesting the presence of
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potential MAPK-targets at that location. Since activation of MAPK is dependent on its
phosphorylation on both serine and tyrosine residues, by upstream MAPKK [40], we
examined the distribution of dually phosphorylated MAPK in FGF-2-treated and control
perfused hearts using specific antibodies. Western blot results show increased dually
phosphorylated p42 and p44 MAPK isoforms at both cytosolic and sarcolemmal fractions
with FGF-2 treatment. These results demonstrated that FGF-2 activated MAPK in cardiac
myocytes in situ.

To examine whether MAPK is essential for the FGF-2-induced cardioprotection it
will be important to investigate whether specific MAPK inhibitors block FGF-2 induced
cardioprotection. The current investigation however has provided an indication that
MAPK activation at least at the sarcolemma may not be important for the cardioprotective
effect of FGF-2: Chelerythrine treatment which blocked FGF-2 induced cardioprotection
completely as well as PKC activation, did not have any effect on FGF-2-induced MAPK
which remained fully activated.

Other laboratories have reported that MAPK becomes activated downstream of
PKC in cardiac myocytes, based on experiments where PKC is downregulated after
prolonged treatment with tumor promoters [109]. Our data, however, indicate that there is
no obvious link between PKC and MAPK activation in our setting. Similar data have been
obtained in our laboratory from in vitro studies [113]. We suggest that tumor promoters
may have PKC-independent long-term effects on myocytes influencing MAPK.

Activated MAPK translocates to the nucleus and phosphorylates transcription

factors responsible for FGF-2 induced changes in gene expression [60]. Since the cellular
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preparations examined consisted of purified perfused rat heart sarcolemma and cytosol,
future experiments may concentrate on determining whether nuclear MAPK may play a
role in FGF-2-induced cardioprotection.

3.4.6 FGF-2 and 8-ARK1 in the heart

Studies in the heart have shown that BARKI is activated by PKC [57]. Indeed,
activation of BARK by PKC and other effectors produces a translocation of the fARK1
enzyme to the sarcolemma where it phosphorylates amd inactivates the agonist occupied
B-adrenergic receptor by allowing B-arrestin to bind and uncouple the receptor from G-
protein [45]. Various activators of PKC have been shown to induce a negative inotropic
effect in the heart[58]. Thus, since FGF-2 has been shown by us to induce a negative
inotropic effect as well as activate PKC [34,35], we investigated whether FGF-2 affected
BARKI translocation and thus activation in isolated perfused rat hearts.

Western blot analysis of purified sarcolemma and cytosol from FGF-2-treated and
control hearts showed increased association of B-ARK 1 to the cardiomyocyte sarcolemma
consistent with translocation and activation. Assuming that BARKI1 has indeed become
activated, one would expect it to induce ol-adrenergic receptor desensitization and a
decrease in the myocyte’s contractile response to adrenergic stimulation. [45]. In the
perfused heart, o.l-adrenergic stimulation is thought to occur via the nerve fibers present

in the ventricular tissues which contain and release catecholamines [114,115].
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3.4.7 FGF-2 and c-fos, c-jun, c-src, in the heart

c-fos, along with c-jun are nuclear oncogenes coding for transcription factors
which upon stimulation (phosphorylation), often by MAPK, interact and form the DNA-
binding activator AP-1 complex [54]. The AP-1 complex mediates the action of various
agonists and trophic factors, including: endothelin-1 [55,56]; norepinephrine [57,58];
angiotensin [55,56,59-62]; stretch receptors [58-60,63]; mechanical and emotional stress
[57,64]; pressure overload [57,60]; hypertension and hypotension [65]; transforming
growth factor-f [57,58]; hydrogen peroxide [66]; phenylephrine [67]; isoproterenol [68]
and ischemia [69]. FGF-2 stimulates expression of c-fos and c-jun, accompanied by
increased mitogenicity in fibroblasts [71]. In oligodendrocyte progenators FGF-2
induction of c-fos expression was correlated with protein kinase C activation and
increased cell proliferation [83]. In cardiac muscle cells, FGF-2 was shown to upregulate
c-fos expression. This expression was correlated with re-expression of fetal cardiac genes
(such as skeletal a-actin, B-myosin heavy chain and atrial natriuretic factor [84].

Some biological effects of c-jun activation include: increased synthesis of
messengers of the heat shock protein gene-HSP70 and cardiac hypertrophy [70]. During
preconditioning, increased c-fos expression is correlated with an increased expression of
various stress and anti-oxidant proteins [82].

As a first step in determining whether c-fos and c-jun are targets for acute, FGF-2-
triggered signaling, we examined changes in their subcellular distribution by western
blotting or immunofluorescence. The increased c-jun levels seen in the cytosol of FGF-2

treated hearts suggest translocation from another subcellular compartment. The
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commercially available anti-c-jun antibodies used here were not effective in localizing this
protein by immunofluorescence, at least under the conditions assayed, we do not therefore
have any information about changes in its nuclear localization. Our subcellular fractions
furthermore were obtained after removal of nuclei. Increased nuclear c-jun localization
would be suggestive of stimulation of AP-1 dependent transcription, especially if
accompanied by increased nuclear c-fos localization. Indeed, immunofluoresce analysis
demonstrated increased nuclear localization of c-fos as a response to FGF-2
administration. Since this was observed within 10 minutes of treatment, it likely
represents translocation to the nucleus rather than new synthesis of c-fos, although FGF-2
would also be expected to stimulate c-fos expression.

Overall our data offer evidence that c-fos and c-jun are targets of acute FGF-2
mediated signaling. It remains to be demonstrated whether the FGF-2 effects on c-fos and
c-jun are mediating its acute cardioprotective effect.

Src is a peripheral membrane tyrosine kinase protein, which is involved in cellular
signaling [72] for a variety of agonists such as thrombin [86], platelet derived growth
factor [74], angiotensin II [75] and FGF-2 [76,77]. Very little is known about the role of
c-src in the heart. Increased src activity appeared to stimulate the ANF promoter [78].
Since FGF-2 stimulates ANF expression, it may be expected to activate cardiac c-src. c-
src activation has been linked to translocation [74]. To obtain therefore an indication as to
whether FGF-2 affects c-src in our system we examined its subcellular distribution. FGF-2
administration was found to cause decreased levels of c-src at sarcolemmal but increased

levels of c-src at the cytosol. Decreased c-src at the sarcolemma may represent
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deactivation or degradation of this protein. It is also possible that initial c-src stimulation
and sarcolemmal association is followed by deactivation and movement to the cytosol.
Previous studies have shown that FGF-2 may activate or deactivate c-src, depending on
the cell type. In lung capillary endothelial cells and murine fibroblasts, FGF-2 stimulation
of FGFR1 led to an increase in autophosphorylation of various Src family members [79].
In human umbilical vein endothelial cells, activation of the fibroblast growth factor
receptor 1 (FGFR1) is correlated with increased src tyrosine kinase activity and increased
proliferation [80]. In contrast though, in porcine aortic endothelial cells and lung
fibroblasts from Chinese hamster, activation of FGFR caused a reduction in the
autophosphorylation of Src. In addition, these cells showed a lack of complex formation
between Src and FGFR-1. This negative regulatory effect on Src activity by FGFR-1 was
found to be mediated by an increase in PLC-y and PKC activity [79]. FGF-2 may exert a
stimulatory or inhibitory action on c-src depending on the particular tyrosine that is being
phosphorylated: Phosphorylation of tyr-416 or -527 cause stimulation or inhibition of c-
src activity, respectively [81].

FGF-2 induced changes in c-src subcellular distribution. Further studies are
required to determine whether these changes reflect activation and/or inactivation of c-src,
and whether this is relevant to cardioprotection. The same holds true for c-fos and c-jun.
Our data however do show that all of these molecules which are important regulators of
growth, differentiation and gene expression, are targeted, directly or indirectly, by FGF-2

signaling in the myocardium.
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3.4.8 FGF-2 and signaling during reperfusion

Various treatments which prevent ischemic injury were found not to protect
against reperfusion injury when administered after the ischemic insult (e.g. Ca®" blockers
[86] and activators of Karp channels [87]). Only a few treatments like administration of
antioxidants [85] and Na'/H" exchange inhibitors [88], were found to be effective in
reducing reperfusion injury. It is therefore of major importance to identify additional
approaches which are cardioprotective when administered during reperfusion. As
presented in chapter 2, FGF-2 added during reperfusion offered substantial protection
against I-R injury, by promoting better recovery of the contractile parameters when
compared to control hearts. It is also essential to define the mechanism by which FGF-2
induces cardioprotection when administered during reperfusion and compare it with the
mechanism involved in pre-ischemic administration. These studies are currently in progress
in our laboratory. Our preliminary data from immunolocalization of signaling molecules
such as c-fos and PLC-B3, indicated that FGF-2- induced changes in the reperfused heart
after ischemia are similar to those induced by this factor in the pre-ischemic heart.
3.4.9 Conclusion

FGF-2 administration to the isolated heart by perfusion can affect directly all cells
it comes in contact with and affected cells presumably influence their neighbors. Therefore
cardioprotection by FGF-2 most likely reflects a combined effect on several cell types
originating both in the vasculature and the myocardium. We suggest that at least part of
the protective effect represents a direct effect of FGF-2 on myocytes in situ, based on

several points: (a) As mentioned, administered FGF-2 localizes around cardiomyocytes in
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all areas of the heart [1]; these cells possess functional FGF-2 receptors and display
increase tyrosine phosphorylation in situ after FGF-2 administration, a finding consistent
with in situ activation of the FGF-2 receptor. (b) FGF-2 protects cultured myocytes
against damage caused by serum deprivation and H;O; [12]. A protective effect of FGF-2
against injury and degeneration is well established for neuronal cells in culture and in situ
[89-93]. (c) Administered FGF-2 induced translocation of PKCs to cardiac myocyte
sarcolemma, in situ. Similar results were obtained when FGF was added to neonatal
cardiomyocytes in culture [94,103]. Activation of cardiomyocyte PKC in situ is
consistent with the notion for a direct FGF-2, receptor-mediated effect on cardiac
myocytes in the perfused heart. Blocking of FGF-2 induced PKC activation in
cardiomyocytes by chelerythrine also blocked cardioprotection, pointing to a link between
the effects on cardiac myocytes to the whole cardiac response. (d) Preconditioning is
highly cardioprotective and this effect is linked to the activation/translocation of PKC in
cardiac myocytes in situ [32,95]. The overall phenomenon of cardiac protection can thus
be linked to stimulation of PKC in the cardiac myocyte. It has actually been postulated
previously that agonists for receptors linked to PKC activation would be cardioprotective
[50,95]. Data presented here are certainly in agreement with this postulate. Activation and
involvement of PKC in both preconditioning-induced and FGF-2-induced cardioprotection
against [-R injury, at least in the rat, leads to the speculation that local FGF-2 release
and/or induction in the heart as a result of a brief injury could represent a component of
the mechanism of preconditioning. FGF-2 release is believed to occur upon cellular injury

[94] and increased levels of FGF-2 immunoreactivity have been reported in association
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with damaged cardiomyocytes [96] in situ. One can hypothesize therefore that brief
periods of ischemia cause increased release of FGF-2 which can then act on
cardiomyocytes and other cell types in a manner equivalent to that obtained with
administered FGF-2, leading to protection against a subsequent ischemic insult.

Since inhibitor studies have not been conducted on the other signal transduction
mediators found to be affected by FGF-2 in our studies (i.e. PLC-31, PLC-yl, PLC-$3,
MAPK, B-ARK1, c-jun, c-src and c-fos), due to lack of specific inhibitors, it as yet not
possible to determine whether these proteins mediate the cardioprotective effects of FGF-
2 in cardiomyocytes.

Increased immunofluorescence staining observed with PKC-a and c-fos in the
vascular wall in FGF-2-treated hearts do indicate FGFR1 mediated activation of these
signal proteins in the vasculature. FGF-2 administration to dog [37] and rabbit [5] hearts
does induce a vasorelaxing and hypotensive effects, respectively. However, as mentioned
in Ch.2 discussion, only a small change in coronary back perfusion pressure was observed
with FGF-2 administration to our perfused rat hearts making FGF-2-induced vasodilation
a less likely mechanism for cardioprotection. Alternatively, since FGF-2 contains disulfide
bonds in its cysteine residues [110], it may protect vascular cells during I-R by scavenging
damaging free radicals. Thus, further investigation into the effects of FGF-2 on coronary
vasculature cells during I-R is required.

In cardiomyocytes, possible mediators for the cardioprotective effects of FGF-2,
upstream of PKC, may involve at least three isoforms of PLCs: PLC-81, PLC-f3 and

PLC-yl. The involvement of PLC-B3, in particular, indicates participation of the Gq

269



family of G proteins in the signal transduction pathway of FGF-2, which is a novel
observation for cardiomyocytes, as is the observation that a form of PLC-81 is affected by
FGF-2.

Other possible mediators of FGF-2 signaling include MAPK, B-ARK1, c-src and
the nuclear oncogene proteins c-fos and c-jun. Activation of 3-ARK1 by FGF-2 has not
been reported before and is particularly important because it represents a possible
mechanism for the negative inotropic effect, increased levels of high energy phosphate
compounds and the cardioprotective effects seen with FGF-2 administration to perfused
hearts. As well, since 38-ARK1 is known to be activated by PKC, activation of B-ARK1 by
FGF-2 may occur via the PKC pathway.

As a future direction it would be important to investigate whether cardiac proteins
such as the K arp channel [52], heat shock proteins [82],antioxidants [85] which have
been shown to participate in cardioprotection and which are associated with PKC
[29,32,52], PLC[22] and nuclear c-fos[58] signaling, are targets of FGF-2 triggered signal
transduction.

In addition, our previous findings in chapter 2 showed that FGF-2 can act as a
cardioprotective against reperfusion injury. Whether PKC is involved in this type of
protection is unknown. However, since our immunofluorescence results have shown PLC-
B3 translocating to the membrane with FGF-2 treatment, it is likely various isoforms of
PKC may become activated by DAG.

In view of data presented here FGF-2 can be considered as a candidate

endogenous cardioprotective agent in the adult myocardium. Manipulations therefore
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affecting cardiac FGF-2 expression and release stand to be of clinical relevance insofar as

they affect cardiac resistance to injury and thus cardiac health.
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