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ABSTRACT

Úr the myocardium, sympathetic responses are mediated by both ch- and Ê-

adrenoceptors. Normally, B-adrenoceptors account for the majority of response,

both inotropic and chronotropic. However, the ø1-adrenoceptor inotropic response

can be substantial. hr the heart, cr1-adrenoceptors are coupled via G proteins to a

phosphoinositide-specific phospholipase C that preferentially hydrolyses

PtdIns(4,5)P2 to form Ins(1,4,5)P3 and sn-1,2-diacylglycerol which subsequentþ

function as second messengers. Ins(1,4,5)P3 is known to cause innacellular Cf*

release via an Ins(1,4,5)P3 receptor located in the sarcoplasmic reticulum. sn-1,2-

Diacylglycerol, in turn, activates protein kinase C creating a signal cascade that can

increase Ca2* influx through the sarcolemma.

In myocardial ischemia both the density and responsiveness of the o1-

adrenoceptors increases. As well, reperfusion of the myocardium following an

ischemic period of sufficient duration has been shown to potentiate ischemic

damage and result in C** overload and necrosis of the ireversibly injured cells

and anhythmias of the surviving myocardium. Numerous studies have shown that

this reperfusion-induced uUury is accompanied by ao increase in the inositol

phosphate turnover in the heart and that ttU*y can be prevented by c{,¡-

adrenoceptor blockade, or by the use of phospholipase inhibitors. Although it

XI



seems clear that the ør-adrenoceptor-phospholipase C pathway contributes to the

disturbed Ca2* homeostasis during ischemia and reperfusion, no information is

available on the functional status of either phosphoinositide-phospholipase C

(PL C) or the phosphoinositide kinases in ischemia and reperfusion. The lack of

such information seriously impedes any understanding of the functional abilities

and involvement of the phosphoinositide-Pl C signal transduction pathway during

ischemia and reperftrsion. To address these questions, we examined the activity of

these enzyrnes in purified sarcolemma and, where appropriate, cytosol from

Langendorff perfused rat heart ventricles subjected to a comprehensive protocol of

ischemia and reperfusion.

As several investigations have indicated an increase in phosphoinositide

turnover in reperfrrsion-induced injury, we examined the activities of both

phosphatidylinositol (Ptdkrs) kinase and phosphatidylinositol 4-phosphate

(PtdIns4P) kinase in purified preparations of rat heart sarcolemma isolated from

Langendorff perfused rat hearts subjected to various times of ischemia (10, 20, 30

and 60 min) and short periods of reperfusion (1 and 5 min) Progressive increases

as compared to the perfrrsed controls in the activities of both Ptdlns kinase and

Ptdlns 4-kinase were noted upon increasing the time of the ischemic period. These

changes became significant following 20 min ischemia and declined following 60

min ischemia. En4rme activities upon reperfrrsion were characterized by a

marked, although not significant, depression after 1 min reperftrsion followed by

xll



an increase after 5 min that was dependent on the duration of ischemia. The

increase in Ptdlns 4-kinase became significant following 20 min ischemia and both

activities were significantþ increased over the perfused controls following 30 min

ischemia. These results indicate a hyperactivation of polyphosphoinositides

synthesis during periods of ischemia and reperfüsion which may result in an

increased availability of hydroþic substrate for the production of second

me s s engers by receptor-relate d pho spholip as e C activity.

To date the only studies to examine phosphoinositide-Pl C activity during

myocardial ischemia or reperfusion were in crude membrane and cytosolic

fractions of indeterminant cellular and subcellular origins. While these studies and

others generally indicate that the depression and upregulation of total membrane

PL C activity is coupled/related to ischemia and reperfi.rsion, a clearldefinitive

conclusion could not be reached. As the PL C activity in purified sarcolemma and

cytosol of the myocytes has not been assessed, we examined the phospholipase C

activity associated with the sarcolemma and cytosol from Langendorff perfrrsed rat

heart ventricles isolated from a range of ischemia and reperfusion schedules.

Sarcolemmal associated PL C activity from short periods of ischemia (10 and 20

min), characteristic of myocardial stunning, was significantly depressed at the end

of ischemia but returned to the perfrrsed control levels upon reperfusion (1 and 5

min) A longer period of ischemia (30 min), characteristic of reversible

reperfusion-induced injury, also showed a marked depression of sarcolemmal
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associated PL C activity at the end of the ischemic interval. However, short

periods of reperfirsion (1 and 5 min) resulted in an immediate activation of PL C

that peaked at l3lyo + l4.5yo of the control values which was supervened by a

rapid downregulation at 10 minutes of reperfusion to the same degree as the

ischemic depression. The longest ischemic interval examined (60 min),

corresponding to irreversible ischemic injury, was characterized by a significant

decrease in sarcolemmal PL C activity which was progressively aggravated upon

reperftrsion.

Úr contrast, PL C activity in the cytosolic fractions were unaffected by any

of the ischemia and reperfusion schedules examined, indicating that the

sarcolemmal and cytosolic PL C form distinct isoen4¡me populations that are

differentially affected in p athological conditions.

The results of this study demonstrate for the first time, the range and the

course of development of the changes in the phosphoinositide kinases and

PtdIns(4,5)P2-PL C activities during ischemia and reperfusion. As well, these

results indicate that the sarcolemmal and cytosolic PL C enzymes comprise two

populations that can be differentially modified in pathological situations. This

investigation clearly shows that the sarcolemmal phosphoinositide kinases are

hyperactive during ischemia/reperfusion and may effect an increase in

hydrolyzable substrate for the hyperfunctional PL C activity at the beginning of

reperfirsion. As well, while sarcolemmal PL C activity is uniformly dowruegulated
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in ischemic conditions, the increase in sarcolemmal PL C activity upon reperfirsion

is largely dependent on the duration of the preceding ischemic insult. An ischemic

period of at least 30 minutes, characteristic of reperfi.rsion-induced injury, is

sufficient to stimulate sarcolemmal PL C activity and its activation may contribute

to the Ca2* overload and anhythmogenesis that are associated with reperñrsion-

induced i"j"w.



f. INTRODUCTION

Myocardial responses to the sympathetic nervous system are mediated by B-

and c¿-adrenoceptors through binding of the hormone epinephrine and the

neurotransmitter norepinephrine (Buxton, 19S6). B'Adrenoceptor activation in the

myocardium results in both an inotropic and chronotropic response due to the G,

protein-linked activation of adenylyl cyclase and an innacellular cAMP increase

(Motulsþ and Insel, 1982). Myocardial ø-adrenoceptor activation induces an

inotropic response and is mediated via the cr1-adrenoceptor subtype (Benfey,

1eeO).

Signal transduction via the o1-adrenoceptor phosphoinositide pathway is

mediated through the activation of a phosphoinositide-specific phospholipase C

which hydrolyses PtdIns(4,5)P, to generate two second messenger molecules:

Ins(1,4,5)Ps and sn-r,2-diacylglycerol (Berridge, 1984). The o1-adrenergic

response in the myocardium is transduced by two postsynaptically located ø1-

adrenoceptor subtyposl €r,16 and ø1s, both of which are now thought to activate

phosphoinositide -specific phospholipase C srgnal transduction (Lazou et al.,

1994), with the crls-adrenoceptor being the more important, both in terms of its

greater population in the myocardium (Haoft and Gross, L989; del Balzo et ql.,



1990) and its more evident linkage to the phosphoinositide signalling pathway

(Steinberg et al., 1939).

Although, Hokin and Hokin (1953) fîrst described acetylcholine-stimulated

inositol phosphate turnover in pigeon pancreatic slices in, it was not until the early

1970's that Durell fust described a specific phosphoinositidase C molecule that

catalysed receptor-stimulated inositol lipid hydrolysis (Durell and Garland, 1969).

By 1985, Cockcroft and Gomperts had shown that the receptor mediated PL C

activation had a GTP requirement (Cockcroft and Gomperts, 1985). Subsequent

investigators confirmed that a1-agonists stimulate phosphoinositide breakdown in

different cardiac preparations including embryonic chick heart, perfused ratheart,

rat ventricles, cultured rat cardiomyocytes, rat papillary muscles, rat atria and

canine cardiomyocytes (for review see Terzic et al., 1993).

Work by several laboratories in the ensuing years then characterized the

en;rrlrrlre, now called phospholipase C. The most important discoveries were that

the reaction mobilized intracellular Ca2* in stimulated cells (Michell, 1981) atd

that the preferred substrate of the new enzj¡me was phosphatidylinositol (4,5)-

bisphosphate, or PtdIns(4,5)P2 (Michell, 1981; Irvine, et ol., l9B4; Wilson et al.,

1984). In 1983, inositol trisphosphate, Ins(l,4,5)p3, was identified as the C**-

mobilizing second messenger molecule (Streb et a\.,1983).

The discovery that sn-1,2-díacylglycerol (DAG), released by the hydrolysis

of phosphoinositides, activated the newly discovered protein kinase C (PKC)



en:,-vrllre completed the basis of phosphoinositide-specific PL C signal transduction

(Inoue et a1.,1977; Takai et al., 1979).

The two second messengers of phospholipase C, Ins(1,4,5)P3 and sn-l,Z-

diacylglycerol (DAG), are intricately involved in intracellula¡ Ca2* homeostasis

and both contribute to the o1-induced inofiopic effect by increasing innacellular

Ci*. Ins(1,4,5)P3 is known to induce intracellul ar C** release via an interaction

with an Ins(1,4,5)P3 receptor localized in the sarcoplasmic reticulum (Moschella

and Marks, 1993; Huisamen et al., r994b). DAG activates protein kinase C

(PKC), resulting in the phosphorylation of a number of intracellular proteins,

creating a signal cascade (1.{ishizuka, 1992). PKC also contributes to an

innacellular C** influx by direct or indirect effects on the sarcolemmal and

sarcoplasmic reticulum Ca2* channels (Furukawa et al., 1992; Qu er al., 1992;Liu

et al., rgg3), Ca2* transport ATPase (Caroni and Caragoli, 1981) and Na*-H*

antiporter (Talor and Mejicano, 1988; Mcleod and Harding, L99I; Kramer et ø1.,

reet).

Myocardial PL C isoz¡rmes have been charactenzed and belong to the B, õ,

and y families (Suh er ø1., 1988a; Homma et al., 1989). The B and õ families are

thought to be linked to G proteins (Simon et al., L99l; Ellis e/ al., 1993) but the y

family is activated by tyrosine phosphorylation (Cattaneo and Vicentini, 1989;

Meldrum et al., 1991). Cardiac PL Cs act on a small pool of phosphoinositides,

(Ptdlns, PtdIns4P and Ptdkrs(4,5)P2) that constitute approximately 8% of the



sarcolemmal membrane phospholipids and are localized to the inner leaflet

(Panagia et dl., 1981; van der vusse et ql., L994). The majority of

poþhosphoinositide synthesis from Ptdlns occnrs in the cytoplasmic leaflet of the

sarcolemma via the action of two phosphoinositide kinases, Ptdlns kinase and

PtdIns4P kinase, that yield PtdIns4P and Ptdlns(4,5)P2 respectively, (Quist et al.,

1e8eb; Wolf, 1ee0).

Alphal-adrenoceptors increase in both density and responsiveness in several

pathological conditions, including congestive heart failure (Bohm et ø1., 1988;

Homcy et ql., r99L: Dhalla et al., L992), ischemia (Maisel et al., l9B7; Con et al.,

1990; Allely, 1993), hypoxia (Fiok and Gross, 1984; Heathers et al., l9g7),

diabetes (Jackson et al., 1986; Grassby and McNeill, 1988; Wald et a1.,1988) and

both hypo- and hyperthyroidism (Fox er al., 1985; McConnaughey et al., 1979).

Since ischemia and reperfusion injury has also been associated with abnormal

innacellular C** homeostasis (Steenbergen et al., 1987; Marban et ø1., lgg4),

interstitial norepinephrine accumulation (Schomig et ol., L9B4; Schomig and

Richardt, 1990), a:rhythmogenesis (Stewart et al., 1980; Benfey, 1993), and

intracellular accumulations of phospholipid metabolites (Heathers et al., 1987;

Schwertz et al., 1987b; van der Vusse et al., 1994), these findings strongly suggest

the possibitity that activation of the o1-adrenoceptor phosphoinositide pathway is

involved in ischemia/reperfusion injury. Previous studies by other laboratories

have indicated that inositol phosphate production is markedly upregulated upon



reperfirsion (Otani et al., 1988c; Mouton et al., l99la; Schwertz and Halverson,

1992), and that reperfusion-induced i"j"ty can be prevented by cr1-adrenoceptor

blockade (Mouton et al., 1992b; Moraru et ol., 1994) or by the use of

phospholipase inhibitors (Das et al., 1986; otani et al., 1988c; Mouton et al.,

l99la). Labelling studies that examined myocardial inositol phosphate production

in crude membrane and cytosolic fractions have shown conflicting results, with

respect to both the timing and the degree of the changes observed (Otani et al.,

1988c; Mouton et al., l99ra; Schwertz and Halverson, 1992; Huisamen et al.,

1994a). These conflicts, given the fact that distinct membrane phospholipid pools

and microenvironments exist must be due, in part, to the cellular and subcellular

heterogeneity of the crude myocardial preparations, differences in perfrrsion

techniques and the inherent problems in phospholipid labelling (Otani et al.,

1988c; Mesaeli, 1993). So, although it seems clear that the ø1-adrenoceptor-

phospholipase C pathway is involved in disturbed C*. homeostasis during

ischemia and reperfrrsion, no information is available on the functional status of

either phosphoinositide-phospholipase C (PL C) or the phosphoinositide kinases in

ischemia and reperfirsion. The lack of such information seriously impedes any

understanding of the firnctional abilities and involvement of the phosphoinositide-

PL C signal üansduction pathway during ischemia and reperfrrsion.

To test the hypothesis that alterations in the functionql status of myocardial

phospholipsse C and the phosphoinosiride kinases may underlie the changes in



obnormal Cd* homeostssis during the development of ischemia and reperfusion

injury, we proposed to examine the activity of these en4¡mes in pwifred

sarcolemma and, where appropriate, cytosol from Langendorff perfirsed rat heart

ventricles subjected to a comprehensive protocol of ischemia and reperfusion. By

completing this investigation, we hoped to better understand the functional activity

of the myocardial phosphoinositide-phospholipase C pathway and the development

of its alterations in ischemia andreperfrsion injury.



IT. REVIEW OF THE LITERATURE

A. INTRODUCTION TO THE aTADRENOCEPTOR -

PHOSPTTOINOSITIDE PHOSPHOLIPASE C PATHWAY

In the myocardium, sympathetic responses are mediated by both ø- and B-

adrenoceptors. Normally, B-adrenergic receptors account for the majority of the

inotropic response. However, one study proposes that o1-adrenoceptor stimulation

can increase the human inotropic response 235o/o (Kohl et al., 1989). Beta-

adrenoceptors mediate their response by increasing intracellular cAMP, while cr¡-

adrenoceptors activate phospholipase C (PL C) that, in turn, hydrolyses

PtdIns(4,5)P2 and produces the second messengers Ins(1,4,5)P3 and sn-1,2-

diacylglycerol (DAG). The cr1-adrenoceptors act on a small pool of

phosphoinositides that account for approximately 8%o of the total sarcolemmal (SL)

phospholipid pool. Of the individual constituents, Ptdlns(4,5)P, accounts for 0.2%o

of the pool, PtdIns4P accounts for 0.2%o and phosphatidytinositol is approximately

8% of the total sarcolemmal phospholipid pool (Lamers et al., 1992a).

Agonist and antagonist potencies led Langer, in 1974, to divide the cr-

adrenoceptors in o1 and ø2 types (Langer, 1974). Since these experiments,

molecular cloning techniques have revealed that each cr-adrenergic type is

composed of three, and possibly four, subtypes. The o1¿, ø1s and ø1s subtypes



were all cloned (Cotecchia et al., 1988; Schwinn et ol., 1990; Lomasney et al.,

l99l) and the c{,1a ilÌd ø1s have been subsequently linked to divergent signal

transduction pathways. The ø16-ôdrenoceptor has been linked both to the

activation of phospholipase C and of a Ct* channel (Wilson and Minneman, 1990;

Lazoa et al., 1994); whereas the o1s-adrenoceptor is known to activate PL C

tlnough a G protein resulting in the generation of two second messengers, sn-1,2-

DAG and Ins(1,4,5)h (H* et al., 1990; Wilson and Minneman, 1990). Two

additional subtypes have been resolved, but their fitrctions are currentþ unknown.

The cr1ç-adrenoceptor has been cloned (Schwinn et al., 1990; Lomasney et al.,

I99l), while a fourth subtype, termed cr1¡, \Ã/Írs resolved using solution phase

library screening (Perez et al., I99l;Terzic et o1.,1993).

In some pathological conditions, the ratio of cr- to B-adrenoceptors

increases (Heathers et al., L987; Homcy et al, 1991). Accordingly, ít has been

proposed that in pathological conditions, the cr1-adrenoceptor response may

function to maintain the myocardial inotropic response to catecholamines.

However, activation of cr1-adrenoceptor phosphoinositide pathway in some

pathological conditions could also act to accelerate the damage by altering

intracellular C** homeostasis. In this review, both the normal physiological

function of the cr1-adrenoceptor-Pl- C pathway and the alterations cardiac ischemia

reperfrrsion rnjury are reported.



1. Specíes and developmental dffirences in the cørdíøc ø1-adrenoceptors

Alpha-adrenoceptors belong to the seven ffansmembrane spanning domain

superfamily of G protein coupled receptors whose twenty members include B-

adrenergic receptors, muscarinic receptors and angiotensin II receptors, among

others. These receptors are comprised of seven alpha-helical transmembrane

spanning domains, an extracellular amino terminus, three extracellular and

innacellular loops and an intracellular carbory-terminus (Benovic et a1.,1987;

Lefkowitz et al., 1988). The membrane spanning domains contain the ligand

binding site (Lefkowitz et ø1., 1990b). All the crl-adrenoceptors contain potential

NJinked glycosylation sites on the amino terminus, but the o2-adrenoceptors lack

these sites (Lanier et ø1., 19SS). The o1-adrenoceptor is an 80 kDa monomeric

protein (Terman and Insel, 1986). Although the ø1-adrenoceptor structures are

highly conserved between species, they exhibit many density and functional

subtype differences. Evidence from pharmacological studies suggests that post-

synaptic myocardial c¿-adrenoceptors are exclusively of the cr1-tlpe (Fedida et al.,

1993b), and in most species the g1s-subtype is the primary one, as shown by

functional (del Balzo et al., 1990) and radioligand binding studies (Hanft and

Gross, 1989). However, both the ratios and the densities of ø1a and cr1¡ subtypes

vary widely among different species. For example, in rat myocardium it has been

shown that 80%o of the cr1-adrenoceptors are of the crlp subty¡le, while the



remaining 20%o arc crre. kI the rabbit myocardium 63%o are the ols subtype and the

remaining 37o/o are crla (Takanashi et al., I99L).

Densities of ø1-adrenoceptors vary widely due to tissue-type and

developmental differences in each species. Neonatal animals such as ttre rat, rabbit

and dog, typically have a greater ø1s density than adults Q.{akanishi et al., 1989;

del Balzo et al., 1990). The ø1-adrenoceptor density in adult canine myocardium

will decrease even further with age (Kimball et al., l99I; for review see Terzic et

ol., 1993). As well, there are tissue-specific differences in ø1-adrenoceptor

densities that exist within the myocardium. For example, feline and rat myocytes

contain three- to four-fold more ø1-adrenoceptors than either the resistance

microvasculature or the arterial smooth muscle (Muntz et a\.,1985; Saffitz, 1989).

It is perhaps the species specific differences in ø1-adrenoceptors that show

the greatest range. Rat and rabbit myocardium typically show the greatest ø1-

adrenoceptor densities (Terzic et ol., L993), while dog, guinea pig and human

values are much lower (for review see Fedida et a1.,1993b). The ø1-adrenoceptor

density in rats is high; one study showed that the ratio of cr1-adrenoceptors to F-

adrenoceptors was on average 5-fold larger than in rabbit or dog (Endoh, l99l).

Other studies showed lower ratios; rat and rabbit cr1 to B1 ratios have been reported

to be l:1 or 1:2.5 (williams and Lefkowitz, 1978; Buxton and Brunton, 1985;

Buxton and Brunton, 1986; Mukherjee et al., 1983). Human myocardium is

especially low in ø1-adrenoceptors with reported values of 13 ø1-ARs/mm2 as
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compared to 33 BIARs/mm2 (Buxton and Brunton, 1985;

1e86).

Buxton and Brunton,

srnce

2. Alphøyadrenergic stímuløtíon and the phosphoinositide pøthway ín the

myocardíum

The effect of ø1-adrenergic stimulation is subtype dependen! however,

the ø1p-adrenoceptor density geatly exceeds the crla density (Hanft and

Gross, 1989), any discussion of cr1-adrenergic stimulation in the myocardium must

necessarily focus on the former pathway. Alphala-adrenoceptors have been linked

to both the activation of PL C and an SL Ca2* channel and their srgnal transduction

mechanism is dependent on the influx of extracellular calcium (Bylund, 1992;

Lazola et al., 1994). Alphals-adrenoceptors are the subtype linked to the G protein

coupled activation of PL C, the hydrolysis of PtdIns(4,5)P2 and the generation of

the two second messengers Ins(1,4,5)P¡ an¿ sn-l,2-DAG (Steinberg et a1.,1989).

Ins(1,4,5)P3, a water soluble molecule diffiises to the sarcoplasmic reticulum

where it contacts an Ins(1,4,5)P3 receptor and mediates intracellular Cf* release

(Steb et ø1., 1983). PtdIns(4,5)P2 is the preferred substrate of phospholipase C

under ø1-adrenoceptor stimulation. In 1986, Poggioli et al., showed that ø1-

adrenoceptor stimulation occurs concomitantly with a decrease in PtdIns(4,5)P,

and an increase in Ins(1,4,5)P3 which peaks at 30 seconds (Poggioli et al., 1986).

As well, the inositol 1,3,4,5-tetrakisphosphate pathway exists in the myocardium
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as a concürent sfudy demonsffated a concentration dependent ø1-adrenoceptor

stimulation of Ins(1,4,5)Pt,Ins(1,3,4,5)Pa, Ins(1,3,4,6)Pa and InsP6 production in

isolated perfrrsed hearts. Maximal production of the inositol poþhosphates

increased between 2 and 5 minutes post-cr1-adrenergic stimulation (Scholz et al.,

1986; Heathers et a1.,1988). Further studies which contained the first quantitative

measurements of individual inositol phosphate species turnover via HPLC

(Heathers et al., 1988) showed that control, unstimulated myocytes contained low

levels of inositol phosphates, whereas 30 seconds stimulation with norepinephrine

produced Ins(1,4,5)P: and Ins(1,3,4,5)Pa peaks which rapidly returned to basal

values. Additional evidence for myocardial inositol I,3,4,5-tetakisphosphate

activity came from the formation of the isomers Ins(1,4)P2, Ins(1,3)P2, and

Ins(1,3,4)P3 from the dephosphorylation of Ins(l,3,4,5)P4 (Heathers et o1.,1988).

The second product of PtdIns(4,5)P2 hydrolysis, sn-L,2-DAG, is a potent

activator of proteinkinase C (PKC) (Berridge, 1984; Nishizuka, 1984). Okumura

in 1988 demonstrated an increased DAG production in vivo in homogenate from

rat hearts following o1-adrenoceptor stimulation (Okumura et al., 1988 ).

Activation of PKC results in its translocation from the cytosol to the sarcolemma

(Lamers et al., L992a) where it phosphorylates a number of intracellular proteins.

Ten subtypes of PKC have been demonstrated (Azzi et al., L992 ;Nishizuka, 1992)

and three have been localized to the myocardium (Ono et al., 1988). PKC

activation mediates many physiological responses including metabolic changes,
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secretion, contraction, cell proliferation, differentiation and gene expression

(Lamers et al., I992a;Nishizuka, L992).

3. Phosphoínosítíde pathway ønd Cø2* transíents

Present theories on the role of Ins(1,4,5)P3 in the intracellular C**

transients differ. Fedida holds that there is no evidence to support a direct role of

Ins(1,4,5)P3 in the inofropic effect of cr1-adrenoceptor stimulation (Fedida I993a)

and that Ins(1,4,5)P3-induced C** release from the sarcoplasmic reticulum is not

sufficiently rapid to be involved in the beat to beat regulation of Ci* transients

(Kentish et al., 1990), but may modulate transsarcolemmal ion flux (Glbert et al.,

1991). However, other studies disagree and propose that Ins(1,4,5)P3 elicits Ca2+

transients in stimulated cells (for review see Lamers et al., I992a). Endoh and

Blinks have proposed that the ør-adrenoceptor inotropic effect was caused by an

increased Ca2* sensitivity of the myofibrils (Endoh and Blinks, 1988; Puceat et al.,

Lee2).

Alphal-adrenoceptor stimulation by phenylephrine has been shown to raise

infracellular pH 0.1 to 0.2 units (Gambassí et al., 1992; Terzic et al., 1992). This

alkalylinzation is thought to be due to activation of the Na*-H* antiporter. PKC,

DAG or C**lcalntodulin-dependent kinase may regulate these changes (Ho et al.,

1989; Weissberg et a|.,1989; Iwakura et o1.,1990; Fliegel et al., 1992). Increased

innacellular Ct* may also alter the Na*-Ca2* exchanger activity especially in

pathological conditions, as discussed later (Dennis et ø1.,1990).
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However, PKC activation may subsequentþ downregulate PL C activity as

PMA5 a phorbol ester PKC-agonist, has been shown to inhibit phosphoinositide

turnover (Cotecchia et al., 1985; Meij and Lamers, 1989b), Ca2* influx (Singer-

Lahat, 1992) and a decrease in ø1-adrenoceptor agonist affinity (Cotecchia et al.,

1985; l|l/:eij et a1.,1991).

4. Ins(1,4,5)P3 receptors ín the sarcoplasmic reticulum

While it was well established that Ins(l,4,5)h caused an intracellular Ca2*

release (Berridge and kvine, 1989), only indirect evidence pointed to an

Ins(1,4,5)P3 receptor site in the sarcoplasmic reticulum.

Recent evidence within the last few years has shown the existence of

Ins(1,4,5)P3 receptors that mediate Cf* release from nonryanodine stores (Küima

et ø1., 1993; Moschella and Marks, 1993; Huisamen et al., L994b). These

Ins(1,4,5)P3 receptors are discrete structures that are distinct, yet share sequence

and structural homology with the ryanodine receptors (for review see Terzic et al.,

Lee3).

The most recent of these studies suggests that two [rs(1,4,5)P3 receptor sites

exist a low aff-ity and a high affinity site, along with a putative Ins(1,3,4,5)Pa

binding site (Huisamen et al., 1994b). Ins(1,4,5)P3-induced Cf* release from

these sites contributes to the increased lC*.lrupon o1-adrenergic stimulation and

therefore to the cr1 -adreneroceptor-mediated inotropic effect.
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5. Alphøy-adrenergíc stímuløtíon and ínotropíc effects

The crl-adrenoceptor stimulated positive inotropic effect is quantitatively

different form the B-adrenergic response. Alphal-adrenoceptor stimulation is not

associated with any chronotropic effect, but the inotropic effect is highly heart-rate

dependent and at higher heart rates the cr1-induced inotropic responses may

disappear (Capogrossi et ø1.,1991). This is observed in the human response to ø1-

stimulation as well (Cwiel et a1.,1989). The ø1-induced inotropic effect develops

gradually over a few minutes following stimulation, until there is a sustained

positive inotropic effect with a delay in time to peak isometric tension and a

prolongation of confraction (Fedida and Bouchard, L992; Fedida, I993a).

As with all other aspects of the cr1-adrenoceptor pathway, even these

temporal observations are species dependent; some species show biphasic and even

triphasic inotropic responses to ø1-stimulation (Fedida, I993a). In rat, many report

a biphasic response with a shortlived initiat phase of negative inotropy (Tohse er

a1.,1987; Endou et a1.,1991).

Alphal-adrenoceptor stimulation is thought to i¡hibit the activity of four

separate sarcolemmal K* currents (Jahnel et ø1., 1992; Fedida, I993a) and that this

inhibition leads to the prolongation in the action potential observed. Most studies

now seem to agree, the increased Ca2* enûy observed is due to prolongation of the

action potential by inhibition of the K* channel activity (Fedida, 1993a; Fedida er

ø1., L993b). This is in contrast to B-adrenoceptor stimulation which leads to an
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abbreviation of action potential (Fedida et al., 1993b). There is some controversy

over whether or not cr,1-stimulation directþ affects L-type and T-type Cf*

channels. Most reports indicate cr16-âdrenoceptors are the subtype that mediates

innacellular Cf* influx via voltage gated channels (for review see Minneman and

Esbenshade, 1994). Some reports propose that cr1-adrenoceptors do not affect L-

type Cf* channels but may modulate T-type Ca2* channels (Fedida and Bouchard,

1992). Other studies report an indirect effect on L-type Ca2* channels (Bruckner

and Scholz, L984; Alvarcz et al., L987). At least one study points to ø1s-

adrenoceptor activation mediating extracellular C** influx (for review see

Minneman and Esbenshade, 1994)

Alpha-adrenergic stimulation can potentiate chloride channel activity, Iç¡

which creates the action potential 'notch' that marks the end of phase I

repolarization and this can profoundly influence both the duration and voltage of

the action potential plateau and repolarizatton. Is¡ is thought to be regulated by

either PKC or PKA phosphorylation and does not flow in the absence of

adrenergic agonists (Harvey et ol., 1991). Thus the combination of the increased

action potential duration and subsequent increased intracellular Ct* enty leads to

the inotropic effect observed.

Alphal-adrenoceptor stimulation has direct and indirect effects on other

sarcolemmal ion exchangers. As discussed previously, crl-âdreneroceptor

activation leads to an activation of Na*-H* antiporter (Kramer et ø1., I99I;Terzic

et al., L992). The increase in intracellular Na* levels may lead to increased
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intracellular Ct* via alterations in Na*-Ca2* exchange activity and contribute to

the crr-adrenoceptor inotropic effect (Dennis et al., 1990). Modulation of the Na*-

K. p*op current is also evident in Pwkinje fibres (Shah et a\.,1988).

Which subtype(s) of the cr1-adrenoceptors plays a role in the a¡-induced

inotropic responses? To date, apparently both. As well, tissue and species-

dependent disparities in the inotropic effect observed may indicate subtype

differences in the receptor, G protein or PL C isoform responsible. Certain ø¡-

induced positive inoûopic effects appear to be pertussis toxin (PTX) sensitive,

such as the Na*-K* pump activation (Steinberg et o1.,1985; Bohm et a\.,1987) but

PTX treafnent will not abolish all o1-induced effects. A recent study has

implicated both crra- and crrs- subtypes in stimulation of phosphoinositide

hydrolysis in neonatal rat ventricular myocytes (Lazou et al., 1994), confrming

earlier studies in nonmyocyte cells (Han et ol., 1990; Wilson and Minneman,

leeo).
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B. REGUL./ITION OF THE PHOSPHOINOSITIDE PATHWAY

1. G proteins of the a1-ødrenoceptor ønd phospholípøse C pathway

G proteins are heterotrimeric proteins composed of an a (39-46 kDa), a B

(37 kDa) and a y (8 kDa) subunit (Hepler and Gilman, 1992). They mediare

innacellular sþal ffansduction between the superfamily of seven transmembrane

spanning domain receptors, and their respective intracellular effectors.

Currentþ 21 G*s have been cloned from 17 genes (Hepler and Glman,

1992) and are divided into four major families G,, G, Go *d G12 (Hepler and

Gilman, 1992). As well, four B and six y subunits are known. G proteins are

classified according to the cr subunit, however the Fy subunits may also have

modulatory roles (Tang and Gilman, L99l; Hepler and Gilman, L992).

To date, only the Go family has been linked definatively to PL C activity.

Alphal-adrenoceptor, G protein-mediated activation of PL C in the myocardial

sarcolemma was demonstrated by a recent study in our laboratory (Merj et al.,

L994a). Cunently, it is believed that th. Go family of G proteins mediates the PL

C-B family activity (Rhee and Choi, 1992a; Wu e/ al., 1992). The PL C-y family

is not regulated by G proteins but by the intrinsic tyrosine kinase activity of their

receptors (for review see Meldrum et a1.,1991).
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2. The phosphoínositide cycle

In 1966, Gaut and Huggins first described an cr,1-adrenoceptor and

muscarinic stimulation of "P-Na*-o.thophosphate incorporation into the

phosphoinositide fraction of membrane in vivo. They called this response the

'phosphoinoside effect' (Gaut and Huggins, 1966).

De novo synthesis of phosphoinositides involves the synthesis of Ptdlns

from CDP-diacylglycerol and myo-inositol by myo-inositol 3-phosphatidyl

ftansferase. This reaction occurs in the endo- and sarcoplasmic reticulum in brain,

liver and heart (Paulus and Kennedy, 1960; Venuti and Helmkamp, 1988; Wolf,

1990). Ptdlns is an important constituent of the plasma membrane phospholipids.

Approximately 8%o of the total Ptdlns pool undergoes sequential phosphorylation

by Ptdlns kinase and PtdIns4P kinase to form PtdIns4P and PtdIns(4,5)P2,

respectively (Quist et al., 1989b; Wolt 1990). Phosphomonoesterases can then

dephosphorylate the poþhosphoinositides' D-4 and D-5 inositol ring positions

and thus maintain equilibrium in the population (Berridge, 1984). Another Ptdhs

kinase, referred to as type I, can phosphorylate the D-3 position of the inositol ring

(Auger et ol., 1989) to create various D-3 polyphosphoinositide species whose

intracellular roles are not as yet clear. This D3-phosphorylating Ptdlns kinase is

differentiated from the D4-Ptdlns kinase by its inhibition in the presence of Triton

X-100. As well, the D3-phosphorylated phosphoinositidesonly make ap 5%o of the

polyphosphoinositides and are not hydrolysed by PL C (Carpenter and Cantley,

1990; Majerus et al., 1990; Downes and Carter, r99r; Mesaeli et al., 1992). It is
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the Ptdlns 4-kinase (hereafter referred to as Ptdlns kinase) and the Ptdkrs4P 5-

kinase (hereafter referred to as PtdIns4P kinase) that we examine in detail. These

en4¡mes sequentially phosphorylate Ptdlns to produce PtdIns(4,5)P2; the preferred

subsftate of the cr1-adrenoceptor-stimulated phospholipase C which then can

generate the two intracellular second messengers Ins(1,4,5)Pt and sn-1,2-

diacylglycerol.

i) Ptdlns kinøse

Ptdlns can be phosphorylated at the D-4 position of the inositol ring by type

II and type III Ptdlns kinases (Harwood and Hawthorne, 1969; Whitrnan et al.,

t987). The two isoforms have both been isolated from brain and liver (Harwood

and Hawthorne, 1969; Endermann et al., l9S7).

The smaller, more abundant type II isoform has an apparent molecular mass

of 55 kDa, exists as a monomer and has been isolated from erythrocytes, brain and

liver (Harwood and Hawthorne, 1969; Endermann et al., L9S7;}Jou et al., 1988).

Type II Ptdlns kinase is an integral membrane protein, activated by detergents, has

â K,n for ATP of 20 - 70 pM and is inhibited by adenosine (Endermawr et ø1.,

1987; Whitnan et a1.,1987). It is activated by the divalent cations Mg'* and Mn2*

but is inhibited by 0.3 mM Ca2* (Pike, L9g2).

The second Ptdlns kinase isoform, type III, has a molecular mass of 80 to

230 kÐa, dependent on the cell type. This isoform has been isolated from brain

(Yamakawa and Tanekawa, 1988), and uterus (Li et al., 1989), is detergent

stimulated, adenosine insensitive, ffid has a high K* of 150 to 750 pM for ATP
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(for review see Pike, 1992). Additional isoforms of Ptdlns kinase have been

identified in myelin and Saccharomyces cerevisiae (Saltiel et al., 1987; Belunis e/

al., 1988).

The majority of phosphoinositide kinase activity is localized to the plasma

membrane in the various tissue and cell t5ryes, however, intracellular membranes

including endoplasmic reticulum, Golgi, nuclea¡ and lysosomal may exhibit some

activity (Jergil and Sundler, 1983; Smith and wells, 1983; Seyfred and wells,

1984; Lundberg and Jergil, 1988). There is evidence to suggest that Ptdlns kinase

activity may be also regulated by oAMP, phorbol esters, DAG and Ci*

ionophores. Investigations that looked at the effect of GTP and GTPyS on Ptdlns

kinase activity have been inconclusive (for review see Pike, 1992).

ii) PtdIns4P kinase

PtdIns4P is further phosphorylated by a second en4rme, PtdIns4P kinase, to

yield PtdIns(4,5)P2. PtdIns4P kinase appears to be mainly associated with plasma

membrane but has been found in brain cytosol (Cochet and Chamb az, 1986) and

nuclei (Cocco et al., 1988). PtdIns4P kinase has a molecular mass range of 53 to

150 kDa, â K* for ATP of 2 ¡t.lld and is inhibited by its substrate (Downes and

MacPhee, 1990). The two isoforms called type 1 and 2 have been isolated in

erthyrocyte membranes (Bazenet et a\.,1990).

Increased PtdIns4P kjnase activity has been reported for receptor-mediated

stimulation and GTPyS fieatnent (Smith and Chang, L989; Renard and Poggioli,

1990). As well, phorbol esters, DAG, concanavalin and Ca2* inophore (423187)
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treatrnent were shown to increase PtdIns(4,5)P2 synthesis (d. Chaffoy de

Courcelles et ø1., 1984; Halenda and Feinstern, 1984; Boon et a1.,1985). füowth

factors and cytokines also enhance PtdIns4P kinase activity, suggesting possible

regulation by tyrosine phosphorylation (Pike, 1992). oAMP can both activate and

inhibit the kinase, dependent on the cell type examined (Pike, 1992).

iii) Cardiac phosphoinositide lcinase regulation

Cardiac Ptdlns kinase activity in the rathearl has been shown to be Mg'*-

dependent and have K, and V-,* values of 292 pM and 1390 pmole mg-r min-r,

respectively (Mesaeli et al., 1992). Rat cardiac Ptdlns kinase was maximally

activated by a 0.1olo concentration of Triton X-100, inhibited by pM C** andhad

a pH optimum of 7.5 (Mesaeli et al., L992). Cardiac Ptdlns kinase and PtdIns4P

kinase have been localized to both SL (Varsanyi et ql., 1986) and SR (Enyedi er

al., L984) in rabbit as well as mitochondria in the dog heart (Quist et al., 1989b).

Product inhibition by both PtdIns4P and PtdIns(4,5)P2 was found to influence

canine Ptdlns kinase in the presence of detergent while GTP, GTP analogues and

inositol phosphate species did not influence the activity of either enz.qe (Quist er

al., 1989b). Tumor necrosis factor cr has recentþ been shown to decrease both

PtdIns(4,5)P2 synthesis through an inhibition of Ptdlns production (Reithmann and

Werdan, 1994).

The antibiotic neomycin was shown to inhibit Ptdlns kinase at low

concenfrations and activate at high concentrations. The flavonoid quercetin is a

unselective inhibitor of PtdIns4P kinase. Trifluoperazine and calmidazolium, a
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calmodulin antagonist, activated Ptdlns kinase and inhibited Ptdhs4P kinase

probably through an increase in membrane fluidity (Quist et al., 1989b).

3. Phospholípøse C isofo;rms

PL C enz¡¿mes have been examined in species as diverse as mammals,

plants and microorganisms (Shulkla, 1982). In mammals, the various pL C

enzymes have been characterized into 5 immunologically distinct PL C

superfamilies (Rhee et al., 1989), designated o, F, ð, y, and e (Cockcroft and

Thomas, 1992). The B, T, and ô families have been well charactenzed but there is

some controversy over the cr and e families.

Although the overall amino acid homology of the PL Cs characterized to

date is low, all members of the PL C superfamilies (PLC-Ê, y, ð, and e), with the

exception of the PL C-ø's share two regions of structural homology, termed the X

and Y domains (Suh er ql., 1988b). In these two domains there are 80 amino acids

that are either invariant or conservatively changed (Rhee and Choi, 1992a). The X

and Y regions putatively contain the phospholipase C activity. Deletion mutants

and proteolysis studies of PL C-õr and PL C-y1 show that the regions in X or Y

could not be deleted without the loss of PL C enz5rme activity (Bristol et a1.,1988;

Emori et a|.,1989; Ellis e/ al., 1993).

In addition to the X and Y domains, the PL C-y superfamily also has a 400

amino acid sequence containing two src-homology regions (Koch et ol., 1991)
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termed SH2 and SH3. These src-homology domains are found in a large number

of unrelated proteins such as GTPase activating protein (GAP), Ptdlns 3-kinase,

tyrosine phosphatase and tyrosine kinases (Koch et a1.,1991). h PL C-y the SH3

domain functions in targeting the en4rme to cytoskeletal components (Cockcroft

and Thomas, 1992). These domains undoubtedly function in pL c-T's

translocation from the cytosol to ttre plasma membrane upon activation by PDGF

and/or EGF (Kim et a1.,1990b; Todderud et a1.,1990). Physical association of PL

C-y with the receptor allows phosphorylation of specific tyrosine residues of PL C-

y (Cockcroft and Thomas, 1992). Members of the superfamilies PL C-p¡ and PL

C-õ1 seem to exist in vivo as homodimers (Ryu et al., 1986; Ryu er al., I987b).

Some studies suggest that PL C-ø is not a member of the phospholipase C family

at aII, but a thiol:protein disulfrde oxidoreductase with no phospholipase ability

(Srivastava et al., I99I).

PL C isozymes are ubiquitous and have been characterized from organs as

different as heart, brain, platelets, liver and kidney (Chau et al., 1982; Harasawa et

al., L982; Harasawa et al., L982b; Low and weglicki, 19s3). PL C en-4¿rnes were

first isolated in the cytosol (Irvine and Dawson, 1978) but later were identified in

membrane ûactions (Downes and Michell, 1981; van Rooijen, 1983; Cockcroft e/

al., L984). One PL C-Pr isoform was localizedto the nucleus in Swiss 3T3 cells

and thought to be responsible for nuclear inositol lipid metabolism in these cells

(Divecha et al., l99I; Kuricki et ø1., 1992; Martelli et al., lg92). Hydropathy
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analysis of PL C-B1 concluded there \Mere no transmembrane spanning domains

(Lee et al., 1987). PL C activity localized to membrane fractions can generally be

removed by high salt treafnent, thus PL C enzymes are probably attached via ionic

interactions (Cockcroft and Thomas, 1992). In most cells, PL C-Br is found to be

equally abundant in both membrane and cytosolic fractions whereas PL C-y¡ is

solely cytosolic (Lee et al., 1987) but fianslocates to the membrane upon activation

by PDGF and EGF receptors (Kim et a1.,1990b; Todderud et a1.,1990). PL c-õr

and -ô2 have been found to be membrane associated (Rhee et ol., 1989; V/olf

Lee2).

Myocardial PL C isoz¡nnes have been charactenzed in a number of

preparations - both cytosolic and membrane. Endogenous PL C activity has been

reported in cardiac sarcolemmal preparations (Schwertz atdHalverson, 1989; Meij

and Panagia, 1992; Wolt 1992) and in cardiac cytosol (Edes and Kranias, 1990).

Multiple isozymes have been reported in the heart (Low and Weglicki, 1983;

McDonald and Mamrack, 1989; Wolt 1989, wolf 1992) with the PL C-y famity

being the most abundant in bovine, rat and canine myocardium as shown by

antibody and cDNA probes (Suh ør al., I988a; Homma et a1.,19S9). PL C-ô has

been localized in the myocardium (Suh er al., 1988a, Wolf, l9g2) but the PL C-B

is absent or rare (Suh er al., 1988a; Homma et al., 1989; Rhee et al., 1991b).

Several studies have charactenzed PL C activity in the myocardium of various

species including dog (wolf, 1992), guinea pig (Edes and Kranias, 1990), rat
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(Schwertz and Halverson, 1989; Merj and Panagia, 1992), bovine (McDonald and

Mamrack, 1989) and rabbit (V/ol{ 1989) where the endogenous activity is present

in both sarcolemmal (Quis! et al., L989a; Schwertz and Halverson, 1989; Edes and

Kranias, 1990; Wolt 1990; Meij and Panagia, 1992) and cytosolic fractions (Edes

and Kranias, 1990). As well, a phosphatidylethanotamine- and

phosphatidylcholine-specific neutral active PL C has been reported in canine

myocardium (Wolf and füoss, 1985; Bordoni et a1.,1994).

4. Bíochemical chøracterízatíon of phospholipase C ísoforms

All PL C isoz¡rmes investigated so far are catalytically dependent on Ca2*

(Rhee and Choi, I992b). Calcium concentrations near millimolar level are

reported as required to stimulate 'basal' Ins(1,4,5)P3 production tn in vitro and

permeabilized cell studies (McDonough et al., 1988; Schwertz and Halverson,

1989), while agonist-induced PtdIns(4,5)P2 hydrolysis lrns(r, ,S)fu production

occurs at physiological Ca2* concentrations in in vitro studies of membrane

preparations (Baldassare el al., 1986; Bamro and Nozawa, 1987). The carbo4y

terminal end of the Y domain is thought to contain a Ct*-btnding site (Clark et al.,

1991). Changes in C** concentration also seems to regulate substrate specificity.

The well established PL C isoforms (P, õ, y and e) catalyse the hydrolysis of

polyphosphoinositides, with PtdIns(4,5)P2beng the preferred substrate (Meldrum

et ol., 1991). Normally, substrate affrnity is in the order Ptdlns< PtdIns4P <<
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Ptdlns(4,5)Pz (Ryu et a1.,1987b). However, changing the C** concentration can

shift the substrate affinities of the various PL C families (Meü and Panagia 1992).

PL C-Fr, -Fz, -þt all prefer PtdIns(4,5)P2 at low (mM) Ca2* concenfiations

but PL C-yt, and -Tz seem to hydrolyse Ptdlns equally as well at these

physiological levels (Ryu et al., 1987a). PL C-ô's all hydrolyse Prdlns(4,5)p2 at

pM Ca2*, but will hydrolyse more Ptdlns as C** concentration reaches mM levels

(Rvo et al., 1987b; Meldrum et al., 1989). PL c-e seems to be specific to

PtdIns(4,5)P2 as a substrate (Homma et al., 1938). Phosphoinositides with a D-3

phosphorylation on the inositol ring [PtdIns-(3)P, PtdIns(3,4)P2 or Ptdlns(3,4 ,5)Ps]

are not hydrolysed by the PL C isoforms (Lips et a|.,1989; Serunian et a\.,1989).

Hydrolysis of Ptdlns, PtdIns4P, and Ptdlns(4,5)Pzby PL C-pr, PL C,õr and

PL C-yl yields both cyclic and noncyclic inositol phosphates (Kim et al., 1989a;

Kim et al., 1989b; Blank et al., 1991). The proportion of cyclic inositol

phosphates created decreases in the order PL C-Pr> PL C-ðr> PL C-y1 (Kim et al.,

1989a). One study suggests that cyclic Ins(1:2, 4,5)P3 may act as a long-term

Ca2*-mobiliser which accumulates after prolonged receptor stimulation (Majerus el

al., 1986). Cyclic rns(l:2,4,5)P3 is, however, much less potent in inducing Ca2*

release than Ins(l ,4,5)P3 and is metabolised very slowly (Dixon and Hokin, 1989;

Willcocks et al., 1989).

Significant differences in substrate preference, Ct*-dependency

regulation seem to suggest the possibility of either species diversity (Merj

and

and
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Panagi4 1992) or the presence of multþle isoforms, with different subcellular

localizations and activities.

Characterizatton of guinea pig myocardial PL C indicated that PtdIns4P-PL

C and PtdIns(4,5)P2-PL C hydrolysing activity exists in both sarcolemmal and

cytosolic fractions and that membrane and cytosolic PL C enn¡me forms were

'closely related' (Edes and Kranias, 1990). Distribution of myocardial PL C

activity showed 3-5yo of Ptdkrs(4,5)P2-PL C activity present in the sarcolemma,

and over 80o/o locatized to the cytosolic fraction (Edes and Kranias, 1990). The

enz1¿mes were Ca2*-dependent, had a pH optimum of 7.0 and activity was inhibited

in the presence of the pho spholipids phosphatidylethanolamine, pho sphatidylserine

or phosphatidylcholine (Edes and Kranias, 1990). 'Optimal conditions' in vitro

were defined as pH 7.0, I nlNI Ct*,2.5 mM Na* and 0.O7yo deo>rycholate (Edes

and Kranias, 1990).

Rat ventricular phosphoinositide-Pl C activity distribution was found to be

630/o membranal and 33%o cytosolic (Schwertz and Halverson, 1989). There was

also a Ptdlns-specific PL C activity that was mainly localized to the cytosolic

fraction (Schwertz et al., I987a, Meij and Panagia, 1992). Both PtdIns4P and

PtdIns(4,5)P2 were reported to be the preferred substrate of sarcolemmal PL C

activity, with the substrate affinities shifting according to the Ca2* concentration

(Schwertz and Halverson, 1989; Meü and Panagia, 1992). Greater than 1 ntNI in

vitro Cf* concenftations were shown to shift the substrate-specificity from

Ptdlns(4,5)P2to PtdIns4P and Ptdlns (Meü and Panagia, 1992). Rat Ptdlns(4,5)P2-
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PL C activity is also optimized at detergent concentrations of 0.6yo w/v sodium

cholate or less, pct* of 3 to 4.5, and,pH of 5.5 to 7.0 (Schwertz ørrtd, Halverson,

1989; Meij and Panagia, 1992). cations affected activity; Na*, Gd3*, Àrftr2* were

reported to stimulate activity while La3* and Sl* were inhibitory. PL C activity

was reported to be inhibited in the presence of }r/rg'* by one study whereas the

second study showed that Mg2* acted to stimulate Ptdlns(4,S)Pz and Ins(l,4,5)P3

dephosphorylation (Schwertz and Halverson, 1989; Meij and Panagian lgg}).

Myocardial PL C activity is also sensitive to sulftrydryl reagents, an indication that

sulfhydryl groups may be present in the PL C enrytme, and that they are subject to

oxidative damage (Schwertz and Halverson, 1989; Merj et al., 1994b).

In concordance with the earlier study that characterized PL C activity in the

rat heart (Merj and Panagia, 1992), Anderson and Woodcock have recentþ

released studies that suggest PtdIns4P is the preferred substrate of both the basal

and NE-stimulated PL C activity in the normoxic myocardium. These studies

showed that under normal, physiological conditions lns(l,4)P2 and InslP are the

main products of basal and stimulated PL C activity and suggest that only under

conditions of ischemia and reperfirsion does the preferred subsftate become

PtdIns(4,5)P2 (Anderson e/ al., 1995; woodcock et al., 1995). obviously, more

research is needed into characterizing cardiac PL C in both physiological and

pathological c onditions.

29



5. Regulatíon of phospholþase C actívíty

Endogenous sustained PtdIns-PL C activity must be regulated in vivo since

in vitro experiments with lipid vesicle assays show that purified PL C en4¡mes çan

catalyse hydrolysis of substrates so rapidly that in vlvo phosphoinositide supplies

would be exhausted in seconds (Meldrum et al., l99L). PtdIns(4,5)P2 hydrolysis

does catalyse a flux of substuate from the Ptdlns substrate pool to regenerate

Ptdlns(4,5)P2, however the initial amount of PtdIns(4,5)P2 present in the

membranes is much smaller than the total Ins(1,4,5)P3 formation, indicating the

importance of substrate regeneration (Cockcroft and Thomas, L992).

Activation of the PL C en4¿mes occurs by two major mechanisms - G

protein activation and tyrosine phosphorylation (Meldrum et al., 1991). Three of

the PL C superfamilies (8, ô and e) are G protein linked, while the PL C-y family

is activated by tyrosine phosphorylation (Cockcroft and Thomas, 1992;Ellis et al.,

1993). Activation of PL Cs by G proteins does not seem to lower the C**

concentration threshold but instead to increase the intrinsic activity of PL C

(Smrcka et al., l99l; Waldo et al., I99L; Taylor et al., 1992). The PL C-B family

is regulated by tht Go family of G proteins of which there are five known

members; G..q, Gorr, G.,r¿, G.,15 and G"ro (Shon et ø1., 1991). G* and G.,11

activate PL C-B1, while G,rs and G..16 interact with PL C-P2 (Taytor et al., l99l;

Rhee and Choi, I992a). The Go family is uniformly pertussis and cholera toxin

insensitive (Rhee and Choi, 1992a).
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Recent studies have also implicated the Fy G protein subunits in PL C-p

regulation. In liver and brain By subunits increased PL C-Pr activity two-fold but

had no effect on PL C-y1 or PL C-ôl activity (Blank et al., 1992). In transfected

CoS-7 cells py subunits activated PL C-P2 but not PL C-pr (Katz et ø1., 1992).

Im and Graham, in 1990, identified Gn, a PTX-insensitive G protein linked

to PL C and ø1-adrenoceptors inratmyocardium. The new G protein was distinct

from Go bV its molecular mass and chromatographic behaviour (Im and GrahaûL

1990; lm et al., 1990).

The G protein(s) that regulate the PL C-õ family have not been elucidated,

although it is known that G*.and G..rr do not interact with PL C-ô (Ellis et al.,

1993). As yet, all possible PL C and G protein interactions have not been fully

explored. That more G proteins remain to be discovered is demonstrated by the

fact that pertussis toxin can inhibit fully or partially PL C activity in many different

cell types (for review see Cockcroft and Thomas, L992). Thus, if the Go famity are

PTX-insensitive, the PL C pathway in these other cell types must be regulated

through a different family of G proteins.

Regulation and activation of PL C isoforms is tissue and cell specific, and

thought to be important in generating tissue and receptor-specific responses in vivo

(Rhee and Choi, I992a). Even more complex, PL C activity may be regulated by

more than one G protein pathway in a single cell type. An example is the dorsal

root ganglion sensory neurons where neuropeptide Y activation of PL C is PTX-
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sensitive but bradykinin activation of PL C is PTX-insensitive (Perney and Miller,

1989). Myocardial PL C activity is G protein coupled (Steinberg et a\.,1989; Baek

et al., I993:'llL/leij et al., 1994a) with pertussis toxin inhibition experiments yielding

contadictory findings (Robishaw and Foste¡ 1989).

Thus, as Cockcroft and Thomas state'receptor coupling and PL C activation

will be a firnction of the coexpression of the receptors, G proteins and

phospholipases' (Cockcroft and Thom as, 1992).

PL C-y family regulation is mediated by tyrosine phosphorylation of the

en4¿me (Meldrum et ol., r99l; Cockcroft and Thomas, 1992; Ellis er ø1., 1993).

The first evidence of this came from experiments with Swiss 3T3 cells where

platelet-derived growth factor (PDGF) was shown to stimulate a PL C activity

through activation of a tyrosine kinase receptor (Cattaneo and Vicentini, 1989).

Activation of PL C-Tt by phosphorylation was demonstrated indirectly by

experiments where dephosphorylation by tyrosine phosphatases was shown to

diminishthe activity of PL C-y1 Q.{ishibe et ø1., I990a). IJpon cellular activation

by PDGF and endothelial-derived growth factor (EGF) PL C-y translocates from

the cytosol to the membrane (Kim et al., 1990; Todderud et ol., 1990) where it

physically associates with the tyrosine kinase receptor (Kumjian et al., 1989;

Nishibe et ol., 1990b). PL C-y's SH2 domains interact with a specific

phosphorylated tyrosine residue on the receptor. This association permits

phosphorylation of PL C-y's tyrosine residues and subsequent activation of PL C-y

(Rhee, I99Ia). Both serine and tyrosine residues are phosphorylated on activated
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PL c-y1 (Meldrum et al., r99l; Rhee and choi, 1992b), indicating that other

kinases are activated during the signal cascade (Meisenhelder et al., 1989;

Meldrum et al., I99l). However, not all receptors with an intrinsic tyrosine kinase

activity mediate sþal fiansduction through activation of a PL C-y. The tyrosine

kinase receptors for CSF-I and insulin are not coupled to inositol phosphate

turnover (Whetton et a1.,1986).

Attenuation of PL C-y mediated response was thought in past to be due to

an interaction with intracellular proteins (Castagna et al., l9S2). Also, the src-

homology domains may regulate it's activity as the src-homology domains in the

src-protein influences its tyrosine kinase activity (Sadowski et al., 1986; Pawson,

1988). Profilin, a regulator of actin polymerization, has also been proposed as an

endogenous inhibitor of PL C-y (Goldschmidt-Clermont, L990; Goldschmidt-

Clermont, 1991) and is thought to reduce PtdIns(4,5)P2 substrate availability by

binding PtdIns(4,5)P2 and physically preventing its hydrolysis (Goldschmidr

Clermont 1990). As well, p21'^", a GTP binding protein can modulate pL C-y1

activity in NIH 3T3 cells in vivo (Smirh et al., 1990).

6. Proteín kínøse C ønd other mechønísms of regulatíon

i) Protein kinase C

Attenuation of endogenous PL C activity has also been proposed to be due

to protein phosphorylation by activated protein kinase C. Phorbol ester treatrnent

of intact cells led to an inhibition of agonist-induced PtdIns(4,5)P2 hydrolysis and
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Ca2* mobilizatton (Brock and Capasso, 1988; Hoshijima et al., 1988). Protein

kinase C, PKC, has been proposed to phosphorylate all participants in receptor

stimulated PtdIns(4,5)P2-PL C activity including the receptor (Meij and Lamers,

1989b), and the PL C enryme (Rhee et al., 19S9). PKC is also capable of

phosphorylating the G proteins of other signal transduction pathways (Katada et

a1.,1985).

Receptor phosphorylafion has been shown by some studies (Lefl<owitz et

ol., I990a; Lamers et dl., 1993a) but most evidence suggests the PKC

phosphorylates 'downstream' of the receptor. Accordingly, PKC has been shown to

phosphorylate the c¿ subunits of Gi and the retinal G protein transducin (Katada et

dl., 1985; Zíck et al., 1986; Sagi-Eisenberg, 1989). Whether or not PKC

phosphorylates any of the Go's is unknown (Meldrum et al., 1991). PKC activity,

in turn, may be regulated by arachidonic acid (AA), lysophosphotidylcholine

(LPC) and phosphatidic acid (PA); metabolites that increase greatly during

myocardial ischemia (Shinomura et ol., 1991). One study indicated that PKC

phosphorylation of PL C-Êt, yr, and ôr had been accomplished invitro, but without

affenuation of PL C activity (Rhee et al., 1989). PKC upregulation has been

shown to negatively feedback PtdIns(4,5)P2-PL C activity. PKC was shown to

phosphorylated PL C-B at a serine residue thought to mediate the en4rme's

interaction with it's G protein (for review see Liscovitch, 1992). Accordiogly,

phorbol ester treafnent downregulates ø1-adrenoceptor-stimulated Ptdlns

hydrolysis in cardiomyocytes (Merj and Lamers, 1989b), and phorbol ester
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preffeaünent of myocytes will inhibit both basal and stimulated Ptdlns(4,5)P2-PL C

hydrolysis in the microsomal fraction (Merj et o1.,1991).

ii) cAMP and cAMP-dependent protein kinase

cAMP-dependent protein kinase, PKA, has been shown to phosphorylate PL

C-y1 on serne'I248 in various cell lines, when activated by cAMP analogues (for

review see Cockcroft and Thomas, 1992). There is no analogous site on the PL C-

Ft or PL C-ô1 en-4¿mes, however, mrmerous reports suggest cAMP-mediated

inhibition and stimulation of PL C activities (for review see Meldrum et a\.,1991).

cAMP-dependent protein kinase has been shown to phosphorylate the Ins(1,4,S)Ps

3-kinase enryünq thereby increasing its V,"* potential 1.8-fold (Sim er al., 1990).

As well, cAMP has been shown to have contrasting effects in canine tracheal

smooth muscle (Madison and Brown, 1988) where an increase in cAMP via

histamine stimulation inhibited Ptdlns hydrolysis but methacholine treaûnent did

not. oAMP production induced by B-adrenoceptor stimulation and forskolin

treafrnent has a fransient inhibitory effect on c{,1-adrenoceptor-induced inositol

phosphate accumulation (Guse et a1.,1991).

iii) Detergent fficts

Detergents, Triton X-100, saponin and deoxycholate have been shown to

stimulate or inhibit PL C activity in vitro depending on experimental conditions

and concentration used (Schwertz and Halverson, 1989; Edes and Kranias, 1990;

Meldrum et ø1., 1991). These amphiphiles, when inhibiting pL c, act by

disrupting the lipid substrate and not by ao interaction with the PL C en4/me
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(Jungalwala et al., I97I). However, endogenous cellular components may also be

able to regulate PL C activity by the same mechanism; 'substrate presentation may,

at least partially, regulate en;.'qe activity invivo'(Meldrum et a|.,1991). This has

been demonsfrated using endogenous phospholipids and their products; in many

studies, phosphatidylcholine has been shown to inhibit PL C activity while

phosphatidylserine and phosphatidylethanolamine will stimulate it (Hofrnann and

Majerus, 1982; Otani et al.,19S8b).

iv) Phosphoinositide fotty acid composition

The fatty acid composition of the phosphoinositides may also regulate their

rate of hydrolysis. Incorporation of different polyunsaturated falty acids (PUFAs)

into neonatal rat ventricular myocytes led to changes in both the basal and ø1-

adrenoceptor stimulated rate of PtdIns(4,5)P2 hydrolysis (Lamers et al., L992b).

However, relatively high incorporation levels must be achieved as an earlier study

found no changes in the phosphoinositide turnover rate using lower concentrations

of PUFAs (Meü et ol., 1990). PUFAs I8:2n-6 (linoleic) and 20:5n-3

(eicosapentaenoic) both substituted for the 20:4n-6 (arachidonic) fatty acid at the

sn-2 position of PtdIns(4,5)P2, lowered the basal level of PtdIns(4,5)P2 and

inhibited both the basal and a1-adrenoceptor-stimulated rate of Ptdlns(4,5)Pz

hydrolysis (Lamers et al.,l992b).

FatE acid composition of the phosphoinositides may be a regulatory

mechanism in vivo as rat and porcine heart PtdIns4P and PtdIns(4,5)P2 fractions

were shown contain more stearic acid (18:0) attd less arachidonic acid than the
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phosphatidylinositol fraction. Rat neonatal cardiomyocyte PtdIns4P and

PtdIns(4,5)P2 contained more palmitic acid (16:0) (I{relia et al., 1992 Lamers et

al., 1993b). These frnding suggest, therefore, SL phosphoinositide kinases may

interact with localized membrane pools of phosphoinositides or the fatty acid

makeup of sarcolemma (SL) and sarcoplasmic reticulum (SR) differ (Lamers et al.,

lee3b).

v) Other mechanisms

Oxidative stress has a negative effect on SL PL C activity. úrcubation of SL

membranes with SOD, hypochlorous acid arrd HzOz in concenfiations similar to

those generated during ischemia/reperfirsion injury results in a significant

inhibition of PL C activity (Merj et al., 1994b).

As well, neuropeptide Y (NPY), a cofactor in NE release from sympathetic

nerve terminals, modulates PL C activity. NPY has been shown to enhance NE-

stimulated inositol phosphate production in rat tail artery (Duckles and Buxton,

1994). In cardiac SL, NPY was shown to augment PL C activity in a dose-

dependent manner while it downregulated the positive inotropic effect of both

phenylephrine and isoproterenol in the isolated perfused heart (Woo et ø1., lgg4).

37



7. Phosphoínosítide - phospholípøse C crosstølk wíth other sígnøl transductíon

systems

Phospholipase C-dependent PtdIns(4,5)P2 hydrolysis is mediated by many

other receptors and stimulants including muscarinic receptors, angiotensin II,

endothelin-l, thrombin, adenine nucleotides, atrial dilatation and mechanical

stretching (for review see Lamers et al., I992a). Alphal-adrenoceptor activation

and PL C-mediated DAG production and subsequent PKC activation may also

mediate' cros s talk' with other signal transduction systems.

i) The þadrenoceptor adenylyl cyclase pathwøy

Alphal-adrenoceptor activation can attenuate B1-adrenoceptor signal

transduction. Alphal-adrenoceptor stimulation can increase cAMP intracellularly

via an as yet unknown mechanism not mediated by adenyþl cyclase (Cotecchia et

dl., 1990). Phosphoinositide hydrolysis has also been shown to down¡egulate

basal adenylyl cyclase activity in rat heart SL; it is thought that Ptdlns may anchor

a component(s) necessary for adenyþl cyclase activity (Panagia et al., 1981).

Conversely, B-adrenergic stimulation and the consequent activation of oAMP-

dependent protein kinase has been shown to phosphorylate Ins(1,4,5)P3 3-kinase

and alter the en-4'me's activity. Phosphorylation by cAMP-dependent protein

kinase activated the enzyme and increased V',* by l.8-fold. PKC

phosphorylation, however, decreased V-* to one-fourth that of the basal activity

(Sim er a1.,1990).
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ii) Phospholipase D

The phospholipase D (PL D) signal transduction pathway is also coupled to

the ø1-adrenergic PL C system. Recent studies have demonstrated that

PtdIns(4,5)P2 is a cofactor for brain PL D activity. Addition of PtdIns(4,5)P2 can

increase brain PL D activity ten-fold while PtdIns4P, Ptdlns, PS and PA do not

alter PL D function (Liscovitch, L994). PKC is also an important mediator of

PLD, PL A, and phosphoinositide-specific PL C function (for review see

Liscovitch, 1992). PKC has been shown to activate PL D in numerous tissues

while inhibiting PL C function (Liscovitch, 1992; Conricode et al., 1992). Phorbol

ester treaûnent can stimulate PL D activity through PKC. As well, increases in

lCt*|, can also enhance PL D flrnction, as is the consequence with cr,1-

adrenoceptor stimulation (Lis covi tch, 1992).

Crosstalk between PL D and PL C also occurs in the other direction. PA,

the second messenger formed by PL D-catalyzed PC hydrolysis is a potent

activator of the phosphoinositide-specific PL C and phosphoinositide kinases. In

the brain, PA is capable of inducing a twenty-fold increase in Ptdlns 4-kinase

activity. Interestingly, this activation can be suppressed in the presence of

PtdIns(4,5)P2 (l|i/:ontz et al., 1992). In the heart physiological concentrations of

PA elicits a rapid, four- to five-fold, concentration-dependent increase in

Ins(1,4,5)P¡ and Ins(1,3,4,5)Pa production (Kwz et al., 1993). Crosstalk between

the PL C and PL D sþal transduction pathways is not su¡prising since they share
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the common second messengers PA and DAG which can be easily interconverted

by the actions of PA phosphohydrolase and DAG kinase.

ii i) P ho sphati dyl ethano I amine N-methyl transfe ras e p athw ay

A third signal fransduction system, whose function is modulated by the ør-

adrenergic PL C pathway is the phosphatidylethanolamine N-methyltransferase

pathway. In the heart, Ptdlns hydrolysis was shown to decrease activity at

methylnansferase sites I, II and III that convert phosphatidylethanolamine (PE) to

phosphatidyl-i/-monomethylethanolamine (PMME), then to phosphatidyl-N-

dimethylethanolamine (PDME), ffid finally to phosphatidylcholine (PC) (Meij et

ol., 1989c). Methionine also downregulated basal, but not NE-stimulated,

PtdIns(4,5)P2 hydrolysis in the myocardium (Merj et a1.,1989c).

C. THE PTIOSPHOINOSITIDE PATHWAY IN ISCHEMIA - REPERFUSION

INTURY

l. Introduction to íschemiø and reperfusion

Myocardial ischemia, ot lack of blood flow, may be classified as either

reversible, without loss of myocardium upon reperfusion; or as irreversible, tn

which cellular damage (leading to necrosis) occurs either during the ischemic

period or shortly upon reperfi.rsion. Myocardial stunning or reversible ischemia is

characterued as a transient mechanical dysfunction of the reperfirsed viable

myocardium following a short duration of ischemia. Both systolic confiaction and
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diastolic relaxation are impaired but the stunned region will eventually recover

within minutes to days following reperfusion. Myocardial stunning has been

attributed to both Ca2* handling abnormalities and/or generation of free radicals

that consequentþ damage the myocytes.

hreversible ischemia is charactenzed by an ischemic period of sufficient

duration to cause cell death either during ischemia or subsequentþ upon

reperfüsion. It is this reperfusion-induced injury that is of most interest.

Reperfusion injury is commonly associated with intracellular edema, disruption,

microvascular damage, contraction band necrosis, and intracellular Ca2* overload.

Arrhythmia's of the surviving tissue are common. The controversy is whether or

not this cellular i"jury is precipitated by reperfusion and, hence, whether any

treatrnent can be developed to salvage the ischemic myocardium (for review see

Yellon and Downey, 1990; Kloner and Przyklenk, 1993). This section of the

review will deal with mechanisms thought to contribute to both myocardial

stunning and ireversible reperfrrsion injury and will include an examination of the

cr1-adrenergic-phospholipase C pathway in its role as both cause and effect of C**

disequilibrium and reperfu sion-induced arrhythmogenesis.

2. Alphø1-ødrenoceptor and G proteín functíon ín íschemía ønd reperfusíon

Alpha-adrenoceptors have been functionally divided into cr¡- and

subtypes, as discussed previously. Both crr- and ø2- subtfpes are found in

d.2'

the
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heart, although they are differentially localized. Alpha2-adrenoceptors seem to be

only present presyraptically where they mediate a negative feedback mechanism

which inhibits norepinephrine release from the sympathetic nerye terminals. In

confrast, o1-adrenoceptors are found in the fibroblasts, coronary vasculature,

myocytes, endothelium and, possibly, presynaptically in the sympathetic neurons

as well (Han and Ferrie¡ L990; Bylund, 1992). Since only the ø1- subtype is

linked to the phospholipase C pathway, only cr¡-adrenoceptor signal transduction

will be considered here.

Both sympathetic norepinephrine G.fE) release and a1-adrenoceptor

responses are attenuated in myocardial ischemia/reperfusion. NE release is

mediated by both exocytotic (stimulated) and nonexocytotic (synapse escape)

release. Ischemic periods of less than 10 minutes do not show any increased

accumulation of catecholamines or metabolites (Schomig et al., 1934). Massive

nonexocytotic release occurs after greater than 10 minutes of ischemia; reaching

extracellular concentrations one thousand times the normal. After 40 minutes

ischemia, approximately 30%o of the total endogenous NE in the heart has

accumulated in the interstitial space. These NE concentrations, in the pM range,

can be lethal to the affected myocytes (for review see Schomig and Richardt ,

1990). The longer the period of ischemia, the corespondiogly greater the

accumulation of NE and its metabolite 3,4-dihydroxyphenylglycol (Schomig et al.,

1984). Epinephrine and dopamine may also comprise 5o/o of the exhacellular
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release following 15 minutes of ischemia (Schomig et al., 19S4). Exocytotic, or

stimulated, NE release may be a species specific response in ischemia. Seyfarth

has reported that after 10 minutes of low flow global ischemia in isolated perftrsed

heart, repeated stimulation of NE release caused a reduction in NE release in rat

heart but an increased release in guinea pig heart as compared to an initial, control,

stimulation (Seyfarttr et ol., 1993). These results may be due to an inhibition of

further NE release by increases in adenosine and K*, which accumulate

extracellularly during ischemia or an extracellular pH drop (Schomig and Richardt,

1990). Earlier reports attributed the effect to both neuronal reuptake and a failure

of neurotransmission in the ischemic ganglia (Dart et a1.,1984). Snyder confrmed

these results in synaptosomal and arterial preparations from 10 minute coronary

ligated rats. Age and sex related differences were reported as well - young rats

showed a greater inhibition of NE release that senescent. Senescent female rats

showed a greater inhibition of NE release that senescent males (Snyder et al.,

1994). Marked elevations of circulating, plasma, NE and small elevations of

plasma epinephrine are also associated with myocardial infarction and other

sûessors (Sigurdsson, 1993).

Alphal-adrenoceptor numbers have been shown to increase up to 200 to

300yo during ischemia in cat, dog and guinea pig (Maisel et al., L987; Dillon et al.,

1988). In the rat, both an increase (Butterfield and Chess-Williams, 1990; Allely

et al., 1993), and no change (Dillon et al., 1988) in o1-adrenoceptor number have

been reported. The increase in o1-adrenoceptor number is also accompanied by an
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increase in agonist affinity or responsiveness (Sheridan et al., 1980; Corr et al.,

1990). Upon reperfrrsion, the o1-adrenoceptor density declines to confrol values

following a time course that again corelates with the return of o1-adrenoceptor

atrmty back to control values (Corr et a1.,1990). This increase in ø1-adrenoceptor

numbers may be due to either of two mechanisms. The fi¡st mechanism may

involve the tansport of cr1-adrenoceptors from an intracellular site distinct from

that of the B-adrenoceptor pool; possibly within or near the sarcolernma. Evidence

for receptor transportation includes the fact that, during hypoxia and ischemia, the

sarcolemma accumulates long chain acylcarnitines secondary to an inhibition of

fatty acid B-oxidation (Wu et dl., L993) and that inhibition of carnitine

acyltransferase I during hypoxia with sodium 2-15-@-chíorophenyl)-pentyll-

oxirane-2-carbo4ylate (POCA) prevented the increase in o1-adrenoceptor density

(Heathers et al., 1987). As well, treatnent of normoxic myocytes with palmitoyl

carnitine increased the o1-adrenoceptor density even in the presence of POCA

(Heathers et o1.,1987). Alternatively, o1-adrenoceptor may be latent in or near the

sarcolemma and become accessible due to a change in membrane fluidþ. This

membrane 'unmasking' of cr1-adrenoceptors may be due to accumulation of

phospholipase breakdown products in the sarcoleÍrma during ischemia (Kawaguchi

and Yasuda, 1988). This combination of massive interstitial NE accumulation and

increased density and responsiveness of the ø1-adrenoceptors during ischemia sets
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the stage for a massive ø1-adrenoceptor-mediated response upon reperfrrsion of the

ischemic myocardium.

No sfudies, as yet, have approached the problem of whether or not G protein

function is attenuated in the ø1-adrenoceptor stimulated phospholipase C pathway

during ischemia or reperfusion. That the pathway is stitl intact upon reperfirsion is

evident from mrmerous studies. However, a new study suggests that G protein

function in the endothelium is disrupted in both the ADP receptor-Pl C pathway

and the acetylcholine-Pl C pathway during ischemia/reperfi.rsion. This disruption

of receptor-mediated endothelium-derived relaxing factor (EDRF) production

causes impaired endothelial-dependent relaxation in the coronary arteries upon

reperfusion (Evora et a1.,1994).

3. Sarcolemmal phospholþíd chunges ín íschemíø ønd reperfusíon

Examination of the changes in Pl-specific phospholipase C pathway in

ischemia/reperfusion to date have generally focused on two phenomena: y' the loss

of membrane phospholipid mass upon reperfrrsion, and ii) turnover of

phosphoinositides and inositol phosphates in ischemia/reperfusion. Each of these

two phenomena is directþ related to the other and to the mechanism of

ischemia/reperfrrsion i"j"ty and its sequelea; anhythmogenesis, an increased

innacellular Ca2* level and cellular necrosis. However, for clarity, each of the two

areas will be dealt wittr separately .
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i) Sarcolemmal phospholipid changes during ischemia

Myocardial ischemia and reperfusion is associated with loss of total

membrane phospholipids and subsequent increases in phospholipid breakdown

products and related metabolites: lysophospholipids, free fatty acids including

arachidonate, prostaglandins and eicosanoids. Membrane alterations, in turn, are

associated with increased intracellular Ca2* influx, arrhythmogenesis and altered

en4lme activities due to abnormalities in both membrane fluidity and structural

integrity (Schwertz et al., 1987b; Otani et a1.,1989b).

Many studies have affempted to outline these changes. Short periods of

ischemia between 10 to 30 minutes in the dog heart results in no change of total

membrane phospholipid (Chien et a1.,1981). Several studies have found that there

is no decrease in the mass of total phospholipids in the rat, dog or pig heart

between 30 minutes and 3 hours of ischemia (Chien et al., 1981; Das et al., 1986;

Otani et a1.,1986; Schwertz et al., 1987b; Otani et a\.,1989b). Greater than three

hours of ischemia results n a I5o/o decrease in total membrane phospholipid

content in the canine myocardium (Chien et a1.,1981). Between 6 and 18 hours of

ischemia, phosphatidylserine (PS) levels decline by 45%o and following 18 hours of

ischemia, phosphatidylcholine (PC) and sphingomyelin (SPM) content begins to

decline significantþ (by L7% and 260/o, respectively) (Schwertz et al., l9ï7b).

Interestingly these investigators found a significant, steady, 57%o tncrease in

phosphatidylinositol levels between 30 minutes to 18 hours of ischemia (Schwertz

et a|.,1987b). Conftol hearts perfrrsed for three hours or longer also begin to show
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Ioss of PC and PE without a corresponding increase in lysophosphatidylcholine

(LPC), lyosphosphatidyrethanolamine (LpE) or free futy acids. This was

associated with a 50%ó d,ecrease in intracellular ATp revels, indicating a decreased

production or reacylation pathway due to a decreasing energy charge of the cells

(Schwertz et al., l9S7b).

Phospholipid metabolites begin to accumulate after one hour of ischemia.

Lysophosphatidylcholine and several free fatty acids, [palmitic (16:0), stearic

(18:0)' and oleic (18:1)1, all increase significantþ following one hour of ischemia

(schwertz et ø1., r9g7b; otani et ar., r9s9b). After 3 hours of ischemi4 a1 free

rafiy acids are significantly elevated, including linoleic (ls:2) and arachidonate

Q0:$ (schwertz et al., 1g87b). Lysophosphatidylethanolamine levels become

significantþ elevate'd after 12 hours of ischemia. Ischemic periods of one hour of
greater have also been shown to result in the formation of blebs in the sarcolemma

and mitochondrial membranes' They are the result of extrusion of tipid material,

especially PE, into the extracellular space (Musters eî al., r99l;van der Vusse e/
ql'' 1994)' The intracellular loss of phospholipid and accumulation of the

breakdown products may not be due to phospholipase activity, although pL A2 is

known to be activated during ischemia (prasad et ar., .,gr),but simply due to an

inhibition of the catabolic pathways (schwertz et ar., r9g7b;otani et ør.,19ggc;

otani et al', 1989b) due to a decrease in intracellular ATp levels and/or possible

free radical peroxidation of the lipids (otani et ar.,19g6; schwertz and Halveson,

1992)' Intoacellular ATP levels in ischemic hearts show a 44o/o decrease by l0

47



minutes ischemia, 75o/o decrease by 30 minutes ischemia and a 90%o decrease

following 60 minutes ischemia (Schweftz et ol., 1987b). As well, a slight,

although not significant preservation of Ptdlns, PE and PC occurs in 2 how

ischemic hearts preperfused with superoxide dismutase (SOD) and catalase (Otani

et a1.,1986). Other studies show an accumulation of LPC and FFAs and attribute

these findings to a decrease in the reacylation activity of the phospholipids and not

to an increased deacylation activity in 60 minute ischemic hearts; showing a

simultaneous inhibition of PL A2acti.rrrty (Schwertz and Halveson, 1992).

ii) Sarcolemmøl phospholipid chonges upon reperfusion

Reperfusion of myocardial tissue subjected to 30 minutes or more of

ischemia potentiates membrane phospholipid loss. Degradation of membrane

phospholipids is not equal between the lipid species; this may be due to many

factors such as temporal differences in the activation of the phospholipases upon

reperfusion to the asymmeûy of the phospholipid bilayers with Ptdlns, PE and PS

mainly present in the inner leaflet, SPM in the outer leaflet and PC divided equally

between the two (van der Vusse et al., 1994). Loss of membrane phospholipids

seems to be ttre result of both increased hydrolysis via the phospholipases and

depressed resynthesis upon reperfrrsion. A study by Das (1986) showed that 60

minute reperfrrsion of porcine heart following a combination of 60 minute LAD

occlusion and 60 minute global ischemic cardioplegia resulted in decreased levels

of PC and PE following only 15 minutes of reperfrrsion whereas PI levels only

dropped following 60 minute reperfusion. Total membrane phospholipid is
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reduced as much as 20o/o by 60 minutes of reperfusion. LPC which increases as

much as 20%o intracellularly during ischemia can increase to 30%o above control

values following reperfusion (Das et a1.,1986). A more recent study showed that

30 minutes ischemia followed by 30 minutes reperfusion was enough to

significantly lower PC content in the membrane and significantly elevate LPC and

FFA content (Otani et al., 19S9b). Other phospholipid species decreased but not

as rapidly, and SPM and cardiolipin levels were unaffected by either ischemia or

reperfusion (Otani et al., 1989b). Of the inner leaflet phospholipids Ptdlns seems

to be the most resistant to degradation (Otani et a1.,1988c). The loss of membrane

phospholipid content occurs as a result of both activation of phospholipase

en4rynes; including PL 41, PL A2, PL D, phosphoinositide-specific pL C and pC-

specific PL C (Das et al., 1986; otani et al., 1988c; otani et al., l9g9b; prasad, et

al., l99l; Moraru et al., I994;van der Vusse et ø1., Lgg4), and deactivation of the

phospholipid reacylation and de novo synthesis pathways. Das (1986) found a

decreased activity during ischemia and reperfrrsion of fatty acyl coA synthetase,

lysophospholipase and decreases in lysophosphatidylcholine acylnansferase upon

reperfrrsion. Myocardial lyosphospholipase activity is also inhibited by L-palmityl

carnitine a compound that increases during ischemia due to inhibition of B-

oxidation (Oram et al., 1973). Otani also found evidence for inhibition of

reacylation of arachidonic acid (AA) substrate and inhibition of de novo synthesis.

Reacylation of labelled AA was inhibited in PC, PE and PS but not in ptdlns,

SPM or cardiolipin (CL) following 30 minutes ischemia and 30 minutes
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reperfrrsion (Otani et al., 1989b). Ptdlns showed the highest AA incorporation or

reacylation activity (Otani et al., 1989b). There is evidence for a C**-dependent

neufral PL C which may hydrolyze both PC and PE and thus contribute to

arachidonic acid accumulation @olf and Gross, 1985). However, PL Aç-mediated

degradation of PC and PE is probably the greatest source of arachidonic acid since

Pc and PE are degraded the most upon reperftrsion (otani et al., 1986).

Breakdown products of arachidonic acid include 6-keto-prostaglandin F1., and

thromboxane B,z, metabolites associated with a:rhythmogenesis and a decreased

hemodynamic function upon ischemia/reperfusion. Otani found 6-keto-

prostaglandin F1o production was increased during 120 minute ischemia and that

both metabolites significantly increased following 60 minutes of reperfi.rsion (Otani

et al., 1986). De novo synthesis as measured by 3H-glycerol incorporation was

inhibited in PA, PC, PE and PS in the reperfused hearts but surprisingly showed

increased incorporation into LPC. The increases in LPC levels were in fact greater

than the corresponding PC loss, evidence for a PC-specific PL C activity (Otan et

al., 1989b). A previous study by this group confirmed the depression of LPC

acylnansferase activity and also of acyl coA synthetase activity (Das et ø1.,1936).
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4. Phosphoínosítíde ønd inositol phosphate turnover ín íschemía ønd

reperfusíon

i) Phosphoinositide levels during ischemia and reperfusion

Phosphatidylinositol (Ptdlns) levels in myocardial ischemia are exfiemely

well preserved, most studies showing no change in Ptdlns levels between ischemic

and control perfused hearts (Das et at., L986; otani et al., 19ggc; otani et al.,

1989b). One study even suggests an increase in total Ptdlns content of the

membrane fraction during ischemia (Schwertz et al., 1987b). Ptdlns levels upon

reperfusion also do not seem to suffer the same degree of degradation as the other

species of phospholipid (Otani et al., 1989b). Otani suggested that itis improbable

that reacylation and de novo synthesis pathways are upregulated specifically for

Ptdlns in ischemia and reperfrrsion but rather that other mechanisms may be

increasing the 3H-inositol incorporation into the phosphoinositides (Otani et al.,

1989b). For example, enhanced phosphatidic acid (PA) production in reperfrrsion

may be incorporated into and, in turn, enhance increased phosphoinositide

production (Otani et a1.,1989b).

Early studies in the laboratories of Otani (Otani et al.,l988c) and Mouton

(Mouton et al., 1991b) attempted to elucidate turnover in the phosphoinositide

cycle in ischemia and reperfrrsion. Synthesis of poþhosphoinositides in the

isolated rat heart as measnred by 3H-inositol incorporation showed no changes in

Ptdlns levels during 20 and 30 minutes of ischemia, however, Ptdlns4p and
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PtdIns(4,5)P2 levels decreased significantþ as compared to perfrrsed controls, by

46-690/0 and 50-800% respectively (otani et al., 1988c; Mouton et al., 1991b).

Even longer periods of ischemia do not affect Ptdlns content in other species; as

Ptdlns did not decrease even during 60 minute LAD occlusion followed by 60

minute hypothermic ischemic cardioplegia arest in the pig heart (Otani et ø1.,

1986). A study by Schwertz did show a significant increase in total Ptdlns content

from 30 minutes to 18 hours of ischemia in the isolated rat heart (Schwertz et al.,

1987b). As well, reacylation is inhibited in the ischemic rat heart as shown by

significant decreases in rac-arachidonic acid turnover in DAG, PA, PtdIns4P and

PtdIns(4,5)P2fracions, while Ptdlns reacylation seemed to be unchanged (Otan et

al.,l988c). Most studies have speculated that the phosphoinositide kinases, Ptdlns

kinase and PtdIns4P kinase, are inhibited during ischemic periods, although, as yet,

their function has not been measwed (Schwertz et al., I987b; Otani et al.,19SSc).

ii) Inositol phosphate production during ischemia

Inositol phosphate production, an indication of endogenous PL C activity,

may also be significantþ depressed during ischemia. Otani showed that inositol

phosphate (InsP) production was unchanged in the 30 minute ischemic rat heart

and inositol bisphosphate [Ins(l,4)Prj ^d inositol trisphosphate [Ins(l ,4,5)hf

levels decreased slightly (Otani et dl., 1988c). Mouton found cytosolic

Ins(1,4,5)P3 and Ins(1,4)P2 production in the 20 minute ischemic rat ventricle to be

57Yo of the perfrrsed control while in the atria total inositol phosphate was

unchanged. Cytosolic InsP production was still significantly depressed but was
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within 80% of ventricular control values (Mouton et al., Igg2b). In two other

studies, Mouton confirms that endogenous cytosolic Ins(1,4)P2 and Ins(l,4,5)P3

production is significantþ depressed by 25-30o/o in the 20 minute ischemic rat

heart and attributes this to a depressed PL C activity (Mouton et al., 1991b;

Mouton et al., I992a). Prazosin did not attenuate these changes suggesting that the

changes, at least during ischemia, are nonreceptor-mediated (Mouton et ø1.,

1992a). Two secondary studies confirm that endogenous Ins(1,4,5)P3 levels are

depressed (58% of control) in the 20 minute normothermic ischemic rat ventricle

(Mouton et al., I99Ia; Mouton et al., I992b). All of the above studies were

perfiormed in the presence of LiCl, a blocker of inositol monophosphatase and

inositol bisphosphatase, thus measuring total inositol phosphate

production/accumulation over the time period and not actual inositol phosphate

levels at each time point. Schwertz and Halverson, h a more recent study, claim

that short periods of ischemia may briefly activate nonreceptor linked PL C activity

in both a total membrane and cytosolic fractions from homogenized whole

ventricles (Schwertz and Halveson, 1992). PL C activity in the total membrane

fraction as measured by total inositol phosphate production in vitro increased

slightly at 5 minutes of ischemia as compared to controls and then significantly

decreased between 10 to 45 minutes of ischemia. Cytosolic PL C activity showed

a slight decrease in vitro following 5 minutes of ischemia and then was

significantþ increased between 10 to 45 minutes of ischemia. Receptor-mediated

activation seems unlikely as pretreatnent with crr-, Fr-, muscarinic and adenosine
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receptor antagonists did not alter the changes. Phospholipase A2 activity also

showed a consistent and significant decrease dependent on the duration of ischemia

(Schwertz and Halveson, 1992). Previous studies support these findings, showing

an increase in DAG at 5 minutes of ischemia followed by a decrease at 30 minutes

of ischemia (Otani et a1.,1988c; Kawai et a1.,1990). Also, the decrease in guinea

pig Ptdlns-specific PL C activity in the ventricular crude membrane fraction after 3

hours of ischemia was of the same degree as that found in the rat heart (Schwertz

et al., 1987b). This study illusfates several important points. Firstly, that

membrane and cytosolic PL C activities may be differentially activated and

regulated; secondly, that the mechanisms responsible for the changes in PL C

activity are not dependent on the ischemic cellular microenvironment because

these changes can be reproduced invitro, and thirdly, the magnitude of the changes

observed in both PL C and PL Aç activities are dependent on the duration of the

ischemic insult (Schwertz et al., 1987b; Schwertz and Halveson, 1992). Schwertz

and Halverson speculate that some physical change of the enzyme may be

occurring; possibly involving a phosphorylation or dephosphorylation mechanism,

protein acylation or a proteoþic event (Schwertz and Halveson, 1992).

Alternatively, an endogenous inhibitor may be produced, as observed for PL A2

(Ballou and Cheung, 1983). Biochemical and kinetic studies conducted on the PL

C en-4¡me indicate the depressed activity is not due to a delay in the

activatior/deactivation of the enz.qe, or a chang e tn Cf* requirement (Schwertz

and Halveson,1992).
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The most recent study in this field showed that inositol phosphate

production in the presence of LiCl is nonreceptor-mediated and is completely

blocked following 5 minutes or more of ischemia (Anderson et al., 1995). This

could indicate that the inositol phosphate phosphatases are still active as indicated

by att increase in Ins(1/3)PyIns4P, and Ins(I,4)P2 isomers. As well, the decrease

in Ins(1,4)P2 preceded the decrease in Ins(1,4,5)P3, which leads to the conclusion

that most of the Ins(1,4)P2 is not derived from Ins(1,4,5)P3 production in the

ischemic heart (Anderson et a|.,1995).

Ischemia and reperfusion also induces alterations in the inositol

trisphosphate receptor, a large 2734-2749 amino acid protein localized to the

myocardial sarcoplasmic reticulum and intercalated disks (Küi*a et al., 1993). A

recent study by Huisamen showed that the rat heart Ins(1,4,5)P3 receptor is

downregulated during short periods (20 minutes) of ischemia. In rat heart

ventricles, Ins(1,4,5)P3 levels decreased to 73%o of control following 20 minutes of

ischemia without LiCl. In the ventricle, the B*u* of both the high affinity and low

affinity sites was reduced while IÇs were unchanged (Huisamen et al., L994a).

Changes in atrial receptors were not measured, although under normal conditions

they exhibit a fow-fold increased basal binding activity as compared to ventricular

tissue (Huisamen et al.,l994a).
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Ino s i t o I p ho s p hat e pr o du c ti on during r ep e rfu s i o n

Inositol phosphate production is generally reported to be markedly

upregulated upon reperfusion, however, the literature reports conflicting

information as to the duration of the ischemic insult needed to elicit an increase,

the magnitude of the increase and the peak time of the reperfusion-induced

increase. Doubtless these conflicts are due to differences in experimental

techniques, both in 3H-inositol labelling and perfirsion, but more importantty, the

lack of a uniform myocardial preparation invites differences.

Some laboratories report a reperfusion-induced increase in inositol

phosphate(s) production following a 20 minute ischemic period. Huisamen found

rat ventricular Ins(1,4,5)P3 levels at 99Yo of control values at 1 minute of

reperfrrsion and at 1560/o of control values at 5 minutes of reperfusion (Huis arrLen et

al., I994a). A more recent labelling study by Mouton investigated 3H-inositol

turnover in the whole heart. Ir20 minute ischemic, 30 second reperfüsed hearts,

they found a dramatic increase in cytosolic 'H-Ins11,4,5)P3 levels (168% of

perftrsed control) and a significant increase (versus ischemic values) of 3H-

Ins(1,4)P2 and 3H-InsP (Mouton et o1.,1991b). By 2 minutes of reperfusion, 3H-

Ins(1,4,5)P3 production had declined to 7460/o of control while 'H-Ins11,4)P2 and

'H-IotP levels were only slightly greater than the perfused control values (Mouton

et al., 1991b). A second study by the same laboratory measured endogenous IP3

levels using an Ins(1,4,5)P3 binding assay showed endogenous Ins(1,4,5)P3 levels

that were l70o/o of perfrrsed control values following 20 minutes ischemia and 30

iii)
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seconds of reperfusion and 1650/0 of control following 2 minutes of reperfrrsion

(Mouton et al., 1991a). High performance tiquid chromatographic (HPLC)

analysis of the inositol phosphate samples in the labetled hearts showed peaks of

Ins(1,3,4)P3 and Ins(1,3,4,5)Pa indicating the eústence of the inositol

tris/tetrakisphosphate pathway in rat cardiac tissue (Mouton et al., 1991b).

Anderson, in the most recent study, showed that 20 minutes of reperfusion

following 20 minutes ischemia in the presence of LiCl resulted in a doubling of the

total Ins(l,4,5)P3 mass. This release \¡¡as measured in a total ventricular extract,

was NE-dependent and reached it's maximum following 20 minutes of ischemia-2

minutes reperfusion; a lesser response was seen following 30 minutes ischemia-2

minutes reperfrrsion (Anderson et al., 1995). Anderson (1995) also found

Ins(1,4,5)P3 levels did not increase detectably in 10 minute ischemic-2 minute

reperfi.rsed hearts although the total inositol phosphate mass increased appreciably.

No inositol phosphate response was seen in 5 minute ischemic-2 minute

reperfrrsed hearts (Anderson et ø1.,1995).

An earlier study by Otani reported an increased turnover in inositol

phosphate(s) upon reperfusion only following a 30 minute ischemic period.

Labelling studies showed a promjnent increase in labelled 3H-inositol phosphates

in homogenate from rat hearts subjected to 30 minutes ischemia and 30 minutes

reperfirsion. Accumulation of all three inositol phosphate species increased

markedly above the perfused control levels but the accumulation of Ins(1,4)P2 and

Ins(1,4,5)P3 were time-dependent with the maximal accumulations occurring
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during the first 10 minutes of reperfirsion (Otani et al.,1988c). Production of these

inositol phosphates seem to come from increased reacylation/turnover and

phosphoinositide kinase activities and not ftom de novo synthesis as outlined

earlier, and indicated that PtdIns(4,5)P2 is the preferred substrate of

phosphoinositide-specific PL C in the ischemic/reperfrrsed rat heart (Otani et al.,

1988c).

A study by Schwertz found that PL C and PL A2 activities, as measured by

in vitro inositol phosphate production in 10 minute ischemic and 30 minute

reperfrrsed rat heart, were not different from preischemic controls, but that 40

minutes of ischemia followed by 30 minutes of reperfusion upregulated PL A2

activity by l90o/o and Ptdkrs-Pl- C activity by I42%o and l90yo in the total

membrane and cytosol fractions as compiled to the preischemic controls (Schwertz

and Halveson,1992).

These studies have examined myocardial inositol phosphate production in

crude membrane and cytosolic fractions and have shown conflicting results, with

respect to both the timing and the degree of the changes observed. These conflicts

must be due, in part, to the cellular and subcellular heterogeneity of the crude

myocardial preparations, differences in perfusion techniques and the inherent

problems in phospholipid labelling given the fact that distinct membrane

phospholipid pools and microenvironments exist (Otani et a1.,1988c). So, although

it seems clear that the o1-adrenoceptor-phospholipase C pathway is involved in
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disturbed Ca2* homeostasis during ischemia and reperfusion, no information is

available on the firnctional status of either phosphoinositide-phospholipase C (PL

C) or the phosphoinositide kinases in ischemia and reperfusion. Studies that

consist of preparations from whole heart tissue are especially suspect, since they

include atrial tissue that has a low myocyte mass, as well as a phosphoinositide

pathway substantially different both in it's o1-adrenoceptor response and higher

rate of metabolism (Mouton et al., I992b, Woodcock et al., 1995) from that found

in ventricular cardiomyocytes. In support of this point, a recent study has

demonstrated that the response to ischemia/reperfirsion is different in atrial and

ventricular tissue. Although phosphoinositide turnover in atria is increased as

compared to the ventricles; the response to ischemia/reperfrrsion was much more

prononnced in the ventricular tissue (Mouton et al., I992b). Ventricular InslP and

Ins(1,4)P2 levels in the presence of LiCl had respectively increased to I79o/o and

I32yo of perfrrsed confol values following 20 minutes ischemia and 1 minute

reperfirsion in 3H-inositol labelled hearts. Ins(1,4,5)P3 levels n 20 minutes

ischemic, I minute reperfirsed hearts showed endogenous Ins(1,4,5)P3 levels 235%

and lTlyo gteater than perfirsed controls in ventricles and atria respectively

(Mouton et al., 1992b). Atrial inositol phosphate values were two- to three-fold

that of the ventricles but the increases upon reperfrrsion were not significant

(Mouton et ø1., 1992b). Studies that do not use pure membrane preparations also

risk conflict from combining many subcellular organelles (SL, SR, mitochondria
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and nuclei) which may have distinct or unique phosphoinositide-Pl C pathways

that respond differentþ to ischemia and reperfusion.

5. ModiJícøtíon of the phospholþøse C reperfusíon-índuced response

PL C activation upon reperfrrsion seems to be ân cr1-Íìdrenoceptor-mediated,

Ca2*-dependent phenomenon. Many treatrnents can attenuate the PL C

reperfrrsion-induced response; they include agents that act at both the cr¡-

adrenoceptor and at the enzymatrc level. Recent studies indicate that cr,1-

adrenoceptor blockade by prazosin can attenuate the PL C reperfirsion-induced

response (Kawai et al., 1990; Mouton et al., I992a; Moraru et al., Ig94). As

discussed previousl¡ myocardial ischemia of greater than 10 minutes duration can

effect massive NE and adenosine accumulations in the interstitium. Myocardial

ø1-adrenoceptor responsiveness and numbers also increase during ischemia

(Butterfield and Chess-Williams, 1990; Corr et al., 1990). Preperfrrsion with

prazosin does not alter ischemic PL C activity or NE release (Mouton et al., I992a;

Schwertz and Halveson, 1992) but prevents the PL C-induced increase in DAG and

Ins(1,4,5)P3 levels upon reperfüsion (Kawai et al., 1990; Mouton et al., 1992a).

Prazosin preüeatrnent also attenuated the increased Ptdlns turnover upon

reperfusion as measured by 3H-inositol labelling (Mouton et al., I992a). However,

an earlier study by Otani indicated that reperfusion with prazosin and atropine did

not inhibit inositol phosphate accumulation upon reperñrsion (Otani et al., 1988c),
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but it was unclear whether the antagonists used were introduced during the

preischemic reperfirsion or upon reperfrrsion where they may have been

competitively inhibited by the endogenous NE accumulation.

Inositol phosphate turnover upon reperftrsion can also be attenuated by

phospholipase inhibitors such as mepacrine or neomycin. Several studies have

shown a decreased inositol phosphate production and attenuation of reperfüsion

related damage with mepacrine use (Chien et al., 1979). Das et al., (1986) found

that preperfusion with mepacrine restored PC, PE, Ptdlns and LPC levels back to

control values upon reperfrrsion, pÍeserved ATP and phosphocreatine levels and

reduced the creatine kinase (CK) release in to the perfusate. Later studies found

that reperfrrsion with mepacrine attenuated inositol phosphate production in the 30

min ischemic, 30 min reperfused rat heart (otani et al., 1988c), and that

preischemic perfusion prevented PC degradation, CK release and arachidonic acid

accumulation upon reperfrrsion (Otani et al., 19S9b). Although mepacrine is a

good inhibitor of PL C activity, this may not be its only effect as it also affects PL

4.2 and cyclooxygenase activity and prostaglandin production (Blackwell, 1978;

otani et al., 1986; Prasad et al., 1991). It is an amphipathic drug that directþ

interacts with the membrane and thereby alters membrane fluidity and permeability

(Prasad et a|.,1991). Neomycin, an antibiotic which binds Ptdlns(4,5)Pz (Otani et

dl., 1988a), has also been shown to attenuate reperfrrsion-induced damage by

inhibition of PL C activity. Neomycin prevents both the NE and reperfusion

induced increase in Ins(1,4,5)Pt production (Mouton et al., L99Ia), however, it is

6T



also known to complex Ins(1,4,5)P¡ an¿ ATP and therefore may artifactually lower

Ins(1,4,5)P3 measurements (Prentki et al., 19s6). Neomycin was also shown to

decrease many mechanical work and contractile parameters in the isolated heart

(Mouton et al., 1991a) and to have stimulatory effects on the Ptdlns kinase and

PtdIns4P kinase, inhibiting their effect on the SL Ca2* ATPase (Quist et a1.,1989b,

Missiaen et al., 19S9). To overcome these complications of phospholipase

inhibitors, some investigators have begun to raise antibodies to the phospholipases

Ae, Ptdlns-specific PL C and PC-specific PL C. A study by Prasad used antibodies

to PC-specific PL C in 30 min ischemic, 30 min reperfused rat hearts and found

that the anti-Pl C antibody prevented PC, Ptdlns, PS and PE degradation and the

increase in DAG upon reperfrrsion. The anti-Pl C antibodies were

bound/localized to the microsomal and cytosolic fractions but only the microsomal

PL C activity was inactivated by the anti-Pl C antibody during reperñrsion (Prasad

et ø1.,1991). A new study suggests that both phosphoinositide-Pl C, PC,PL C and

PL D activities contribute to the ischemia/reperfusion damage and that both

microsomal and cytosolic PL C activities are enhanced in ischemia/reperfusion

(Moraru et a|.,1994).

A third important mechanism of attenuating the reperfi.rsion-induced PL C

response is through control of the extracelluln Ci* concentration. Using low or

Ca2*-free buffers upon reperfrrsion has been shown to prevent reperfusion-induced

changes such as the decrease in PC, the increases in LPC and FFA and the release

of CK in the perfusate (otani et al., 1989b). Low Ca2* or C**-free reperfusion
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was also shown to attenuate the accumulation of inositol phosphates in 30 min

ischemic-3O min reperfirsed rat hearts (Otani et al., 1988c). Interestingly,

pretreatrnent with verapamil, a Ct* channel blocker, has no effect on pC

degradation or its metabolites, whereas trifluoperazine, a Ct*-calmodulin

antagonist, prevented reperfusion-induced damage (otani et al., 1989b). It is

thought that PL C-mediated reperfusion injury only occurs following a sufficientþ

long period of ischemia that total cellular C** content increases due to disruption

of the cell surface membrane (Schwertz et al., 1987b; Schwertz and Halveson,

1992). Thus, for a globally ischemic isolated perfused ratheart, an ischemic insult

of 30 to 40 min duration or longer is necessary to activate PL C activity upon

reperfusion (Schwertz et al., 1987b; Schwertz and Halveson, 1992). This will be

discussed in more detail in the following section.

6. Phospholípase C and Cø2* overloød in ischemia and reperfusíon

Increased innacellular c**, [ci.]r, is implicated in the mechanism of

ischemia reperñrsion-induced rnjury. The intracellular Ca2* concentration can

reach levels ten times greater than normal in both prolonged ischemia and early

reperfrrsion (Marban et al., 1994). This condition, known as Ca2* overload, is

associated with gross biochemical and ultrastructural changes. These changes

include mitochondrial damage including C** precipitation into dense granules,

swelling and subsequent derangement of energy production (Singal et al., 1986;
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Marban et al., 1994). Gross cellular changes include disruption of sarcomeres,

dilatation of T-tubules, swelling of SR cisternae, cellular edem4 myofilament

disruption, nuclear chromatin condensation and hypercontacture of the cell (Singal

et a1.,1986). Sa¡colemmal Na* K* ATPase activity, microsomal C** binding and

uptake, and C** ATPase activities also decrease in hearts subjected to prolonged

ischemia and/or reperfusion (Singal et a1.,1986; Dhalla et a1.,1983).

In the ischemic reperfused heart, disruption of C** homeostasis and

changes in PL C activity seem to coincide. While earlier studies suggested that

Ca2* influx during early ischemia is normal or even reduced (for review see Dhalla

et al., 1988), more recent studies have indicated otherwise. In the rat heart,

intracellular C** remains in the control range for the initial 5 or 6 minutes of

ischemia and then increases by at least 3 pM above the control level after nine to

ten minutes of ischemia (Steenbergen et al., L987). In the ferret heart, I(ihara et

ol., (1989) has observed a slight lCf.l, increase following 1 minute which was

increased substantially by three minutes of ischemia. This data suggest that the

increase in cytosolic free Cf* precedes that of plasma membrane structural

integrity loss. A 20 minute ischemic period in the rat heart also results in

contractile dysfrrnction upon reperfirsion that can be attenuated by inhibition of PL

C or SR Ci* release by neomycin and ryanodine, respectively (Mitchell et al.,

1993). These short periods of ischemia followed by reperfirsion are termed
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myocørdial stunning, a process characterized by transient, reversible mechanical

dysfunction.

Longer periods of ischemia followed by reperfrrsion result in gross

abnormalities in intracellular Ci* homeostasis. Prolonged ischemia in the ferret

heart results in [Ca2*]¡ that increases gradually following 15 minutes of ischemia

and reaches a peak of 10 times the level of the preischemic contol after 35 to 50

minutes. Five minutes of reperfrrsion results in a rapid decline; however, [Cat*],

increased thereafter and oscillated at arange higher than the control (Marban et al.,

1994). These excessive intracellular C** concentrations are characteristic of

ireversible ischemic i"j"ty and C** overload, in which disruption of intracellular

Ca2* homeostasis progresses upon reperfrrsion and leads to cell death. kreversible

ischemic i"j"ty in the rat heart is generally of 30 or more minutes duration and

coincides with activation of phosphoinositide-specific PL C upon reperfrrsion

(Schwertz et al., I987b; Otani et al., 1989b). Since phosphoinositide-specific PL

C activity is generally inhibited during ischemia (Schwertz et al., 1987b; Otan et

al., I988c) attd reperfusion potentiates cellular i"j"w and death, this suggests a

role for phosphoinositide-specific PL C activation in ischemia/reperfusion -j"w
and subsequent Ca2* overload.

The mechanism of phospholipase C action in Ci. overload, however, is not

yet clear. Schwertz et al., (1987b) have indicated that PL C activity in the crude

membrane fraction is decreased during ischemia; the magnitude of the decrease

dependent on the duration of ischemia. Reperfirsion-induced PL C activation only

65



occrured following an ischemic insult of 30 minutes or more, corresponding to

excessive intracellul ar C** load, rhythm and contractile dysfunctions and eventual

cellular necrosis (Schwertz et al., 1987b). Activation of phosphoinositide-specific

PL C activity results in PtdIns(4,5)P2 hydrolysis producing Ins(1,4,5)P3 and

diacylglycerol (DAG) as second messengers. Ins(1,4,5)P3 translocates to the SR

and stimulates SR C** release via the Ins(1,4,5)h receptor. DAG activates

protein kinase C which, in turn, phosphorylates proteins in the SL, SR and

myofilaments (Qu et al., 1992; Venema et ø1., 1993), increases exfiacellular Ct*

influx through SL Ca2* channels (Furukawa et ø1., L992; Liu et al., 1993), and

increases Na* Ca2* exchange due to increased lrla*-H* antiporter activity (Tator and

Mejicano, 1988; Mcleod and Harding, I99L; Kramer et al., L99L). The increased

intracellular Ci* may activate phosphatidylcholine-specific PL C or PL Aç

through nonreceptor-mediated mechanisms (Wolf and Gross, 1985). Increased

DAG and hence PA may in turn activate PL D (Otani et al., 1989b). Crosstalk

between PL C and PL A2 ma! contribute to the increased lysophospholipids,

palmitoylcarnitine and free fatty acids that accumulate upon reperfusion (Otani el

al., 1989b). Increased PL D activity may contribute to the massive breakdown of

PC, as discussed earlier, and subsequent accumulation of FFAs including

arachidonic acid and it's metabolites þrostaglandins and eicosanoids) which can

also attenuate cardiac frrnction (Otani et ø1., 1989b). Phospholipase-mediated

degradation of the plasma membrane or permeability changes could result in a
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massive Ca2* influx, further Ca2* overload, hyperconffacture and cell death (Otani

et a|.,1989b).

Evidence that phosphoinositide-specific PL C may mediate this reperfi.rsion-

induced i"jury comes from numerous studies indicating that neomycin, mepacrine

and C** free reperftrsion can attenuate both PL C activity and reperfusion-induced

damage (see previous section).

An interesting phenomenon related to ischemia/reperfrrsion is the Cd*

paradox mechanism. Ct* paradox is an experimental technique where a short

period of C** free perfusion followed by normal Ca2* reperfusion will result in

massive Ca2* overload, similar to what is seen during ischemia/reperfrrsion i"juty

(Majumder et al., 1992) and surgical procedures involving Ca2*-free cardioplegic

solutions (Ruigrok, 1935). Lrterestingly, perfirsed hearts subjected to the Ca2*

paradox protocol show enhanced membrane-bound phosphoinositide kinase and

PL C activities during the Ci* free perfusion which then normalize during the

subsequent Ca2*-buffered reperfrrsion (Persad et al., 1993). An increased cr-

adrenoceptor density during the reperfusion phase was also noticed (Majumder e/

al., 1992). PL C activation during Ca2* free perfrrsion may potentiate its role in the

subsequent Ca2* overload as indicated by the increased accumulation of inositol

phosphate metabolites during the reperfrrsion phase (Otani et al.,l989a).
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7. Role of proteín kinase C in ischemiø and reperfusíon ínjury

Diacylglycerol (DAG), the second messenger released by hydrolysis of

PtdIns(4,5)P2vraPL C, activates protein kinase C (PKC). PKC is thought, in turn,

to phosphorylate a number of membrane bound proteins, either enhancing or

inhibiting their action (for review see Hug and Sarre, L993). DAG production or

PKC may also influence the activity of other signal transduction pathways, namely

phospholipase D and adenylyl cyclase (for review see Asaoka et al., 1992).

Recent studies have indicated that ventricular DAG levels increase and

crude membrane bound PKC is activated during ischemia and reperfrrsion in both

rat and dog heart (Kawai et al., L990; Prasad and Jones, L992). Measurement of

DAG levels in the ischemic dog heart indicate a transient increase during early

ischemia that is markedly depressed following 30 minutes of ischemia. Upon 2

minutes reperfrrsion, DAG levels rapidly increased to L48o/o of control (Kawaí et

al., 1990). Preperfirsion with prazosin affenuated the changes, indicating that they

were mediated by the ø1-adrenoceptorJinked PL C pathway. In support of this,

DAG levels in the reperfrrsed arrhythmic hearts were higher than in the normally

paced reperfused ones, although prazosin did not block ventricular rhythm

abnormalities (Kaww et ø1.,1990). The sfudy suggests that PKC may be activated

in the ischemic heart, even with decreasing DAG levels following prolonged

ischemia.
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Measurements of PKC activity during ischemia and reperfusion support this

concept. Protein kinase C activity was increased l.8-fold in the crude membrane

fraction of the 30 minute ischemic ratheart, whereas cytosolic activity decreased

by 40% indicating an activation and translocation of PKC during ischemia (Prasad

and Jones, 1992). Enhanced PKC activity may contribute to ischemia reperfusion

in¡jury, Ca2* overload and arrhythmogenesis. PKC acting at the sarcolemm a may

phosphorylate L-type C** channels, the Na*-H* exchanger and the Ca2* transport

ATPase (Caroni and Caragoli, 1981; Kramer et al., l99I; Prasad and Jones, 1992;

Lia et al., 1993) leading to increased intracellular Ca2* levels. Inhibition of the

Na*-H* exchanger during ischemia and reperfusion was shown to enhance

myocardial recovery (Karmaz¡m, 1988). PKC activation has also been shown to

both increase Ca2* flux across the SR (Capogros sí et a\.,1990) and inhibit SR Ca2*

uptake (Rogers, 1990). These increased intracellular C** fluxes may contribute to

Ca2* overload upon reperfusion.

Protein kinase C activation during ischemia and reperfusion may influence

other srgnal transduction pathways as well. A recent study indicated that blockade

of PKC action during ischemia prevented adenyþl cyclase activation in the rat

heart (Sûasser et al., 1992). However, ø1-adrenoceptor blockade failed to prevent

either adenylyl cyclase activation or PKC membrane translocation during

prolonged ischemia (Strasser et al., L992). This is may indicate that the cr1-

adrenoceptors are uncoupled during ischemia or that PKC activation in ischemia

occurs through more than one pathway. DAG activated PKC has also been shown
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to stimulate phospholipase D activity (Moraru et al., 1992). Work in this

laboratory and others have shown that phospholipase D, ffi enz.qe that hydrolyses

PC to phosphatidic acid (PA) and choline, is activated upon ischemia/reperfusion

in the rat heart (Moraru et ø1., 1992; Dai, 1993). Several studies now suggest that

a substantial amount of DAG produced during ischemia and reperfusion may be

from PL D catalyzed breakdown of PC to PA and then to DAG (Moraru et al.,

1992). PA, in turn, has been shown to stimulate phosphoinositide-specific PL C

activity in a nonmyocardial cell lines (Moolenaar et al., 1986; Kroll et ø1., 1989;

Jackowski and Rock, 1989), as well as Na*-Ca2* exchange, Ct* release from the

SR and the SL Ca2* ATPase in myocytes (Limas, 1980; Dhalla et ol., 1982;

Philipson and Nishimoto, 1984; Carafoli, 1984; Shukla and Hanahan, 1984;

Puürey, 1986). As well, PA has now been shown to stimulate Ins(1,4,5)P3

production in cardiac myocytes (Kurz et a1.,1993)

8. Alpha¡-ødrenoceptors and the phosphoínosítíde pøthway ín arrhythmogenesís

Alphal-adrenoceptor numbers and responsiveness increase rapidly during

ischemia, as discussed previously. This increased density and effrcacy promotes

arrhythmogenesis upon reperñrsion, as numerous studies have shown a stong

norepinephrine Q.{E) effect in promoting arrhythmogenesis (Schomig et al., 1992;

Billman, 1994). As well, the potent anti-arhythmic effect of o1-adrenoceptor

blockade or NE uptakel inhibition upon reperfi,rsion has been demonstrated in

species as diverse as dog, cat, rat and guinea pig (Sheridan et al., 1980;
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Thandroyeî et ø1., 1983; Schwartz et al., 1985; Wilber et al., 1987). The increase

in ø1-adrenoceptor density and responsiveness are thought to be due to

accumulations of LPC and long chain acylcarnitines (LCACs) from ischemia-

induced activation of PL Aç and inhibition of B-oxidation respectively (Kawaguchi

and Yasuda, 1988; Schwertz and Halverson, L992). These metabolites have been

shown to influence the kinetics of transmembrane ion channels, modulate the

activities of membrane bound en4¿mes and to modi$r ligand-receptor coupling (for

review see Kurz et al., l99l; McHowat et ol., 1993). Particularly important

changes thought to be mediated by these membrane alterations include

modification of the AJike and inward rectif,rer K* channels (ten F;ick et al., 1992)

and the Na* C** exchanger (Zygmwú and Gibbons, 1991). Specific

electrophysiological changes induced by LPCs include suppression of all channel

conductances non-specifically, depolanzation of V,, â decrease in Irr and I¡ç K*

currents (Clarkson and ten Eick, 1983). Palmitoylcarnitine, a long chain

acylcarnitine has been shown to decrease ventricular action potentials, decrease V,

and to produce delayed after depolarizations in nonischemic guinea pig papillary

muscle (Sakata et al., 1989). A direct relationship exists between LPC levels and

the severity of arrhythmias in the isolated rat heart (McHowat et al., 1993).

Particularly important changes thought to be mediated by o1-adrenoceptor

stimulation during ischemia and reperfrrsion include alterations in the ionic

currents across the plasma membrane. Four separate K* currents are reduced by

ø1-adrenoceptor activation: i) Iro, the transient outward current, ii) Iya,, in the rat
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iii) Is, the inward rectifier arrd iv) Ixecn in the atria (for review see Fedida, L993a).

Under normal conditions, o1-adrenoceptor activation leads to a prolongation of the

action potential (Fedida, I993a; Fedida et al., 1993b), however under pathological

conditions such as ischemia/reperfusion the increased Ca2* enty may contribute to

arrhythmias including triggered rhythms and delayed afterdepolarizations (Corr e/

al., 1990; Kurz et a1.,1991). Stimulation of protein kinase C upon reperfrrsion can

also increase the ]Cu'*frload through phosphorylation of L-type Ca2* channels and

stimulation of the Na*-H* antiporter which then affects Na*-Ca2* exchange activity

(Ikeda et al., 1988; Kurz et al., 1991). Alphal-adrenoceptor stimulation during

ischemia/reperfüsion also promotes abnormal automaticity in Purkinje fibers

(Anyukhovsþ er al., 1994) that include both lengthening and shortening of the

action potential (ten Eick et al., 1992). However in canine Purkinje fibers the a¡-

adrenoceptor subtype responsible seems to be linked to PL C through a PTX-

sensitive G protein in confrast to the PL C-linked PTX-insensitive G protein

pathway found in myocytes (Anyukhovsþ et al., 1994).

Phospholipase C activation may also have arrhythmogenic effects during

ischemia and reperfusion. The Na*-Ca2* exchanger is enhanced and ATP-

dependent Ca2* uptake is depressed in normal canine sarcolemma preparations

pretreated with PL C (Pierce and Panagia, 1989). This may affect the ion

exchange in ischemic conditions where PL C activity is depressed. Guinea pig

papillary muscle incubation with exogenous PL C lead to decreased action

potential duration, DADs, triggered activity and C** overload (Hayaski et al.,
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1993). Other studies indicate that PL C can change the ionic permeability in

cultured rat heart and cause lysis of cultured myocytes while PL A2 treatrnent did

not (Langer et al., 1981; Higgins et al., 1981). Exogenous PL C treatrnent of

isolated canine Purkinje fibers was shown to increase automaticity through

intracellular Ins(1,4,5)P3 release, while L2-O-tetradecanoylphorbol-13-acetate

(TPA), PL A2, PL D, PA or treaftnent with various inositol phosphates did not

effect a change (Viamonte et a1.,1990).

9. Final consíderatíons

Several investigations have indicated a possible role for cr1-adrenoceptor-

mediated phosphoinositide turnover in reperfusion-induced rnjury and subsequent

events including arrhythmogenesis and C** overload of the heart. As a

consequence, this study attempted to elucidate the changes in the heart

sarcolemmal phosphoinositide kinases and phosphoinositide-specific

phospholipase C enzynes dwing ischemia and upon reperfusion. Both the

phosphoinositide synthesis via the kinases' actions and the hydroþic activity of

phospholipase C were therefore examined to look at the functional state of the

phosphoinositide signalling pathway during ischemia and reperfusion. While

previous studies had examined phosphoinositide levels and production of inositol

phosphates in vivo (otani et al., 1988c; Mouton et al., r992a), there have been

only two reports on sarcolemmal PtdIns4P and PtdIns(4,5)P2 changes during

ischemia/reperfrrsion (Otani et a1.,1988c; Mouton et a|.,1991b). In addition, little
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in vitro evidence exists concerning phosphoinositide-specific phospholipase C

hydroþic activity during ischemia/reperfusion (Schwertz and Halverson, lg92)

and no studies have as yet examined the function of the phosphoinositide kinases.

Consequentþ, this investigation was undertaken to examine the enzymes' function

in both the sarcolemma and the cytosol (where appropriate) in a comprehensive

study of ischemia and reperfusion.

74



IIL MATERIALS AND METHODS

A. MATERIALS

[Gamma-32f1 etf (specific activity of 10 Cilmmole) and 3H-PtdIns (4,5)P2

[inositol-2-'H(N)]-(S .45 Ctlmmole) were purchased from DuPont Canada Inc./],lew

England Nuclear (Mississauga, Ont., Canada). Alamethicin, sodium cholate and

unlabelled adenosine trisphosphate were purchased from Sigma Chemical Co. (St.

Louis, MO, USA). Nonlabelled Ptdlns (4,5)P2 was purchased initially from Sigma

Chemical Co. and then at alater date from Calbiochem Co. (La Jolla, CA, USA).

HP-KF silica gel high performance thin layer (200 ¡rm) chromatography plates

were purchased from'Whatrnan Lrternational Ltd. (Clifton, NJ, USA). Dowex 1X8

(formate form, 100-200 mesh) was obtained from BioRad Labs. (Mississauga, Ont.

Canada). Kodak X-Omat-R X-ray films and Dupont Cronex intensifying screen

were purchased from Picker Lrternational (Highfand Hts., OH, USA).

CytoScintrMEs* is a product of ICIrI Biomedicals Inc. (Mississauga, Ont., Canada).

All other reagents were of anaþical grade or of the highest grade available.
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B. METHODS

1. Glob øl Nor moth ermíc Isch emía-Rep erfusion Mo del

Male sprague-Dawley rats weighing 250-300 g were sacrificed by

decapitation. The hearts were quickly excised and immersed in ice-cold 0.9 %

physiological saline. The heart was immediately mounted onto an aortic

polyethylene cannula and cleared of atrial, fat and connective tissues. Perfusion

was carried out retrogradely according to the Langendorff procedure (Langendorft

1895) in a closed chamber at 37"C, with modified Krebs-Henseleit (K-H) buffer

containing 120 mM NaCl, 25 rnNI NaHCO3, 4.8 mM KCI, l.Z mM KH2POa, 1.25

mM Mgcb, r.25 ntMrcacb and 8.6 mM glucose, p}l7.4. The K-H buffer was

saturated with 95o/o 02, syo CO2 gas mixture vta a glass aerator (Gupta et al.,

1988). Coronary flow was maintained at a constant 10 mVmin with a Masterflex

pump (Cole-Parmer Instrument Co., Chicago, IL, USA). This flow was monitored

dwing different time intervals by timed collection of the coronary efÍluent. The

hearts were electrically paced at 240 pulses/min using stainless steel bipolar

electrodes placed at or close to the AV node with 1 msec pulses at 4 Hz and a

voltage of 10 o/o above threshold. After 15 minutes of stabilízatton (nonstablized

preparations were discarded), the hearts \Ã/ere subjected to one of the following

protocols: (l) perfirsion was continued (perfused control); (il) the heart was made

globally normothermic ischemic by stopping the flow of per sate for 10, 20, 30 or
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60 min (ischemia) or (lll) perfirsion was reestablished for 1, 5 min, following a l0

and20 min ischemic period; or reestablished for 1, 5, 10, 30, 45,60 min following

a 30 or 60 min period of ischemia, respectively (reperfusion). After each of these

protocols, hearts were removed from the perfusion apparafus, aorta and large

vessels were trimmed, the ventricular tissue was weighed, and immediately

immersed in an ice-cold 0.6 M sucrose 10 mM imidazole solution. Hearts were

collected and processed together in groups of two to three, therefore there was an

average 15 minutes time between collection of the fust and last heart in a group.

Collected groups were immediately processed for the isolation of enriched

sarcolemmal membranes by the method of Pitts as described below (Pitts, I97g).

2. Isolatíon of sarcolemmal Membranes and cytosolíc Fractíons

All isolation procedures were carried out at 4 oC. Ventricular tissue from 2

to 3 pooled hearts (5 ml buffer/ g tissue) was finely minced by hand in a 0.6 M

sucrose 10 mM imidazole, pH 7.0, solution. The original solution was aspirated to

remove excess blood and the pieces were resuspended in an equal volume of

sucrose-imidazole. The pieces were homogenized with a Polytron PT 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 500 pl aliquot was centrifuged at 100 000 g for 60 min in

a Beckman TL-100 Ulnacentrifuge to remove any membrane fractions. The
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resulting cytosolic fraction was divided, frozen in liquid nitrogen and stored at

-70"C until later use. The remaining supernatant was diluted with 140 mM KCl,

20 mM 3-(N-morpholino)-propanesulfonic acid (MOPS), pH 7.4 (5 ml buffer/ g

tissue) and centrifuged at 100 000 g for 60 min. The resulting pellet was then

resuspended in 140 mM KCl, 20 mM MOPS, pH 7.4, and layered over a 30Yo

sucrose solution containing 0.3 M KCl, 50 mM Na¿PO¿Oz and 0.1 M Tris-HCl, pH

8.3. After centrifugation at 100 000 g for 90 min in a Beckman swinging bucket

rotor (S\M-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, 10 mM

histidine, pH 7.4 (225 ¡ú / g tissue). This sarcolemmal enriched fraction was

divided into aliquots, frozen in liquid nitrogen and stored at -70 oC until later use.

The purity of the sarcolemmal membrane prepared by this method has been

previously assayed for ouabain-sensitive potassium paranitrophenylphosphatase

(K*pNPPase) activity and showed an identical enrichment factor versus

homogenate for confols and ischemic-reperfused hearts (Dai, 1993).
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3. Pitdlns Kínase ønd hdlns4P Kínøse Assøy

Ptdlns kinase and PtdIns4P kinase activities were assayed as described

elsewhere (Mesaeli et al., 1992). The assay was initiated by preincubating 30 pg

SL protein for 30 min at 30 oC in 100 ¡rl (final volume) of 40 mM HEPES-Tris, pH

7.4, 5 mM MgCl2,2 n,NI EGTA, 1 mM dithiothreitol and 30 pg alamethicin. The

phosphorylation of endogenous Ptdlns and PtdIns4P was started by the addition of

¡y-32eJ-AtP in a final concentration of 1 mM (0.16 Cilmmol). The reaction was

terminated after 1 min by adding 2 ml of ice-cold methanol: 13 N HCI (100:l v/v),

and vortexing for 10 seconds. For poþhosphoinositide extraction, 1 ml of 2.5 N

HCI and 2 mI of chloroform were added. The tubes were vortexed for 2 min and

centrifuged at 1000 g for l0 min. Then, the aqueous phase was discarded and the

chloroform phase was washed with 2 mI of chloroform: methanol: 0.6 N HCI

(3: 48: 47 vlvlv). After a second vortexing and centrifugation step, the final

chloroform phase was removed and an aliquot was evaporated to dryness under a

niftogen stream. The residue \ryas immediately redissoved in 100 pl of chloroform:

methanol: water (75: 25 2 vlv/v) and quantitatively applied under a light nitrogen

stream to high performance silica gel thin layer plates (200 pm thick) that had been

previously impregnated with 1%o potassium oxalate in methanol: water (2:3 vlv)

and activated at 110"C for at least one hour and usually overnight. The test tubes

were then washed once with 30 pl of chloroform: methanol: water (75: 25 2 vlvlv)
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and this washing was again applied to the plate. The chromatogram was developed

at room temperature in a solvent system containing chloroform: acetone:

metlranol: glacial acetic acid: water (40: 15: L3: L2:8 rrlÐ, as described by Jolles et

ø1., (1981). After the solvent front had migrated for approximately 13 cm, the

plates were air dried at room temperature. The 32P-labelled phospholipid spots

were visualized by overnight autoradiography using X-Omat-R X-ray films and

Dupont Cornex intensi$ring screen. Phosphoinositide species were identified in

accordance with the methods of previous workers (Mesaeli et al., L992). PtdIns4P

and Ptdkrs(4,5)P2 were scraped f¡om the plates, and the radioactivity associated

with each spot was determined by scintillation counting. Blanks were carried out

under identical conditions except that the membrane proteins were added after

terminating the reaction.

In some experiments exogenous PtdIns4P was added to study the PtdIns4P

kinase activity separately. The exogenous Ptdlns4p was prepared by

ultrasonication in a water sonicator (Branson 1200 sonicator) for 30 min and

thereafter added to the assay mixture before the preincubation at a final

concentration of 25 pM.
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4. Phosphoínosítide Specìfíc Phospholþase C Assøy

Phospholipase C (PL C) activity was assayed as described elsewhere (Merj

and Panagia, 1992). substrate was prepared by mi*iog an aliquot of [3u-]

PtdIns(4,5)P2,with an aliquot from the stock solution (in chloroform) of the cold

substrate. The mixture was evaporated to dryness under a stream of Nz and

redissolved in 10 o/o Na-cholate (w/v) (232 tnNl). The substrate solution was kept

under Nz gas overnight at 0-4"C and was diluted to 160 pM subsf ate/l|2 mM Na-

cholate shortly before use. An aliquot was taken to determine the specific activity.

The PL c assay mixture contained 30 mM HEpES-Tris (pH 7.0), 100 mM

NaCl, 2rnNI EGTA, 3.13 mM CaCb (ffree Ct*1:1 mM), t5 pg SL protein, 14

mM Na-cholate atd20 pVt fH-ptdlns(4,5)P2 (400-500 dpm/pl) in a final volume

of 40 pl. The samples were incubated at 37"C for 2.5 min and the reaction was

terminated by the addition of 144 pl ice-cold chloroform: methanol: HCI (l: 2: 0.2

vþ to each sample. Free calcium concentrations were determined with the

computer program developed by Fabiato (1988). Blanks were carried out under

identical conditions except that SL membranes were added after stopping the

reaction. Phases were separated by adding 48 pl of 2 M KCI and 48 pl chloroform

(Jackowski et ø1., 1986). After 
^i*irg for 30 sec and 5 min centrifugation

(Hereaus Sepatech Contifuge 28 RS) the upper phase was aspirated and applied to

400 ¡rl column of Dowex 1X8 (formate form, L00-200 mesh). The columns were
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rinsed with 0.75 ml of water, then the inositol phosphates were eluted (Berridge el

al., 1985) in gradient steps consisting of 1 ml of each of 5 mM sodium tetraborate

in 30 mM sodium formate (to elute Ins), 0.2 M ammonium formate in 0.1 M

formic acid (InslP),0.4 M ammonium formate in 0.1 M formic acid (krs(l ,4)pr),

and finally I M ammonium formate in 0.1 M formic acid (Ins(L,4,5)h). The

radioactivity in each elutant \Mas quantitated by liquid scintillation counting

(Beckman LS 1701) in 10 volumes of CytoScintrMEs..

5. Proteín Determínøtíon

Membrane proteins were determined according to Lowry et al., (1951),

using bovine serum albumin (fraction V) as a standard.

6. Statistícs

All of the experiments were carried out by triplicate or quadruplicate

determinations, unless otherwise indicated. Results are presented as mean + SEM.

Statistical analysis was done using the One-way Analysis of Variance (ANOVA),

followed by the Student-Newman-Keuls Multiple Comparisons Test if the

variation among column means was significant according to ANOVA. A value of

P < 0.05 was considered to be significant.
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fV. RBSULTS

Both phosphoinositide (PI) kinase activities were assayed in purified

sarcolemma preparations isolated from rat heart ventricles by the method of Pitts

(1979). The purity of this preparation was ascertained by previous workers in our

laboratory. Various studies have indicated the presence of phosphoinositide

kinases in various cardiac subcellular fractions, including sarcolemma,

sarcoplasmic reticulum (longitudinal and junctional), at d mitochondria of dog and

rabbit (Quist et al., 1989b; \Molf, 1990). As well, Quist et al., (1989b) measured

phosphoinositide kinase activities in the cardiac cytosolic fraction that were

dependent on the presence of exogenous Ptdlns and the detergent Triton X-100,

but whether this is a true localizatton of the en4¿mes, proteoþic fragments or due

to membrane contamination was not clear. The studies to date indicate that the

vast majority of cardiac phosphoinositide kinase activity is localized to the

sarcolemma (Quist et al.,l989b; Wolf, 1990), therefore this is where we measured

the ischemia reperfüsion-induced changes in phosphoinositide kinase activities.
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A. Pttdlns kínøse actívíty and PtdIns4P productíon ín íschemíø ønd reperfusíon

Ptdlns kinase is the first kinase in the phosphorylation sequence Ptdlns +

PtdIns4P + PtdIns(4,5)P2, phosphorylating Ptdlns at the D4 position on the

inositol ring to yield Ptdkrs4P, as previously discussed.

In perfused controls, ttris enzyrne activity declined with increasing time in

the early perfrrsion protocols (Ftcunes I to 3). Ischemia and reperfrrsion induced a

biphasic response in Ptdlns kinase. Ischemia enhanced Ptdlns kinase activity

above control values. The magnitude of the increase \Ã¡as dependent on the

duration of ischemia as illusfrated in Ftcunns L b 4 and summanzed in Ta¡lg 1.

A slight, nonsignificant increment was noted in PtdIns4P production following 10

minutes ischemia (Ftcunn 1). This increase became signifrcant followng 20

minutes ischemia (Ftcunr 2) and peaked following 30 minutes of ischemia at

I50o/o of control (Ftcunn 3). By 60 minutes of ischemia, Ptdlns kinase activity

was still significantþ elevated above control levels (Flcunr 4).

One minute reperfusion induced an immediate and statistically significant

(from the ischemic increase) dowrnegulation of PtdIns4P production. On the

other hand, Ptdlns kinase activity showed a consistent, non-signifrcant decline as

compared to control values in all the ischemic protocols (Frcunrs 1 to 4).

Five minutes of post-ischemic reperfusion produced duration-dependent

changes in Ptdlns kinase activity which became normal, increased slightþ or

significantly above control levels following 10, 20 or 30 minutes ischemia,
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Tnnln 1. Percent changes of sarcolemmal Ptdlns4p and ptdlns(4,5)p2
production in different ischemia/reperfusion conditions

Ptdlns Kinase PtdIns4P Kinase

Experimental
Conditions

Ptdlns 4P
(% of control)

Ptdlns(4,5)P2
(% of control)

25'control
10'ischemia
10'I+ I'R
10' I + 5'R

35'contol
20'ischemia

20'I+ l',R
20'I+5',R

45'control
30'ischemia

30'I+ I'R
30'I+5'R

75'control
60'ischemia
60'I+ I'R
60'I+5'R

100.0 + 8.0

111.6 + 5.0

81.5 + 2.1 #
98.8 + 3.3

100.0 + 5.8

r37.1+ 9.4

89.4 + 3.7

1L2.9 + 7.2

100.0 + I0.7
r49.6 + 9.9 t
85.1+ 1.6 #

128.4 + 9.4 *

100.0 + 7.8

138.3 + 5.3

86.6 + 9.7
142.5 + 21.2

100.0 + 10.5

116.1 + 5.5

77.7 + O.l #
122.9 + 14.8

100.0 + 8.8

131.0 + 11.6 *
82.9 + 6.8 #

143.6 + 7.5 *

100.0 + I2.l
145.8 + 4.9 *
92.4 + 2.4 #

132.4 + 7.3 *

100.0 !6.9
96.6 + 5.2
76.6 + I5.4

121.4 + 26.t

*
#
u

Results are the means + SEM of three to four experiments in triplicate.
Sarcolemmal membranes were preincubated in 40 mM HEPES, 1 mM DTT, 5 mM
MgCl2, 2 mM EGTA and 30 ¡rg alamethicin. The phosphoinositide (PI) kinase
assay was initiated by the addition of 1 mlrt ¡32f1 ATP as described ' "MATERTALS
Al'{D METHODS." The reaction was terminated after I minute. The PtdIns4P kinase
activity was assayed in the presence of 25 ¡tMPtdIns4P.* significantly (P < 0.05) different from the respective control value.
# Significantþ (P < 0.05) different from the corïesponding ischemic value.



W Phosphatidylinositol 4-phosphate

N Phosphatidylinosit ol 4,5- bisphosphate

10'ischemia I'reperfusion 5'reperfusion

Frcunn 1. sarcolemmal phosphatidylinositol kinase and
phosphatidylinositol{P kinase activities after ischemia (10') and
postischemic reperfrrsion (1' and 5') of the Langendorffrat heart.

Values are the means t SEM of at least three to four experiments,
carried out in triplicate and are expressed as nmole . min-l . mg protein l.

Phosphatidylinositol4P kinase was assayed in the presence of 25 pM
exogenous phosphatidylinositol 4-phosphate, as indicated in "MATERIALS
eNo N{¡rgoDS". Internal controls were perfused for a period corresponding
to the time of stabilization plus that of the ischemic interval.
# Significantly (P < 0.05) different from the correspondent ischemic value.

1.5
I

()
o
a
boÈ- 1.0

É
I

c¡ 0.5
o

Control
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N Ptdlns(4,5)Pz

-I

C)

o
¡-(a
äoÉ- 1.0

I

Þ<

a

c¡ 0.5
o

Control 20'ischemia I'reperfusion 5'reperfusion

FfCUnn 2. Sarcolemmal phosphatidylinositol kinase
phosphatidylinositol4P kinase activities after ischemia Q0')
postischemic reperfusion (1' and 5') of the Langendorffrat heart.

Values are the means t SEM of at least three to four experiments,
carried out in triplicate. Other details are as in the legend of Flcunp 1.* Significantty (P < 0.05) different from the respective control.
# Significantly e < 0.05) different from the correspondent ischemic value.
PtdIns4P : phosphatidylinositol 4-phosphate
Ptdlns(4, 5 )P, : pho sphatidylino sitol 4, 5 -bispho sphate

and

and
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respectively (Ftcunrs I to 3, TAnIB 1). The cataþic rate of the enzyme was

I42o/o of that of controls in the 60 minute ischemic - 5 minute reperfirsed hearts,

but this change was not statistically significant because of the large SEM (Frcune

4).

B. hdlns4P kínase actívity ønd hdlns(4,S)P2 production ín íschemía and

reperfusion

PtdIns4P kinase, the second enz¡¿me in the phosphoinositide cycle,

phosphorylates PtdIns4P at the D5 position on the inositol ring to yield

PtdIns(4,5)P2; this is the preferred substrate of agonist-stimulated phospholipase C.

Ischemia induced a biphasic response in PtdIns4P kinase activity, the magnitude of

which was dependent on the duration of the ischemic insult. PtdIns4P kinase

behaviow paralleled that of the first kinase during the early time points of

ischemia. Ptdlns(4,5)P2 production showed a slight, nonsignificant increase

following 10 minutes ischemia (Ftcunr 1). This increase became significant

following 20 minutes ischemia (Ftcunn 2) and peaked following 30 minutes of

ischemia (146% of control, Ftcune 3). However, unlike Ptdlns kinase, PtdIns4P

kinase activity returned to the control level after 60 minutes of ischemia (Frcunn

4).

One minute reperfision after 10 minutes of ischemia caused PtdIns4P

kinase activity to decline to 78o/o of control. Progressive normalizatton occurred in

20 and 30 minute ischemia protocols, with a fuither depression at 1 minute
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N Prdlns(4,5)Pz

Control

I

-!l rnb
a
Þo

a

H
I

Þ 0.5
a

C)

o

ffi PtdIns4P

30'ischemia I'reperfusion 5'reperfusion

FfCUnn 3. Sarcolemmal phosphatidylinositol kinase
phosphatidylinositol4P kinase activities after ischemia (30')
postischemic reperfusion (1' and 5') of the Langendorffratheart.

Values are the means + SEM of at least three to four experiments,
carried out in triplicate. Other details are as in the legend of Frcunr l.* Significantly € < 0.05) different from the respective control.
# Significantþ (P < 0.05) difiterent from the correspondent ischemic value.
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N Ptdlns(4,5)Pz

Control

I

C)

o

äo

o

f

c)
o

ffi PtdIns4P

60'ischemia I'reperfusion 5'reperfusion

Frcunn 4. sarcolemmal phosphatidylinositol kinase
phosphatidylinositol4P kinase activities after ischemia (60')
postischemic reperfusion (1' and 5') of the Langendorffrat heart.

Values are the means + SEM of at least three to four experiments,
carried out in triplicate. Other details are as in the legend of Frcunr l.* Significantty G < 0.05) different from the respective control.
# Significantly e < 0.05) different from the correspondent ischemic value.

1.0

0.5

and

and
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reperflrsion after 60 minutes ischemia (Tanre 1). This was slightly different

behaviour than that of the frst kinase which showed a uniform L5%o decrease upon

1 minute reperfusion irregardless of the duration of ischemia.

Activation of PtdIns4P kjnase upon 5 minutes reperfusion required less of

an ischemic insult than the Ptdlns kinase. PtdIns4P kinase activity was increased

following a 10 minute ischemic period (Ftcune 1) and peaked at 143Yo of conftol

after 20 minutes of ischemia (Ftcunn 2). The en-4¡me activity was still

significantly greater than control following 30 minutes ischemia (Flcunn 3), while

in the 5 minute reperfused-6O minute ischemic heart, PtdIns4P kinase activity was

above control without being statistically significant due to the large standard error

of the 5 minute reperfrrsed results (Frcunr 4).

To summarize, it appears that the greatest ischemia-induced changes in the

phosphoinositide kinase behaviour occurred following 30 minutes of ischemia

(Tanlr 1). While Ptdlns kinase and PtdIns4P kinase activities were similarly

affected by ischemia and short periods of reperfirsion, they were somewhat

differentially regulated upon 5 minutes reperfirsion dependent on the duration of

the ischemic insult.
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C. Sarcolemmal phosphoinosítide-specíJic PL C chønges in íschemía ønd

reperfusíon

Sarcolemmal phospholipase C (PL C) is a receptor activated, G protein

linked phospholipase that catalyses the hydrolysis of Ptdlns (4,5)P2 to yield

Ins(1,4,5)P3 and sn-L,2-diacylglycerol (DAG). These second messengers, in turn,

activate a number of intracellular events that include SR Ca2* release and protein

kinase C activation, as previously reviewed in the LlrrRerunr rtEVIEw.

The effect of ischemia and reperfusion on cardiac PL C activity was studied

in sarcolemmal and cytosolic fractions purified from the ventricles of Langendorff

perñrsed rat hearts. Nonworking, retrogradely perfused Langendorff rat hearts

were subjected to various times of ischemia (10, 20, 30 and 60 min) followed by

reperfusion (1, 5, 10, 30, 45 and 60 min) It should be noted that the shortest

periods of ischemia (10 and 20 min) were only reperfrrsed for 1 and 5 min.

Changes in phosphoinositide metabolism, when occurring, were expected to

conrmence at the above early reperfusion times (Otani et al., 1988c; Schwertz and

Halverson,1992; Huisamen et al., 1994a). Since we didnot detect alterations of

PL C activity at 1 and 5 minutes of reperfusion following 10 and 20 minute

ischemia, prolonged reperfusion intervals were not investigated after these

ischemic periods.

TABLE 2 shows the effect of 10 minutes ischemia and I and 5 minutes

reperfrrsion on SL Ptdlns(4,5)P2-specific PL C activity. Total inositol phosphate

production, designated InsPo showed a significant decrease (16%) from the control
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TABLE 2. Effect of ischemia (10') and reperfusion
production of different inositol phosphate species
phosphoinositide-specific phospholipase C.

(1' and 5') on the
by sarcolemmal

Inositol Phosphate Species

InsP InsP2

(nmole 'min -1

InsP3

' mg protein -1)

Ins&

Control 0.041 + 0.006 1.095 + 0.070 8.511 + 0.075 9.647 + 0.178

10'I 0.039 + 0.010 1.056 + 0.153 7 .051 + 0.394 8.146 + 0.264 x

10' I+ 1' R 0.041 +0.012 1.038 +0.224 8.487+0.530 9.566+0.307 #

10' I + 5' R 0.038 + 0.019 I.201+ 0.27L 8.258 + 0.504 g.4gB + 0.433 #

Phospholipase C (PL C) activity in sarcolemmal membranes f¡om each group was
assayed under standard conditions as described in "MATERIALS AND MntgoDs" in
the presence of 20 pM [3H]-Ptdkrs(4,5)P2for 2.5 min at 37 "C. values are means
+ SEM of inositol phosphate formation in at least three to four experiments in
quadruplicate. Control hearts were perfirsed for a period conesponding to the time
of stabilization plus that of the ischemic interval.
InsP : inositol l-phosphate
InsP2 : inositol l,4-bisphosphate

Ins&: total inositol phosphates
I: ischemia

InsP¡ : inositol 1,4,5-trisphosphate R: reperfrrsion
* Significantly (P< 0.05) different from the respective control.
# Significantþ (P< 0.05) different from the corresponding ischemic value.
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Tanr,n s. Effect of ischemia (20') and reperfusion (r.' and 5') on the
production of different inositol phosphate species by sarcolemmal
phosphoinositide-specific phospholipase C.

Inositol Phosphate Species

InsP InsP2 InsP3 hs&

(nmole ' min -1 ' mB protein -1)

Control 0.094 + 0.045 0.713 + 0.055 8.249 + 0.094 9.056 + 0.480

20'r 0.030 + 0.005 0.704 + 0.086 6.0t4 + 0.118 * 6.748 + 0.1r9 x

20'r+ 1'R 0.031+0.003 0.790 +0.066 7.724+0.156# 8.545 +0.143#

20' r+ 5' R 0.021+ 0.006 0.633 + 0.0L2 7.565 + 0.671# 8.219 + 0.688 #

Values are means + SEM of inositol phosphate formation in at least three to four
experiments in quadruplicate. Other details are as in T¡¡lp 2.
* Significantly (P< 0.05) different from the respective control.
# Significantly (P< 0.05) different from the corresponding ischemic value.
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value following 10 min ischemia. Reperfusion of 1 and 5 minutes showed a

significant increase in InsP* formation over ischemic values that reached the

previous control values. Examination of the individual inositol phosphate species

showed that Ins(l,4,5)h was the primary product of Ptdkrs(4,s)p2 hydrolysis in

both control and experimental groups.

The effect of 20 minutes ischemia is shown in Ta¡rB 3. Twenty minutes

ischemia induced a greater inactivation of PL C (27% decrease) as indicated by

both krs(l,4,5)P3 and total Ins& formation. Short periods of reperfusion again

restored both Ins(l,4,5)P3 and InsP" formation to the coffesponding controls.

FlcunB 5 shows the total krs& production by SL PL C as a result of 30

minutes of ischemia and different reperfrrsion times. Tagrp 4 shows the

breakdown of total inositol phosphates into the individual species. While there are

significant changes in Ins(1,4,5)P3 production, there a.re no significant differences

in Ins(1,4)P2 and InsPl levels. In particular, PL C-catalyzed Ins(1,4,5)P3 formation

was again signifrcantly depressed during ischemia, the magnitude of the depression

being similar to the 20 minute ischemic value (Tarr,e 4). Reperfusion induced an

immediate upregulation of PL C activity; by 1 minute reperfìrsion, Ins(l,4,5)fu and

kts& production reached I20o/o arrd I23o/o of control, respectively. This increase

was maintained by 5 minutes reperf.rsion, Ins(l ,4,5)P3 and InsP* being I24%o and

L3lyo of the respective control values (Tenlr 4, Ftcunn 5). Downregulation of PL

C was observed after 10 minutes of reperfrsion when Ins(1,4,5)P3 production was
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TAnf.n ¿. Effect of ischemia (30') and reperfusion
production of different inositol phosphate species
phosphoinosifide-specific phospholipase C.

(1' and 5') on the
by sarcolemmal

Inositol Phosphate Species

InsP2 InsP3

(nmole . min -1 . mg protein -1)

Confrol

30'I

30' I + l',R

30'I+5',R

30'I+ 10'R

30' I + 30'R

30'I+45'R

30'I+60'R

0.055 + 0.019

0.024 + 0.011

0.049 + 0.005

0.072 + 0.042

0.013 + 0.013

0.008 + 0.004

0.026 + 0.007

0.017 + 0.005

L23t + 0.280

r.512 + 0.446

0.861 + 0.208

0.99t + 0.110

1.150 + 0.069

1.165 + 0.240

9.135+0.398*#

9.505+1.124{-#

5.233 + 0.725 *

6.018 + 1.179

6.899 !0.446

6.566 + 0.596

0.854 + 0.106 7.636 + 0.t20

0.697 + 0.120 5.334 + 0.279 ,r

Values are means + SEM of individual inositol phosphates' formation in at least
three to four experiments in quadruplicate. Other details ¿re as in Tegr¡ 2.
* Signifrcantly (P< 0.05) different from the respective control.
# Signifrcantþ (P< 0.05) different from the coffesponding ischemic value.
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FfCUnn 5. Depression of rat heart sarcolemmal phospholipase C activity
during 30 min global ischemia and subsequent increase upon reperfusion.

The results are means + SEM of three to twelve sarcolemmal
membrane preparations isolated from Langendorff rat hearts after 45 min of
normal perfrrsion (conhols O), 30 min global ischemia ([J), or 30 min global
ischemia and different time periods of reperfusion (r). SL membranes were
incubated in 40 mM IIEPES, 5 mM CaCb, I mM NaCl, 1 mM EGTA, pH
7 .4,1îthe presence of 112 mM sodium cholate and 20 pM fril-ptdlns(4,5)p2
for 2.5 min at 37 "C. The PL C specific activity is expressed as nmoles of
total inositol phosphates (InsP) produced . min-l . mg protein I.

* Significantly (P < 0.05) different from the respective control value.
# Significantly (P < 0.05) dif[erent from the correspondent ischemic value.

30 min ischemia
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significantþ depressed (68% of control values) being equivalent to that detected

during the 30 minute ischemic period (Tanlr 4). Reperfusion times greater than

10 minutes showed a gradual trend of PL C activity back to control values,

although 45 minutes of reperfusion yielde d 90% of the control activity (TABLE 4).

In contrast to the reperfusion-induced increase in PL C activity following 30

minutes ischemia, reperÂrsion following 60 minutes of ischemia aggravated the

ischemic-induced depression of the enz.qe (Tanr,n 5, FIcuRE 6). As illustrated

by Ftcunn 6, 60 minutes of ischemia resulted in a signifrcant PL C decrease. The

activity declined further after I minute of reperfrrsion and then showed a modest

recovery until the 30 minute time point whereupon it began to decline again.

TanrB 5 indicates the breakdown of total InsP* production into the various species.

The only significant alterations occurred in Ins(1,4,5)P3 production and were

similar to those in total inositol phosphates as illustrated in FIcuRE 6.
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TAnf-n S. Effect of ischemia (60') and reperfusion
production of different inositol phosphate species
phosphoinositide-specific phospholipase C.

(1' and 5') on the
by sarcolemmal

Inositol Phosphate Species

InsP2

(nmole ' min -1 . mg protein -1)

InsP3

Control

60' I

60'I+ 1'R

60'I+5'R

60'I+ 10',R

60' I + 30',R

60'I+45'R

60'I+60'R

0.042 + 0.0L2

0.023 + 0.007

0.041 + 0.013

0.068 + 0.040

0.039 + 0.011

0.035 + 0.007

0.014 + 0.007

0.020 + 0.010

t.2I0 + 0.088

1.249 + 0.105

1.3L4 + 0.078

I.26L + 0.246

1.048 + 0.L46

1.066 + 0.zLI

0.736 + 0.141

0.769 + 0.098

8.186 + 0.282

6.821+ 0.108 *

5.711+ 0.097 *

5.751+ 0.166 *

6.438 + 0.108 *

5.922 + 0.329 *

5.266 X0.592 * #

5.001 +0.597x#

Values are means + SEM of individual inositol phosphates' formation in at least
three to four experiments in quadruplicate. Other details are as in Tagre 2.
* Significantþ (P< 0.05) different ûom the respective control.
# Significantly (P< 0.05) different from the coffesponding ischemic value.
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FfCUnn 6. Depression of rat heart sarcolemmal phospholipase C activity
during 60 min global ischemia and subsequent periods of reperfusion.

The results are means * SEM of three to six sarcolemmal (SL)
membrane preparations isolated from Langendorff rat hearts after 75 min of
normal perfirsion (controls O), 60 min global ischemia (tr), or 60 min global
ischemia and different time periods of reperfusion (r). SL membranes were
incubated in 40 mM I{EPES, 5 mM caclz, I mM Nacl, 1 mM EGTA, pH
7 .4, tn the presence of I 12 mM sodium cholate and 20 uM t'Hl-ptdlns(4,5)p2
fot 2.5 min at 37 "C. PL C specific activity is expressed as nmoles of total
inositol phosphates (InsP*) produced . min-l . mg protein r.

* significantly (P < 0.05) different from the respective control value.
# Significantly (P < 0.05) different from the correspondent ischemic value.
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D. Cytosolíc phosphoinositide-speciJic PL C changes in íschemía ønd

reperfusion

C¡osol was isolated from the same experimental groups as the sarcolemma.

TABLE 6 shows the effect of short periods of ischemia (10 arrd 20 min) and

reperfusion (1 and 5 rnin) on cytosolic PL C activity. Control perfused

endogenous PL C activity was equivalent for both sarcolemmal and cytosolic

fractions (Tanres 2,3 and 6). Cytosolic PL C activity was not affected by either

short periods of ischemia or reperfirsion, with the values always falling within the

control range. No changes were observed in the individual inositol phosphate

species; Ins(1,4,5)P3 values were than 90%o of the total inositol phosphates

produced, and Ins(l,4)P2 and InsPl were not more than LT%o of the total production

(datanot shown).

TegL¡ 7 shows the effects of 1 and 5 minutes of reperfusion after longer

ischemic periods (30 and 60 min). The longer ischemic periods still did not

modiSr krs& production either during ischemia or upon reperfusion. Breakdown

of the individual inositol phosphate species were as described for Tegu 6.

Longer periods of reperfusion were not examined, as from the SL data it is obvious

that PL C activity is affenuated either during ischemia and/or immediately upon

reperfusion. In conclusion, while sarcolemmal PL C activity is attenuated by

ischemia and reperfusion injury, cytosolic PL C activity is unaffected.
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Tanr,n 6. The effects of ischemia/reperfusion on the production of
inositol (poly)phosphates by phospholipase C activify in rat cardiac
cytosolic fraction

Total Inositol Phosphates

nmole ' min-l . mg protein I percent of control

Confrol
10'I
10'I+1'R
10'I+5'R

10.376 + 0.569
9.t2I + 1.252

\0.337 + 0.541
10.036 + 0.856

100.00 + 5.51
87.87 + t2.t1
99.63 + 5.24

96.7r+ 8.28

Conftol
20'I
20'I+ 1'R
20'I+5',R

9.699 + 0.114
9522 + 0.350
9.811 + 0.552
9.982 + 0.561

100.00 + t.t7
98.18 + 3.61

101.15 + 5.70

1029I + 5.78

Phospholipase C activity in the cytosolic fraction from each group was assayed
under standard conditions as described in "MATERIATs AND METHoDS" in the
presence of 20 pM fHl Ptdlns(4,5)Pz for 2.5 rnrr- at 37 oC. Values are means *
SEM of total inositol phosphates' formation in at least three to four experiments in
triplicate.
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Tanr,n 7. The effects of ischemia/reperfusion on the production of
inositol (poly)phosphates by phospholipase C activity in rat cardiac
cytosolic fraction

Total Inositol Phosphates

nmole ' min-t . mg protein I percent ofconffol

A.

Contol
30'I
30'I+1'R
30'I+5'R

6.242 + 0.168

6.292 + 0.258

6.150 + 0.432
6.184 + 0.177

100.00 + 2.70
100.80 + 4.13
98.53 + 6.92

99.06 + 2.83

Control
60'I
60'I + 1' R
60'I + 5' R

6.574 + 0.306

5.786 + 0.122
6.465 + 0.391

6.290 + 0.134

100.00 + 4.66
88.02 + 1.86

98.34 + 5.94
95.67 + 2.03

Phospholipase C activity in the cytosolic fraction from each group was assayed
under standard conditions as described in "MATERIALS AND METHODS" in the
presence of 20 pM fHl PtdIns(4,5)P, for 2.5 nn at 37 "C. Values are means *
SEM of total inositol phosphates' formation in at least three to four experiments in
triplicate.
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V. DISCUSSION

A. Chønges ín Ptdlns ønd hdlns4P kínose actívíties during ìschemíø and

reperfusíon

The phosphoinositide kinases exhibited a triphasic response to the ischemic

reperfusion insult. A perfrrsion-related decline in the basal activities of both

phosphoinositide kinases was observed, and the results were therefore correlated to

the perñrsed internal controls ca-rried with each set. Both enz¡rmes' activity

increased progressively during ischemia as compiled to the perfused controls with

maximal activity of 150%o and 1460/o for Ptdlns kinase and PtdIns4P kinase,

respectively, occurring after a 30 minute ischemic period. Ptdlns kinase activity

remained significantþ above control levels after 60 minutes of ischemia. This

progressive increase in Ptdlns kinase activity correlated temporally with both the

increase in Ptdkrs4P kinase activity and the ischemia-induced depression of

sarcolemmal phospholipase C (see Rrsut rs SncrtoN), suggesting that during

ischemia and reperñrsion the activities of these enz)¿mes may be coordinated due to

the cumulative effect of the ischemia-induced changes in the intracellular

membrane environment.

One minute of reperfusion induced an immediate and consistent

downregulation of both kinases' activities that was always signifrcantþ different

from the ischemic increase. However, the activities were not significantly different
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from the confiol values. This downregulation was followed by a five minute

reperfusion-induced increase in Ptdlns and PtdIns4P kinase activities. The

magnitude of this activation also correlated with the duration of the preceding

ischemic period.

The duration of ischemia is therefore the key in any examination of

phosphoinositide kinase activities both during ischemia and upon reperfusion. The

short periods of ischemia that are characteristic of myocardial stunning (10 to 20

minutes) will elevate the kinases' cataþic rate and, by extrapolation, Ptdlns 4P and

PtdIns(4,5)P2 production, provided that a competent ATP pool is available to

phosphorylate the lipid metabolites (Zager et al., 1990; Jennings and Reimer,

1991). However, it is an ischemic period of at least 30 minutes, characteristic of

reversible ischemic damage, that produces the maximal activation of the

phosphoinositide kinases. While PtdIns4P kinase activity had decreased to control

values, Ptdlns kinase activity was still significantly greater than control following

60 minutes of ischemia, indicating that the en;r,qe is upregulated at all intervening

time points. PtdIns4P production may thus be enhanced dwing the development of

ireversible ischemic injury. This ischemic duration-dependent increase in

phosphoinositide kinase activities could be directly coupled to one of several

factors or result from a combined effect. Results from this laboratory have shown

that the phosphoinositide kinase activities are maximal in the presence of small

amount of Triton X-100, a detergent (Mesaeli, 1993). Therefore, the changes in
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sarcolemmal membrane fluidity dwing ischemia, mediated by the intracellular

accumulations of long-chain acylcarnitines (LCACs), lysophosphatidylcholine

(LPC) and free fatty acids (FFAs) (Schwertz et al., 1987b; Otani et a\.,1989b) may

potentiate this activation. As well, PtdIns4P kinase activity is potentiated by an

increase in its substrate, at least in vitro (Mesaeli, 1993); therefore, Ptdlns4p

kinase activity may be accelerated by the activation of the first kinase. A recent

study indicates that cAMP-dependent protein kinase, which is also enhanced in

ischemia, can phosphorylate Ins(1,4,5)P3 3-kinase augmenting vn** l.g-fold (Sim

et ø1., 1990). Therefore, covalent modification of the phosphoinositide kinases

could be a potential regulatory mechanism for their ischemia-induced increase in

activities, especially since the changes observed in the kinases survived the

membrane isolation procedures and were assayed in an in vitro system. Previous

studies indicate PtdIns4P kinase may be enhanced by tyrosine phosphorylation

(Pike, 1992) or inhibited by PKC phosphorylation (sim er at., 1990).

Most interestingly, PA has emerged as a potent activator of both the Ptdlns

kinases and PL C activity, capable of inducing a twenty-fold increase in Ptdlns

kinase activity (Moritz et al., 1992). PA is a second messenger metabolite which

results from the hydrolysis of PC via PL D or, alternatively, from phosphorylation

of sn-L,2-DAG derived from PC-PL C via DAG kinase. Studies by this laboratory

indicate that myocardial PL D activity is unaffected by up to 30 minutes ischemia

and therefore could remain a good source of PA during this period (Dai, Igg3).
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Incoqporation studies measuring the phosphoinositide turnover during

ischemia and reperfusion are contradictory. These turnover studies attempt to

measure turnover of the poþhosphoinositides by 3H-inositol incorporation and by

raC-arachidonic 
acid reacylation, and are frequentþ performed in the presence of

LiCl to block the inositol bisphosphate and inositol monophosphate

phosphoesterases. Mouton reports that endogenous levels of Ptdlns4p and

PtdIns(4,5)P2 are maintained at control levels dwing 20 minutes ischemia and 30

seconds to 2 minutes of reperfusion (Mouton et al., 1991b), while Otani reports

that endogenous PtdIns4P and PtdIns(4,5)P2 levels drop during 30 minutes of

ischemia and normalize upon 30 minutes of reperfrsion (Otani et ø1., 19S8c).

Mouton reports that PtdIns4P and PtdIns(4,5)P2 turnover in sarcolemma isolated

from whole hearts as measured by 3H-inositol labelling is depressed in the 20

minute ischemic heart but markedly upregulated upon reperfusion (Mouton et al.,

1991b). Otani showed that reacylation as measured by raC-arachidonic 
acid

incorporation is also depressed in the 30 minute ischemic heart (Otani et al.,

1988c). Despite the obvious differences with the present investigation in terms of

experimental techniques and timing of the ischemia/reperfusion protocols that

could account for discrepancies, several problems are apparent with the above

studies. First, while Otani reports that PtdIns4P and PtdIns(4,5)P2 levels are

decreased dwing ischemia (Otani et al., 1988c), these same studies and others

indicated that the sarcolemmal Ptdlns levels during ischemia are unchanged (Das er
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al., 1986; Otani et al., 1988c; Otani et al., 1989b) or even increased (Schwertz e/

al., 1987b); therefore reslmthesis of the precursor Ptdlns at least is not impaired in

the ischemic heart. As well, phosphoinositides probably exist in discrete localized

pools and not all pools may be prelabelled with inositol (Otani et al., 1988c).

Secondly, raC-arachidonic acid prelabelling may not be an accurate measure of

reacylation in the phosphoinositide pathway. Reacylation into the Ptdlns pool is

reported as unchanged (Otani et al., 1988c) and it is the Ptdlns fraction of the total

sarcolemmal phospholipid population that is repeatedly reported to be the most

resistant to degradation dwing ischemia (Schwertz et al., I987b; Otani et al.,

1988c; Otani et a|.,1989b). Perhaps more importantly, recent studies indicate that

the fatty acid profile of rat cardiac PtdIns4P and PtdIns(4,5)P2 is significantly

lower in arachidonic acid than the general Ptdlns pool from which they are derived

(Mesaeli, 1993). Therefore, measuring reacylation via raC-arachidonic 
acid

incorporation will generate artifactually low estimates of the membrane

polyphosphoinositide content. One study (Otani et al., 1988c) also indicates low

levels of reacylation into the DAG and PA fractions during ischemia as well,

despite evidence that indicates unchanged arachidonic acid incorporation into pC

(otani et al., 1986; Schwertz et al., L987b), enhanced pKC (Kawai et al., 1990;

Prasad and Jones, 1992) and normal PL D function (Dai, 1993) in the ischemic

myocardium. This may be further evidence that there are discrete, heterogeneous,

localized inframembranal pools of phospholipids with low arachidonic acid content
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that are the substrate for the intracellular signal transduction pathways (Mesaeli,

ree3).

One minute of reperfüsion induces an immediate downregulation of Ptdlns

and Ptdlns(4,5)P2kinases that was always statistically significant as compared with

the ischemia-induced increase, but within the range of the basal perfused control

values. Several mechanisms may mediate this reductton: i) a sudden increase in

intracellular Ct* upon reperfusion (Marban et al., Igg4), as both ptdlns and

PtdIns4P kinases are inhibited in the presence of hidh Cf. (Mesaeli et ol., lgg2),

however, this inhibition should then extend to the five minute reperfrrsion time and

does not; iy' production of oxidant species or a sudden change in the cellular redox

state, as the phosphoinositide kinases are sensitive to thiol groups oxidation

(Mesaeli, 1993), iiù a change in the membrane microenvironment may alter

function; although this may not translate easily to the in vitro assay condition, it

may function in exposing the enzymes to intracellular effectors that can then alter

their activifi, iv) addition or elimination of an intracellular effector. For example,

activation (Pike, L992; Prasad and Jones , 1992) or inhibition (Sim et al., 1990) by

PKC phosphorylation may occur upon reperfirsion.

Five minutes of reperfi.rsion stimulated both phosphoinositide kinases and

the increase was dependent on the duration of ischemia. Five minute reperfusion

following 20 minutes ischemia caused a I44%oincrease in Ptdkrs(4,s)P2production

whereas 5 minutes reperîrsion following 30 minutes ischemia caused a l2}1|.o
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increase in activity versus the respective controls. The Ptdlns kinase maximum

corresponded to the maximal sarcolemmal PL D activation (Dai, lgg3), hence pA

production may be a contributing factor (Moritz et al., Lgg2). As well, the

reperfusion-induced increase in PL C activity was shown to reach its maximum at

this time point, perhaps because of a receptor-activated coupling of the

phosphoinositide pathway to substrate hydrolysis (Monaco and Adelson, 1991).

Both phosphoinositide kinase activities increased by 142%o and l2l%o of control

following 60 minutes ischemia-5 minutes reperfrrsion, and although this increase

was not statistically significant, its presence is somewhat difficult to explain.

Reperfrrsion following an ischemic insult of this duration further aggravates the

ischemia-induced decline in PL D (Dai, 1993) and PL C acriviries (this study).

Thus neither PA derived from PL D or substrate turnover should be able to effect

phosphoinositide synthesis following ineversible ischemia. Factors that may

promote this upregulation of the phosphoinositide kinases during ischemia include

a detergent-like effect on the sarcolemma (Mesaeli, Igg3) due to the intacellular

build-up of LPCs and FFAs that occur during ischemia (Kawaguchi and Yasuda,

1988; Schwertz and Halverson, 1992). As well, PA is known to stimulate brain

Ptdlns kinase activity (Moritz et al., L992) and studies completed in this laboratory

indicate normal sarcolemmal PL D function during the reversible phase of

ischemia (Dai, 1993). Although ATP levels experience a 75o/o drop after 30

minutes of ischemia (Schwertz et al., I987b), endogenous localized pools of ATp
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may allow kinase function if they are available (Z,ager et al, 1990; Jennings and

Reimer, 1991). Polyphosphoinositide synthesis may occw as the precursor Ptdlns

pool in the ischemic and reperfused myocardium is unchanged during both long

ischemic periods and up to one hour of reperftrsion (Otani et a1.,1986). Therefore,

the increased synthesis of PtdIns4P and PtdIns(4,5)P2 will function to maintain the

reperfrrsion-induced PL C upregulation and, possibly, the previously reported

reperfirsion-induced sarcolemmal PL D activation (Dai, 1993), if Ptdkrs(4,5)P2 is

also a cofactor for myocardial PL D activity (Liscovitch et al., lgg4).

In summary, the importance of this study lies in the fact that it is the first to

examine Ptdlns and PtdIns4P kinase function during ischemia and reperfi.rsion.

Both the ischemia-induced and reperfrrsion-induced enhancement of the

sarcolemmal phosphoinositide kinase activities may contribute to the

pathophysiological processes occurring during the reversible (30 minute) phase of

ischemia (Yellon and Downey, L990; Kloner and przyklenk, Lgg3).

Phosphoinositide kinase activities progressively increased with the duration of

ischemia and reached maximal activity following 30 minutes ischemia,

corresponding to the initiation of the maximal reperfirsion-induced PL C and PL D

activities (Dai, 1993). Upregulation of the phosphoinositide kinases' activities will

result in enhanced PtdIns4P and Ptdlns(4,5)P2 production, increasing the substrate

availability for the reperfi.rsion-induced activation of PL C after 30 minutes

ischemia and 1 and 5 minutes reperfrrsion (this study). This will result in greater
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Ins(1,4,5)P3 and DAG production upon reperfusion and contribute to the increase

in intracellular Ct* load via Ins(1,4,5)p3-induced SR C** release and DAG

activation of PKC and its subsequent effects in increasing the intracellul ar Ca2*

influx (see Lrrrnarunr Revrew). A period of 30 minutes ischemia in the rat heart

also corresponds to an increased intracellular C** load upon reperfirsion and

subsequentþ, the start of reversible ischemic damage and reperfusion injury

(Schwertz et al., 1987b; Marban et al., 1994). That the kinases' activation is

present even until 60 minutes of ischemia indicates that the downregulation of

PtdIns(4,5)P2-PL C upon reperfüsion following these extended ischemic periods is

not due to a lack of substrate. As well, the upregulation of the phosphoinositide

kinases during ischemia may contribute to both normal sarcolemmal PL D function

during reversible ischemic periods and upregulation upon 30 minutes ischemia-S

minutes reperfrrsion (Dai, 1993), as Ptdlns(4,5)Pzhas been found to be a necessary

cofactor for maximal brain PL D activity (Liscovitch et al., I9g4). The enhanced

PL D-dependent PA production upon 30 minutes ischemia-5 minutes reperfrrsion

possibly also enhances myocardial Ptdlns kinase and PL C activity (Moriø et al.,

1992) and contributes to their peak activity at this same time. While this study has

been the frst to demonstrate the function of the sarcolemmal phosphoinositide

kinases in a comprehensive ischemia and reperfrrsion schedule, further studies are

indicated to examine the crosstalk between the PC-PL D and phosphoinositide-pl

C pathways during ischemia and reperfusion. In conclusion, the upregulation of
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the phosphoinositide pathway both correlates and contributes to crl-adrenoceptor-

mediated PL C activation and the subsequent reperfrrsion-injury events of

arrhythmogenesis and Ct* overload.

B. Changes in sarcolemmøl phospholipase C actívíty during ischemíø and

reperfusíon

Ischemia and reperfirsion induced changes in sarcolemmal

phosphoinositide-specific PL C activity that were dependent on the duration of the

ischemic insult. Short periods of ischemia (10 and 20 minutes) are characteristic

of myocardial stunning and transient mechanical dysfunction upon reperfusion.

These early ischemic protocols induced a transient but significant depression of

sarcolemmal PL C activity during ischemia that normalized, upon reperfusion. A

longer ischemic protocol of 30 minutes, characteristic of increased intracellular

C** Toad and reperfirsion-induced injury, induced a triphasic PL C response to

ischemia and reperfusion. PL C activity dwrng the 30 minutes of ischemia showed

the greatest depression (72Yo of control) and was followed by an immediate

stimulation upon reperfusion. PL C activity increased to 123%o of control by 1

minute reperfirsion and then rose to l3lYo of control at 5 minutes reperfrrsion.

Furttrer reperfrrsion deactivated the enzqe as quickly as the activation occurred;

by 10 minutes reperfusion PL C activity had decreased to 680/o of control values,
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equivalent to the magnitude of the ischemic depression, and then slowly recovered

upon one hour of reperfrrsion.

The longest ischemic protocol, of 60 minutes duration and characteristic of

irreversible ischemic rnjury, induced a significant depression of sarcolemmal pL C

activity which was further aggravated upon reperfrrsion. Between 45 and 60

minutes of reperfusion following 60 minutes ischemia, sarcolemmal pL C activity

was significantly depressed even as compared to the activity at the end of ischemia.

As with the phosphoinositide kinases, the behaviour of the sa¡colemmal pL

C en4ymeG) d".i"g ischemia and reperfrrsion is dependent on the duration of the

ischemic insult. Ischemia induces a downregulation of sarcolemmal pL C activity,

but this depression is the greatest following a 30 minute period of ischemia, and

conesponds to the maximal phosphoinositide kinase response, as examined

previously. These results confirm previous 3H-inositol labelling studies that show

decreased inositol phosphate formation in the ischemic rat heart (Mouton et ol.,

r99la; Mouton et al., r99rb; Mouton et al., 1992b; Schwertz and Halverson,

1992). Previous studies also indicate that this response is not receptor mediated

(Mouton et al., 1992a; Anderson et a1.,1995). However, the range of the decrease

reported varies considerably from a slight decrease in Ins(1,4)p2 añ,Ins(1,4,5)p3

during 30 minutes ischemia (Otani et ø1., 198Sc) to a 57%o decrease in inositol

phosphate(s) reported for the 20 minute ischemic rat heart (Mouton et al., Lggzb).

These discrepancies may be due to differences in the animals, perfusion or
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isolation techniques, or may reflect the inherent problems in poþhosphoinositide

labelling as discussed previously.

The mechanism of this ischemia-induced depression is unclear. Many

intracellular changes occur during an ischemic event that have previously been

shown to stimulate PL C activity under normal conditions. The increased

intracellular Cf* load that occurs as early as 10 minutes of ischemia (Steenbergen

et al., 1987) should stimulate PL C, as all pL C iso4rmes are cataþically

dependent on Cf* (Rhee and Choi, 1992a). As well, the accumulations of LpCs

and FFAs (Schwertz et al., 1987b; Otani et al., 1989b) mediate an increase in

membrane fluidity and may stimulate PL C via their detergent-like effect on the

membrane (Priori et al., 1991). Possibly, PL C activity is attenuated in ischemia

by att uncoupling within the cr1-adrenergic signal transduction pathway. Although

previous studies have shown that ø1-adrenoceptors increase in both number and

responsiveness (Butterfield and Chess Williams, 1990), and norepinephrine

accumulates in the interstitium (Schomig and Richardt, 1990) during an ischemic

event, PL C is uniformly reported as down-regulated (Schwertz et al., I9B7b;

Mouton et al., I99la; Mouton et al., I992b). Some studies suggest that ischemic

PL C deactivation is nonreceptor-mediated (Mouton et al., I992a; Anderson et al.,

1995) and Schwertz and Halverson (1992) report that the ischemic changes in PL

C are not due to a delay in the activation or deactivation of the enz1¿me or a change

in the Ca2* requirement of the en-z¡¡me. The G protein firnction of the ADp-
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receptor-Pl C pathway is attenuated during ischemia in the endothelium of the

coronary arteries (Evora et al., 1994), but nothing is known as yet of the G proteins

ñrnction in the ischemic myocytes. Studies related to ischemia, namely those

involving hypoxia are indicative of ischemia-induced changes. pL C activity in

hypoxia is down-regulated (Kawaguchi and Yasuda, 1988; Kawaguchi et al.,

l99la) and is uncoupled from membrane receptors (Kagiya et a1.,1991) despite a

similar increase in o1-adrenoceptors density and increases in membrane fluidity

(Kurz et al., 1991). Thus, down-regulation of PL C activity during ischemia is

probably due to uncoupling of the cr,1-adrenergic signal transduction system

secondary to the lack of oxygen.

While this study found that short periods of ischemia (10 and, 20 minutes)

did not cause an increased sarcolemmal PL C response upon reperfrrsion, previous

studies have indicated otherwise. Schwertz and Halverson (1992) found that in

vitro PL C activity in a total membrane fraction upon reperfusion following as long

as 30 minutes of ischemia was not different from control, but that 40 minutes

ischemia-3O minutes reperfusion greatly increased both cytosolic and total

membrane PL C activity. Otani et al., (1988c) found a reperfusion-induced

increase in inositol phosphates in the ventricular homogenate following 30 minutes

of ischemia, but this increase persisted until 30 minutes of reperfusion, whereas in

this study PL C activity was back to just below control at that time point. Other

studies have found increased inositol phosphate accumulations between 30 seconds

r16



andz minutes of reperfusion following as short a period as 20 minutes of ischemia

(Mouton et al., r99ra; Mouton et ol., L99rb; Mouton et al., 1992b; Huisamen er

ql., r994a; Anderson et ø1., 1995). However, in these studies, the reported

accumulations of inositol phosphates ranged between no increas e (99% of control)

to 235%o of control values with no consistent peak at any reperfusion time point.

So, although each investigation reports different values for the increases at

different reperfusion times and following different ischemic periods, the literature

agrees that reperfrrsion of the ischemic rat heart following a 20 to 40 minute

ischemic insult will result in an increased inositol phosphate formation (pL C

activity) between 30 seconds and 10 minutes of reperfusion. Again the differences

in the various reports can be attributed to the different perfrsion, isolation and

experimental techniques employed. The greatest problem inherent in all of the

previous studies to date is the lack of information from a purified membrane or

myocyte preparation. These studies have ranged from whole heart preparations

that combine atrial and ventricular tissue (Mouton et al., L99Ia; Mouton et al.,

1991b) to impure ventricular preparations of whole homogenates (Otani et al.,

1988c), total membranes and crude membranes (Schwertz et ol., L9B7b: Schwertz

and Halverson, 1992). These membrane preparations consist of a variety of cell

types including myocytes, endothelial cells, vascular smooth muscle, connective

tissue and fibroblasts each with multiple phosphoinositide pathways that may

respond to several receptors (Huisamen et ol., 1994a). Studies that consist of

IT7



preparations from whole heart tissue are especially suspect since they include atrial

tissue that has a low myocyte mass, as well as a phosphoinositide pathway

substantially different both in it's cr1-adrenoceptor response and higher rate of

metabolism (Mouton et al., 1992b;'woodcock et al., 1995) from that found in

ventricular cardiomyocytes. Studies that do not use pure membrane preparations

also risk conflict from combining many subcellular organelles (sL, s&

mitochondria and nuclei) that may have distinct or unique phosphoinositide-pl C

pathways which may respond differently to ischemia and reperfusion. As well,

there are many problems inherent in comparin g in vivo labelling studies in the

presence of LiCl blocker with in vitro assays of cytosolic and membrane

preparations. The only previous in vitro study of membrane and cytosolic pL C

activity in ischemia/reperfrrsion (Schwertz and, Halverson, Igg2) is not completely

applicable to the present study. This investigation measured PL C activity in the

total membrane fraction from ventricles. Differential PL C activity and isozymes

have been localized to many intracellular membrane fractions (Downes and

Michell, 1982; cockcroft et al., 1984; suh er al., rggga: Homma et a1.,19g9,) and

recent studies on PL D indicate that PL D activities in SL and SR can be

differentially regulated upon ischemia/reperfrrsion (Dai, 1993). Therefore studies

on the total membrane fraction PL C activity in ischemia/reperfrrsion may give

inconsistent results. Analysis of 3H-inositol 
labelle d. in vivo studies in the presence

of LiCl also present difficulties. Prelabelling of hearts may differentially label
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pools of phosphoinositides as discussed previously; as well, the use of LiCl to

block the inositol monophosphoesterase reactions cause the accumulation of

inositol phosphates long after hydrolysis has ceased (Otani et al., 1988c) and

negatively affects both phosphoinositide turnover and inositol phosphate

accumulation (Nahorsþi et al., 1992). As well, lithium has variable effects on the

cell examined, as it is an uncompetitive inhibitor of the inositol monophosphatases,

as well as an inositol bisphosphatase, therefore, the most active cells will be the

most affected, and metabolites will accumulate differentially (Nahorski et al.,

t992). These problems have undoubtedly led to the conflicting reports of the

phosphoinositide pathway response during ischemia and reperfirsion to date.

These inherent difficulties often lead to divergent observations, even between the

same investigator. An example is the recent studies released by Woodcock and

Anderson which indicate that the mass of InsP and Ins(l,4)P2 n normal and NE-

stimulated conditions do not derive from the production of Ins(1,4,5)p3 (Woodcock

et al., 1995; Anderson et al., 1995), whereas earlier studies indicated that

norepinephrine (NE)-stimulation in the isolated perfirsed rat heart resulted in

signifrcant Ins(1,4,5)P3 production (Woodcock et al., l9g7a; Woodcock et al.,

1e87b).

The mechanism of reperfrsion-induced PL C activation seems to be

receptor-mediated and Ct*-dependent. Reperfrrsion of the 30 minute ischemic rat

or ferret heart (Schwertz et al., L9ï7b;Marban et al., lgg4) conespond to observed
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peaks in innacellular Ca2* load, rhythm and contractile disturbances. As excessive

intracellular C** concentrations are characteri zed by irreversible ischemic injury

(Schwertz et al., I987b; Otani et a1.,1989b), activation of PL C at this time would

contribute to C** overload and necrosis via Ins(1,4,5)P3-induced SR Ca2* release

and sn'L,2-DAG activation of PKC and other second messenger systems that

mediate Ca2* influx through the SL (see LnrRerunr Rrvrew). This reperfusion-

induced activation of PL C is mediated through ø1-adrenoceptors as several studies

indicate that cx,1-adrenoceptor blockade can completely or partially block the

increase in inositol phosphate levels upon reperfusion (Kawai et a\.,1990; Mouton

et ø1., 1992a; Moraru et al., 1994). In fact, the excessive interstitial NE

accumulation and increased o1-adrenoceptor density and responsiveness during

ischemia (Butterfreld and chess williams, 1990; con et at., 1990) may likely

determine PL C activation upon reperfirsion. Neuropeptide Y, a cofactor in NE

synthesis can also potentiate PL C activity (Woo et ø1., 1994;Duckles and Buxton,

1994) and has been shown to induce and prolong ischemia by coronary

vasoconstriction (svendsen et al., 1990 Ertr et al., 1993). However, although

circulating plasma NPY levels increase during ischemia (Edwards et al., lgg4),

there is no evidence to indicate that it accumulates interstitially during an ischemic

event (Franco-Cereceda et al., 19S9). An extracellular Cf* influx seems

necessary to activate PL C activity as Ca2*-free reperfusion can attenuate the pL C

response (otani et al., 1988c; otani et al., 19g9b), while innacellular ct*
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overload potentiates inositol phosphate(s) accumulation (Otani et al., 1989a).

With Ins(1,4,5)P3 and probably Ins(1,3 ,4,5)P4 causing intracellul ar Ct* release

(104), sn'L,2-DAG activation of PKC can then potentiate further intracellul ar Cf*

influx via it's effects on the SL Ca2* channels (Nishizuka, 1984) and reverse the

Na*-Ca2* exchange activity by phosphorylation and activation of the Na*-H*

antiporter (Talor and Mejicano, 1988; Mcleod and Harding, L99l; Kramer et ø1.,

I99L). PL C activation upon reperfusion, therefore, seems dependent on an

ischemic period of sufflrcient duration to be able to increase the intracellular Ca2*

load and, thus, activate PL C (Schwertz and Halverson, 1992).

Attenuation of the PL C response during reperfusion is reported to reduce

the reperfusion injury and salvage vulnerable myocardium. Alphal-adrenoceptor

blockade can prevent both increased ptdlns cycling and Ins(1,4,5)h and DAG

formation in reperfusion (Mouton et al., I992a). Reperfusion with antibodies to

PL C can prevent phospholipid degradation and DAG increases (Prasad et ø1.,

I99l) as discussed in the LrreneruRe ItEVrEw.

Evidence is mounting that the PL C and PL D signal transduction systems

are intricately coupled. Recent studies in this laboratory have indicated that

sarcolemmal PL D activity can increase to I33o/o of control following 30 minutes

ischemia-5 minutes reperfi.rsion (Dai, L993). This reperfusion-induced pL D

activation may be mediated by and, in turn, stimulate further PL C activity. In fact

PtdIns(4,5)P2 is a cofactor for brain PL D activity (Liscovitch et ql., 1994) and
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phosphatidic acid, a second messenger produced by PL D's hydrolysis of pC, has

been shown to increase four- to five-fold myocardial inositol phosphates' levels

(Kurz et al., 1993), as well as to stimulate Pt,cllns kinase activity in the brain

(Moritz et al., 1992).

The mechanism of the immediate down-regulation of PL C activity upon 10

minutes of reperfusion is unclear. However, it may be mediated by activated pKC

phosphorylation of the o1-adrenoceptors (Meij and Lamers, 1989b), G protein(s)

(Katada et ø1., 1985), or PL c isozymes (Rhee et ar., 19g9), as discussed in the

LlrBReruRB R¡vtnw. As well, new evidence suggests that the Ins(1,4,5)p3

receptor response in the SR may be attenuated in ischemia/reperfusion (Huisamen

et al., 1994b), and this may be a further mechanism for down-regulation of the pL

C response. The reperftrsion-induced potentiation of phospholipid breakdown

(Das et al., 1986) and excessive metabolite accumulations may also down-regulate

PL C by uncoupling the intracellular components involved, as in vitro studies with

detergents have indicated PL C depression in high detergent concenfiations (Edes

and Kranias, 1990; Meij and Panagia, 1992). Arthough free radical damage of

PL C activity does not seem to be a factor during ischemia (Otani et a\.,19g6), free

radicals generated upon reperfusion could produce oxidative damage of the

enzyme (Schwerø and Halverson, 1989, }r/reij et at., I994b).

Reperfirsion of the 60 minute ischemic myocardium progressively

aggravated the ischemia-induced decline in sarcolemmal PL C activity. This
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ireversible depression of the PL C activity coincides with the development of

ireversible ischemic i"j".V (Opie, L992). A similar depression is found in 3 hour

ischemic rat and guinea pig heart crude membrane fraction (Schwertz et al.,l9S7b)

for Ptdlns-specific PL C, indicating that Ptdlns(4,5)P2-specific PL C activity is

definitely downregulated and not altered due to a possible change in subsfiate

affinities, as has been shown to occur under hidh C*. concentrations (Ryu et al.,

1987a; Ryu e/ al., I987b). In addition, this study shows that the reperfusion-

induced decline in PL C activity is progressive and significantþ declines by 45 to

60 minutes of reperfusion below even the activity observed in the ischemic

interval. Thus, recovery of the PL C activity following ir¡eversible ischemic injury

does not seem viable, although at present it is unclear if this depression is a cause

or a consequence of ireversible ischemic damage.

The combined upregulation of the phosphoinositide kinases and pL C

activity after the 30 minute ischemic-5 minute reperfusion has clear

pathophysiological consequences for the ischemic-reperîrsed myocardium. The

combination of an approximately 30%o increase in phosphoinositide kinases'

activities coupled with a 30o/o tncrease in PL C hydrolytic activity indicates a

potentially massive release of Ins(1,4,5)p3 and DAG in the reperfirsed

myocardium, which could explain the large tissue Ins(1,4,5)P3 measurements

obtained by previous studies (Mouton et al., l99zb). An Ins(1,4,5)p3 and DAG

release of high magnitude would severely compromise intacellular Ca2*
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homeostasis and lead to the activation of Ca2*-dependent proteases and

phospholipases, potentiating plasma membrane breakdown. A vicious cycle of

innacellular C** release, exfiacellular Ct* influx and phospholipase activation

would lead to eventual Ca2* overload and cellular necrosis. In the vulnerable

myocardium, the increase in intracellular Ct* has been linked to a high incidence

of arrhythmias (Opie, 1991). Evidence that phosphoinositide-specific pL C

activity is involved in arrhythmogenesis is given indirectly by studies that show

DAG levels are higher in the reperfused arrhythmic hearts than in the ones that

recover normal pacing (Kawai et ø1.,1990).

Therefore, this study is not in conflict with previous work that showed

increased inositol phosphate(s) turnover from whole heart and total membrane

preparations in the ischemic and reperfi.rsed heart (Otani et al., 1988c; Mouton e/

al., l99lb; Schwertz and Halverson, r99z; Anderson et a\.,1995). However, these

previous studies could not give a true indication of the phosphoinositide turnover

in the cardiomyocyte sarcolemma due to cellular and subcellular contamination as

discussed previously. This study is the fîrst, therefore, to demonstrate the range

and course of development of the changes in the phosphoinositide kinases and

PtdIns(4,5)P2'PL C activities during ischemia and reperftrsion in the purified

ventricular sarcolemma. This investigation shows that the reperfrsion-induced

sarcolemmal PL C response is dependent on the duration of the preceding ischemic

insult, possibly dependent on an ischemic event of sufficient duration to cause an
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intracellular Ct* influx upon reperfusion (Otani et al., l9}9a; Schwertz and

Halverson, 1992). As well, as the ischemia and reperfusion-induced changes in the

phosphoinositide kinases' and PL C activities can be measured under optimal

conditions in an in vitro system, it is likely that the enz]¡mes themselves have been

modified (Schwertz and Halverson, 1992). Finally, the phosphoinositide kinases,

and sarcolemmal PL C upregulation upon reperfusion correlates well with the

increases in ø1-adrenoceptor density and responsiveness during ischemia

(Butterfield and Chess Williams, 1990), indicating that the cr1-adrenoceptor pL C

srgnal fiansduction pathway is intact and hyperactive in the reperfrrsed

myocardium (MeU et al.,l994a).

C. Cytosolíc phospholiase C øctívíty during íschemiø and reperfusíon

Cytosolic PL C activity was unchanged during all perio,rls of ischemia and

reperfusion examined. Although a decrease in total activity was observed with

increasing time of perfusion, there was no corresponding increase in the

sarcolemmal activity observed within or between the perfrrsion sets, indicating that

franslocation of the en4¡me(s) was not occurring. As well, the percentage

breakdown of the inositol phosphate isoforms was similar to that found in the

sarcolemma, indicating that lack of Ins(1,4,5)pt was not due to increased

monopho spho esterase activity.
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The only reported in vitro assay showed a biphasic change in cytosolic pL

C activity with a decrease after 5 minutes ischemia followed an increase in activity

between l0 and 45 minutes of ischemia (Schwertz and Halverson, 1992). While

these results are in conflict with the ones presented here, the differences may be

due to the use of preischemic controls, or possible contamination of the cytosolic

fraction with membranal PL C iso4rrnes. Previous studies have indicated that pL

C isozymes are, for the most part, attached to the inner surface of the sarcolemma

via ionic interactions, so that high salt or other treatnents may remove these

iso4rmes to the cytosolic fraction (cockcroft and Thom as, 1992).

In conclusion, cytosolic and sarcolemmal PL C activities are diflerentially

regulated upon ischemia and reperfusion indicating that the pL C activity in

sarcolemma and cytosol represents either the differences in pL c iso4rmes and/or

different modes of regulation. Sarcolemma and cytosolic pL C activity could be

differentially regulated by mechanisms as diverse as different G proteins, tyrosine

phosphorylation or other intracellular effectors that could include acylation or

proteoþic events, inhibitory proteins or crosstalk mediated by other signal

transduction systems (Schwer-tz and Halverson, 1992). This leads to the possibility

that membrane and cytosolic PL C isozlnnes may have different roles in myocyte

function.
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VI. CONCLUSIONS

1. The phosphoinositide kinases exhibit a triphasic response to the

ischemic reperfrrsion insult. Both en-4rmes' activity increase progressively

during ischemia with maximal activation occurring after a 30 minute

ischemic period, peaking at 150%o and 146%o of perfused controls for Ptdlns

kinase and PtdIns4P kinase, respectively.

One minute of reperfirsion induces an immediate and consistent

downregulation of the phosphoinositide kinases' activities that was always

signifrcantþ different from the ischemic but not from the control values.

This is followed by ao increase in Ptdlns and PtdIns4P kinase activities after

5 minutes of reperfirsion. This increase is dependent on the duration of the

preceding ischemic insult, with Ptdkrs kinase peaking after 30 minutes

ischemia-S minutes reperfusion and PtdIns4P kinase peaking after 20

minutes ischemia-S minutes reperfu sion.

2. The phosphoinositide kinases respond differentþ to a 60 minute

ischemic insult. While Ptdkrs4P kinase activity normalizes to conftol values

following a 60 minute ischemic insult, Ptdlns kinase is still significantþ

greater than control. Both phosphoinositide kjnase activities are greater

than control, although not significantly, following 60 minutes ischemia-S

minute s of rep erfirsion.
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3. Short periods of ischemia and reperfirsion induce a biphasic response

in sarcolemmal phosphoinositide-specific phospholipase C activity that is

dependent on the duration of the ischemic insult. Short periods of ischemia

(10 and 20 minutes) induce a transient but significant depression of

sarcolemmal PL C activity during ischemia that normalizes upon

reperfrrsion.

4. A longer ischemic protocol of 30 minutes induces a triphasic

phospholipase C response to ischemia and reperfrrsion which corresponds

to the maximal phosphoinositide response. PL C activity is significantþ

depressed following 30 minutes of ischemia but reperfirsion induces an

immediate activation of sarcolemmal PL C activity, that increases to I23o/o

of control after 1 minute of reperfusion and frirther rises to l3I% of control

following 5 minutes of reperfrrsion. The maximum SL PL C activity after

30 minutes ischemia-5 minutes reperfüsion also corresponds to the maximal

ischemia-reperfrrsion-induced SL PL D response, as characterized

previously (Dai, 1993). Further reperfusion quickly deactivates the en4rme

activity which, at 10 minutes, decreases to 680/0 of control values

(equivalent to the ischemic depression). SL PL C activity slowly recovers to

basal levels within I hour of reperfrrsion.
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5. The longest ischemic period, 60 minutes, induces a significant

depression of sarcolemmal PL C activity which is further aggravated upon

reperfusion. Between 45 and 60 minutes of reperfirsion following 60

minutes of ischemia, sarcolemmal PL C activity is significantþ depressed

even as compared to the activity at the end of ischemia. This corresponds to

the sL PL D response to irreversible ischemic ruury (Dai, 1993).

6. Cytosolic PL C activity is unchanged during all the periods of

ischemia and reperfirsion examined, indicating that the sarcolemmal and

cytosolic PL C isoz¡rrnes form distinct populations that are differentially

regulated in pathophysiological situations.

7. The results of this investigation support a role for the involvement of

the sarcolemmal phosphoinositide phospholipase c pathway in the

pathological alteration of Ca2* homeostasis during ischemia and reperfrrsion

following reversible ischemic injuw but not shorter ischemic periods

(myocardial stunning) or longer ischemic periods (irreversible ischemic

i"j".v) The results of this investigation correlate well with the alterations

in SL PL D function during ischemia and reperfüsion (Dai, lgg3), indicating

that these two sþal transduction pathways may be coupled in pathological

situations.
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