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CONDENSED AB STRACT 

Adenosine Ai ,  al-adrenergic and  bradykinin 8 1  receptors 

media te  ischemic precondit ioning (IF) of the myocardium at least 

in part through a receptor-mediated protein kinase C (PKC) 

mechanism.  Since angiotensin II (AII), which is released du r ing 

ischemia,  can activate PKC, i t  is possible that  AI1 receptors 

participate in IP. To test this hypothesis, the ability of AI1 receptor 

s t imula t ion  or  blockade to protect or abolish IP respectively, was 

assessed in isolated rabbit hearts. IP reduced infarct size 

significan tly. Brief st imulation of AI1 receptors us ing AI1 (100nM) 

before the ischemic insu l t  m imic  the IF protection. Both non-  

selective inhibit ion of AI1 receptors with saralasin (1pM) and  

selective inhibit ion of ATl  receptors wi th losartan (20pM) 

completely abolished IP. However, the  IP protection was no t  

blocked by PD-123,319 ditrifluoroacetate (lOpM), a selective 

inhibi tor  of AT2 receptors. Thus,  activation of AT1 receptors mus t  

occur for ischem ic precondit ioning to lim i t  infarction. 
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PREFACE 

Although curren t patient surv iva l  after cardiac çurgery is 

high,  there remain many patients who die because of ineffective 

in traoperative protection of the  rn yocardium. Cornbined use of 

hypo therm ia and  cardioplegia, two well-known m yocardial 

preservation methods,  provides surgeons a lim ited a m o u n  t of 

tim e, usually about 90 minutes,  to perform the in  tra-cardiac 

repairç. However, this  duration is somet imes n o t  enough 

perform corn plicated procedures. In these cases, the  d u  ration 

induced cardiac ischem i a  m ust be prolonged, increasing the  risk 

severe  myocardial injury. Since necrosis produced by a period 

myocardial ischemia and  reperfusion, as  well  as  a r rhy thmias  o n  

reperfusion c m  be substan tially improved  with ischem ic 

precondi t ioning,  the study of the  cellular mechanism (s) responsible 

for  the expression of this pro tective phenomenon becomes 

po ten tially important .  Understanding the mechanism (s)  of th is  

phenomenon  may allow the development  of drugs designed to 

induce a powerful myocardial protection s imilar  to ischemic 

precondit ioning.  The experimental s tudies described here in  are 

i n  tended to con tribu te to the unders tanding of the  mechanism (s)  of 

ischern ic precondi tioning. 



AB STRACT 

Ischemic precondit ioning (IP) is a process by which o n e  or  

m o r e  brief episodes of ischemia followed by reperfusion confers a 

state of myocardial protection against in jury  induced by a 

subsequen tly sustained episode of ischem ia and  reperfusion. It is 

known that  du r ing  ischernia substances such as adenosine,  

norepineph rine and  bradykinin are endogenously released in the  

heart .  Fur thermore,  cardiac adenosine A l ,  al-adrenergic  and  

bradykinin B2 receptors are known to mediate IF at least in part 

th rough a receptor-m ediated protein kinase C (PKC) activation 

mechanism.  Because angiotensin II (AII) is also released d u r i n g  

ischemia,  and  PKC can be activated through an AI1 receptor- 

mediated mechanism, it  is possible to hypo thesize that  cardiac AI1 

receptors participate in ischem ic preconditioning. 

To  test this  hypothesis, rabbit hearts  were studied in an 

isolated buffer-perfused il1 u i t r o  preparation.  Initially, al1 hearts  

were subjected to 30 min  of normoxic perfusion (stabilization 

period). Then ,  each hear t  was assigned to o n e  of the hear t  groups 

a n d  received an identical ischemic in jury  protocol consisting of 40 

m i n  of regional ischernia (at  37 'C)  Collowed by 60 m i n  of 

reperfusion.  Control hearts (C) received an additional 45 m i n  of 

normoxic  perfusion pr ior  to the  long  ischemia to cornpensate for 

the  dura t ion  of the IF cycles. IP was induced by subjecting each 

hea r t  to three  cycles of 5 min  ischemia and 10 min  reperfusion 

given prior to the  40 min ischemic period. In another  group of 

hearts ,  activation of angiotensin II (AII) receptors was 



accomplished by infusing AI1 (AngII,  100 n M )  for five minutes  

followed by a drug-Free period of normoxic perfusion before the  

l ong  ischemia. Different control and /o r  IP hearts  were treated with 

a constant  infusion of i )  [ ~ a r l , ~ a l 5 , ~ l a 8 ] - ~ 1 1  (saralasin, S A R ,  1 

PM),  a nonselective AI1 receptor antagonist  (C+SAR and IP+SAR, 

respectively), i i )  losartan (LST, 20 PM), a selective AT1 AI1 receptor 

an  tagonist (C+LST a n d  IPcLST, respectively), o r  i i i )  PD-123,319 

ditrifluoroacetate (PD, IOpM), a selective AT2  AI1 receptor 

an tagonist (IP+PD). Infarct size and  left ven  tricular developed 

pressure were assessed. IP reduced infarct size [IP 5.2 I 1.2% (mean  

f S.E.M.), ve rsus  C 26.4 t 3.0%, P c 0.0011, but i t  did no t  protect 

against post-ischem ic ven  tricular dysfunction. Activation of AI1 

receptors induced protection against infarction similar  to IP (AngII 

9.6 1 2.29'0, P < 0.01 v control) .  Inhibition of AI1 receptors with 

saralasin blocked the protection of IP against necrosis (IPcSAR 29.7 

+ 3.2% versus  IP, P < 0.001) while i t  did n o t  increase infarct size in 

saralasin-treated con trol hearts (C+SAR 31.5 13.g0/0 versus  con trol, 

P > 0.05). Fur thermore,  inhibit ion of the  AI1 AT1 receptor subtype 

with losartan abolished the infarct size l irni t ing effect of IP (IP+LST 

27.4 1 3 . 0 %  versus  CtLST  29.3 i 2.0%, P > 0.05). Inhibition of the  

AI1 AT2 receptor subtype with DP-123,319 ditrifluoroacetate did n o  t 

h a v e  any effect o n  the  protection induced by IP (IP+DP 7.9 f 1.2 %, 

P > 0.05 versus  IP group).  

To fur ther  confim the in u i t ro  results, we assessed the  role of 

the  ATl AI1 receptor in ischemic precondikioning in  an in s i t u  

hear t  model .  Anaesthetized adul t  rabbit  hearts were init ial ly 

subjected to 15 m i n  of equilibration. Then, each heart  was assigned 



to o n e  of four  groups and  subjected to an ischemic i n ju ry  protocol 

consis t ing of 30 rn in of i schemia  followed by 90 rn in of reperfus ion.  

Cont ro l  hear ts  (C) received an addi t ional  15 min  of stabilization to 

equalize the  protocol t ime  length  with the  IF hea r t  protocol.  IF 

hear t s  were subjected to 5 m i n  of regional ischemia and  15 m i n  of 

reperfus ion prior  to t he  l ong  ischemia/reperfusion episode. In 

ano the r  two groups of C a n d  IP hearts,  AI1 receptors were inhibi ted  

wi th  losartan (6  m g / k g  bolus  dose p lus  3 mg/kg main tenance  dose 

given Cor 25 m i n ) .  Infarct s ize a n d  mean  arterial pressure (MAI?) 

were assessed. IP reduced infarct  size significantly (IP 13.1 t 2.7% 

ve r sus  C 47.1 t 2.6%,  P<0.001). Inhibi t ion of the  AT1 AI1 receptor 

subtype with losartan cornpletely blocked the  IP protection against  

infarct ion (IP+LST 40.8 + 4 . 3 O l O  versus  C+LST 34.3 +- 3.9%, P > 0.05). 

Even though  sus ta ined and significant decline in M A P  was 

observed in rabbits with a n  in  t ravenous  infus ion of losartan,  i t  d id  

n o t  affect infarct size as evidenced by the  absence of a re la t ionsh ip  

between MAP and  infarct s ize  i n  both con trol (r=0.02) and IP hear ts  

(r=0.35). Therefore,  the  AT1 b u t  n o t  the  AT2 AI1 receptor subtype 

participates i n  ischemic precondit ioning.  Activat ion of t he  ATl 

receptor  subtype mus t  occur before the prolonged ischemia  for 

i schemic  precondi t ioning to l i m i t  infarction. 
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INTRODUCTION 

In this  introduction,  an overv  iew of ischem ic/reperfusion 

injury,  an analysis of the ischem ic precondit ioning phenornenon 

and a review of the cardiac renin-angiotensin system are provided 

to establish the formulation of the  working hypothesis for the 

s tudies  described herein.  

ISCHEMICI REPERFUSION INlURY 

Changes in cardiac function [Il, metabolism [2] and  cellular 

s t ructure  [3] develop when coronary blood flow is greatly reduced 

( low flow ischemia) o r  absent (total ischemia).  These changes are 

pr imari ly  the  result of the lack of oxygen and substrate and  can be 

reversible 

depending 

o r  irreversible upon the re-establishment of blood Flow, 

on  how long the myocardium is subjected to ischemia. 

Ischemic in ju ry  is defined as being reversible i f  restoration of 

arterial  flow after an episode of occlusion is followed by restoration 

of function.  In fact, cells obtained from papillary muscles and  

subjected to 15 min of ischemia are reversibly in jured  and  after two 

minu te s  of reflow are indistinguishable by structural  and  chemical 

techniques [4, 51 from nonischemic left ventr icular  myocardium of 

t he  same an imal  [3]. On the other  hand,  irreversibly in jured  cells 

s h o w  significan t changes when arterial  flow is restored to them.  

Wha len  e t  al [6] have shown that  two minu te s  of arterial 

reperfusion after 40 m i n  of ischemia result  in  marked swelling, 

a lmos t  explosive in character, in those cells which o n  

ultrastructural  analysis contain amorphous  mitochondria l  matrix 



densities. Although the  transit ion point  frorn reversible to 

irreversible in jury has  no t  been defined, there are  some  

u l  trastructural findings that closely iden tify each of the two phases 

of m yocardial ischem ic in j  ury. Some  early ultrastructural  changes 

that  occur dur ing  ischem ia are dim inished cellular glycogen, 

relaxed myofibrils and  isolated mitochondrial  swelling. These 

changes are no t  detectable un t i l  about 10 to 15 min  of myocardial 

ischemia. If the ischemic t ime  is substantially prolonged the  

foilowing changes then appear: 1) complete absence of cellular 

glycogen; 2) ce11 swell ing with an increased sarcoplasmic space; 3) 

çwollen mitochondria with an enlarged matrix and/or  broken 

cristae; 4) amorphous  densities in the  matrix space of each 

m itochondrial  profile [3]. In addit ion to the ischemia-induced 

changes in ce11 structure,  reflow of previously ischemic cells may  

also con tribute to the  initial ce11 inj u ry  induced by myocardial 

ischemia, as evidenced by the appearance of significant 

ul trastructural  ce11 changes such as e x ~ l o s i v e  d i s r u ~ t i o n  of the  

sarcolemm a upon reperfusion 

myofibrillar contraction bands 

phosphate  in the mitochondria  

massive  in tracellular calcium 

I A 

[ y ] ,  massive ce11 swelling, 

a n d  deposition of calcium 

in response to the sudden  a n d  

inf lux which the ischem icall y 

in ju red  cells are no t  able to regulate [8-111. Al1 these ischernic a n d  

reperfusion-induced changes i n  cardiomyocyte ultrastructure h a v e  

a negative effect on ce11 function a n d  viability. 

In addition to the s t ructural  changes, some metabolic 

changes are also induced by m yocardial ischem ia. The absence of 

oxygen supply to the  myocardium induces a quick redistribution of 



the intracellular  energy sources [12]. The  pathways of cardiac 

adenos ine  tr iphosphate (ATP) production changes in order to 

m ainta in  its metabolic activ ities. Cardiom yocytes, which normal ly  

obtain the  ATP necessary to satisfy their metabolic demand  from 

aerobic metabolism, rapidly transform to anaerobic metabolism 

d u r i n g  anoxia. Th i s  transi t ion involves  inhibit ion of the  citrate 

cycle, which in its active state produces 38 molecules of ATP per 

molecule  of glucose, a n d  activation of the  glycolytic pathway, 

which generates on ly  2 ATP molecules per molecule of glucose o r  3 

molecules  of ATP per molecule  of glycogen [13]. T h u s ,  ischemia 

produces a significant deplet ion of high energy phosphates as  a  

resul t  of an  imbalance between hear t  tissue supply a n d  demand  For 

oxygen and substrates [2]. Because anaerobic metabolism is n o t  as 

energy-efficien t  a s  aerobic metabolism, the m yocardium has  

l imi ted  potential  for su rv iva l  d u r i n g  a long  ischemic period.  In 

addi t ion to a l imi ted production of ATP, intermediates of glycolysis 

(e.g. glucose-6-phosphate) and  lactic acid accumulate in the  

myocardium [7] and  m a y  contribute to accelerate myocardial ce11 

i n j u r y  d u r i n g  sustained ischemia. 

Finally, a  number  of cytotoxic oxygen Free radicals (e.g. 

superoxide,  hydrogen peroxide, hydroxy radicals), which are 

generated du r ing  ischemia and upon  reperfusion, may  aiso resul t  

i n  tissue i n j u r y  as reviewed by Herman [14], Burton [15], Cohen 

[16], a n d  Reimer  [17]. Damage of m yocardial tissue using exogenous 

free radical generators has been shown to m i m i c  

ischem ic/reperfusion i n j  u r y  Functionally and  metabolically [18], as 

well  as  ul trastructural ly [19]. 



Ischem i c  P r e c o n d i t i o n i n ~  of  the Mvocardiurn 

Definition. Characteristics and S ~ e c i e s  Differences. 

Ischemic precondit ioning ( I r )  of the myocardium can be 

defined a s  a protective phenomenon,  induced by o n e  or more  brief 

episodes of global or regional ischemia and  reperfusion, against 

ischem ic/ reperfusion inj  u r y  produced by a more prolonged 

episode of ischem ia and  reperfusion. This phenomenon,  described 

first by Murry e t  al [20] provides a remarkable protection against 

myocardial infarction in m a n y  different species such as dogs [20- 

231, pigs [24, 251, rats [26-281 and rabbits [8, 29-42]. Ischemic 

precondi t ioning has been shown to protect against post-ischem ic 

ventr icular  dysfunction in rat hearts  [Il, 43-46], however ,  i t  has  no t  

been demonstrated in rabbit hearts  [29, 32, 471. Furthermore,  

ischemic precondit ioning appears to reduce the  incidence of 

reperfusion ventricular  arrhythmias  in rat hearts  [48-501 and  dog 

hear ts  [SI]. However, i t  did n o t  lirnit the incidence of ventr icular  

fibrillation in  pig hearts  [52] 

Two modes of ischemic precondit ioning have  been 

described. Ischem ic precondit ioning produces a n  immediate  

protection (classical precondit ioning) against infarction for a 

l imi ted  durat ion after the  episodes of transient  ischemia. Rabbit  

and rat  hear ts  can remain precondit ioned for u p  to one  h o u r  [41, 

531, while  dog hearts  can be protected for a somewhat  longer period 

of time [54]. In general, hear ts  are no Longer protected by classical 

ischernic precondit ioning beyond two hours  from the init ial  



ischem ic stim uli [41, 53, 541. However, the  protection against 

necrosis or  reperfusion a r rhy thm ias can be reinstated, by subj ect ing 

the  heart  to additional brief ischemia/reperfusion episodes, after 

protection can be expected to have  disappeared (usual ly  after o n e  o r  

two hours )  [41]. Furthermore,  the  duration of the brief ischemic 

episode and the n u m  ber of shor t  ischem ia/reperfusion periods 

required to trigger the ID protection (ischemic precondi t ioning 

threshold) against ischemic in jury  differ among species. Downey e t  

al [33] found that two episodes of two minutes  of ischemia d id  no t  

trigger the  protection in rabbits. However, Sandhu  et  a l  [55] h a v e  

shown that  a single 5 m i n  of regional myocardial ischemia and  10 

m i n  of reperfusion produced a substan tial protection against 

infarction in a n  in si tu hear t  mode1 [56]. Similarly, Yellon e t  al  [28] 

found  that  a single Five-minute cycle of transient  ischemia was 

enough to protect the  heart  against infarction in  rats. W h i l e  rabbit 

and  rat  hearts require on ly  o n e  brief ischemia/reperfusion cycle to 

induce the IP protection against infarction [26,  561, dog a n d  pig 

hearts  appear to require 2 o r  more cvcles of IF to induce the  

protection against infarction [23, 571. 

Another  mode of protection against ischemic/reperfusion 

in ju ry  which is s imilar  to the protection obtained with classic IP 

has been observed in  rabbit [58] and  dog hearts [59] after 24 h o u r s  of 

the ini t ial  IP episode, wi thout  subjecting the hear t  to a n e w  IP 

episode. This  delayed protection, named 'second window of 

protection' o r  ' l a te  phase of ischemic precondit ioning' ,  is 

considered a recapture of the  initial LP protection. The  

mechanisrn(s) of the second window of protection is st i l l  u n k n o w n .  



However,  recen t ev idence suggest that an adenosine-triggered 

mechanism [60], and  that an ul-adrenergic mechanism involv  ing  

protein synthesis may be involved  [61]. The studies described 

herein  were designed to investigate the classical ischemic 

precondit ioning mechanism(s).  Therefore, the Late phase of 

ischem ic  precondit ioning prev  iously described is n o t  wi th in  the 

scope of the present studies. 

Controversy remains  over  whether or no t  the ischemic 

precondit ioning phenornenon can be elicited in h u m a n  hearts .  

However,  an at tempt to determine the ability of ischemic 

precondit ioning to protect the h u m a n  heart ha s  been made  by 

Yellon et al [62]. They  exarnined h u m a n  myocardial biopsy 

specimens obtained at the t ime of coronary artery bypass surgery. 

Fourteen patients were randomized into two groups. One group 

underwen t a specific precondit ioning protocol consisting of two 3- 

m i n  episodes of aortic cross-clamping with 2 min of reperfusion 

between each episode; this  was followed by a sustained period of 

ischem ia  consisting of 10 min  of aortic cross-clamping whi le  the  

hear t  was electrically fibrillated and  distal aorto-coronary 

anastomoses were performed. The  other group, a control  group,  

consisted of patients who did n o t  undergo intermit tent  aortic cross- 

c lamping before the 10-rn i n  of ischemia. Yellon e t  al [62]  found  that  

precondit ioned hearts had  lower levels of ATP at  the e n d  of the  

in te rmi t ten t  cross-clamping and  reperfusion than control  hearts .  

However,  ATP levels after prolonged ischemia were higher  in  

precondit ioned hearts than con trols (12.0 pmol /g  dry weigh t 

versus 6.8 ~ m o l / g  dry weigh t, respectively). Based on this first 



piece of evidence (ATP levels in  IF hearts du r ing  ischemia), Kloner 

a n d  Yellon [63 ]  suggested that  a protective response against 

ventricular  dysfunction rnay occur in humans .  Although n o  other  

s tudy  has  been designed and implemented in si tu in h u m a n  hearts  

to confirm this  assumption,  there are at least four published 

s tudies  which support  the concept that precondit ioning may occur 

in  humans :  1) angioplasty studies that show less ST segment  shif t  

and  lactate production in subsequen t balloon inflations, compared 

with the first coronary artery balloon inflation [64-671; 2) clinical 

s tudies  suggesting that  angina prior to myocardial infarction 

confers acute beneficial effects [68-701; 3) studies showing  that  acute 

tolerance to angina can develop [71, 721; and  4) studies that  have  

directly exam ined h u m  an tissue specimens taken from patients 

undergoing cardiac surgery in  which biochemical and  functional  

properties of ischem ic precondition ing have  been found [62 ,  73-76]. 

More recen t s tudies  performed in isolated rabbi t [IO] and  rat 

cardiomyocytes [77] subjected to transient anoxic periods, as distinct 

from transien t ischemic episodes, have  revealed a n  ischemic 

preconditioning-like protective phenomenon as measured by the  

proport ion of dead cells to l i v ing  cells after a subsequent prolonged 

anoxic insul t .  In these experiments, isolated cardiom yocytes were 

pelleted, most  of the superna tan t  was discarded to s imula te  loss of 

flow as i n  t rue  ischemia, and a layer of minera l  oi l  was placed on  

top of the  ce11 to prevent  oxygen exchange, mak ing  the cells anoxic. 

Al though this model  i s  n o t  a real ischernic model,  i t  does have the 

fundamenta l  e lemen ts of myocardial ischem ia, Le. absence of flow, 

l imi ted substrate availability a n d  lactate accumulation.  A n  



iden tical pro tective response to the  animal  cardiom yocytes has  also 

been dernonstrated in h u m  a n  cardiomyocytes [75]. These 

experim e n  ts suggest that  isolated cardiom yocytes are  capable of 

developing the s ame  protective phenomenon.  However,  because 

this  phenomenon appears to be multifactorial in its genesis, it is 

likely that o ther  cells in addition to cardiomyocytes participate in 

the  development  of ischemic precondit ioning in v i v o  and in vi t ro .  

The  participation of bradykinin, produced main ly  by m a s t  cells, in 

ischemic precondi tioning, provides some support  for  th i s  idea [34, 

46, 781. 

2.2 Protection Against Ischem icl Reuerfusion Iniurv by Ischemic 

Preconditioning (IP): 

2.2.1 Protection Arrainst In farction: 

Until  1986, it  was accepted that sequential ischemic episodes 

i n  the hear t  would result  in  cumulat ive  ischemic in jury .  This  

premise was supported by the notion of energy stores (ATP) in the  

heart.  During ischemia, ATF levels were severely reduced ove r  a 

few minutes .  This  decline gave rise to the assumption that  any 

addit ional  ischemic insu l t  would induce a fur ther  decline in  ATP 

stores in  the  hearts,  a n d  thuç,  the  ischemic in jury  would become 

worse. This assumption prompted Geft e t  al [79] to assess th is  

hypothesis in experimental  animals.  They s tudied the  effect of 

cumula t ive  ischemia in  dog  hearts. Three groups of dogs were 

subjected to 14-18 subsequent cycles of 5, 10 or  15 m i n  of myocardial 

regional ischem ia, respectively. Each ischem ic episode was 



followed by a 15-min reperfusion period. At the  e n d  of the 

ischemia/reperfusion cycles each heart was evaluated for necrosis 

us ing  the tetrazolium s ta ining technique. Although a few hearts  

developed some necrosis i n  al1 groups of dogs, the  major i ty  of 

them showed n o  necrosis at al1 even after 200 m i n u t e s  of 

cumula t ive  ischemia. The  study by Geft e t  al [79]  concluded that  

i n ju ry  induced by shor t  cycles of ischernia and  reperfusion was no t  

cumula t ive  and  suggested that in termit tent  reperfusion ha s  a 

beneficial effect and  m a y  prevent  necrosis. However, they could 

n o  t explain why mult ip le ,  brief ischem ic episodes in  terspersed 

whi t  equally brief reperfusion periods were no t  producing 

cumula t ive  ischemic in jury.  It was no t  unt i l  M u r r y  e t  al  [20] 

performed an infarct size s tudy in  dogs, and  obtained a reasonable 

explanation to this  observation. Murry et a l  [20] subjected dogs to 

f ive transient  ischemic episodes followed by an equal  period of 

reperfusion before subjecting the sarne region at risk of infarction 

to ei ther 40 m i n  or 3 hour s  of regional ischemia followed by 2 

h o u r s  of reperfusion. At  the end of reperfusion the a m o u n t  of 

necrosis developed as a result  of ischemic/reperfusion in ju ry  was 

measured.  They found that  five cycles of transient  ischemia and  

reperfusion,  when given before a prolonged ischemia/reperfusion 

period in  the 40 m i n  of ischemia protocol, protected the hearts  

against the infarction observed in control hearts.  They called th is  

protective phenornenon " ischemic preconditioning" . 



2.2.2 Protection Aaainst  Ven tricular Dvsfunction. 

A well-known deleterious effect of ischemia is the  

developm en t of ven  tricular dysfunction, defined as the reduction 

in  the cardiac performance as  determined by a reduction in left 

ven tricular developed pressure (LVDP = systolic pressure m i n u s  

diastolic pressure),  the pressure difference between systolic 

pressure and  diastolic pressure. Shor t  periods of ischemia las t ing 

5-10 m i n  usually cause a moderate decrease in the  LVDP, pr imari ly  

attribu ted to a decrease in  the  left ven tricular systolic pressure 

(LVSP). These shor t  ischemic tirne periods have  been used in 

m any  s tudies  to induce the  classic ischem ic precondi t ioning 

phenomenon .  Initially, Schott and  Schaper [80] t hough t  that  

s tunn ing ,  a temporary reduction in ventricular  function after a 

period of ischemia which persists for several hours ,  could  be  

responsible for triggering the ischem ic precondit ioning response, 

t h u s  suggesting that  s t u n n i n g  and  precondit ioning were the  same 

phenomenon  seen from two different points  o f  v iew.  This  

assumption was based on  the fact that  s t u n n i n g  was being induced 

with the brief periods of ischemia and reperfusion used to 

precondit ion.  Thus, the ischemic tolerance m igh t be explained by 

reduced regional demand.  However,  Schott e t  al [24] observed on ly  

a modest  reduction in myocardial oxygen consumption despite a 

nearly 5-fold decrease in infarct size. From these f indings they 

concluded tha t  the  significant reduction observed in infarct s ize 

wi th  ischemic precondi t ioning could n o t  be explained s imp ly  by 

energy savings.  S imi la r  results  were found  by Lange et al [al] who 

subjected a group of in v i v o  dog hearts to three  5-min period of 



ischem ia, each ischemic period Collowed by 30 min of reperfusion, 

a n d  found  that  a coronary occlusion as brief as 5 or  15 m i n  leads to 

depression of endocardial contractile function in the  reperfusion 

zone, but  that  these  al terat ions are not  cumula t ive  after three 

repeti t ive coronary artery occlusions. In a more recen t study, 

Matsuda et  al [82] tested the  ability of ischemic precondit ioning to 

induce protection in the absence of s tunning.  In this study, a group 

of an imals  were subjected to shor t  cycles of ischemia such that  the 

ischemic episodes did  no t  induce s tunn ing  and  at the  same rime 

were l ong  enough to reach the  threshoid to induce the  ischemic 

precondi t ioning response. They  were able to pro tect the hearts  

wi thou t inducing s t u n n i n g  [82]. In addition, Mitchell et  al [45] also 

reported that cardiac ischern ic precondit ioning does no t  require 

m yocardial s t u n n i n g  to induce protection. Such evidence indicates 

that  the mechnaimis(s)  of ischem ic precondit ioning a n d  s tunn ing  

are  diffferent. 

The  aspect of the ischem ic precondit ioning phenornenon 

that  attracts the mos t  interest  from cardiac surgeons is  its ability to 

protect the  hear t  against post-ischemic contractile dysfunction. In 

fact, several  cycles of t ransient  ischemia followed by reperfusion 

before the long ischem ia/reperfusion episode protected isolated rat 

hearts  from dev e lop ing  post-ischem ic contractile dysfunction upon 

reperfusion [Il, 43, 831. Protection against post-ischemic 

ventr icular  dysfunction by precondit ioning has  also been found  in 

rabbit hearts  [47]. Furthermore,  it is no t  yet known if ischemic 

precondi t ioning pro tects against post-ischem ic contractile 

dysfunction in human  hearts.  



2.2.3 Protection A e a i n s t  R e ~ e r f u s i o n  Arrhvthm ias: 

Ano ther  in teresting effect induced by ischem ic 

precondi t ion ing  is that  i t  pro tects against reperfusion based 

ventr icular  arrhythmias.  This hal lmark o f  ischemic 

precondit ioning has been included in the definit ion of the 

phenornenon.  The protection against cardiac arrhythm ias was first 

observed by Hagar et  a l  [48]. They  studied the  effect of ischernic 

precondit ioning on the  developrnen t of reperfusion arrhythrnias  

(ven  tricular fibrillation, ven tricular tachycardia, ven tr icular  extra- 

systole etc.) in dogs. They found that  ischemic precondi t ioning 

reduced significantly the incidence of ventr icular  extra-systole, 

ven  tricular tachycardia, ventricular  fibrillation a n d  A V  block. 

Although this  effect of ischemic precondi t ioning has  not  been 

studied extensively, many different researchers have  observed the  

same protective effect of ischemic precondi t ioning against 

reperfusion arrhythm ias [49-51, 53, 84, 851. Curren tly, the  

mechanism(s) responsible for the protection against reperfusion 

arrhythm ias rem a ins  un  known.  Recen tly, Seyfarth et  al [57] 

suggested that  a reduction in the  a m o u n t  of no rep inephr ine  release 

d u r i n g  sustained ischemia, which they have  found  to be produced 

by t ransient  ischemic episodes before the susta ined ischem ia, m a y  

explain the  protection of ischem ic precondi t ioning against 

reperfusion arrhythmias.  This  hypothesis is supported by the  fact 

tha t  ischemia-induced norepinephrine  release is  closely related to 

the incidence of ischemia-induced arrhythmias  i n  rat hearts, since 



pharmacological suppression of norepinephrine  release abolished 

the  incidence of ventricular  arrhythmias du r ing  ischemia (861. 

2.2.4 Effects on Cardiac Metabolism: 

Many s tudies  have  analyzed the effects of ischemic 

precondition in g o n  m yocardial glycolysis, glycogen stores and  

lactate accum d a t i o n  [87, 881. However, t h e  exact mechanisms 

whereby ischem ic precondit ioning affects cardiac metabolic 

pathways are unknown. 

During total m yocardial ischem ia an energy-efficien t 

mechanism (aerobic metabolism) is alm ost ccm pletely inhibited 

and an al ternate mechanism (anaerobic m etabolism) which is less 

energy-efficient is activated. As a result of the activation of this  

anaerobic metabolism, glycolysis, a series of changes happen to the 

cardiom yocyte membranes,  glycogen stores, ATP stores, and  lactate 

production.  The  first glycolytic mechanism to be activated du r ing  

ischemia is the  non-ATP dependent transport of glucose inside the  

cells. Increased glycolytic influx is believed to corne from a direct 

effect of the translocation of glucose transporters du r ing  ischemia 

(Glut-4), which are dependent  on insul in  and  adenosine,  from the 

cytosol to the  membrane [89, 901. Subendocardial ATP levels 

@mol& dry weigh t) are reduced by 60% at 10 m i n  of no rmothe rmic  

ischemia ( f rom 24.6t0.3 ~ m o l / g  dry weight to 9.1+0.8), and ATP 

levels are  decreased even fur ther  to 6.9k0.7 pmol /g  dry weigh t  a t  20 

m i n  of ischemia [91]. Because lactate is the final product  of 

giycolysis, i t  accumulates rapidly from a baseline va lue  of 12.1k0.7 

pmol /g  dry weight to 101.053.4 pmol/g  dry weight a t  10 m i n  of 



ischemia [91]. It h a s  been demonstrated that  ischemic 

precondi t ioning reduces tissue levels of ATP m odestly before 

prolonged ischemia [92 ] ,  a n d  that  i t  also significantly reduces the  

rate of A T P  decline, a t  Least in the first 10 m i n ,  from a baseline of 

17.5k0.5 pmol /g  d ry  weight to 12.4k0.5 p m o l / g  dry weight  (about a 

30 % reduct ion)  a t  10 min  ischemia [91]. However,  ATP levels  were 

n o t  different  after  20 m i n  of ischemia [91]. These data suggest that  

by reducing the  rate of A T P  decline in heart  tissue t he  onset  of 

i rreversible i n j u r y  d u r i n g  ischemia m a y  be delayed. In addit ion,  

accumulation of glucose-1-phosphate, glucose-6-phosphate, and  

lactate h a v e  also been found to be significantly reduced by 

precondit ioning,  d u e  to the reduced rate of glycogen breakdown 

a n d  anaerobic glycolysis [91]. 

2.2.5 Effects on Intracellular PH: 

Intracellular  pH [pH]i describes concentration of hydrogen 

ions  ( H f )  ins ide  the cell. During ischemia, changes in  [pH]i depend 

o n  t he  cardiomyocyte's buffer capabilities a n d  its ability to 

main ta in  a n  active extrusion of H+. Since both H+ and lactate are 

produced a n d  accumulated du r ing  ischemia i t  is expected that  [pH]i 

s h o u l d  fa11 quickly. Indeed, [pH]i falls rapidly in n o r m a l  hearts  

subjected to a l o n g  period of ischemia [l]. Ischemic precondi t ioning 

induced by s h o r t  cycles of ischemia and  reperfusion has  been 

shown  to preserve  intracellular  pH as  demonstra ted by a slow rate 

of decline in  i n  tracellular pH in precondit ioned hear ts  as compared 

to hear t s  o n l y  subjected to sus ta ined ischemia 193, 941. 



2.2.6 Differences in  the Production of Ischernic Precondi t ion ing  

Protection: 

Recently, Lawson and Hearse [84] have  shown  that  the 

protection of IP against ar rhythmias  shows a defini te  dose 

dependency, w i th  a cumula t ive  increase in  protection against 

ar rhythmias  w h e n  the  nurnber of brief ischemia a n d  reperfusion 

cycles used to produce IP is increased Crom one  to three. In this 

context, dose is considered to be the  number of IP cycles of fixed 

dura t ion .  Conceivably, the number  a n d  durat ion of t ransient  

ischemic episodes a n d  the  durat ion of reperfusion between them 

could al1 inf luence the  a m o u n t  of protection, bu t  these separate 

variables have  n o t  been examined in  detail. Sandhu  et  al [ 5 6 ]  have  

shown that  t he  ability of IP to suppress CAMP levels  and  

norep inephr ine  released du r ing  sustained ischem ia also shows a 

s imi la r  dose dependency.  Based o n  those findings, Sandhu  e t  al  [95] 

hypo thesized t h a t  differences between one-cycle IF a n d  rhree-cycle 

IF in the  susceptibility to blockade and /or  i n  the ability to protect 

the  hear t  agains t  infarct may exist in rabbit hearts.  These 

observations h a v e  been fur ther  investigated by Sandhu e t  al [55]. 

In tha t  study, the ability of one-cycle IP versus  three-cycle IF to 

protect the h e a r t  against  infarction and  the  susceptibility of one- 

cycle IP versus  three-cycle IP to blockade by a protein kinase C 

(PKC) inhibi tor  o r  a n  adenylyl cyciase (AC) act ivator were also 

compared to test the hipothesis  of Sandhu  e t  al  [95] .  Although the  

PKC inhibi tors  polymyxin B a n d  chelerythrine,  and also the  AC 



activator NKH477, partly blocked the effect of one-cycle IF against 

infarction in  v ivo ,  they were no t  able to block the  protection 

induced by th ree-cycle IP. In addition, the protection against 

infarction induced by three-cycle IP was significan tly greater than 

the protection induced by one-cycle IP. Thus,  the  ability of IP to 

protect the heart  against infarction and  the susceptibility of IP to 

blockade were both clearly dose-dependent. Three-cycle IP appeared 

to be a m o r e  powerful phenornenon than one-cycle IP as 

demonstrated by a significan t protection against in farction and  a 

iesser susceptibili ty to blockade by PKC inhibi tors or  A C  activators. 

Provosed Ischem ic  Precondit ionina Mechanism (s): 

It is well known tha t  activation of cardiac 

receptors(adenosine, adrenergic, bradykinin, angio tensin II 

receptors) leads to downstream activation of a cascade of events  

which m ay invo lve  selective activation of some specific enzymes 

(e.g. PLC, PLD, AC). These enzymes, i n  turn ,  break down specific 

substrates(e.g. phosphoinositol  diphosphate, p h o s p h a t i d y l c h o h e ,  

adenosine tr iphosphate)  into different substances. These end 

products, called second messengers (e.g. diacylglycerol, inositol  

t r iphosphate,  phosphatidic acid, CAMP, PKC, PKA) carry the 

different signals fur ther  down the cascade. The  e n d  result  m a y  be 

activation of specialized proteins (e.g. ion channels,  sarcoplasmic 

ret iculum channels  o r  receptors). A more  detailed description of 

these pathways is given later in this  section when  each pathway's 

role in ischemic precondit ioning is disclosed. 



Although the exact mechanism(s) of ischemic 

precondi t ioning is/are still  unknown,  there are some  evo lv ing  

h ypotheses current ly  under  investigation.  

2.3.1 The Adenosine HVDO thesis: 

Acu te ischem ia triggers t h e  release of several  endogenous 

substances in the  heart .  Adenosine (96, 971, norep inephr ine  [98, 991 

, bradykinin [IO01 a n d  angiotensin II (AII)  [100-1021 are  al1 released 

in  the  heart  d u r i n g  ischemia. Fur thermore,  adenosine is released 

du r ing  ischemia [96]  in  relatively sufficient quanti ty (PM) to exert a 

physiologic effect. 

Downey et  al [BO]  have  proposed that  adenosine release may 

be the  trigger e v e n t  that  mediates the ischemic precondit ioning 

protective effect through the activation of adenosine Al-receptors 

which are coupled to pertussis toxin-sensitive G protein ( G i )  This  

inhibitory Gi protein then transmits  the  signal to induce 

protection. Th i s  hypo thesis is supported by the following findings: 

1) exogenous adm inistrat ion of adenosine can mimic  the  protective 

effect of ischemic precondit ioning against necrosis in  isolated 

rabbit hearts  [103]; 1) Selective activation of adenosine A i  receptors 

with exogenous adminis t ra t ion of the agonist ~ ( - ) - ~ h e n ~ l - ~ o -  

isopropyl-adenosine (R-PIA) [IO31 or  2 - c h l o r o - ~ 6 -  

cyclopentyladenosine (CCPA) [7, 401 can also l imi t  infarct sire when 

given 10 m i n  pr ior  to a long  ischemia. However, CCPA was no t  as 

protective in isolated rabbit cardiomyocytes [IO]; 3) Selective 

inhibi t ion of adenosine A l  receptors with 8-(p- 

Su1fophenyl)theophylline in si tu in rabbit hearts [IO31 and  rabbit 



cardiomyocytes [ 9 ]  can abolish the pro tective effect of ischem ic 

precondit ioning;  4) Inhibition of the Gi protein with pertussis 

toxin blocks t he  pro tective effect of ischem ic precondition ing  [104]. 

Other investigators h a v e  produced protection with the selective 

activation of adenosine A l  receptors with agonists us ing  an  

isolated rabbit hear t  mode! but have  no t  reduced necrosis with the 

adminis t ra t ion of adenosine in rabbi ts[8]. Transien t exposure to 

adenosine prior to a l ong  anoxic period has  also been shown to 

protect h u m a n  cardiomyocytes against ce11 death [76]. In the rat 

heart ,  the  protective effect of ischem ic precondi t ioning both 

against necrosis [26,  1051 and  ventricular  dysfunction [Il]  does no t  

seem to be mediated through the activation of the adenosine A i  

receptor. This  suggests that there are some species differences in 

terms of the  trigger for ischemic preconditioning. 

Adenosine,  an intracellular nucleotide, was first thought  to 

be t he  on ly  substance directly responsible for mediat ing the 

ischemic precondit ioning phenomenon.  Adenosine may indeed 

participate in  concert with other endogenous substances released o r  

produced in  the hear t  du r ing  ischemia to trigger the  protective 

response in v ivo .  Thus ,  i t  is possible that  the  cardiac receptors for 

al1 these endogenous substances are also s t imula ted  dur ing  

ischemia and/or  reperfusion. There is some evidence that  suggests 

tha t  al-adrenergic [43, 106, 1071 and  bradykinin 82 [34, 46, 1001 

receptors participate in ischem ic precondit ioning.  Exogenous 

adminis t ra t ion of norepinephrine  to rats can protect their  hearts to 

the  same extent  as ischemic precondit ioning [43]. In rabbit hearts, 

exogenous adrn inistrat ion of bradykinin prior  to ischem ia [34] 



produces a s imi la r  protective effect against necrosis as exogenous 

adminis t ra t ion of adenosine [103] .  Although al1 these experiments 

were performed in differen t animal  models  o r  preparations, the  

reçu1 ts suppor t  the  participation of these endogenous  substances 

(adenosine,  norepinephrine  and bradykinin)  in ischemic 

precondit ioning.  Although transien t exposure  to AI1 has been 

found  to be cardioprotective in the isolated rabbit heart  [log], 

which may suggest that  activation of AI1 receptors might  play a 

role in  ischernic preconditioning, i t  is still  n o t  yet clear i f  AI I  plays 

a role in triggering the protective p h e n o m e n o n .  

2.3.2 The Norepineohrine hvvo thesis: 

The norep inepr ine  hypothesis, first proposed by Banerjee et  

al [43j, is based o n  the fact that  norep inephr ine  is released t'rom 

in  tracardial nerve  term inals  du r ing  ischem ia [98, 991. 

Norepinephr ine  activates ut-adrenergic receptors, which in tu rn  

activate the phospholipase C/diacylglycerol/protein kinase C 

(PLC/DAG/PKC) pathway. PKC purpor tedly  s t imu lates the  

phosphorylat ion of protective pro tein(s), a l though curren tly no 

protective protein has been def ini t ively  identified. The  

norep inephr ine  hypothesis is supported by the  following 

observations: 1) Exogenous administrat ion of norep inephr ine  [43] 

or  phenylephr ine  [106, 1091, a selective ai-adrenergic agonist, can 

mimic  the  protective effect of ischemic precondi t ioning against 

postischemic ventricular  dysfunction i n  ra ts  a n d  against necrosis 

i n  rabbits. 2 )  Induction of the release of endogenous 

catecholamines mimics ischemic precondi t ioning [IO71 3) 



Pretreatrnent wi th  reserpine, a d rug  which depletes the  nerve  

te rmina l s  of norepinephr ine ,  prevents the  induct ion of ischemic 

precondi t ioning [43]. 4)  Blockade of al-adrenergic receptors with 

specific blockers (phen  tolam ine, and  BE-2254) abolishes the  

protection of ischemic precondit ioning against ven  tricular 

dysfunction in  rats [43]. These data suggest that  act ivation of the 

a l -adrenergic  receptor du r ing ischem ia mediates the  ischem ic 

precondi t ion ing  pro tective effect, at least in rats. 

The  norep inephr ine  hypothesis has  recen tly been challenged 

by Seyfarth e t  al [57], who showed that  t rans ient  ischemic episodes 

did not  induce release of norepinephr ine  in  isolated rat hearts .  The  

release of norep inephr ine  dur ing  the brief cycles of ischemia h a s  

been suggested as the s t imulus  responsible of the  act ivation of al- 

adrenergic receptors and  the consequent activation of PKC to 

induce protection in Banerjee's norep inephr ine  hypothesis.  

Fur thermore ,  i t  has  been shown that  transien t ischem ic episodes 

reduce the  release o f  norepinephr ine  d u r i n g  sus ta ined ischemia. It 

is impor t an t  to no te  that  nei ther  the adminis t ra t ion of adenosine 

(100 pmol/L) n o r  of phenylephrine (10 pmol/L) as precondi t ioning 

s t imu l i  reduce ischemia-induced norep inephr ine  release. In 

addi t ion,  blockade of adenosine A l  receptors with 

8-(p-Sulfopheny1)theophylline (10 pmol/L) and o r  blockade of 

a l -adrenergic  receptors with prazosin (1 pmol/L) do n o t  abolish the  

effect of t rans ient  ischemia o n  ischemia-induced norep inephr ine  

release [57]. Thus, more  research is  required to clarify the  role of 

no rep inephr ine  i n  ischemic preconditioning. 



2.3.3 ThePKCTrans loca t ion /Act iva t ion  Hvvothesis: 

Selective cardiac stim ulation of e i ther  adenosine A l ,  

cri-adrenergic, bradykinin B2 or  AI1 receptors can independently 

activate different  signal transduction pathways. However,  i t  is 

possible for al1 of these receptors to activate protein kinase C (PKC) 

[los, 110-1121. This  calcium-dependen t PKC activation occurs 

presumably through the production of diacylglycerol (DAG) from 

the  breakdown of phosphoinosi to l -d iphosphate  (PH??) by 

phospholipase C (PLC) (Figure 1.1) 

A role for phospholipase D (PLD) in  ischemic 

precondi t ioning has  also been suggested wi thin  the  scope of the 

PKC hypothesis.  PLD can be activated by differen t mechanisms as 

compared to PLC. AI1 is known to induce activation of PLD and  

also a sus ta ined activation of PKC [113]. Lt has also been 

demonstra ted in isolated rabbit hearts that  PLD can be activated 

with adenosine [114]. PLD is also activated d u r i n g  ischem ia  [115]. 

Finally, there  is some evidence to indicate that  PKC may 

also be activated through PLD [31, 1141. Together, these f indings  

suggest tha t  the  PLD-DAG-PKC pathway m ay be an impor tan t  signal 

transduction cascade in the  protection induced by ischemic 

precondit ioning.  

Myocardial ischem ia is also known to induce activation of 

phosphol ipase  A 2  (PLA,) through which arachidonic acid is 

produced [116]. Thus, i t  is possible that  PLA2 may play a role in 

i nduc ing  the  protection of ischem ic preconditioning, presumably 

v i a  AI1 format ion d u r i n g  ischemia. Chen e t  al [Il71 have  recently 

found  in ra t  hear ts  that  by inhibi t ing 12-lipoxygenase, an enzyme 



which metabolizes arachidonic acid, wi th lipoxygenase inhibi tors  

(nordihydroguaiare t ic  acid or  eicosa tetraynoic acid) du  r ing the  

ischem ic precondi t ioning cycles, t he  pro tective effect of ischern ic 

precondi t i on ing  o r  exogenous adm inis t ra t ion of a diacylglycero 1 

analogue (1,2-dioctanoyl-sn-glycerol) against  con tractile 

dysfunction fol lowing 20 m i n  of global ischemia was lost. These 

f indings suggest tha t  the protect ive effect of ischemic 

precondi t ioning a n d  PKC activat ion o n  ischern ic i n ju ry  (as 

measured in rat hearts  through post-ischemic contractile 

dysfunction) m a y  be l inked to the act ivat ion of the  12-lipoxygenase 

pathway. 

Based o n  the fact tha t  several  receptors, which have  the 

abili ty to activa te PKC through the three  phosphol ipases  (PLD, PLC 

and PLA?), h a v e  been found  to participate in  triggering the  

pro tective effect of ischem ic precondi t ioning,  Downey and  

coworkers [ I lS I  h a v e  formulated a new  hypothes is  tha t  awards PKC 

a key role i n  IP. This hypothesis  states t ha t  PKC m u s t  be in i t ia l ly  

translocated in to the  sarcolemma d u  ring the transien t ischem ia 

and reperfus ion.  Once in the membrane ,  translocated PKC is 

activated d u r i n g  the  l o n g  ischemia to induce  the  protect ive effect 

of IP. Under  these circumstances, the  hypothes is  states tha t  any  

cardiac receptor act ivat ion which leads to PKC activat ion may, in 

theory, protect  t h e  myocardium to the  s ame  extend as ischemic 

precondi t ioning.  Activation of ce11 membrane  receptors 

(adenosineA1, ul-adrenergic, bradykin i n  B 2 a n d  AII) kno wn to 

activate PKC do indeed  induce a cardioprotect ive effect similar to 

the protect ion by ischemic p recondi t ion ing  [34, 43, 103, 1081. 
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Figure 1.1: This diagram shows dif ferent cardiomyocytes cell membrane 
receptors that  can be activated during ischemia through the release of 
different endogenous substances. Individual activation of each recep tor 
activates the plasma membrane enzyme phospholipase C (PLC),  which in 
turn breakdown phospho-inositol-diphosphate (PIP î )  into two second 
messengers, inositol triphosphate (IP3) which diffuses freely into the 
cytosol and interacts with the sarcoplasmic reticulum (SR) to  release 
calcium (Ca 2 + ) ,  and  diacylglycerol (DAC), a known activator of protein 
kinase C (PKC) in the membrane [110].  Calcium-dependent and 
-independent PKC isoforms may translocate, as a result of an ischemic 
stimuli, into the ce11 membrane where they may be activated by DAG. PKC 
isoforms, once activated, are  believed to induce the phosphorylation of 
protective proteins which are the end effectors responsible for the 
protection induced by transient ischemia and  reperfusion (ischernic 
p reconditioning) [ I l 8  1. Thus, a multi-recep tor triggering mechanism is 
thought to be responsible for this signal transduction cascade. PKC can  
also be activated through the production of DAG from the breakdown of 
phosphatidylcholine by the enzyme phospholipase D (not  shown in the 
diagram) to produce p hosp ha tidic acid that can  be further metabolized by 
phosphatidic acid phosphohydrolase to form DAG [115]. 



Fur thermore ,  the central role of PKC activation in th is  hypothesis 

is suppor ted  by a large body of circumstantial evidence which 

suggests tha t  PKC is the key e lement  in the  induction of the  

ischem ic precondit ioning protection [37, 76, 118-1241. However,  

o the r  invest igators have  not  been able to block the protective effect 

of ischem ic  precondit ioning us ing at least two PKC inhibitors,  

chelerythr ine  [27] and  H7 [37]. 

In a recent s tudy conducted in the laboratory in which m y  

studies h a v e  been performed, i t  was demonstrated that  inhibit ion 

of PKC activation with e i ther  chelerythrine o r  polymyxin 8, prior 

a n d  d u r i n g  three cycles of t ransient  ischemia a n d  reperfusion did 

n o t  block the  protective effect of three cycles of t ransient  ischemia 

a n d  reperfusion (5 min  of ischemia followed by 10 min  of 

reperfusion x 3) on  necrosis in v ivo  in rabbit hearts  [JJ]. However,  

in an O therwise iden tical one-cycle ischem ic precondition i n g  

protocol,  chelerythrine a n d  polymyxin B partly blocked such 

protect ion.  Thus ,  i t  appears that  PKC plays a significant role in 

ischem ic precondit ioning but  some  O ther  signal t ransduction 

pathways a re  probably also invo lved .  

2.3.4 The cAMP Hv~othes i s :  

Cyclic adenosine  monophospha te  (CAMP), an intracellular  

second messenger formed from the  dephosphorylat ion of ATP by 

the  enzyme adenylyl cyclase (AC), has  been shown to significan tly 

increase in hear t  tissue du r ing  ischem ia [125]. Ischem ic 

precondi t ioning has  been found  to p reven t  the increase in cAMP 

leve l s  in the  hearts  during the  long  ischemia [95]. This  finding 



s t imula ted  Sandhu  e t  a l  [56]  to formulate  a new hypothesis which 

m ay partially explain the  mechanism of ischem ic precondit ioning.  

In cardiomyocytes, cAMP is Cormed from the  breakdown of ATP by 

the  enzyme adenylyl cyciase (AC). If AC is st imulated,  as i t  occurs 

d u r i n g  ischemia, ATP is rapidly broken down to form CAMP, t h u s  

ra is ing c A M P  levels in the  myocardium. Since a m a r k e d  increase in 

cAMP d u r i n g  ischemia means a substantial reduction in ATP 

stores, t hus  low levels of cAMP du r ing ischemia may be interpreted 

as the  result  of a slow down of the  rate of ATP breakdown or  

inhibi t ion of AC. Therefore, it is conceivable that  p revent ing  the  

rise in cAMP levels in the hear t  may slow down the  rate of ATP 

decline d u r i n g  sustained ischemia. In addit ion,  cAMP is a potent  

act ivator of protein kinase A ,  a kinase which can phosphorylate a 

number  of effector proteins. Thus,  low myocardial cAMP levels 

con tribute to the IP protection by reducing PKC activ i ty .  

To test the hypothesis that  low myocardial cAMP levels 

d u r i n g  ischemia are responsible for the protection induced by 

ischemic preconditioning, a s tudy was performed in which in v i v o  

rabbit hear ts  were treated with NKH477, a specific activator of 

adenylyl cyclase, to raise the levels of cAMP in precondit ioned 

hear ts  a n d  observe if the ischemic precondi t ioning protection 

against  necrosis was abolished. The protection induced by one-cycle 

ischemic precondit ioning (5 m i n  ischemia followed by 10 m i n  of 

reperfusion)  was loss with the  adminis t ra t ion of NKH477. 

However ,  the  protection obtained with three cycles of ischemic 

precondi t ioning could n o  t be abolished by NKH477. These f indings 

suggest tha t  inhibi t ion of PKA v ia  reduction of cAMP levels could 



possibly play a role in ischem ic precondit ioning.  However ,  a direct 

assessrnent of the  participation of PKA o r  an  eva lua t ion  of any  

addi t ional  contr ibution of th is  pathway to t he  PKC pathway in 

ischem ic precondi t ioning rem ains  to be explored. 

N e w  evidence has recently emerged which suppor t s  the  

v i ew  that  a calcium s ignal ing patliway m a y  also contr ibute  to the  

protection of ischemic precondi t ioning.  Meidrum e t  a l  [126] h a v e  

found  tha t  shor t  exposure to high extracel lular  calcium 

concentrat ion (2.45 m M )  obtained through exogenous in fus ion  in 

the  perfusate can produce equ iva len t  protection against  post- 

ischem ic v e n  tricular dysfunction as ischemic p recondi t ion ing  in  

isolated rat hearts .  In addi t ion,  PKC inhibi tors  were s h o w n  to 

abolish the  calcium-mediated protective effect against  contractile 

dysfunction [126]. These f indings  suggest tha t  mobi l iza t ion of 

in t racel lu lar  Ca2+ contributes to the  deve lopment  of PKC mediated 

(receptor media ted)  funct ional  precondi t ioning in ra t  hear t ,  a 

hypothesis  formulated by Meldrum e t  al [126]. Simi la r  resul ts  were 

obtained by Miyawaki a n d  Ashraf [127] who were able to m i m i c  the 

protection of precondi t ioning on contractile funct ion by a t r ans ien t  

increase o n  extracellular calcium concentrat ion (5 m i n )  fol lowed by 

10 m i n  of washout  given before the  l ong  ischemia/ reperfus ion 

episode in  isolated rat hearts .  In addit ion,  chelerythr ine ,  a PKC 

inhibi tor ,  blocked the  pro tective effect of t rans ien  t  exposure  to 

h igh  calcium concentrat ion.  More recen tly, Dekker et al  [128] have  

demons t ra ted  in  arterial ly perfused papillary musc le  tha t  Ca2+ is 

t h e  p r imary  trigger for cel lular  uncoup l ing  d u r i n g  ischemia  in 

no rma l ,  precondit ioned a n d  metabolically inh ib i t ed  m yocardium. 



They  h a v e  also shown that  ischem ic precondit ioning delayed 

[Ca2+li rise and  celluIar uncoupl ing  du r ing  ischemia [128]. 

According to the  cable theory, Iongi tudinal  R t  consists of 

intracellular ( r i )  and extracellular (r,) longitudinal  resistances in 

parallel, where ri is the series resistance of the  intracellular  space 

and  the gap junctions and  r, is the resistance of the  extracellular 

space [128]. During ischern ia, cellular uncoupl ing  can be 

appreciated as an increase of R t  that  is caused by an  increase of ri. 

Dekker et  al [128] have  also shown that pretreatment of papillary 

muscle with l m m o l / L  iodoacetate to inhibit  anaerobic metabolism 

a n d  min imize  acidification d u r i n g  ischemia, produced significan t 

advancement  of the  rise in intracellular calcium d u r i n g  ischemia.  

Since myocardial contracture, which is associated with increased 

in tracellular CaZt d u  r ing ischem ia, is strongly indicative of 

irreversible ischem ic damage and  necrosis, i t  is conceivable that 

the  protection of ischem ic precondit ioning against m yocardial 

necrosis may  be induced by a delay in  [Cû'+Ii rise, uncoupl ing  and  

contracture. Even though IP also delays the onse t  of severe  

in  tracellular acidosis du r ing  ischem ia [93, 941, i t  appears, as 

ev  idenced by Dekker e t  al [128I1s metabolic experim en ts, that  

min imiz ing  the acidification of intracellular pH is no t  a direct 

mechanism of protection for IF. 



CARDIAC RENIN-ANGIOTENSIN SYSTEM 

3.1 Endogenous Angiotensin II Production in the Heart: 

The classical v iew of the  hormonal  system, that  circulat ing 

AI1 was the on ly  mediator  of biological effects has  changed in the  

last decade wi th  the discovery of several  local renin-angiotensin 

system s in var ious  tissues inc lud ing  the adrenal glands [129],  blood 

vessels [130], brain [131], kidneys [232] and hear t  [133]. There  is 

ev idence suggesting tha t  local syn thesis of angio tens ins  occurs 

w i th in  the  myocardium. Lindpainter  e t  al [134] have  demonstra ted 

in  t h e  atr ia  and  ventricles of hear ts  of rhesus monkeys sufficiently 

high concentrat ions of AI and AI1 to have  biological effects. The  

level  of AI  has  been shown to be increased in atr ia  and  ventricles 

of rats  fo l lowing nephrectomy [135], which suggests that  t he  cardiac 

renin-angiotensin system may function separately from the  

circulat ing system. In rabbit hearts,  Unger et al [136] h a v e  shown 

tha t  t he  hearts  of nephrectom ized animals  treated with Captopril ,  

an angiotensin conver t ing  enzyme inhibitor,  decreased the 

concentrat ion of AI1 in  the  atr ia  but had no effect in  the ventricies,  

suggesting tha t  AI1 rn ay still  be produced in the ventricles through 

an a l ternate  mechanism.  Fur thermore ,  it has  been recen tly 

demons t ra ted  by Dostal e t  al [137] that  A I  a n d  AI1 can be 

syn thesized in cul ture  media  from cardiom yocytes and fibro blasts 

a t  physiologically re levant  nanomolar  concentrations. The 

presence of an  in t r ins ic  cardiac renin-angiotensin system is also 

suppor ted  by the  demons t ra t ion  that  the other  components  of that  

system ( ren in ,  ACE and chymase) are present i n  the hea r t  [138]. 



Renin and  angiotensinogen m R N A  have  been detected in the  heart  

of rat and  mouse by Northern hybridization analysis, S i  nuclease 

protection assay, and  in si tu hybridization [137, 139-2411. 

T h e  cardiac renin-angiotensin cascade is shown in Figure 1.2 

Angiotensinogen,  the prim ary precursor, is h ydrolyzed to 

angiotensin I (AI)  by the action of the  aspartyl protease, renin [138]. 

Then ,  AI, a n on-active decapeptide ( Asp-Arg-V al-Tyr-Ile-His-Pro- 

Phe-His-Leu), is converted to AII, an  active octapeptide, by the 

cleavage of two carboxyterminal amino  acids. This conversion can 

be realized in the heart  by e i ther  the  action of the angiotensin 

convert ing-enzyme (ACE) [142] or  by the action of the enzyme 

chymase through the cleavage of the carboxyterm inal  His9-Ledo o r  

Phes-Hisg [138], respectively. Mos t  of the AI1 formed endogenously 

in the  hear t  is thought  to der ive  from the conversion of AI  to AI1 

by a specific ser ine  protease, chymase [143]. AI1 can be fur ther  

broken down to form angiotensin III, a peptide which is less 

biologically active than AII. 

The presence of chymase in rabbit hearts, which is the 

species used for the studies presented herein,  has  n o t  yet been 

assessed. However, two differen t groups of investigators have  

demonstra ted the formation of AII from AI  with the intervent ion 

of a chymase-like enzyme in  monkey hearts [144] and dog hearts 

[145]. In addit ion,  Urata e t  al [l46] have  been able to selectively 

identify a chymase-like enzyme in h u m a n  hearts. These data 

indicate that  hear t  chymase m a y  be widely distributed across 

species, at least in mammals .  However, the ability of a hear t  

chymase to rapidly transform AI  to AI1 may differ since m a n y  



s im ilarities and  differences exist a m o n g  m am mal ian  chym ases 

with respect to peptide subs t r a t e  specificity [138]. For example,  

h u m a n  hear t  chymases [143, 1471 readily hydrolyze the  Phes-Hisg 

bond in A I  to yield AH, but  they cannot  hydrolyze t he  TyrA-Ile5 

bond.  However ,  rat chymase 1 preferentially hydrolyzes t he  Tryr- 

1le5 bond in A I  but  does n o t  readily conver t  the  p rohorm o n e  to AII. 

Angiotensin II is a powerfui  vasoconstrictor tha t  also 

activates PKC v i a  PLC and /o r  PLD, a n d  is produced d u r i n g  

ischemia in dog  hear ts  [100, 1021 and rat hear ts  [101]. Even though 

the  exact pathophysiologic effects of the  cardiac renin-angiotens in  

system d u r i n g  ischemia are no t  known,  i t  is l ikely, based o n  the  

fact tha t  m yocardial ischemia enhances  cardiac convers ion of AI  to 

AI1 and induces a n  AII-mediated coronary vasoconstrictor effect in 

isolated rat hearts  [118], tha t  act ivat ion of AI1 receptors m a y  occur 

d u r i n g  ischem ia .  

Aneiotensin II Membrane Receutors: 

Angiotensin II receptor b ind ing  sites h a v e  been iden tified i n  

sarcolemmal  membrane  preparat ions from rabbit (1491, guinea-pig 

[150], bovine  [151], av ian  [152], ra t  [153], porcine [150] and h u m a n  

myocardium [154]. AI1 receptors h a v e  also been iden tified, in  t h e  

heart ,  in  coronary  vessels a n d  sympathetic  n e r v e s  using 

autoradiography [154]. In recent years, two pu ta t ive  AI1 receptors 

subtypes, AT1 and  AT2 receptors, have  been ident i f ied  u s i n g  

selective l igands [155, 1561. Losartan (DuP753, MK954 o r  2-nbutyl-4- 

chloro-5-hydroxym e th yl-1-[(2' -(1H-te trazo l-5-y1)biphen yl-4- 
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Figure L2:  The renin angio tensin sys tem. Angio tensinogen, the primary 
precursor, is hydrolyzed by the action of the enzyme renin (formed from 
pro-renin) to produce a ten-aminoacid polypeptide with no biological 
activity named angiotensin I (AI).  in the presence of angiotensin converting 
enqme+ACE)+s tke  serine pratease  Ichymase', twopapminopacids o f t h e  A I  
molecule are  cleaved to  produce a very po tent vasocons trictor 8-aminoacid 
polypeptide called angiotensin II (AD) .  AII can be further degraded by 
other proteases to Eorm AIII and A N ,  which are  both much less biologically 
potent peptides [133]. 



yl)methyl]imidazol) ,  a nonpept ide  AI1 receptor antagonist ,  binds 

specifically to t he  AT1 receptor, w hereas CGP 421 12, PD423177 and  

PD-123,319 have  a high affinity for the AT2 receptor. Both receptor 

subtypes, AT1 and  AT?, are dist inguished by two other  

characteristics: Firstly, ATl  and AT2 differ in thei r  sensit ivi ty to 

reducing agents, such as dithio threitol (DTT), which decreases 

binding of AI1 by the A T i  receptor, whereas binding by the AT? 

receptor is increased by this  reducing agent [157, 1581. Secondly, 

coupl ing of AI1 receptors to guanine nucleotide binding proteins 

has  been demonstrated for the A T l  subtype but n o t  for the  AT2 

[159]. The AT1 receptor belongs to the G-protein-coupled 

superfam i l y  of receptors which are dist inguished from other  

receptors by hav  i n g  seven transm em brane-spann i n g  dom a ins  [160, 

1611 (Figure 1.3). 

The  two subtypes of receptor, ATl and  ATz, h a v e  been 

iden tified in rabbit v e n  tricular cardiomyocyte membranes  [162]. 

The A T l  subtype which has a Kd of 31 nM for losartan, whereas the 

AT2 subtype shows a Kd of 0.5 n M  for CGP 42112. Both receptor 

populat ions  h a v e  an a lmost  identical affinity for AI1 (1.5 and 1.2 

n M  for AT1 a n d  ATî ,  respectively) and  the ratio of A T l / A T z  is 

nearly equal (60:40) in monkey  and rabbit hear ts  [163]. However,  

the proport ion of AT1 to AT2 appears to be dependent  o n  species, 

since a higher proport ion of AT1 receptors (greater ATl /ATz)  has 

been observed i n  rats [163]. Most  recently, Sechi et  al [164] found 

equal  proport ions  of ATi  to AT2 receptors Crom an  ' in s i tu '  b inding 

assay o n  tissue sections obtained from fetal, neonata l  a n d  adul t  

rats. 



Most of the biological effects of AI1 in t he  hea r t  h a v e  been 

attributed to the interaction of AI1 with the  AT1 receptor subtype 

[138, 1581. This  receptor subtype (AT11 has already been cloned and  

its molecular  s t ructure  sequenced [138, 1601. Each ATl  receptor is a 

359 amino  acid protein with a M, of 41kd, but es t imates  of the  

molecular weight of the  functional  receptor range as  high as 79 k d  

[138] (Figure 1.3). Th i s  apparent  discrepancy may be d u e  to the  fact 

that  the protein is probably glycoçylated. In the  molecular  s t ructure  

of the  AT1 receptors, which include seven transmernbrane- 

spann ing  domains ,  a t  least three potential consensus  sites 

(branched structures in Figure 1.3) for N-glycosylation h a v e  been 

found  o n  the puta t ive  extracellular domains  [138]. Each of t he  four 

extracellular regions also contains a cysteine residue [161], the 

Cunction of which is no t  yet known.  

3.3 Cellular Signal inp Renulated bv A n ~ i o t e n s i n  II Recevtors: 

ï h e r e  are several  signal transduction pathways regulated by 

the  AT1 receptor subtype which h a v e  been elucidated in  var ious  

types of tissues and  cells [ I l l ,  112, 153, 165-1681. However,  the 

signal tranduction path ways regulated by AT2 receptors is still  

unknown .  Most  of the  signaling pathways affected by AT1 receptors 

are shown in Figure 1.4. 

The signal  transduction path ways m odula ted  by AT1 

receptors which h a v e  been s tudied in tensively  are the 

phospholipase C (PLC)/diacylglyceroL (DAG)/protein k inase  C 

(PKC) a n d  adenylyl cyclase (AC)/cyclic adenosine monophospha te  

(CAMP) /pro tein kinase  A (PKA) pathways. AT1 receptors activate 



phosphoinositide-specific PLC via  a guan ine  nucleotide regulatory 

protein in chick cardiomyocytes[112] a n d  rat  neonata l  

cardiomyocytes [169]. PLC breaks down phosphoinosi to l  

d iphosphate  (PIP?) to form inosi  tol t r iphosphate (IP3) a n d  DAG. IP3 

mobilizes Ca?+ ions  from intracel lular  s tores (sarcoplasm ic 

ret iculum in the  hear t ) ,  and  DAG activates the Ca?+- and  

phospholipid-dependen t enzyme PKC. DAG can also be 

t ransformed to phosphatidic acid by the  action of the  enzyme DAG- 

kinase. Fur thermore ,  i t  is known that  act ivat ion of AI1 receptors 

activates phospholipase D (PLD) a n d  phospholipase A 2  ( PLAz) 

[166]. 

T h e  mos t  s tud ied  effect of AI1 on  intracel lular  s ignal ing in 

the  myocardium is an acute increase in mean  diastolic intracel iular  

Ca'+ concentrat ion [138]. Thi s  is accompanied by an  increase in the  

frequency of Ca?+ transien ts, followed by a signif icant  decrease in  

thei r  ampl i tude  [138]. In t he  heart,  the posi t ive inot ropic  effect of 

AI1 is  ma in ly  d u e  to augmentat ion of inward Ca2+ cur ren t  (Ica) 

through L-type channe l s  [142, 170, 1711. The  subsequent  decrease in 

t he  amp l i t ude  of Ca2+ t ransients  fol lowing adminis t ra t ion of AI1 

can mos t  likely, as suggested by Lindpainter  and Ganten [138], be 

a t t r ibuted to a negat ive  feedback rnechanisrn, possibly i n v o l v i n g  

PKC. If th i s  hvpothesis  i s  correct, then,  in t u rn ,  the  reduction i n  

in t racel lu lar  calcium concentrat ion presumably occurr ing i n  

precondi t ioned cardiomvocytes may  be explained by t h e  negat ive  

feedback induced by AI1 released d u r i n g  ischemia  o n  in t racel lu lar  

calcium low release. 



Angiotensin II Receptor (AT1 ) 
359 amino acids 

Consensus site Cysteine residue 

Transmernbrane domains Intracellular 

Figure L3:  Schematic of the A I I  AT1 receptor subtype. The structure of 
this putative recep tor has seven transmembrane-spanning domains. f he 
molecular structure of this protein encodes a sequence of 359 arnino acids. 
There are three potential consensus sites (branched structures) for N- 
glycosylation on the putative extracellular domains. Each of the four 
extracellular regions also contains a cysteine residue [161] ,  the function of 
which is not yet known. 



Figure 1.4: Angiotensin II signa h g  in cardiomyocytes. Angio tensin II 
activates AT1 and AT2 recep tor subtypes, but only the AT1 receptor is 
known to couple to  a n  inhibitory Gi protein. Activation of the AI1 AT1 
recep tor  subtype induces the activation of phospholipase C (PLC),  
phospholipase D ( P L D )  and phospholipase A2 ( P L A î ) ,  thus producing 
inositol tr iphosphate (TPg) and diacylglycerol (DAG) from phosp hoinositol 
diphosphate (PIPz),  phosphatidic acid and choline from 
p hosp ha tidylcholine (PC),  or arachidonic acid from PC, respectively. 
Angiotensin II also s tirnulates a n  increase in current through L-type c a 2 +  
channel and activation of the Na+/H' exchanger presumably through a 
PKC mechanism [134]. 



It appears tha t  AI1 receptor s t imula t ion  activates an  

intracellular  signal that  affects the chloride channel  in the 

membrane.  This  observation is supported by the f indings of Endho 

e t  al [167] who  have  shown in  rabbit ventr icular  cardiomyocytes, 

us ing the whole-ce11 voltage clamp technique, that  expoçure to AI1 

increases chloride cur ren  t  via AT1 receptors and  that  th is  effect 

depends on PKC activation [167]. Therefore, it  is possible that  

chloride channe ls  m a y  con tribute to the protection against necrosis 

induced by AI1 and  that  this  channel  could be a target effector 

protein in the  signal transduction generated by ischemic 

precondi t ioning.  

Another  signaLing pathway thought  to be activated by AI1 

s t imulat ion v i a  the ATi  receptor çubtype is the AWtyros ine  kinase 

pathway. A newly developed concept for guanine  nucleotide 

protein-coupled receptors is the activation of intracellular  second- 

messenger proteins via tyrosine phosphorylation[172]. For instance, 

AI1 stim ulates rapid tyrosine phosphorylation a n d  activation of 

phospholipase C-gam m a-1 and  the JAK fam i ly of in tracellular 

kinases in  cul tured rat glomerular  mesangial cells [173]. Both in 

cul tured rat aortic smooth muscle cells a n d  mesangial  cells, the  

cellular tyrosine kinase c-src appears to play a critical role i n  the  A 

II-stimulated tyrosine phospho rylation of PLC-gam m a-1 and  the 

generation of inositol  triphosphate (Ir3) as ev  idenced by the  

inhibi t ion of AII-mediated production of Ir3 and the intracellular  

release of Ca2+ produced by a blockade of the  rapid tyrosine 

phosphorylat ion of ~ ~ c - ~ a r n r n a - l  11741. These f indings suggest t ha t  

AII, work ing  th rough  the ATi receptor, s t imulates  tyrosine 



phosphorylat ion and  by this  mechanism signals  are conveyed from 

the  ce11 surface to o ther  sites inside the cell. Fur thermore ,  AI1 

s t imula tes  the  influx of calcium from the  extracellular space in a 

dose-dependen t fash ion in rat  aortic smoo  th m uscle cells [175]. 

Suzuk i  et  al [175] have  shown that  inhibi t ion of tyrosine kinases 

with Genistein and  tyrophostin, significantly suppresses the  AII- 

induced Ca'+ influx and the AII-induced formation of chol ine .  

These  results  suggest that  AI1 s t imulates  PLD d u e  to Ca2+ influx 

from the  extracellular space, and that  tyrosine kinases are invo lved  

in  the AII-induced Ca'+ influx, resul t ing in the  promotion of 

phosphatidylcholine hydrolysis. A role for protein tyrosine kinase 

phosphorylat ion has  been suggested based on  evidence provided by 

exper iments  reported by Baines et al [176]. In these experiments,  

inhibi t ion of tyrosine kinase activation with Genistein (5OyM) 

d u r i n g  t he  prolonged period of ischemia, in a single-cycle IF buffer- 

perfused rabbit hear t  protocol blocked the  protective effect of 

ischem ic precondi t ioning against infarction (necrosis).  

Angiotensin AT1 receptors h a v e  also been found  to be 

negatively coupled to adenylyl cyclase via  an inhibitory G protein 

(Gi). AnandaSrivastava e t  al [153] h a v e  shown that  myocardial 

t issue CAMP levels  decline with Ai1 s t imula t ion  in  rabbit and rat  

hear  ts [153]. 

4. FORMULATION OF HYPOTHESES 

In addit ion to adenosine, norep inephr ine  and bradykinin, 

t he  hear t  also produces AI1 d u r i n g  ischemia [100-1021. These 

f indings strongly suggest that  cardiac AI1 receptors are activated 



d u r i n g  ischemia a n d  that  AI1 receptors may participate in 

tr iggering the  pro tective effect of ischem ic precondi t ioning against 

necrosis.  A study performed in rabbits by Liu e t  a l  [IO81 has  

revealed tha t  exposing isolated hearts  to AI1 (100 nM)  for 5 m i n  to 

s t im ula te  AI1 receptors produces a protective response against 

infarct ion equ iva len t  to the protection obtained with ischemic 

precondit ioning.  Furthermore,  this  AI1 cardioprotection was 

blocked by CO-administrat ing ei ther  losartan (ZOpM), an AT1 AI1 

receptor an  tagonist, o r  polymyxin B (50pM), a potent  PKC inhibi tor  

[108]. These  data suggest that  a shor t  exposure to AI1 can be 

cardioprotective and  that  such cardioprotection m a y  be mediated 

th rough  PKC activation. Since AI1 can induce a protective 

mechanism against necrosis in  such a shor t  period (5 min) ,  then i t  

wou ld  be ceasonable to think that  5 m i n  of ischemia would provide  

enough  t ime for the hear t  to become protected through an AI1 

receptor mechanism.  In addition, since AI1 is well-known to 

act ivate PKC in  the heart  [100-1021, bo th th rough PLC/DAG/PKC 

a n d  PLD/DAG/PKC pathways, then any  PKC inhibitor  given prior 

to t he  AI1 s t imu lus  should  be able to block the protective effect of 

AI1 pret reatment ,  as  was demonstrated by Liu e t  al  [IOSI. 

Fur thermore ,  there are o ther  f indings which are in 

agreement  with an AI1 receptor act ivation in ischemic 

precondit ioning:  1) AI1 reduces cAMP in rabbit and rat m yocardial 

sarcolemm a [153]. Ischem ic precondit ioning induced with three 

cycles of 5 m i n  ischemia followed by 1 0  m i n  of reperfusion 

preven ted  a rapid increase of cAMP levels,  which normal ly  occurs 

after 10-30 m i n  of ischemia, in rabbit  hear t s  subjected to regional 



nor rno thermic  (37' C) myocardial ischemia in  an in v ivo  mode1 

[ 5 6 ] .  2) AI1 activates the Na+ /H+ exchanger which pumps  Hf i ons  

o u t  of the  ce11 i n  exchange of N a +  ions,  thus  induc ing  an 

alkalizat ion of the  cytosol [93] that  m a y  possibly con tribute to the  

AH-mediated cardiopro tection against in farction. Ischem ic 

precondit ion i ng  preserves in tracellular pH d u  r i n g  the l o n g  

ischemia [93, 941. 3) AI1 produces an increase in intracellular  

calcium th rough  a PKC-independen t L-type Ca" ch anne l  o p e n i n g  

[138]. Transien t exposure to a high concentration of extracellular 

calcium (2.45m M), which results in a sligh tly higher concentrat ion 

of in tracellu lar calcium, m im ics t he  protective effect of ischemic 

precondi t ion ing  against ventr icular  dysfunction [126, 1771. Based 

o n  the  evidence presented before, I h ave  formulated m y  first 

hypothesis: " Cadiac AI1 receptors which are  activûted du r ing  the 

s h o r t  cycles of ischem ia and  reperfusion by endogenously produced 

AI1 may trigger the  ischemic precondi t ioning phenornenon in the  

m yocardiurn ." 

II h a s  been shown that  inhibi t ion of inhibitory G-pro te ins  

(Gi) wi th  pertussis  toxin abolishes t he  protection against infarct ion 

induced by içchem ic  precondi t ioning in rabbit heats [104]. These 

data suggest that  t h e  protection of ischem ic precondi t ioning against 

necrosis m a y  be mediated th rough  Gi .  Thus ,  I have  fo rmula ted  a 

second hypothesis  as follows: " T h e  rnyocardial AT1 is the AI1 

receptor subtype that  participate i n  the triggering mechanisrn of 

ischemic precondit ioning." 



II .  OBTECTIVE, HYPOTHESES, AND 
SPECIFIC AIMS 

1. OBTECTIVE OF THIS STUDY: 

T h e  overa l l  objective of this  s tudy  was to de te rmine  the  ro le  

of AI1 receptors in the  triggering mechanism(s)  of t h e  i schemic  

precondi t ioning phenornenon in  the  m yocardium. 

1.1. H v ~ o t h e s i s  1: 

"Activat ion of cardiac angio tensin II receptors by 

endogenously  produced angiotensin II du r ing  the  s h o r t  

ischem ia/reperfusion episodes before a prolonged period of 

ischem ia followed by reperfusion con tribu tes significan tly to t h e  

tr iggering mechan ism of the  pro tective effect of ischem ic 

precondi  t ion ing  against myocardial infarction ." 

To assess this  hypothesis  the io l lowing a ims  were established: 

1.11 A i m  1: 

To characterize the  pro tective effect of ischem ic 

preconai€ionlng againsr in hrc t ior t ,  i~ t e rms  ef ir&rc+ siae i n -  an- 

isolated buffer-perfused rabbi t hea r t  mode1 of regional rn yocardial 

ischemia.  

1.1.2 A h  2: 

To asçess the  cardioprotective effect of angiotens in  II 

receptor activation against infarction produced by a l o n g  



ischemia/reperfusion episode in the  same i n  v i t r o  rabbit hear t  

mode l  of regional m yocardial ischem ia prev iously described. 

1.1.3 Airn 3: 

To assess the  ability of angiotensin II receptor blockade to 

abolish the  protective effect of ischemic precondit ioning against 

infarction u s ing  the same i n  v i t r o  rabbit heart  model  of regional 

myocardiaI ischem ia. 

1.2 Hvpothesis 2: 

"The  AT1 angiotensin 11 receptor is the  angiotensin II 

receptor subtype mediat ing the protection of ischem ic 

precondi t ioning against m yocardial infarction." 

To assess th is  hypothesis the following a ims  were 

established: 

1.2.3. Aim 1: 

To de te rmine  the participation of each angiotensin II 

receptor subtype, ATl and  AT2, in  ischernic precondi t ioning by 

assessing the  ability of e i ther  ATl  receptor or  AT1 receptor blockade 

to abolish the pro tective effect of ischem ic precondi t ioning against 

infarct ion i n  the same i n  a i t r o  rabbit heart  model  of regional 

myocardial ischemia previously  described. 



To confirm t h e  part icipat ion the  AI1 receptor subtypes in  

i schemic  p recond i t ion ing  i n  an  in v i v o  model ,  I establ ished t he  

fo l lowing  a i m s  2 a n d  3.  

1.2.2 Aim 2: 

To characterize the  protective effect of ischem ic 

p recond i t ion ing  against  m yocardial infarction in an  in v i v o  open-  

chested rabbit hea r t  model of regional  ischemia. 

1.2.3 A i m  3: 

To de t e rmine  the part icipat ion of the  angiotensin II ATl  

receptor subtype in i schemic  precondi t ioning of the  myocardium by 

assessing the ability of an  AT1 receptor subtype blockade to abolish 

t h e  protect ive effect of ischemic precondi t ioning against  

myocardial  infarct ion i n  the  i n  a i 2 0  rabbit hear t  mode l  of 

rn yocardial regional  ischem ia. 



III .  ISCHEMIC PRECONDITIONING IN 
ISOLATED RABBIT HEARTS 

T h e  objective of this  s tudy was to characterize the protective 

effect of ischem ic precondit ioning against in farction, in terms of 

infarct size in an  isolated buffer-perfused rabbit hear t  mode1 of 

regional ischem ia. Since it  is v ir tually impossible to determ i n e  t h e  

specific effects of locally produced AI1 in vivo,  it was necessary to 

develop an isolated heart m ode1 that  elim inates any  sign ifican t 

residual effects from non-cardiac renin-angiotensin systems du  r ing  

ischemia. Under these circumstances, any changes in infarct size or 

ventricuiar  function s h o u l d  be the direct effect of specific 

pharmacological in te rvent ions  o n  the heart. 

MATERIALS A N D  METHODS 

Al1 rabbits were treated to conform with the Gu ide fo r Lhr 

care  a n d  u s e  of l n b o r n t o  ry  a n  irn n l s  published by the US National  

Inst i tutes of Health (NIH publication No. 85-23. revised 1996). The  

research protocol was approved by the  Animal  Care Cornmittee of 

the  Research Institute, The  Hospital For Sick Children. 

Surrrical Prevaration: 

Hearts from New Zealand white rabbits (weight range, 3.0- 

3.5 kg) of ei ther sex, were isolated and perfused in  a modified 

Langendorff apparatus for this  s tudy (Figure 111.1). To induce 

general anesthesia, each donor  rabbit was given an  in t ravenous  



solution of pentobarbital (60 mg/kg) and  heparin (200 IU/kg).  Th is  

heparin-pentobarbital solut ion was divided in half a n d  given as 

two in t ravenous  bolus doses. The first bolus dose was given 

ini t ial ly to induce anesthesia du r ing  which the  rabbit was shaved  

o n  the  anter ior  neck and  left chest to prepare those areas for 

surgery. Five m i n u t e s  a f te r  the  first bolus, the  second bolus was  

administered.  Because this  second bolus of anaesthesia usual ly  

produced respiratory arrest rapidly, the animal  chests were opened 

through a mid l ine  s ternotomy and the hear t  rapidly excised and 

quickly m o u n  ted ( ~ 3 0  seconds) ont0 an  aortic cannula  (ID: 4.0-4.2 

m m )  by its aort ic  root.  Each heart  was immediately perfused with a 

modified Krebs-Henseleit bu ffer solution conta ining 118.5 m M  

NaC1, 4.7 m M  KC1, 1.2 m M  MgSO*, 2.5 m M  CaC17, 24.8 m M  

NaHC03,  1.2 m M  KHzPOd, a n d  10 m M  glucose. The perfusate used 

in  the  non-recirculat ing system was oxygenated with 95% 0 2  - 5% 

CO2 and main ta ined  at 37'C, and perfusion was main te ined  a t  a 

constant  pressure of 75 mmHg.  

A 2-0 si lk su tu re  was placed a round  a large branch of the 

left coronary artery a n d  both ends  pulled through the  l u m e n  of a  

poIyethylene tubing (ID: 3 m m ,  8 cm long, Clay Adams Inc., 

Parsippany, N J) to form a tourniquet-like device for perform i n g  

coronary occlusions from the  outside of the water-jacketed hear t  

chamber. Subsequently, a n  intraventricular  latex balloon filled 

with sal ine a n d  connected to a pressure transducer (Mode1 800, 

Bentley Inc., I rv ine ,  CA) was placed into the left ventr ic le  v ia  the  

left a t r ium.  This  was used to obtain data o n  left ventr icular  systolic 

a n d  diastoiic pressures a n d  hear t  rate. Once the 
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Figure m.1: The modified Langendorff perfusion apparatus .  A s  shown in 
tkispicfure,  axygena ted-buf fer_( 3 7 ' C ) ~ i s ~ p u r n q ~ ~ u p  @roughtygon tubing 
into a glass air  bubble trap.  Then, the buffer circula tes into a gIassco?leX 
heat exchanger from which it is then delivered directly into the heart 
through a n  aortic cannula. The heart is perfused a t  a constant pressure of 
75 mmHg generated by a buffer column of 100 crnH2O. Any buffer overflow 
is then collected and returned to a water-jacketed glass container to be re- 
circulated. The dripping buffer coming from the heart is used to measure 
coronary outflow and then discarded. A latex balloon is inserted into the 
heart lef t ventricle to measure ventricular pressures and a tempera t u e  
probe is placed into the pulmonary vein to rneasure the buffer temperature 
as surrogate for the actual myocardial temperature. The heart is 
maintained a t  a constant temperature (37'C) by placing it into a water- 
jacketed heart chamber. 



hear t  was fully ins t rumen ted, i t was placed i n  to the water-jacketed 

hear t  chamber for temperature control.  The  hear t  temperature  was 

kept constant  at 37' C and  cont inuously  moni tored us ing  a Termo- 

Finer temperature  probe (Mode1 N4-1C008, Te rumo  Inc., Tokyo, 

Japan).  T h e  temperature  probe was placed in t h e  pu lmonary  artery 

root  to measure  coronary outflow temperature as  a good surrogate 

of myocardial temperature.  Al1 drugs used in th is  s tudy  were 

infused through a side port located 12 cm away from the hear t  over  

t he  perfusion co lumn.  

Regional myocardial i schemia  was induced by occluding a 

branch of the left coronary artery us ing the tourniquet-l ike device 

described above. Ischemia was confirmed by observing the 

following changes: 1) the  collapse of the distal segment  of the 

occluded coronary artery; 2) a marked decline in left LVDP;  3 )  a 

sudden  reduction in  coronary flow; 4) the appearance of localized 

ventr icular  akinesia in the territory supplied by the occluded 

coronary artery. Reperfusion of the ischemic area was confirmed by 

observing the  refi l l ing of the distal artery, a  significant recovery in 

LVDP a n d  coronary flow, and the resumption of synchronized 

ventr icular  con tractions. 

1.2 Ventricular Function Measuremen t: 

Left ventr icular  Function for each hear t  was assessed by 

rneasur ing left ventr icular  systolic (LVSP) and end-diastolic 

pressure (LVEDP). V e n  tricular hunction was also assessed based on  

LVDP a n d  hear t  rate th roughout  each experiment.  These data was 

obtained by using an  int raventr icular  Latex balloon connected to a 



pressure transducer. Heart rate was estim ated from the  pressure 

wave signal.  These  data was recorded a n d  digitized us ing  a 

computer  software developed at The  Hospital for Sick Children 

(Cardiac Pressure-Volume Loop Acquisition and Analysis Program, 

version 5.0). The  vo lume  of the latex balloon was ini t ial ly adjusted 

to achieve end-diastolic pressure of 4-5 m m H g  a n d  k e p t  constant 

th roughout  each experiment.  Thus,  a n y  changes  in end-diastolic 

pressure would reflect changes in  myocardial distensibility. 

1.3 Coronarv Flow Measurements: 

Since AI1 recepto r stim ulat ion induces coronary 

vasoconstriction, and i  t s  inhibition produces coronary 

vasodilatat ion,  i t  was very important  to measure coronary  flow 

th roughou t  each experiment to study the  effect of ischemic 

precondi t ioning on coronary flow, to eva lua t e  subsequen t 

coronary responsiveness to each d rug  s tudied and  to perform the  

dose-response studies.  The coron ary effluent  d r ipp ing  from each 

hear t  was collected o v e r  o n e  minu te  a n d  measured us ing  a 

graduaked cylinder at differen t t ime points  d u r i n g  the aerobic 

perfusion (15, 30, 45, 60 min ) ,  ischemia (10, 20, 30, 40 min ) ,  and  

reperfusion (15, 30, 45, 60 m i n )  periods. 

1.4 In farct Size Measurem en ts: 

1.4.1 Tetrazolium S t a i n i n ~  Technique: 

Infarct size waç determined us ing  the  tetrazoliurn s ta in ing  

technique [95]. At  the end of each experiment,  the  coronary artery 



subj ected to occlusion was re-occluded. T h e  heart  was then 

perfused with 5-10pm zinc-cadmium sulf ide yellow fluorescent 

particles (Duke Scien tific Inc., Palo Alto, CA) to identify the risk 

area ( the  area seen to be wi thout  particles unde r  u l t raviole t  l ight),  

def ined as the  biventricular  area subjected to ischemia a n d  

reperfusion.  Each hear t  was then cross-sectioned in to  4-5 slices 3-5 

m m  thick a n d  incubated in a 1.25% solut ion of tr iphenyl 

tetrazolium chloride (TTC), made u p  with 0.2 M Tr i s  buffer (pH 

7.4), a t  37°C for 10 in in .  T h e n ,  the heart  slices were fixed in  10% 

formaldehyde.  Tetrazolium salts require the presence of functional  

enzymatic systems such as  N A D / N A D H  o r  NADP/NADPH.  The  

enzymes N A D H  or  NADFH a r e  oxidized by an oxidase releasing 

free electrons that  can be picked u p  by the  tetrazole, which becomes 

reduced to a red formazan stain in  normal  myocardium, whereas 

the  infarcted tissue remains  unstained [178]. Thus, viable tissue 

was defined as  the  areas stained brick-red; dead tissue (necrosis) 

was defined as the areas that did not  s tain and looked whi te  or  tan 

in color.  Subsequently, each stained hear t  was labeled with an  

assigned code to bl ind the planimetry measurements .  From al1 

hear t  slices, the  total biventricular area at  risk a n d  necrotic areas 

were  traced ont0  transparent  acetate sheets  a n d  al1 areas 

planimetered by corn pu ter to calculate the  percen tage o f  the 

biventr icular  area that  was a t  r i s k  and  the percen tage of the area a t  

risk t ha t  was necrotic i n  each heart  as follows: 



*/O of area at  risk = risk area (mm')/total area ( m m 2 )  

% of necrotic area = necrotic area (mm')/risk area (mm')  

The  absolute values  (mm') for total area, a rea  at risk a n d  

necrotic area were entered o n  a n  Excel spreadsheet  in an IBM 

corn patible persona1 corn pu ter to perform the calculation of the 

percentage of area a t  risk and the percentage of necrotic area. 

1.4.2 In ter-observ e r  Error A nalvsis: 

Even  though the plan imetry m easurem en ts to calculate the 

a rnount  of necrosis were performed by the  same person within 

three days of each experimen t, i t  was quite possible that  an error in 

def in ing  the  l imi ts  of the area at r i s k  and  necrotic areas m a y  h a v e  

occurred d u r i n g  such measuremen ts, resul t ing in e i ther  

underes t imat ion or overestirn at ion.  Therefore, an  in ter-observer 

error  analysis was perform ed as follows: random ly assigned hearts  

from in  v i t ro  a n d  in v i v o  experiments (n  = 7) were blindly traced 

o n  to acetate sheets  and  re-planimetered by an experienced 

technician in corn pu ter planimetry, in addit ion to the first 

measurement .  Then the two separate measurements  for each heart  

were subjected to a regess ion  analysis to de te rmine  how close each 

measure  was to the other.  Results frorn this  in ter-observer error  

analysis showed a significant correlation between the two 

rneasuremen ts (r=0.89) 



Experim en ta1 Protocol: 

1.5.1 Stabilitv Studv: 

To assess the  stability of the preparat ion,  two groups of 

baseline hearts ,  paced hearts  ( n  = 7) a n d  non-paced hear ts  ( n  = 7) , 

were ins t rum en ted and  aerobically perfused wi t h  buffer solut ion 

Cor 160 m i n ,  t h u s  to equalize th is  protocol to the  

ischem ia/reperfusion experimen ta1 protocol in tim e. Paced hearts  

were electrically s t imulated v i a  the left a t r ium to produce a hear t  

rate  of 200 beats/min.  These hea r t s  did n o t  receive any  treatment.  

LVDP, hear t  rate a n d  coronary flow were measured at 15 m i n  

in tervals  th roughout  the 160 min  perfusion of each heart .  Necrosis 

was also assessed in  each hear t  at the  end  of each exper iment  us ing  

the tetrazolium s ta in ing  technique previously  described. T h e  

objective of per forming  two stability studies, with a n d  wi thout  

pacing, was to de te rmine  which method  would be more  stable, in 

terms of LVDP, Cor better characterization of the ischemic 

precondit ion i n g  phenornenon in subsequen t experim en ts. Because 

i t  is known that  t rans ient  rapid pacing can precondit ion the  hear t  

[179, 1801, i t  was necessary to s tudy the  effect of  atr ial  pacing 

ischem ic precondi t ioning o n  the isolated rabbit hea r t  mode1 of 

regional ischem ia. 

1.5.2 Ischern ic Preconditioninp;: Paced- Versus N o n ~ a c e d  Heart 

S tu dy: 

Due to a moderate  d e d i n e  in  hear t  rate observed after one- 

h o u r  aerobic perfusion in the  stability study, i t  was necessary to 



s tudy the  effect of atrial pacing on the ischemic precondit ioning 

phenornenon in this  model.  To address this  issue, 30 hearts  were 

subjected to a standard 15 min of aerobic perfusion followed by 40 

m i n  of normothermic  regional ischemia (37'C) and 60 min of 

reperfusion (Fig.III.2). Paced con trol hearts  (Cp, n=7) and nonpaced 

control  hear ts  (C, n=8)  were subjected to a n  additional 45 m i n  of 

aerobic perfusion prior to t h e  40 min  of ischemia in order to 

com pensate for the ischem ic precondit ioning cycles. 

Precondi t ioned paced hearts (IPp, n=7) a n d  precondi tioned unpaced 

hea r t s  (IP ,n=7) were subjected CO three successive cycles of 5 min of 

regional ischemia followed by 10  min of reperfusion prior to the 

long ischem ic insul  t. Paced con trol and  precondi tioned hearts  were 

atrial-paced a t  200 beats /min .  The  pacer was turned off du r ing  each 

ischemic episode because in pilot experiments (n = 3)  where each 

hear t  was con t inuously  paced a t  200 beats/m in ,  i f  was observed that  

the hear t  developed substantiallv more necrosis after the 60 min of 

reperfusion than ei ther unpaced control  hearts  or in termit tent ly  

paced con trol  hearts,  suggesting that  con t i nuous  electrical atrial 

s t imula t ion  du r ing  ischem ia may  accelerate ischem ic in jury  in this  

model .  Left ventricular  developed pressure and  coronary Çlow was 

assessed every  15 m i n  du r ing  aerobic perfusion a n d  every 10  m i n  

d u r i n g  the prolonged ischemic episode. Infarct size was measured 

as a percentage of the area a t  risk that  was necrotic us ing the TTC 

s t a in ing  technique. 



Experimental Protocol 

Paced vs Nonpaced Hearts 

lschemia , Reperfusion 

40 min 60 min 

1 5 min isct-iemia/lO min reperfusion x 3 
15 min Stabilization 

Figure 111.2: Experimental protocol for the ischemic preconditioning s tudy: 
paced versus nonpaced hearts. Al1 hearts, paced control ( C p ) ,  paced 
preconditioned (IPp) ,  nonpaced control (C)  and nonpaced preconditioned 
(IP), received 1 5  min of aerobic perfusion followed by 40 min of 
normothermic regional ischemia (37'C) and 60 min of reperfusion. Control 
hearts received a n  additional 45 min of aerobic perfusion to compensate 
for the time used to induce preconditioning, to equalize al1 protocols in 
time. Preconditioned hearts were also subjected to three cycles of 5-min 
ischemia and 10-min reperfusion prior to the 40 min of norrnothermic 
regional ischemia and  60 min of reperfusion. Paced hearts, control and 
preconditioned, were atrial-paced a t  200 beats/min. The pacer was turned 
off when ischemia started and turn on again when reperfusion started.  Left 
ventricular developed pressure (LVDP) was assessed through the 
experiment and necrosis measured a t  the end of 60 min reperfusion. 



1.6 Statistical Analvsis: 

Al1 data are expressed as  mean t S.E.M. Factorial A N O V A  

was used to assess differences among  the heart  groups. Where  

appropriate, the  Scheffé F-test was applied to determine whether  a 

statistically significant difference (P < 0.05) existed between two 

groups.  A regression analysis was performed between paced and  

nonpaced control  and  preconditioned heart  groups to test for 

association between functional parameters (LVDP and  heart  rate) o r  

coronary flow and  infarc t  size. Regression analysis was also 

performed between al1 areas a t  r i sk  and  necrotic areas to test for 

any re la t ionship between them.  

RESULTS 

2.1. Stabilitv Studv: 

Al1 data (mean  k S.E.M.) for the stability s tudy are 

summar ized  in  Figure 111.3. Both paced and  nonpaced aerobically 

perfused hearts  showed a significant (P < 0.05) decline in LVDP a t  

the  e n d  of 160 m i n  of aerobic perfusion (82. 1 f 4.1 m m H g  and  86.5 

+ 4.8 mmHg, respectively) when compared to LVDP values  a t  15 

m i n  perfusion (110.7 f 2.9 m m H g  and  128.2 t 3.6 mmHg,  

respectively). Fur thermore,  nonpaced hearts  had a progressive a n d  

significant (P c 0.05) reduction i n  heart  rate (from 170.4 Ç 5.4 

bea t s /min  to 150.1 f 8.5 beats /min)  from 15 m i n  to 160 m i n  

perfusion.  Coronary flow also declined in both paced (from 85.1 t 

4.1 m l / m i n  to 66.3 f 2.7 ml/min  ) a n d  nonpaced hearts (from 77.7 + 
2.4 ml/rnin to 60.5 t 4.3 ml/min ) ,  from 15 m i n  to 160 m i n  
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Figure lX.3: lime-course grap hs for Lef t ventricular developed pressure 
(LVDP, upper graph), heart rate (central graph) and coronary flow (lower 
graph) in aerobically perfused paced ( O )  and non-paced ( a )  hearts. LVDP, 
heart rate and coronary flow decreased significantly in nonpaced hearts, 
by 33%, 12% and 22% of baseline, respectively, after 160  min. of perfusion 
a s  compared to baseline values a t  15 min. perfusion ( P  < 0.05).  Coronary 
flow also declined significantly in paced hearts after 160 min. of aerobic 
perfusion (23%) as  compared to  baseline values. Data are expressed as  
mean I S.E.M. * Pc0.05 versus baseline values a t 15 min stabilization. 



perfus ion.  There was n o  significant difference in the percentage of 

decl ine in coronary flow between paced and  nonpaced hearts .  As 

expected, paced a n d  nonpaced hearts  showed  n o  necrosis, as 

assessed by TTC, at t he  e n d  of the  perfusion protocol. 

2.2 Ischem ic Preconditionine: Paced Versus Nonvaced Heart 

S tu dy: 

2.2.1 Infarct Size: 

Infarct size data for this  s tudy  are shown in Figure 111.4. 

Ischem ic precondit ioning reduced infarct s ize significan tiy ( p  c 

0.01) in the  nonpaced hear ts  (IP 5.1 f 1.4%, mean k SEM) a s  

compared to nonpaced control  hearts  (C 26.1 + 3.4%). However,  i t  

d id  n o t  induce any  protection against infarction in paced hearts ,  Cp 

19.7 t 3.7% versus  IPp 17.0 c 4.0°/0, p > 0.05. Since pacing the  hea r t  

reduced the a m o u n t  of necrosis in the  control  group,  a statistical 

(Sheffe's test) was performed to assess i f  the  reduction in necrosis 

was statistically significant.  A s  a result  of this analysis, i t  was 

found  that  there was no  significant difference (P>0.05) in infarct 

size between paced control  hearts  (19.7 + 3.2%) a n d  nonpaced 

control  hearts(26.1 + 3.4%). Representat ive photographs  s h o w i n g  

the effect of ischem ic precondi t ioning on necrosis are  presen ted in 

Figure 111.5 and 111.6. 

2.2.2 Ven tricular Function: 

Left ventr icular  systolic a n d  diastolic pressures (LVSP and 

LVDP, respectively), and coronarv Clow data are  shown  in  Table 



lschemic Preconditioning Study 

Paced 

Groups 

Figure 111.4: This graph shows the infarct size measurernents expressed a s  
a percentage of risk areas. Ischemic preconditioning reduced infarct size 
significantly in nonpaced hearts, C 26.1 + 3.4% versus IP 5.1 & 3.4%. 
However, it d id  not protect against infarction in paced hearts, Cp 19.7 I 
3.2% versus IPp 17.0 I 4.0% Data are mean t SEM. ' P < 0.01  versus 
control group. 



Fig. 111.5: This  is a representative slice from a control  hear t  
showing the  TTC s ta ining results obtained after 40 m i n  of 
n o r m o  therrnic regional ischemia and 60 m i n  of reperfusion. Viable 
tissue stained brick-red while necrotic tissue stained tan o r  white 
color. Region at risk was determined using yellow fluorescent 
particles which are no t  seen in this photograph. However, about 
80% of the surface area shown in this hear t  slice picture was a t  risk. 



Fig. 111.6: This  is a representative slice from a preconditioned heart  
showing  the  TTC sta ining results obtained after $0 m i n  of 
n o r m o  thermic regional ischem ia and  60 m i n  of reperfusion. Viable 
tissue stained brick-red while necrotic tissue stained tan o r  white 
color. Region at risk was determined using yellow fluorescent 
particles which are no t  seen in this  photograph. About 80% of the 
surface area was at r isk in  this hear t  slice. 



111.1. Atrial pacing increased the rise in diastolic pressure in both 

paced control and  preconditioned hearts a t  the  end  of 60 min  

reperfusion as compared to nonpaced control or preconditioned 

hearts.  However, there was no  difference in  the changes in LVDP 

a m o n g  al1 the groups. 

Coronary flow declined significantly in al1 control and 

preconditioned groups (Table 111.1). However, there was no 

significant difference between anv of the groups compared (C and  

Cp, a n d  IP and  IPp hearts) a n d  coronary flow values obtained a t  160 

m i n .  of aerobic  perfusion in the  baseline hearts from the stability 

study.  

A statistical regression analysis perform ed between paced 

and  nonpaced control a n d  preconditioned hearts showed no 

association between functional parameters (LVDP and heart  rate) or  

coronary flow and infarct size ( r  = 0.12). In addition, a comparison 

performed of the area a t  risk with the necrotic area for al1 hearts  

d id  no t  show a n y  relat ionship ( r  = 0.32) between thern. Thus ,  in 

this  study, infarct size was independent  of the size of the area at 

risk. 

DISCUSSION 

The  aims of the present s tudy were to establish a n  isolated 

buffer-perfused rabbit hear t  model and to characterize the ischemic 

precondit ioning phenornenon in that  model.  A model of regional 

ischemia in an isolated buffer-perfused rabbit hear t  preparation 

was developed (Figure 111.1) in which a stable preparation was 





demonstra ted (Figure 111.2). It was found  that  in hear ts  n o t  

subjected to atrial pacing (constant  hear t  rate), ischem ic 

precondi t ioning induced by three cycles of 5 m i n  ischemia a n d  10 

m i n  of reperfusion protected the isolated hearts  against ischemic/  

reperfusion inj ury  by reducing the a m o u n  t of necrosis significan tly 

(Figu re 111.3). 

In the  stability study, nonpaced rabbit hearts  aerobically 

perfused in an isolated bu  Çfer-perfused heart  model were found  to 

h a v e  a consistent heart  rate decline over  t ime (Figure 111.3). 

Because of early concerns about effects on the  ischemic 

precondi t ioning phenomenon in this  model resul t ing from such 

rnoderate fa11 in heart  rate after 160 m i n  of aerobic perfusion,  it  

was critical to compare this  g roup  of nonpaced hearts  with a second 

group of hearts  in which aerobicalIy perfused hearts were paced a t  

200 beats/min via the left atr ium for 160 m i n .  As a result,  n o  

significant difference was found o n  e i ther  LVDP or  coronarv flow 

between the  two groups. In addition, in both groups of hearts ,  

LVDP a n d  coronary flow decreased significantly (Pe0.05) after 160 

m i n  of aerobic perfusion. However, the  levels to which LVDP and 

coronary flow fell did no t  jeopardize an  effective perfusion of t he  

myocardium or caused any  ischernic i n ju ry  to it  as demonstra ted by 

t he  absence of necrosis observed in  al1 hearts  at  t he  e n d  of t he  

aerobic perfusion. 

In characterizing the ischemic precondi t ioning 

phenomenon ,  i t  was found  in pilot exper iments  that  if the  hea r t  

was paced v ia  the left a t r ium continuously,  inc lud ing  d u r i n g  the  

l o n g  ischemic period, infarct size was increased substantial ly as 



compared to infarct size obtained in control hearts.  The reason why  

necrosis increased with atrial pacing du r ing  ischem ia in these 

exper iments  remains  undetermined.  However, it is quite possible 

that ,  s ince the demands Cor energy are increased du r ing  ischem ia a s  

more  ATP is required for the  uncoupl ing  mechanism of the 

contractile apparatus, atrial pacing m ay have  increased the  

demands  for ATP by the  ischemic myocardium, causing the  

deplet ion of energy reserves earl ier .  Infarct size was n o  t affected 

when atr ial  pacing was used on ly  du r ing  perfusion periods in 

control  hearts,  but it blocked the  protective effect of ischemic 

precondi t ioning (Figure 111.4). A possible explanation for no t  being 

ab le  to precondition atrial-paced hearts  may be that,  in those 

experiments,  there was low statistical power to detect a  difference 

between control and  precondit ioned groups as demonstra ted by a 

large variability in the  infarct size data in both groups  (Figure 

111.4). Nonetheless,  the  a m o u n t  of protection obtained in 

precondit ioned hearts  n o  t subj ected to atrial pacing was consistent  

wi th  the a m o u n t  of protection observed in rabbit hear ts  with 

s imi la r  models,  by o ther  investigators[B, 29, 30, 103, 1811. 

It has been shown recently by Vegh e t  a1[180] that  a sho r t  

period of rapid ven  tricular overdr ive  pacing (500 beats/m i n )  

mimics  the  protective effect of ischemic precondit ioning against 

ventr icular  ectopic beats induced by a sustained coronary occlusion 

i n  dog  hearts. In contrast,  Marber e t  a1[182] could n o t  reduce 

infarct size in s i tu  in hear ts  with a single 5 m i n  period of rapid 

atr ial  pacing (300 beats/rn in ) .  The  atrial pacing experimen ts in t he  

present  s tudy  differ from those from Marber e t  a1[182] a n d  Vegh e t  



a1[180] in tha t  in the present  s tudy  the hearts  were paced at  a much 

lower  rate. Fur thermore ,  in a recent s tudy performed by Szilvassy 

e t  a1[183] 5 min  of ventr icular  overdr ive  pacing (500 beats /min)  

markedly  at tenuated the  increase i n  left ventricular  end-diastolic 

pressure  induced by a longer period of ven  tricular overdr ive  

pacing in anaesthetized rabbi ts. In that  experimen t[183], 5-min 

ven tricular overdr ive  pacing sligh tly increased cGMP and  

profoundly elevated CAMP content  in left ven tricular tissue. 

However, when  this  v e n  tricular pacing was preceded by a 

precondi t ioning ventr icular  overdr ive  pacing, the  cAMP increase 

was significan tly at tenuated,  whereas the cGMP increase was made 

larger[183]. Although these data suggest that  pacing c m  induce 

protection, possibly through a mechanism related to ischemic 

precondit ioning,  paced hear ts  in the present s tudy were no t  

protected as determined by infarct size. A n  analysis of the levels  of 

cAMP in  paced control  and /o r  preconditioned hearts  was no t  

performed in  the present  s tudy.  However, o n e  may speculate that  

changes induced by atrial pacing on levels of cAMP in the  heart  

migh  t have  in terfered with the ischem ic precondi t ioning 

pro tective signal(s) a n d  blocked the protection against infarction 

observed in  this  s tudy  in hear ts  no  t subjected to atrial pacing. 

Left ven  tricular developed pressure was assessed in this  

s t udy  in an a t tempt  to de te rmine  if there is any  significant 

protection against postischem ic ven  tricular dysfunction by 

ischemic precondi t ioning in rabbit hearts.  Ischem ic 

precondi t ioning d id  no  t improve  postischemic LV DP in th i s  study, 

suggeçting that,  in the rabbit, the protection against postischem ic 



ventr icular  dysfunction is n o  t presen t. In con trast to t he  presen t 

results,  Cohen e t  a1[47] found  improved  wall-motion a n d  lower 

infarcts in rabbit hearts  after t rans ient  coronary occlusions,  

suggest ing an i m p r o v e m e n t  in ventr icular  function with ischem ic 

precondit ioning.  In addit ion,  in a n  isolated blood-perfused rabbit 

hear t  model ,  S a n d h u  et a l  [29] h a v e  shown that  a singie cycle of 5 

min ischemia followed by 10 min  of reperfusion m a y  i m p r o v e  

postischemic ven t r i cu la r  Cunction as suggested by a t r end  to lower 

end-diastolic pressure  measured at the  end  of reperfusion in 

precondit ioned hear t s  wh ich was close to being significan tly lower 

when  compared to end-diastotic pressure in con trol hearts .  

Experiments perforrned more  recentlv by Sandhu  et  al [55] showed  

tha t  three cycles of t rans ient  ischemia and  reperfusion produced a 

more  robust phenornenon  i n  terms of infarct-size l im i t i ng  eft'ect in  

a n  i n  v ivo rabbit hear t  model  of regional ischemia.  These data 

suggest that it migh t be possible to f ind a significant i m p r o v e m e n t  

i n  end-diastol ic  pressure in precondit ioned hear ts  by u s i n g  th ree  

cycles of t r ans ien t  ischemia and  reperfusion to induce  t he  

protective effect in an isolated blood perfuçed rnodel. 

In surnmary,  ischemic precondit ioning induced  by th ree  

cycles of t r ans ien t  regional  ischem ia a n d  reperfusion protects the 

hear t  against necrosis  produced by a subsequent  l ong  per iod of 

ischemia a n d  reperfusion in the  isolated rabbit hea r t  mode l .  

However ,  three-cycle ischem ic precondi t ioning does no  t  pro tect t h e  

hear ts  against postischernic ven  tricular dysfunction. Fu r the rmore ,  

a t r ia l  pacing blocks the protect ive effect of three-cycle i schemic  

p recondi t ion ing  against necrosis in  th is  model.  



IV ANGIOTENSIN II  RECEPTORS IN 
ISCHEMIC PRECONDITIONING: 
IN VITRO STUDY 

The  a ims  of this  s tudy  were to de te rmine  the  

participation of AI1 receptors i n  triggering the ischemic 

precondi t ioning protection against  in tarction and  to iden tify which 

AI1 receptor subtype is i nvo lved  in ischem ic precondition ing. To 

address these issues AI1 receptors were first  s t i rnulated prior  to an 

ischem ic/reperfusion in j  u ry  episode to determ ine  i f  such 

s t im d a t i o n  would  result  in protection against myocardial  

infarct ion.  T h e n ,  a n y  poten tial act ivat ion of AI1 receptors was 

completely blocked in  precondi t ioned hearts  to determ ine  h o w  

impor t an t  AI1 receptor act ivat ion was in producing the  i schemic  

precondi t ioning protection against infarction. Subsequen rly, after 

AI1 receptors were found  to participate in triggering the  ischem ic 

precondi t ioning phenomenon ,  selective inhibi t ion of each AI1 

receptor subtype, A T l  and AT2, was performed in  precondi t ioned 

hear ts  to identify the  relat ive i n v o l v e m e n t  of each AI1 receptor 

subtype i n  ischemic precondit ioning.  

MATERIALS A N D  METHODS: 

The  surgical preparat ion and the  ventr icular  funct ion,  t he  

coronary  flow and the infarct  size measurernent  protocols used  i n  

this s tudy  were al1 identical to those used to characterize the  

i schemic  precondi t ioning p h e n o m e n o n  protection against 



infarct ion in the  s tudy  " Ischem ic Precondi t ioning in Isolated 

Rabbit Hearts" which h a s  been described in detail  in  Chapter  III. 

1.1 E x ~ e r i m  en ta1 Pro tocok 

1.1.1 Saralasin and Losartan Dose-Remonse Studies: 

In these  s tudies,  the  dose for saralasin a n d  losartan tha t  

compietely blocked any  potential  activation of AI1 receptor d u r i n g  

th ree  cycles of t r ans ien t  ischemia a n d  reperfusion was  de t e rmined  

based o n  two independen t dose-response experimen ts performed in 

28 isolated buffer-perfused rabbit hearts .  Since rabbit hea r t s  h a v e  

AI1 receptors [162, 1841 through which coronary flow c m  be 

modu la t ed  [185], t h e  ability of increasing concentra t ions  of 

saralasin (100 n M ,  500 n M ,  1 F M ,  n = 4 hearts  per each dose) a n d  

losartan (100 n M ,  1 PM,  10 p M  a n d  20 PM,  n = 4 hear ts  per  each 

dose) to antagonize  t he  effects of AI1 (100 n M )  o n  coronary  flow 

was tested as follows: Each hear t  was first aerobically perfused for 

15 m i n  to a l low i t  to stabilize. Baseline for coronary  flow was 

recorded at tliis t ime  point .  Then ,  the hear t  was  exposed for 5 

m i n u t e s  to AI1 (100 n M )  to obtain a baseline response (coronary  

Flow reduct ion d u e  to vasoconstr ict ion) to the  AI1 s t i m u l u s .  T h e  

hea r t  was t hen  aerobically perfused t'or 20 m i n  wi thou  t  a n y  drug to 

allow recovery of coronary  flo w to baseline values .  Subsequen tly, 

an i n fu s ion  of e i t he r  saralasin o r  losartan,  a t  different  

concentra t ions ,  was in i t ia ted .  After 10 m i n  of aerobic perfus ion,  

each hea r t  treated wi th  either o n e  of these two AI1 receptor 

inh ib i to r s  received a chal lenge dose of AI1 to de term i n e  t h e  degree 



of receptor blockade a t  the different concentrat ions of each 

inhibi tor .  Each hear t  was given f i v e  AI1 doses. The last dose of AI1 

tha t  each hear t  received was g iven  20 m i n  after the AI1 receptor 

inhibi tor  had  been stopped, to assess the heart  response to AI1 and 

ru le  o u t  any  desensitization of AI1 receptors. 

T h e  effect of increasing concentrations of saralasin a n d  

losartan on the coronary vasoconstrictor effect of AI1 (100 n M )  are 

shown  in  Figures I V . l  a n d  IV.2. Saralasin, a nonselective peptide 

AI1 antagonist ,  blocked the vasoconstrictor effect of AI1 on the 

coronary flow in a dose-dependen t fashion and i t  blocked th-is effect 

completely at a concentration of 1 FM (Figure IV.1). At that 

concentrat ion,  saralasin also blocked the positive i no  tropic effect of 

AI1 completely. Similarly, losartan, a selective non  peptide AI1 

antagonist ,  inhibited the vasoconstrictor effect of AI1 in a dose- 

dependen t  fashion.  Complete blockade of ATl  receptors, as 

determined by the absence of coronary  aso oc on striction, was 

consistently obtained with 20 uk1 losartan (Figure. W . 2 ) .  Even 

though i t  is likely that  more  than 80% of the AT1 receptors were  

blocked by 10 FM losartan, this dose was obviously n o t  enough  to 

completely block the inotropic rffect induced by 100 n M  AI1 as  

evidenced by a consistently observed increase in systolic pressure. 

W h e n  the  concentration of losartan was increased to 20 PM, as was 

done  i n  t he  dose response experiments, the inotropic  response to 

AI1 was completely abolished. None  of the hearts  used in  t he  dose- 

response exper iments  experienced a n y  loss of responsiveness to AI1 

(tachyphylaxis) in terms of ventricular  function or  coronary flow. 



In addit ion,  another  group of four hearts,  which were 

aerobically perfused for 15 min, were used to test the specificity of 

receptor blockade by losartan. Each heart was ini t ial ly exposed to 

endothe l in - l  (ET-1, 1 nM) which was given through a side port 

over  a period of o n e  minu te .  T h i s  E T 4  dose was selected based of 

its moderate effect o n  coronary vasoconstriction, resul t ing in 

approximately 20% reduction in coronary flow (Figure IV.2),  which 

would allow the  heart  to recover fully once the  d rug  infusion was 

stopped. After baseline response to ET-1 was obtained and coronary 

flow has recovered, an infusion of losartan a t  20 PM, a dose which 

completely blocked the AT1 receptors, was initiated. Then,  a second 

dose of ET-1 was CO-administered to induce the  same 

vasoconstrictor effect as in the baseline response, but in the 

presence of AT1 receptor blockade. T h e  main objective of these 

experiments was to isolate the effect of losartan a n d  to demonstra te  

that  o ther  receptors remained fully functional even  in the presence 

of losartan. ET-1 infusion (1 n M )  produced an equiva len t  

vasoconstrictor effect as AI1 (IOOnM), as determined by a moderate 

reduction in coronary flow, in the presence o r  absence of complete 

AT1 receptor blockade (Figure W . 2 ) .  

1.1.2 Ischem ic Precondi t ion in~:  Anaiotensin II R e c e ~ t o r s  Studv: 

A total of 65 hearts were used to assess the role of ALI 

receptors in ischemic preconditioning. These hear ts  were divided 

into  eight  groups and subjected to an ini t ial  period of 15 min  of 

aerobic perfusion (stabilization period) Followed by 40 m in of 

no rmothe rmic  (37' C) regional ischemia and  60 m i n  of reperfusion 



Saralasin Dose-Response 

Figure IV.1: The effect of saralasin on the coronary vasoconstrictor 
response to AII (100 nM) is shown in this graph. AII alone produced a 220h 
reduction Tn c o r o n a t y  f bw .  -Thir ..tEE-rnedia+e& ç o r o n a r y  -reduction was 
completely abolished in the presence of 1 ph4 saralasin. Data are mean + 
SEM. +P c 0.05 versus AII. 



Losartan Dose-Response 

LST + ALI 

ET-1 LST 
+ 
ET- 1 

Figure N.2: The effect of increasing the dose of losartan on coronary flow 
is shown in this graph. AII (100 n M )  alone produced a 22% reduction on  
coronary flow. Low doses of losartan (300 nM and 1 pM) d id  not alter the 
vasoconstrictor effect of a challenging dose of AH. Alrhough higher doses 
of losartan (10  and  20 PM) blocked the vasoconstrictor effect of ALI 
completely, the AII positive inotropic effect (sys tolic pressure increase) 
was totally abolished only a t  20 pM concentration of losartan. in addit ion,  
endothelin-1 (ET-l) ,  a powerful vasoconstrictor, produced an  equivalent 
reduction on coronary flow a t  1 nM concentration (one minute exposure 
only), effect that  was st i l l  present even in the presence of 20 pM losartan. 
Data  are  mean + SEM. ' P c0.05 versus baseline. 



(Figure IV.3) .  Control  hearts  (C, n = 9) were subjected to the ini t ial  

15 m i n  of stabilization followed by an addit ional  45 min  of aerobic 

perfusion ( total  stabilization period = 60 m i n )  before the  40 min  of 

ischemia a n d  60 m i n  reperfusion. The  extra 45 min  of aerobic 

perfusion was given to control hearts  to cornpensate for the  t ime 

required to precondition each heart  and,  t hus  to equalize the  total 

length of  the  experimen ta1 protocol a m o n g  al1 groups. Ischemic 

precondit ioned hear ts  (IP, n = 9)  were  subjected to three cycles of 5 

m i n  no rmothe rmic  regional ischemia followed by 10  m i n  of 

reperfusion prior to the l ong  ischemia. T o  test the ability of a 

transien t  activation of AI1 receptors to protect the m yocardium, a 

th i rd  group of hear ts  was treated with AI1 (An@ group,  n = 8). 

These AII-treated hearts  were aerobically perfused for an addit ional  

30 m i n  after the ini t ial  15 m i n  stabilization (45 m i n  al together) .  At 

t he  e n d  of th is  addit ional  perfusion period each hear t  received a 

f ive-minute  AI1 (100 n M )  infusion followed by a ten-minute ,  drug- 

free, perfusion.  This  dose of AI1 was selected based on  a recent 

s tudy which showed that  AI1 induced a cardiopro tective effect 

when  i t  was adminis tered ove r  a f ive-minute  period before a l ong  

period of ischemia [108]. To assess the  participation of AI1 receptors 

i n  induc ing  the  ischem ic precondit ioning protection and  to 

identify which AI1 receptor subtype is i nvo lved  in ischemic 

precondit ioning,  three different AI1 inhibitors were given to five 

groups of hear ts .  These hearts  were subjected to the same protocol 

as control  a n d  IP groups, except for the adminis t ra t ion of AIX 

receptor inhibitors.  Thus,  saralasin (1 PM),  a specific AI1 receptor 

antagonist  which inhibits  bot11 AT1 and  AT2 receptor subtypes, was 
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Contrai (C) 1 aerobic perfuîion- 3-1 ischemia reperfusian 
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Figure IV3: Isolated rabbit heart experimental protocol used in the 
ischemic preconditioning s tudy. Sixty-five hearts were subjected to 15  min 
of aerobic perfusion prior to any ischemic insult. Prolonged regional 
ischemia (40 min a t  37'C) was followed by 60 min of reperfusion. Control 
(C)  hearts were subjected to a n  additional 45 min (for  a total  of 60 min) of 
aerobic perfusion prior to the long ischernia. lschemic preconditioned (IP) 
hearts were also subjected to three successive cycles of 5 min of regional 
ischemia and  10  min of reperfusion prior to the long ischemia. Heart in the 
AII-treated group (AngII), were pretreated with AI1 for a period of 5 min 
followed by a drug-free period of 10 min aerobic perfusion before the 
major ischemic insult. Other different groups of control and 
preconditioned hearts were treated with a constant infusion of either 
saralasin (C+SAR and IPcSAR) or losartan (C+LST and IP+LST). A single 
group of preconditioned hearts were a150 treated with a similar constant 
infusion of PD-123,319 ditriiluoroacetate ( IP+PD).  These continuous 
infusions were s tar ted 10 min prior to the Cirst ischemic preconditioning 
cycle and  ended just before the long ischemia. 



given to control  (C+SAR,  n = 8) and  IP (IP+SAR, n = 8) hearts  for 55 

m i n  in  a constant  infusion,  beginning at 5 m i n  in to  the  aerobic 

perfusion period and  end ing  just before the  long ischemia. 

Losartan (20 P M ) ,  a specific ATl  receptor subtype inhibitor  was 

given us ing  t he  same infusion protocol as saralasin,  to control 

(C+LST, n = 8) and  IP (IP+LST, n = 9) hearts  to assess the  

participation of AT1 receptors in ischemic preconditioning. 

S im ilarly, a specific A T 2  receptor subtype in  h ibi torr  PD-123,319 

di tr if luoroacetate (PD, 10 PM)) ,  was g iven us ing the  same infusion 

protocol a s  in t he  other  groups to IP (IPcPD, n = 6)  hear ts  to assess 

t he  participation of AT2 receptors in t he  phenom e n o n .  

The  dose used for saralasin and  losartan were selected based 

on  dose-response experimen ts. Since AT2 receptors do no  t yet have  

any  recognized biological function, the  dose selected for PD was 

based o n  reports  from other investigators [los, 1861 w h o  used the 

d r u g  to selectively inhibi t  the AT2 receptors. 

1.1.3 ExcIusions: 

Exclusion criteria were established before the  s tudy  began. 

These cri teria were selected based o n  experience O btained in t he  

laboratory in pi lot  experiments. T h e  exclut ion criteria were as 

follows: 1) a hear t  that  was no t  h u n g  a n d  perfused within 30 

seconds; 2) a hear t  tha t  would not  achieve an  acceptable LVDP 

(greater than 75 mmHg)  after 15 m i n  of aerobic perfusion;  3 )  any 

experirnent  i n  which an ischemic period was inadver tent ly  

extended; 4) a n y  case where necrosis was n o t  measured accurately 

due to s t a in ing  failure; 5 )  any case where the  hear t  fibrillated 

d u r i n g  ischemia;  a n d  6)  anv heart  in which there  was air  in the 



aor t ic  c annu l a  o r  aort ic  root  which could  n o t  be evacuated  w i thou t  

affecting the  perfus ion pressure. Us ing  these  criteria,  a smal l  

nurnber  of hea r t s  were excluded from these  s tud ies  for va r i ous  

reasons: One control ,  o n e  IP, a n d  two AH-treated hearts  were 

excluded when an  a i r  bubble was f o u n d  in the  aort ic  root  tha t  

restricted t h e  coronary  flow wh i l e  the  exper iments  were being 

carr ied ou t .  One IP+PD hear t  was d i s m o u n t e d  Crom the  perfusion 

appara tus  because of a perforat ion o n  the  coronary  artery subjected 

to occlusion.  One  IP+LST hear t  was excluded when  i t  was realized 

tha t  i t  h a d  necrot ic  patches (presumably  caused by a i r  em bolism n o t  

detected ear l ier  i n  the  exper iment )  outs ide  the area at  risk. 

1.2 Chem ical Rearren ts and   dru^: 

Angio tens in  II a n d  saralasin ( Sigma Chernical Company  

Inc., St.  Louis,  MO, USA) ,  were dissolved in smalI water  al iquots  

(40 pg/80 p l  a n d  5 mg/50 p l  each,  respectively) a n d  s tored  a t  - 

20°C. 0 0 t h  d rugs  were  diluted,  i n  1 m l  and 3 m l  of oxygenated 

buffer,  respectively. PD-123,319 di t r i f luoroacetate (Research 

Biochemical  In te rna t iona l  Inc., Natick, M A ,  USA)  a n d  losartan (a 

generous  gift from DuPon t Merck Inc., W i lm ing ton ,  DE, U S A )  were 

d i s so lved  in  m ill ipore-fil tered water .  

1.3 Statistical  Analvsis: 

AH data  are  expressed as  m e a n  + S.E.M. Factorial ANOVA 

was used  to assess difference a m o n g  t h e  hea r t  groups.  W h e r e  

appropr ia te ,  the Scheffé F-test was appl ied  to de t e rmine  whe ther  a 

s tat is t ical ly sign ifican t difference (P  < 0.05) existed between two 



groups.  Regression analysis was performed to assess a n y  

re la t ionship  between risk area a n d  necrotic area,  a n d  between 

LVDP a n d  necrosis.  Correlation analysis was also performed to 

assess for association between necrosis o r  LVDP a n d  coronary-flow 

measurem en  ts. 

RESULTS 

2.1 lschern ic  Preconditioninn: Anniotensin II Recevtors Studv: 

2.1.1 Infarct Size: 

Infarct size (mean  f. S.E.M.) for al1 groups  a n d  for each 

individual  hear t  is  shown in Figure. [VA. Three  cycles of ischemic 

precondi t ioning reduced infarct  size signif icantly (P  < 0.001), from 

26.4 k 3.0% of area at  risk i n  the  control  g roup  down to 5.1 k 1.2% 

in the IP group.  Protection was also achieved wi th  the  act ivat ion of 

AI1 receptors with a f ive-minute  exposure to 1 0 0  n M  AI1 ( 9 . 6  f 

2.2%, P c 0 .01  v untreated  control  group)  (Figure IV.4A). In 

addi t ion,  when  AI1 receptors were compet i t ive ly  antagonized wi th  

saraiasin pr ior  to and  du r ing  the precondi t ion ing  cycles, t he  

protect ion against necrosis was lost (IP+SAR 29.7 t 5.2*/0, P < 0 .001  

v un t rea ted  IP group)  suggest ing a participatory role of AI1 

receptors in  IP. Saraiasin a lone did n o t  h a v e  a n y  effect on  necrosis 

(C+SAR 31.5 k 3.9X, P > 0.05 v untreated  control  group)  (Figure 

IVAA).  Fur thermore ,  the protect ive effect of ischemic 

p recondi t ion ing  against  necrosis was also abolished when  select ive 

blockade of the  AI1 receptors (ATl )  was accomplished wi th  a 

constant  infus ion of 20 y M  losartan,  IP+LST 27.4 + 3.0%, P < 0.001 v 



unt rea ted  IP group.  Losartan a lone did  no t  h a v e  any  effect o n  

necrosis (C+LST 29.3 & 2.0°/0, P > 0.05 v unt rea ted  control  group) .  

However ,  select ive blockade of AT? AI1 receptors with a constant  

infus ion of 10 p M  PD-123,319 di tr i f luoroacetate did n o t  block t h e  

effect of ischemic precondi t ioning o n  infarct size, IP+PD 7.9 k 1.276, 

P > 0.05 v u n  treated IP group (Figure IV.40).  

The re  was n o  relat ionship,  indicated by a regression 

analysis,  between risk area a n d  infarct size for al1 control  ( r  = 0.03) 

a n d  al1 precondi t ioned ( r  = 0.01) hear ts  (Figure iV.5A a n d  Figure 

IV .58 respectively).  

2.1.2 Ven tr i cu lar  Function: 

Data for LVDP and  hear t  rate are  presented in Table IV.1. 

Three  cycles of ischemic precondi t ioning d id  n o t  protect against  

ischemia-induced left ventr icular  dysfunction i n  the isolated hear t  

mode1 as evidenced by the absence of any  significant i m p r o v e m e n  t 

in  the recovery of LVDP after 60 m i n .  of reperfusion in the IF 

group as  compared to the  control  group.  Al though  the  recovery of 

left  ventr icular  function after ischemia was significantly ( p  < 0.05) 

improved  wi th  Losartan in both control  (C+LST) a n d  IP (IP+LST) 

hear ts  at t he  end of 60 m i n  reperfusion,  this effect did n o t  

inf luence t he  outcorne o n  necrosis s ince a regression analysis done 

between the two parameters (LVDP ve r sus  necrotic  area)  showed  n o  

re la t ionship  for both treated control  (r  = 0.12) a n d  treated 

precondi t ioned ( r  = 0 .28)  hearts.  



Control IP Angll C+SAR IP+SAR 

Groups 

Control I P C+LST IP+LST IP+PD 

Groups 
Figure W.4: Infarct size measurements expressed as percent of the risk area (mean t 
S.E.M.) for each group of hearts. Control (C, n = 9), preconditioned (IP, n = 9)) AU- 
treated (AngII, n = S), saraiasin-treated (C+SAR and IP+SAR, n = 8/each), and losartan- 
treated (C+LST and IPçLST, n = 8 and n = 9, respectively), PD-123,319 
dihifluoroacetate-treated (IPcPD, n = 6) groups are shown (A and Br respectively). 
Lsdiemic preconditioning reduced infarct size significantiy. Simüariy, AII (100 nM) infusion 
reduced infarct sire sigrhcantly. Furthemiore, saralasin (1 PM), a potent AD receptor 
antagonist, blocked the protective effect of ischemic preconditioning. Similarly, losartan 
(20 PM), a selective AT1 AI1 receptor antagonist, completely abolished the 
preconditioning protection against necrosis. PD (10 pM), a seledive AT? AII receptor 
antagonist, did not alter necrosis in preconditioned hearts. * P ~0.05 versus controi group. 



Changes  i n  t he  ino t rop ic  s tate  of the  hea r t  were observed in 

hea r t s  t reated with AI1 (data  expressed as mean  it S.E.M.). Five- 

m i n u t e  in fus ion  of AI1 (100 n M )  induced a significan t increase in 

LVDP, from 100.0 k 3.4 m m H g  pr ior  to the  AI1 infus ion (45 m i n .  

s t ab i l i z a t i on )  u p  to 140 + 3.5 m m H g  ( P c 0.001). Left ven t r i cu la r  

d ias to l ic  pressure  a n d  hea r t  rate d id  n o t  change signif icantly in 

response  to AI1 (3.9 + 0.6  m m H g  a n d  159.8 i 6.2 bea t s /minu te ,  

respect ively ) as compared to the i r  equ iva len t  va lues  a t  45 m i n .  

s tabi l izat ion (4.3 + 0.3 m m H g  a n d  173.0 f 4.4 bea t s /minu te ,  

respect ively) .  

2.1.3 Coronary Flow: 

Coronary  f low data ( m e a n  k S.E.M.) a re  shown  in Table IV.2.  

Coronary  f low decreased signif icantly (P  < 0.05) in unt rea ted  

contro l ,  un t rea ted  IP, a n d  AII-treated hear ts  after 60 m i n .  of 

r eper fus ion  as compared to va lue s  obta ined a t  13 m i n .  of 

s tabi l iza t ion .  The re  was n o  difference i n  coronary  flow between any  

of t he  groups (a t  60 m i n .  of reperfus ion)  a n d  t he  baseline group (at  

160 m i n .  of aerobic perfus ion) ,  ind ica t ing  t ha t  the  reduction in 

coronary  flow observed in these groups was likely an i n h e r e n t  

effect of t h e  prepara t ion .  In AII-treated hear ts ,  a  five-m i n u t e  

i n fu s ion  of AI1 (100 n M )  reduced coronary  f low by l j0 /0 ,  from 77.8 k 

3.0 m l / m i n  (mean  + S.E.M.) a t  45 m i n  of s tabi l izat ion ta 66.3  + 3.7 

m l / m i n  after 5 m i n  of exposure  to M I .  T h e  vasoconstr ictor  effect 

of AI1 did n o t  disappear complete lv  before the  l o n g  ischemia  as 

indica ted  by the part ial  recovery of coronary  f low after 10 m in of 
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Figure IV.5: This graphs show the scattergram of a regression analysis  
performed to assess if there was any association between risk area (% of 
to ta l  area) and infarct size (%  of risk area )  in al1 control hearts ( A )  and 
preconditioned hearts (BI. r values were 0.03 for control hearts and 0.01 
for preconditioned hearts. Thus, in our experiments infarct size was 
independent of risk area.  



Table 1V.l 

Measurernents of left-ventrictilar dcveloped prcssurc (LVDP, inml-lg) and lieart rates (bcats/rnin) in isolatecl Iiesrts. 

Croup Measurement 15 min Stabilisation Before Ischemia 40 min Iscliemia 60 min Reperfusion 

Control 

IP 

Angll 

C+SAR 

IP+SAR 

C+LST 

IP+LST 

IP+DP 

LVDP 
Heart rate 

LVDP 
Heart rate 

LVDP 
Heart rate 

LVDP 
Heart rate 

LVDP 
Hea rt rate 

LVDP 
Hea rt rate 

LVDP 
Heart rate 

LVDP 
Heart ra te 182.4 rt: 7.1 172.9 f 6.3 

All data are means f S.E.M. Before ischemia = end of 60 min aerobic perfusion or end of three II' cycles. II' = ischemic 
preconditioning; AngII = angiotensin II group; C = control; SAR = seralasin; LÇT = losartan; PD = PD 123,319 ditrifluoroacctate. * P 
< 0.05, versus the cquivalent value in the control gr0up.t I' < 0.05, verscts the cquivalent velue in the II3 group. 



drug-free aerobic perfusion (Table IV.3). Saralasin (1 P M )  and  

losartan (20 PM) ,  which completely blocked the vasoconstrictor 

effect of AI1 infusion i n  Our dose-response experimen ts (Fig. 8-9) ,  

at tenuated this  reduction in coronary flow in treated con trol 

(C+SAR and  C+LST) and  in  treated IP (IP+SAR a n d  IP+LST) hearts.  

A s imi la r  effect was observed in hear ts  treated with PD-133,319 

ditrifluoroacetate (IP+PD). However, there was no re la t ionship  

between coronary flow a n d  infarct size for both control ( r  = 0.1) and  

precondit ioned ( r  = 0.38) hearts. T h i s  indicates that  the high rate of 

coronary flow observed in hearts treated with these drugs  is an 

independen  t  variable no t related to infarct size. Furtherm ore, the  

increase in  coronary flow, which is attributed to a vasodilator 

response of AI1 receptor blockade, was sustained th roughout  the  

exper imen ta1 pro tocol. 



Table IV.2. 
Coronary  flow measu remen t s  obtained f rom isolated buffer- 
perfused rabbit hearts  in the ischemic precondi t ioning s tudy .  

Croups 15 min 

Stabiliza tion 

- - 

P+DP 91.0 k 3.3 90.0 + 5.0 t 56.0 i 5.1 69.3 + 7.0 t 
Data are means k S.E.;M., in milliliters per minute (ml/min) .  IF' = ischer 
preconditioning; AngII = angiotensin II; SAR = saralasin; LST = 10sarti 
P D  = PD-123,319 ditrifluoroacetate. * P < 0.05, versus the equivall 
value in the control group. t P < 0.05, versus the equivalent value in the 
group + 

nic 
3 n; 
ent 
Il? 

Before 

Ischemia 

Control 

IP 

A n d 1  84.0 I 4 . 5  72.5 f 4.8 47.5 k 4.8 49.5 15.6 

62.7 25.0 

74.0 k 3.3 

76.6 + 5.0 

82.5 k2.3 

40 min 

ischemia 

60 min 

Reperfusion 

37.3 + 4.0 

46.5 + 3.4 

44.9 f 3.8 

50.0 C 4.0 



DISCUSSION 

T h e  m a i n  objective oh th is  s tudy was to assess the  role of AI1 

receptors in ischemic precondit ioning.  There is substantial  

evidence suggesting the  participation of at least three cardiac 

receptors, adenosine  A1[103], al-adrenergic[l09, 1871, a n d  

bradykinin B2[34], in ischemic preconditioning. Activation of al1 

these receptors is thought  to lead to activation of PKC and 

consequently to the  phosphorylat ion of one  o r  more  effector 

proteins. Ho wever,  the  diversi ty of known effects resul t ing f rom 

the  activation of these receptors opens  the possibility for the  

participation of o ther  pathways in ischemic precondit ioning.  Since 

AI1 levels  increase in the  hear t  du r ing ischem ia[100-1021, I 

hypo thesized that  AI1 receptors, which activate PKC, m a y  

participate in ischernic preconditioning. M y  results  suggest that  the  

ATi  receptor subtype participates in the triggering rnechanism of 

ischemic preconditioning, and that  in the isolated rabbit hea r t  

model ,  activation of these receptors mus t  occur d u r i n g  the  s h o r t  

ischem ia/reperfusion cycles fo r  ischem ic precondi t ioning to l im i t  

myocardial infarction. These conclusions are suppor ted by m y 

observations from the present  s tudy that  activation of AI1 receptors 

causes infarct- l imit ing effects which resern ble those of ischemic 

precondit ioning,  and  selective blockade of AI1 receptors (AT1 

subtype) abolishes the protection of ischem ic precondi t i on ing  

againçt infarction. 

Recently, Liu et  al. [IO81 suggested tha t  a n y  receptor 

s t imula t ion  that  activates PKC m ay induce a pro  tective effect 



s im i lar  to ischem ic precondit ioning.  Their proposa1 is suppor ted by 

some  evidence that  indicates that  specific activation of adenosine  

A l  [39, 1031, ul-adrenergic [109, 1871, and bradykinin 6 2  receptors 

[34] protects the  heart  against infarction. In Our s tudy in isolated 

hearts,  specific s t imulat ion of all AI1 receptors with five-m inu  te 

exposure to AI1 (100 nM)  rendered the hear ts  protected against a 

subsequent period of prolonged ischemia a n d  reperfusion.  These  

data confirm L i u ' s  findings [IO81 which show that  t rans ient  

activation of AI1 receptors prior to ischemia can be a s  protective 

against ischemic in jury  as ischem ic preconditioning. These au thors  

demonstra ted that  th is cardiopro tective effect of AI1 could be 

reversed by inhibi t ing PKC activation with polymyxin B, suggesting 

a mediator  role of PKC activation in such protection. However,  AI1 

rnay also activate o ther  pathways that  m a y  be necessary to realize 

protection. For example, besides activating PKC, AI1 can also 

activate the Naf  /Hf exchanger [138], which in the e v e n t  of 

sustained ischemia m a y  facilitate the extrusion of HC ions  and  

therefore delay the onset  of severe intracellular acidosis. Ischemic 

precondi t ioning has been found  to preserve intracellular  pH ([pH]i) 

d u r i n g  sus ta ined ischemia [94]. Prevention of ischernic acidosis 

appears to require PKC 6 a t  the  sarcolemma in the  rat [43] a n d  PKC 

translocation to the sarcolemma is thought  to play a key role in  

ischemic precondi t ioning [118]. It can be speculated tha t  the  effect 

of AI1 o n  the  Naf -H+ exchanger rnay contribute to the  effect of 

ischemic precondi t ioning on  [pHli, thus  he lp ing  to protect  the  

myocardium against sus ta ined ischem ia. In addit ion,  AII-induced 

activation of PLD may also stim ulate the activation of PKC [Ill]. It 



h a s  been recen tly shown that  PLD activ ity increases significantly 

d u r i n g  ischemia a s  a resu l t  of o n e  cycle of ischemic 

precondi t ioning in isolated cardiomyocytes [188], suggest ing a role 

for the  PLD - DAG - PKC pathway in ischem ic precondit ioning.  

In th is  study, t h e  participation of AII receptors in  ischernic 

precondi t ioning has  been addressed. Although there is ev  idence 

tha t  t he  ischem ic precondi t ionin  g response appears to be media ted  

via  a pertussis-toxin-sensitive G-protein, Gi [104], a n d  tha t  the  AT1 

but  n o t  the AT2 AI1 receptor subtype is known to be coupled to 

Gi-pro teins [138], a select ive assessmen t of each receptor subtype's  

role in ischem ic precondi  tion i n g  was, nevertheless,  perform ed. 

Blockade of AT1 receptors wi th losartan, a h ighly  selective 

non-pept ide  AT1 receptor antagonist ,  completely abolished t he  

ischemic precondi t ioning protection, whereas selective blockade of 

AT2 receptors with PD-123,319 ditrifluoroacetate d id  not .  

An in teres t ing response observed in isolated buffer perfused 

hear t s  with t h e  in fus ion  of the  selective AT2 receptor inhibi tor  was 

that ,  at  a dose of 10 PM, which is the dose used by o the r  

invest igators  [108, 1861 to block this  AI1 subtype, coronary flow 

increased significan tly after 10 min  infus ion to levels  s im ilar to 

t h e  increase induced bv losartan.  The increase in  coronary flow was 

sus ta ined  t h roughou t  the  exper iment .  Thus ,  coronary flow was 

significan tly h igher  in  precondit ioned hearts  treated with losartan 

a n d  treated with PD 123,319 ditrifluoroacetate indicat ing tha t  t h i s  

agent, which blocks AT2 receptors, reduces coronary  vascuiar  

resistance through a vasodi la tor  mechanism which i n v o l v e s  the 

AT2 receptor.  To mv knowledge,  this  is the  first  t ime  tha t  coronary  



vasocontrictor propert ies  for the  AT? receptor are  repor ted  as  a  

physiologic funct ion.  However,  the  reversibi l i ty of th i s  AT2 

receptor-mediated vasodilator  effect a n d  t he  mechanisrn(s)  

i nvo lved  in th is respon se remain  to be invest igated.  

In s u m  m ary, t ransien t  act ivat ion of AI1 receptors protects 

t he  hear t  against infarction produced by a long  episode of ischemia 

and  reperfusion.  The  protective effect of AI1 is s im i l a r  to the  

protect ive effect of ischemic precondit ioning.  W h e n  ATi  receptors, 

but  n o t  A T 2  receptors, a re  blocked before a n d  d u r i n g  the  sho r t  

ischemia a n d  reperfusion cycles, t he  protect ive effect induced  by 

ischemic precondi t ioning on necrosis is abolished.  These  data 

suggest that  AT1 but n o t  AT2 receptors participate in the  tr iggering 

mechanism of ischem ic precondi t ioning in the isolated rabbit 

hearts .  



V. R O L E  OF THE AT1 RECEPTOR IN 
ISCHEMIC PRECONDITIONING:  
IN VIVO STUDY 

T h e  a ims  of th i s  study were to characterize t h e  ischemic 

precondi t ioning phenornenon in an iri virto rabbit hear t  model  of 

regional ischemia and  to determine,  in that  model ,  the  

participation of the  AT1 A I I  receptor in ischemic precondit ioning.  

MATERIAL A N D  METHODS 

1.1 Surgical  Prevaration: 

New Zealand whi te  rabbits (3.0 to 3.3 kg), of e i t h e r  sex, were 

selected for this i i i  g i i t o  study.  General anesthesia was induced  in 

each rabbit with an  i n t r avenous  bolus infusion of pentobarbital (30 

mg/kg).  Each an ima l  also received a dose of hepar in  (200 IU/kg) 

which tvas adrninistered in the same bolus infus ion of 

pentobarbital v i a  an ear  ve in .  The  rabbit neck and chest  were then 

shaved  to prepare t he  skin for surgery. To main ta in  each an imal  

deeply anaesthet ized th roughout  the  experiment,  a 250 ml  5% 

dextrose solut ion which contained pentobarbital (2.8 mg/m 1) and 

hepar in  (12 IU/ml)  was given to each an ima l  through an ear  ve in  

as follows: Initially, the infus ion rate was main ta ined  at 100 m l / h r ,  

equ iva len t  to -4.66 m g / m i n  of pentobarbital and  20 IU /min  of 

hepar in ,  for 15 m i n .  Then the infusion rate was reduced to 10-15 

rnl /hr ,  which is equ iva len t  to a dose of pentobarbital of 10-12 

mg/kg/hr  Pedal a n d  corneal reflexes were used to assess the 



effectiveness of the  anesthetic protocol. A midl ine  longitudinal  

incision was performed on  the  anterior  neck and  b lun t  dissection 

was performed to expose the  trachea. T h e  trachea was then opened 

and  a cannula  of an appropriate size was inserted and  kept in place 

with 2-0 silk sutures ,  to allow assisted vent i la t ion.  The  an imal  was 

vent i la ted with 100% oxygen us ing a H a r v a r d  smal l  animal  

vent i la tor  ( H a r v a r d  Apparatus, South  Natick, M A )  which was 

adjus ted to del iver  a tidal vo lume  of 5 ml/kg.  The  left carotid 

artery was cann ulated us ing  a polyethylene tubing (Clay Adams 

Inc., Parsippany, NI, USA) which was connected to a pressure 

transducer (Mode1 800, Bentley Inc., Irvine,  CA, U S A )  to moni to r  

arterial  blood pressures. Arterial blood samples were regularly 

wi thdrawn from the arterial cannula  to measure  arterial  blood and  

to de te rmine  each an ima l ' s  acid-base status a n d  oxygen saturat ion.  

Appropriate adj us tmen  ts on the respirator settings were performed 

to keep arterial pH, POî, PC02 and  HC03 within  a physiological 

range. Each an ima l  was then placed in a lateral posi t ion,  rest ing on  

its r ight  side, a n d  a left thoracotomy was performed.  The  left l u n g  

was then  gentlv displaced and  protected with a wet  gauze. The 

pericardium was  opened a n d  a 2-0 polypropylene su tu re  attached to 

a cu rved  needle was then passed a round  the  left main  coronary 

artery. Special care was taken to prevent  any  coronary vascular 

i n j u r y  whi le  the  su tu re  was being placed. Both s u t u r e  ends  were 

t hen  pul led through a 3-4 cm length polyethylene tubing (Clay 

Adams Inc., Parsippan y, NJ, USA),  t hus  assem bling a tourniquet-  

l ike dev ice to perform the  coronary occlusions. Another  ear ve in  

was also cann ulated, us ing  a butterfly 23-gauge needle, to 



adminis te r  losartan. In each rabbit, body temperature  was  

moni tored  through a needle temperature probe inserted in to  to a 

skeletal m uscie through the skin .  

1.2 Hem odvnam ic Measurements: 

Mean arterial blood pressure (MAP)  was moni tored  and 

recorded every  15 m i n  throughout  each experiment.  The  data were  

then digitized using corn puter software developed at The  Hospital 

for Sick Children (Cardiac P re s su re -Vo lum e Loop Acquisition and  

Analysis Program, version 5.0). Heart rate was  also calculated from 

the pressure sign a1 a n d  recorded together with the  mean arterial 

pressure.  

1.3 In farct Size Measurem en ts: 

Myocardial necrosis was assessed using the TTC s ta ining 

technique previously  described in  detail in the Chapter  111. In brief, 

at t he  end  of 90 m i n  reperfusion, each heart  was rapidly  excised 

and  m o m  ted on  to a Langendorff perfusion apparatus a n d  perfused 

with no rma l  saline for 2-3 minutes  to washout  all the  blood 

residue.  Then ,  the coronary artery branch previously  used to 

perform the arterial occlusion was re-occluded to exclude the 

myocardium a t  r i sk  from the infusion of 1-10 microns  yellow 

fluorescent  particles (Duke Scientific Inc., Palo Alto, CA) that  

followed. Then ,  each heart  was sliced in 3-4 equal  thickness slices 

and incubated in TTC For 15 m i n .  Subsequently, t he  hear ts  slices 

were fixed i n  10% formaldehyde and traced on to  a transparent  

acetate shee t  for fur ther  planimetry measurements  and  calculation 



of t he  percentage of the myocardium that  was necrotic in relat ion 

to the  percen tage of t h e  myocardium that  was at risk of infarct ion.  

Exverim en ta1 Pro tocol: 

1.4.1 StabiZitv Stu dv: 

Before a n y  experimental  group was s tudied a g roup  of 

rabbits ( s h a m  operated group, n = 7) were surgically prepared and  

thei r  m e a n  arterial  pressure (MAP)  and  arterial blood gases were 

m on i to red  a n d  measured every 30 min  for a period of 150 m i n u t e s  

to assure  that  a stable preparation was rnaintained d u r i n g  tha t  

period of t ime a n d  no infarct areas were detected as per TTC 

s t a in ing  a t  the  e n d  of the 150 m i n  stabilization period. 

1.4.2 Losartan Dose-Resvonse Studv: 

Since tissue AI1 levels  increase tvith ischemia,  i t  was 

necessary to be confident  that al1 A T i  receptors in the hear ts  were 

corn pletel y inhibi  ted before and du r ing  the t rans ien  t  

i schemia/ reperfus ion period. T o  address th is  issue, a dose-response 

exper iment  for  the  AT1 receptor subtype antagonis t  was designed. 

Four  rabbits were anaesthet ized fol lowing exactly the  same protocol 

used i n  t he  ischem ic precondi t ioning study. .4n arterial  c annu la  

connected to a pressure transducer was placed in t he  aort ic  arch v i a  

t he  left  carot id arterv to rnonitor mean  arterial  pressure which 

served as t he  end po in t  in th is  s tudy  since the effects of AI1 

receptor act ivat ion on MAP is very  well known.  First, low doses of 

AI1 were tested to find an appropriate dose which t he  rabbit  could  



tolerate a n d  would markedly increase M A P .  Then,  each rabbit 

received an in t ravenous  dose of AI1 (1 nMol)  via a n  ear vein  to 

obtain a baseline response. After 5 min  of stabilization, a  loading 

dose of losartan (6 mg/kg)  ivas given to t h e  a n i m a l  followed by a 

main tenance  dose ( 3  mg/kg) which was given in a n  infusion for 25 

m i n .  Then ,  challenge doses of AI1 (1 nMol)  were given in a bolus 

infusion at  10 min ,  25 min  and 55 min after the ini t ial  loading dose 

of losartan to assess the abiiity of that  dose of losartan io biock the 

AT1 receptor subtype. In this  experiment losartan was able to 

completely block the  pressure effect of AI1 a t  10 m i n ,  25 min a n d  55 

m i n  after the ini t ial  dose (Figure V.l) .  However, it  produced a 

significant fa11 i n  mean arterial pressure from 92.0 + 6.6 m m H g  at 

baseline down to 52.5 t 14.3 m m H g  at  10 min ,  41.4 k 9.2 m m H g  at  

25 m i n  a n d  34.1 k 5.5 m m H g  at 55 m i n  after the ini t ial  infusion of 

losartan.  Due to the serious hypotensive effect of Losartan at  that  

dose 1 considered reducing the dose of losartan by half ( 3  m g / k g  as 

the loading dose followed by 1.5 mg/kg as the maintenance dose 

given o v e r  25 m i n ,  n=Q)). Losartan, given a t  this  lower dose, d id  

not prevent  the fa11 in mean arterial blood pressure n o r  did i t  block 

the  inotropic  effect of AI1 at  10 m i n  and  25 m i n  after the ini t ial  

dose (Figure V . 2 ) .  These rabbits were not challenged with a third 

dose of AI1 at 55 min  due  to the fact t h a t  this  dose did n o t  produce 

an effective blockade of the ATl receptors. Nonetheless,  the 

losartan treated experiments were p e r f o r m e d  despite the 

hypotensive  effect of losartan. 

Losartan, given int ravenously  at  a loading dose first (6 

mg/kg) followed by a maintenance dose (3mg/kg @en in  an  



infusion ove r  25 min) ,  produced a complete blockade of the  AT1 

receptor-mediated pressure effect of AI1 (1 nMol),  a t  10 m i n ,  25 min 

and 55 m i n  after the  initial dose, as demonstrated by the lack of a 

large AII peak in Figure V . 1 .  However, this dose of losartan 

induced a significant ( P ~ 0 . 0 5 )  decline in M A P ,  f rom 92.0 t 6.6 

m m H g  at baseline down to 52.5 f 14.3 m m H g  at  10 min ,  41.4 2 9.2 

m m H g  at  25 m i n  a n d  34.1 t 5.5  m m H g  at 55 min after the initial 

infusion of losartan (Figure V A ) .  

In a group of pilot expr r imen ts ,  a single dose of losartan (6 

mg/kg  bolus) was given int ravenously  witliout the maintenance 

dose. in these rabbits, M A P  dropped significantly after 10 min  and 

25 m i n  as was seen in previous  group of rabbits treated with a 

bolus dose and  a maintenance dose. AH peaks at 10 min  and 25 min 

were absent suggesting a n  effective blockade of A T i  receptors after 

25 m i n .  However,  the  increase in MAP,  wliich was no t  present a t  55 

m i n  with the  combined dose (6  rng/kg bolus plus 3 mg/kg 

main tenance  dose), appeared again at  that time, thus  reflecting a 

shor t  half-tife for losartan in rabbits. 

Because 6 mg/kg  of losartan produced a significant decline in 

mean arterial  pressure in the closed-chested rabbit, 1 tried to  f ind a 

lower dose which w o d d  minirnize the decline in MAP. A dose of 3 

mg/kg, half of the ini t ial ly tested dose, was then given as a single 

dose a t  5 m i n  into the  stabilization period to test its effect on  MAP. 

This  lower dose of losartan did no t  p revent  the decline in MAP a t  

25 min  after losartan was adrninistered. In addition, the  

effectiveness of losartan to inhibi t  the positive inotropic effect of 

an in t r avenous  infusion of AI1 (1 nMol) was substantially reduced 



All a 
Losartan 

I 
b 
v I v I I I 

15 30 45 60 75 90 
Time 

Figure V . l :  This graph shows the inhibitory effect of one dose of losar tan  
(loading dose=6mg/ kg, maintenance dose=3mg/ kg), a specific AT1 
receptor antagonist, in response to AU receptor st imulation with 
intravenous challenge doses of AI1 (1 nmol) given a t  1 0  min, 25 min and 55 
min af ter  losartan was given. This dose  of losartan completely blocked the 
AT1 receptor-mediated pressure effect of AII for a t  least one hour a s  

An at ~ n y  time ~ o j n t  olgc&d2 - - -  

line. 
- d e & m t n k & b y  a n - a l & s t d l a t s e s p e n ~ k o  
Data are mean I SEM. * Pc0.05 versus base 



as suggested by the presence of large AI1 peaks in the dose-response 

cu rve  shown in Fig.V.2. 

1.4.3 En a l a ~ r i l a t  D o s e - R e s ~ o n s e  Study: 

It is known that some of the  AII circulating in t he  blood 

stream is taken u p  by the heart  and  utilized in  physiological 

processes. Thus ,  i t  is possible that  the circulating pool of AI1 

contribu tes significantly to the triggering of ischemic 

precondi t ion ing  in v ivo .  To address th is  issue, dose-response 

exper imen ts were perform ed using increasing doses of enalapri lat ,  

an angio tensin conver t ing enzyme inhibitor  the molecular  

s t ructure  of which does no t  include a sulfhydryl group (SH). The  

sulfhydryl  radical has been associated with the cardioprotective 

propert ies of some ACE-inhibitors[l02]. In the  present  study, 

twen ty open-chested anaesthetized rabbits were vent i la ted a n d  

surgically prepared for tracheotomy . These rabbits were ini t ial ly 

stabilized for 15 min  before they were given a dose of A I  (1 nMol)  

in t ravenous ly  to increase the plasma levels  of AI1 presumably v ia  

the  angiotensin conver t ing enzyme a n d  to obtain dose-response 

baseline values.  After a stabilization period (10 m i n )  to al low the  

rabbit to recover from the  AI, the  an imals  were randomly  selected 

to receive a dose of enalapri lat  in t ravenously .  Each dose of 

enalapr i la t  (1, 0.5, 0.25, 0.1, and  0.02 mg/kg) was tested o n  four 

different rabbits (n = I /dose) .  One-third of the dose of enalapr i la t  

was given in a bolus to achieve high plasma concentrat ion quickly, 

then the  o t h e r  two-thirds of the  dose \vas di luted in water a n d  
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Figure V.2: This q a p h  shows the inhibitory effect of one dose  of losar tan  
(3  mg/kg), a specific AT1  receptor antagonist,  in response to AI1 receptors 
stimulation with intravenous challenge doses of A11 (1 nmol) given a t  10  
min and  73 min at'ter losartan was  given. This dose  of losartan Failed to 
completely block the AT1 receptor-mediated pressure effect of XII a s  
demonstrated by the appearance of peaks in the MAP in response to Ang II 
at any tinw goint -se le~ted-D~ ta a r e m e a n  2 Ç-EkJ. 2 -0.o versus  - - - - - -  baseline. 



adrninis teredover  a period of one  hour .  A t  the  end  of the  60 min ,  

each rabbit was challenged with a repeat dose of A I  to determine 

the inhibitory effect of each dose of enalaprilat on the angiotensin 

conver t ing enzyme. Mean arterial pressure ( M A P )  and hear t  rate 

were moni tored  to assess the effect of both enalaprilat a n d  AI in 

v ivo .  

A s  shown in Figure V.3, enalaprilat inhibited the 

angiotensin convert ing enzyme in a dose-dependent manner .  T h e  

response to the  administrat ion of a challenge dose of AI, which was 

in tended to increase the blood levels of AI1 a n d  to cause M A P  to 

rise, was on ly  blocked by using high doses of enalaprilat.  However, 

M A P  decreased significantly (more than 40% of baseline) with the 

use of high doses of enalapri lat  (Figure V A ) .  Because of this 

hypotensive effect of enalapri lat  observed in v ivo ,  this a t tempt  to 

prove a role of the renin-angiotensin system in ischernic 

precondit ioning was abandoned. Nonetheless, the study of the  AT1 

AI1 receptor role in  ischemic precondit ioning in v ivo  were then  

performed us ing  only  Iosartan. 

1.4.4 

Figure 

init ial  

Ischem ic  Preconditioninn: AT1 Aneiotensin II Receptor 

Study: 

The experimental protocol used in this s t udy  is shown  in  

V.5. Thirty-two in  si tu rabbit hearts were subjected to an  

15 m i n  of stabilization after the surgical procedures were 

completed. This stabilization period was followed by 30 min  of 

no rmothe rmic  (37" -37.5' C) regional ischemia and 90 m i n  of 

reperfusion. The hearts were divided into four groups: The  first 
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Figure V.3: This graph shows the inhibitory effect of different doses of  
enalaprila t on the angiotensin converting enzyme which are  reflected by  the 
decline in mean arterial pressure in a dose-dependent manner. * Pc0 .05  
Y ~ S U  haseline. - - - - - - - - - - - - - - 

- - - -  - - - -  - - - -  
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Figure V A :  This graph shows the effect of different inhibitory doses of 
enalapri lat  (0.02, 0.1, 0.25, 0.5 and  1.0 rng/kg) on mean arterial  pressure 
(expressed as  percent of baseline) against the powerful positive inotrop ic 
response of angiotensin I (AI, 1 nmol). Enalaprilat (0.25, 0.5 a n d  1 . 0  
rngfkg) w i r s a M e - ~ w b f o c k  fom@ekly theincrease i n m e a n  a r Q r ~ _ a l q ~ ~ s u r e  
caused by AI. * PcO.05 versus MAP values a t  each dose  of enalapri lat .  

- 



two groups were designed to characterize the  ischemic 

precondi t ioning phenornenon in an in v ivo  model. Con trol hearts  

(C, n = 8) received an addit ional  15 min  of stabilization to parallel 

the  t ime  needed to precondition the  hearts.  Preconditioned hearts  

(IP, n =  8) were subjected to 5 min  of regional ischem ia followed by 

10 min  reperfusion prior to the  30 min ischemia. Since activation 

of AI1 AT1 receptor subtype was found to play an impor tan t  role in 

ischem ic precondit ioning in the  isolated rabbit heart  in odel, on ly  

th is  AI1 receptor subtype was assessed in this  mode1 to de te rmine  i f  

wha t  was observed in the  isolated heart  model was also true for the 

in si tu heart .  Two groups of hearts were studied:  Cirst, losartan- 

treated control hearts  (C+LST, n = 7) which received an identical 

pro toc01 as  u n  treated con trol hearts.  Hearts included in th is  group 

were given a loading dose of Losartan (6 mg/kg) at 5 m i n  of 

stabilization followed by a maintenance dose ( 3  mg/kg)  given ove r  

a period of 25 min  before the  long  ischemia. Second, losartan- 

treated precondit ioned hear ts  (IPcLST, n = 8) were subjected to the  

s ame  protocol as  untreated preconditioned hearts  and  received an 

identical loading and  maintenance dose of losartan as in losartan- 

treated control  hearts.  Al though the  losartan dose selected for 

these experirnents was based on  reported doses by o ther  

investigators [189], a dose-response experiment was performed to 

confirm the  ability o f  tha t  dose to produce a sustained blockade of 

the  ATl receptor subtype (Figure V.1  a n d  V.2) .  At the e n d  of each 

exper iment  the  hear t  was excised a n d  rnounted ont0 a Langendorff 

perfusion apparatus where  it  was perfused with sal ine to wash o u t  

al1 blood residue. Then,  the  hear t  was prepared for TTC s ta in ing  to 
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Figure V.5: Experimental protocol for the ischemic preconditioning: AI1 
receptors study. Al1 hearts received 15 min of stabilization followed by 30  
min of regional ischemia and  90  min of reperfusion. Control hearts (C)  
received a n  addit ional 15 min of stabilization to parallel the protocol to 
the ischernic p reconditioning protocol. Preconditioned hearts (IP) were also 
subjected to 5 min of regional ischemia followed by  1 0  min of reperfusion 
prior to the long ischemia/reperfusion period. Another two groups of 
hearts, losartan trea ted control (C+LST) and losartan trea ted 
p reconditioned hearts (IP+LST), received the same pro toc01 as  their 
homologous group, respectively. Mean arterial pressure (MAP, rnmHg) was 
measured throughout each experiment. Necrosis rvas assessed a t  the end of 
each experiment. 



assess necrosis in the  area a t  risk of infarct ion.  

1.5 Chem ical  Reaaen ts and Drue: 

Angiotensin I (Sigma Chemical Company,  St.  Louis, MO), 

was dissolved in srnall water aliquots (0.6 pg/40 PL) a n d  stored a t  

- 20°C. A I  al iquots  were d i lu ted  in  1 m L  of no rma l  sa l ine  before 

being in t ravenous ly  adm inistered in to the rabbit. Enalapri lat  

(vasotecT"), 1.25 m g / m L  in 2 mL vials,  was obtained from the  

Hospital Cor Sick Children Pharmacy. EndotheIin-1 (Sigma 

Chemical  Company, St. Louis, MO) was dissolved in dist i l led water  

to make  a stock so lu t ion  (18 yg/8mL) a n d  them dilu ted with Krebs 

buffer. Losartan (a generous  gift from DuPont  Merck Inc., 

Wi lming ton ,  DE) was dissolved in  mil l ipore-f i l tered water  

(40m g/5m L). 

6 Statistical Analvsis:  

Al1 data are expressed as mean + S.E.M. Factorial A N O V A  

was used to assess differences a m o n g  the  hear t  groups.  W h e r e  

appropriate,  the Scheffé F-test was applied to de t e rmine  whe ther  a 

statistically significan t difference (P  < 0.05) existed between two 

groups. W h e r e  i t  was appropriate,  a s tuden t  T-test was  used to 

assess trends. Regression analysis was preformed to assess a n y  

re la t ionship  between risk area a n d  necrotic area. Corre la t ion 

analysis was also performed to assess for association between 

infarct size and mean arterial  pressure measuremen  ts. 



RESULTS 

2.1 Stabilitv studv: 

All data for the in v ivo  stability s tudy are presented in  

Figure V.6 .  Mean arterial pressure (MAP) declined significantly 

(P<O.OZ) from 96.1k3.5 m m H g  at 30 min of stabilization to 78.3t5 .8  

m m H g  after 150 m i n .  However,  M A P  was stil l  high enough  to 

assure  an effective coronary perfusion pressure. In addi t ion,  hear t  

rate d id  no t  change d u r i n g  the exper iment  suggest ing that  the  

rabbits were well anaesthet ized a n d  that  the demand  on the  hear t  

for blood was stable even  with the  sl ight  drop in MAP.  Body 

tempera tu re  d id  not h a v e  any  significant change over the 

observat ion  period as well (da ta  are n o t  shown in figure V .6 ) .  The  

anes thet ic  protocol used in these rabbits was sufficien t  to m a i n  tain 

each rabbit unconscious and  wi thou t  discornfort o r  pain 

throughou t the  exper imen ta1 period. Arterial blood gases, pH, and  

hemoglobin  were kept  wi th in  the physiological range in each rabbit 

(range: P02= 288-300 rn rn Hg, PCO2=27.2 to 30.9 m m  Hg, HCO3=20.2- 

21.4 bibi/L, pH=7.36-7.49, and Hb=14-15 g%). 

Each i n  silri hear t  subjected to the stability protocol was 

assessed for necrosis by tetrazolium s ta in ing of t ransversely 

sect ioned hear t  slices a t  t he  end of t he  experiment.  N o n e  of these 

hear t s  showed necrosis as de te rmined  by the  TTC s ta ining 

technique. Fur thermore ,  n o n e  of these hearts  developed 
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Figure V.6: These graphs show the mean arterial pressure (MAP, mmHg), 
heart rate (beats/min) and body temperature (OC) da ta  for the stability 
s tudy in an  open-ches ted rabbit heart model. MAP decreased progressively 
throughout the 150-minute observation period. Heart rate and body 
temperature did not change over the same period of observation. * Pc0 .05  
versus baseline a t  30 min. 



arrhythm ias d u r i n g  the observation period. In s u m  mary, this  open-  

chested in v i v o  rabbit hear t  model proved to be highly  stable. 

2.2 Ischern ic Preconditionin~: AT1 Anriiotensin II 

neceutor Studv: 

2.2.1 Infarct Size: 

Infarct size data for the in situ heart  model are expressed as 

mean k SEM and  shown in Figure V.7.  Ischem ic precondit ioning,  

induced by o n e  single cycle of 5 min of regional ischemia and  10 

min  of reperiusion,  protected the hearts against infarction [in v ivo  

preconditioned hearts  (IP) 13.1 t 2.7%, Pc0.0011 when compared to 

in v i v o  control  hearts  (C 47.1 k 2.6%). Losartan, given 

int ravenously  as described in the materials and  methods  section 

( loading dose of 6 mg/kg  followed by a maintenance dose of 3 

m g / k g  given ove r  a period of 25 m i n )  biocked the protective effect 

of a single cycle ischem ic preconditioning [in v iv O losartan-treated 

precondit ioned hearts  (IP+LST) 40.8 t 4.3%, Pc0.05 versus  [PI, 

whi le  i t  did n o t  have a n y  effect on necrosis in v i v o  in losartan- 

treated control  hearts  (C+LST 34.3 t 3.g0/0, P>0.05 versus  C). 

A regression analysis performed o n  the  infarct size data 

against area at  risk indicates that  there was n o  re la t ionship  

between the two parameters as evidenced by an r va lue  of on ly  0.16 

for precondit ioned hearts  (Figure V.8A) .  However,  a s imilar  

analysis demonstra ted a weak correlation ( r  = 0.59) between infarct 



size a n d  area at risk i n  control  hea r t s  (Figure V .8B) .  As no ted  in  

Figure V .8B, th i s  seem ingly  pos i t ive  re la t ionship  is s t rong ly  

inf luenced by a single ou t l i e r  data po in t  in  the left bottom of t h e  

graph.  T h u s ,  a  second regression analysis  was perform ed w i t h o u t  

i n c l u d i n g  t h e  ou t l i e r  poin t .  Under  these circumstances,  the  weak 

correlat ion between infarct  size a n d  area a t  r i sk  v a n i s h e d  as  

evidenced by a n  r  v a l u e  of 0.21 (Figure V.8C). T h e  overa l l  

statistical assessm en t  of these  data s trongly suggest t h a t  an  increase 

in infarct  s ize was n o t  dependen t  on  an  increase in t h e  s ize of t h e  

area a t  risk for each hea r t  in  th is  s tudy.  

In add i t ion ,  an  analysis  of var iance  performed o n  t h e  area at 

risk data(Tab1e V . l )  demons t ra ted  tha t  there  was  n o  difference 

wi th in  t h e  g roups  in  t e r m s  of th i s  parameter .  Based o n  these data,  

i t  is possible to Say tha t  al1 hear ts  h a d  areas a t  risk which  were  v e r y  

close in  size,  t h u s  p r o v i d i n g  a good basis for cornparisons between 

t h e  g roups  (Table V.1) .  



Groups 

Figure V.7: This graph shows the percent of infarct size expressed as  
percent of area a t  risk (mean .t SEM) for in s i tu  untreated and  losartan- 
treated control heart groups (C  and C+LST, respectively), and for 
untreated and losartan-treated preconditioned heart groups (LP and 
IPiLST, respectively) heart groups. As shown in the graph,  a single cycle 
of 5 min of regional ischernia and 10 min of reperfusion significantly 
(Pc0.01) reduced the percentage of infarction which otherwise would have 
been produced by a longer ischemic epîsode and reperfusion in untrea ted 
hearts. However, when AT1 receptors were selectively inhibited in the 
hearts with losartan the protective eftect of ischemic preconditioning 
against necrosis was lost. *PcO.OS versus control group. 
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Figure V.8: A-This graph shows a regression analysis performed between 
al1 preconditioned heart infarct sizes (% of risk area) a n d  areas a t risk 
of total area).  There was no relationship found between these paremeters 
a s  evidenced by a regression coefficient ( r )  of only 0.16 ( b 0 . 0 5 ) .  B- This 
graph depicts a regression analysis performed between control heart 
infarct size and area a t  risk. A weak relationship was detected between 
the two parameters as  demonstrated by the slope of the relation and the 
regression coefficient ( r )  of 0.59 (Pc0 .05) .  C-This graph shows the same  
regression analysis done in al1 control hearts between infarct sizes and 
areas a t  risk, but this time an  outlier shown on the left bottom part  of 
graph B has been excluded based on the high sensitivity of this test to such 
d a t a  points. There was no relationship this time (without the outlier d a t a  
point) between these parameters as evidenced by a very low regression 
coefficient ( r )  of 0 .21  (P>0.05). 



Table V . 1  
Infarct s ize (expressed as percent of risk area)  a n d  area a t  risk 
(expressed as  percent  of total area)  are shown for al1 hea r t  groups.  

Group Infarct Size A r e a  a t  R i sk  

C= u n  treated con trol; IP= u n  treated precondi t ioned;  
C+LST=losartan treated control;  IP+LST=losartan treated 
precondit ioned.  ' Pc0.05 versus  C. 

(O/' of risk area) ('10 of total a rea)  



2.2.2 Hemodynam ic Data: 

Al1 hemodynamic  data are shown as mean  k SEM in Table 

V .2. An statistical analysis performed on  these data wi th  factorial 

ANOVA (at  95% of confidence) showed tha t  M A P  was n o t  

s ignif icantly ( l50.05) differen t  a rnong u n  treated control  hear t  

g roup  (Cf 92.4 k 3.2 m m  Hg), unt rea ted  precondit ioned hea r t  g roup  

(IP, 85.4 I 4.7 mmHg) ,  and  losartan-treated control  hea r t  g roup  

(C+LST, 81.8 + 7.2 mmHg)  at  30 m i n  of s tabil izat ion.  However ,  i t  

showed  a signif icant  (Pc0.05) difference in M A P  between the two 

precondi t ioned hear t  groups [losartan-treated precondi t ioned hear t  

g roup  (IP+LST) 61.9 + 6.7 m m H g  versus  IP 85.4 k 4.7 mmHg].  Even 

though  the  difference in MA?, at  30 m i n  of s tabil izat ion,  between 

C+LST a n d  IP+LST groups did no t  reached statistical significance 

(Pc0.10), a t rend toward being significantly different  w a s  detected. 

In addi t ion,  a moderate  dechne  in MAP, induced  by losartan,  in 

both C+LST and  IP+LST groups was observed before the l ong  

ischem ia; however ,  n o  significan t  difference in  MAP was detected, 

at  th i s  po in t ,  between these two groups  (C+LST 63.7 k 10.2 m m H g  

ve r sus  IP+LST 51.4 t 4.5 mmHg, P>0.05). M A P  d id  no t  differ a m o n g  

al1 groups  a t  the  e n d  of 30 m i n  of ischemia (Table V.2).  However,  

after 90 m i n  of reperfusion, i t  was f o u n d  t ha t  profound 

hypotens ion  developed in  t he  IP+LST group ( M A P  of 25.5 t 1.4 

m m  Hg). This  m arked hypotension showed  to be significan t  

difference, a s  de te rmined  by an  unpa i red  S tuden t  T-test performed 

o n  the  data, in  MAI? between IP+LST group a n d  e i ther  C+LST group  

(41.4 t 6.6 mmHg) o r  IP group (42.4 + 4.0 mmHg). Fur thermore ,  

the re  was n o t  significant changes in hear t  ra te  a m o n g  t h e  groups. 



TabIe V.2 
Measurements of mean arterial pressure (M AP, mmHg) and k a r t  ra te (ben ts/ min) for un trea ted and losa rtan trea ted 
control (C and C+LST, respectively), untreated and losartan treated precotiditioned (IP and IP-eLST, respectively) 
Iieart groups. 

Group Measurement 15 min Stabilization Before tschemia 30 min Iscliemia Y0 min Reperfusion 

C MAP 92.4 + 3.2 85.6 k 5.7 65.2 rfi. 3.2 50.6 f 3.7 

k a r t  rate 242.7 rt. 8.7 239.2 -L 7.7 237.8 * 7.2 203.5 + 13.6 

MAP 85.4 * 4.7 75.8 I 5.5 55.8 + 6.5 42.4 4 4.0 

Heart rate 224.5 i- 9.5 252.3 -t 8.4 235.4 +_ 7.3 195.1 f 7.8 

I P +  LST MAP 61.9 k 6.7 * 51.4 4 4.5 41.0 & 3.4 255k 2.4* t 

Heart rate 251.7 -4 9.5 250.0 -t. 12.3 241.4 f 6.3 207.1 f 13.9 

C+LST MAP 81.8 It 7.2 63.7 + 10.2 49.9 -t 7.0 41.4 f 6.6 

Heart rate 260.0 rt 5.2 253.3 -L 6.7 240.0 -t 5.2 210.3 4 5.2 

IP = ischemic preconditioning. All data are meen f S.E.M. * P < 0.05 verstis the equivnlent iintreatcd preccinditioned value 
(ANOVA). t P ~0 .05 ,  versos C + LST group (student l'-test) 



DISCUSSION 

The aim of this  study was to determine the participation of 

ATi  receptors in ischemic precondit ioning in v ivo .  T h e  data 

presented in the  results section of this  chapter appear to show that  

selective blockade of AT1 receptors with losartan completely 

abolished the  infarct-size lim i t ing effect of ischem ic 

precondit ioning of the myocardium. These results seem to s u p p o r t  

the hypothesis  that AT1 AI1 receptors participate in ischemic 

precondit ioning in vivo.  However, because of hypotension 

associated with losartan, these findings need to be carefully 

in terpreted 

Selective inhibit ion of AT1 angiotensin II receptors with 

losartan produced a moderate decline in MAP at 15 min  of 

stabilization (Table V . 2 )  in preconditioned hearts. This  

hypotensive effect of losartan was sustained and  resulted in 

profound hypotension for the losartan-treated preconditioned 

hearts  [MAP 25.5 + 1.4 m m H g  (mean t SEM)] at 90 min  of 

reperfusion (Table V . 2 ) .  Based o n  these observations, one  m ay 

argue that  such profound hypotension may h a v e  l imited coronary 

vascular flow a n d  pressure to such extent that  the myocardium 

m ay have  been inadequately reperfused and  possibly subjected to 

fur ther  ischemia du r ing  the 90 min  of reperfusion period, t hus  

increasing infarct size and  elim inat ing the protection induced by 

ischemic preconditioning. Therefore, i t  is n o t  possible to conclude 

that  AT1 receptors contribute to triggering the ischemic 



precond i t ion ing  protection against infarct ion in  v i v o  based o n  the  

data f rom these part icular  exper imen ts. 

Exam i n i n g  the  mechanis t ic  basis for the  losartan-induced 

hypo tens ion ,  i t  is no tewor thy  tha t  in  t h e  present  s tudy,  an  

i n t r a v e n o u s  dose of losartan,  6 mg/kg  i .v .  bolus followed by 3 

mg/kg  i .v.  ma in tenance  infus ion ,  which completely blocked the  

pos i t ive  ino t rop ic  effects ( M A P  increase)  of an  in t r a v e n o u s  dose of 

AI1 (1 nMol) ,  induced a s ignif icant  (pc0 .05)  a n d  sus ta ined  

hypo tens ion  (fa11 of mean  ar ter ial  pressure  of m o r e  than  25% of 

basel ine)  (Figure  V.1) wi thou  t affecting hea r t  rate. Transien t 

hypo tens ion  wi th  the  use  of losartan i .v.  haç  been reported in dogs 

by W o n g  e t  a1[190] w h o  showed  in  conscious  n o r m o t e n s i v e  dogs 

t h a t  1 to 10  mg/kg,  i .v .  bolus of losartan resul ted in a dose- 

d e p e n d e n t  a n d  t rans ient  decrease in blood pressure,  which was 

accompanied  by a decrease in hea r t  rate. In contrast ,  in  conscious 

rats  wi th  n o r m a l  renin  levels ,  losartan d id  n o t  reduce o r  increase 

b lood pressure  e v e n  w h e n  admin i s t e red  in  doses u p  to 100 mg/kg, 

i.v.[191]. These  data suggest tha t  ATl  receptors m a y  play an 

i m p o r t a n t  ro le  in  vascular  resistance in rabbits. However ,  i n  a 

g r o u p  of rabbits in  which  losartan was adrnin is tered  a t  a dose 

w h e r e  the ino t rop ic  effect of a  chal lenge dose of AI1 i -v .  (1 n m o l ) ,  3 

m g / k g  i . v .  bolus  followed by 1.5 m g / k g  i - v .  infus ion ,  produced a 

s im i la r  hypo tens iv  e  effect i n  rabbits (Figure  V -12-13). T h i s  data can 

be in te rp re ted  in  two different  ways; o n e  way is tha t  the severe 

hypo tens ive  effect of  losartan in  the  rabbit  m a y  n o t  be a direct 

effect of AT1 blockade, a n d  the  o t h e r  i s  t h a t  AT1 receptors m a y  be 

ex t remely  i m p o r t a n t  in  vascular  resistance r e g d a t o r y  m e c h a n i s m s  



so  tha t  blockade of a srnall percentage of receptors,  a s  was expected 

to happen wi th  l ow  doses of losartan (3mg/kg i .v.),  may  produce  a 

significan t  decrease of vascular resistance. 

Based o n  recently reported differences in the susceptibili ty 

of ischem ic precondi t ion ing  to blockade by select ive cardiac 

bradykinin Bl receptor blockade [34], by PKC inhibi tors  [55] o r  a n  

AC act iva tor  [55] ,  Sandhu e t  al 1551 h a v e  suggested tha t  ischemic 

p recond i t ion ing  induced by o n e  cycle of t ransien t ischem ia and  

reperfus ion may be a weaker phenornenon ,  and  therefore,  more  

susceptible to blockade, than the precondit ion i n g  protection 

produced by th ree  cycles of t ransien t ischem ia  a n d  reperfus ion.  In 

fact, th ree  cycles of transien t  ischem ia a n d  reperfusion h a v e  shown 

to produce  significan tly greater protect ion against  infarcts than a 

single cycle [55]. In the  present  s tudy,  a s ingle 5-min cycle of 

t ransien t  ischernia and  10-m in reperfus ion produced a significan t 

reduction o n  infarct  size, Frorn 47.1 t 2.6 % ( m e a n  + SEM) in contro l  

hear ts  to 13.1 + 2.7 % in precondit ioned hear t s  (Pc0.001). These  data 

are cons i s t en t  wi th  da t a  obtained by Ytrehus  et al[l19],  in  an in 

v i v o  s t u d y  w h e r e  ischemic p recond i t ion ing  was induced u s i n g  o n e  

cycle of t r ans ien  t regional ischem ia a n d  reperfus ion.  In Ytrehus ' s  

s tudy,  i schem ic precondi t ioning reduced infarct  s ize significan tly, 

from 37.8+3.1% (mean  f SEM) i n  contro l  to 7.3f2.7% in 

p recond i t ioned  hearts. S imi lady ,  these  data a re  consis tent  with 

p r ev ious  work  done,  in v ivo ,  by S a n d h u  e t  al [55]. In t ha t  study, 

one-cycle i schemic  precondi t ioning reduced infarct size 

significantly, f rom 60.1&1.9% ( m e a n  t SEM) in contro l  hea r t s  to 

13.0t2.9% i n  precondit ioned hearts .  Al though  infarct s ize for 



con t ro l  hea r t s  appeared significan tly h igher  in S a n d h u ' s  s t u d y  t h a n  

i n  e i t h e r  Yt rehus ' s  o r  t h e  c u r r e n t  s tudy,  infarct s ize for 

p recond i t ioned  hea r t s  Cor al1 th ree  s tud ies  were  s imi la r .  

In s u m m a r y ,  o n e  cycle of t r ans ien t  regional  i s chemia  ( 5  

m i n )  fol lowed by reperfus ion( l0  min) con Cerred protect ion aga ins t  

a subsequen t ly  prolonged i schemic/ reperfus ion  i n s u l t  in  v i v o  i n  

rabbi t  hear ts .  Th i s  pro tective effect of ischem ic precondi  l i on  i n g  

agains t  infarcts  was apparent ly abolished by select ive blockade of 

AT1 AI1 receptors by losartan du  r i n g  the  s h o r t  t rans ien  t  ischem ia 

a n d  reperfus ion  episode.  However ,  the d e v e l o p m e n t  of s e v e r e  

hypo tens ion  by losartan precluded the  fo rmula t ion  of in  ferences 

based on  t h e  infarct  s ize data obtained in these in v i v o  s tudies .  



VI. GENERAL DISCUSSION 

ROLE OF ANGIOTEN SIN II RECEPTORS IN ISCHEMIC 

PRECON DITION IN G. 

The general objective of the present study was to assess the 

role of AI1 receptors in the triggering mechanism of ischemic 

precondit ioning.  This is t h e  first s tudy to demonstrate the  

participation of AI1 receptors ( A T 1  subtype) in ischemic 

precondi t ioning of the myocardium [32]. Since myocardial 

infarction h a s  been associated with a progressive increase in 

plasma levels of AI1 [102], i t  was necessary to developed a model 

which would e l iminate  any contributing effect of the  systemic 

renin-angiotensin system. Thus,  an isolated buffer-perfused rabbit 

hear t  model  of regional ischemia was developed to assess the  

participation of AI1 in ischem ic precondi tioning. In this  isolated 

hear t  m odel, ischemic precondit ioning pro tected the heart  against 

necrosis produced by a prolonged ischem ic/reperfusion period. In 

addi t ion,  it  was found that activation of cardiac AI1 receptors by 

sho r t  exposure to AI1 (ZOOnM) produced a similar  protection 

against  infarcts as the ischem ic precondit ioning protection 

obtained with three cycles of transient  ischemia and  reperfusion. 

These data confirm the  cardiopro tective properties of AI1 recepto r 

s t imula t ion  in  isolated rabbit hearts reported early by Liu e t  al 

[108]. The results  suggest that  activation of AI1 occurs du r ing  the 

sho r t  t ransien t  ischem ia and  reperfusion prior to the long  ischem ia 

in  precondit ioned hearts  and  that  such AI1 receptor activation 

plays a role in the triggering mechanism of ischemic 



precondit ioning,  but they do no t  p rove  that  AI1 receptors 

participate in ischem ic precondi t ioning.  

To demonstra te  the participation of AI1 receptors in 

içchemic precondit ioning,  a complete specific receptor blockade was 

required to test the  effectiveness of ischem ic precondit ioning to 

protect the  m yocardium against in farction under  rhose 

circumstances. Specific blockade of AI1 receptors with saralasin, a 

specific corn peti t ive AI1 receptor an tagon ist, com pletely abolished 

the protective effect of three-cycles of ischem i c  precondi tion ing 

against  necrosis in isolated rabbit hear ts  (Figure 1 . 4 ) .  These 

results  directly demonstrate the i nvo lvemen te  of AI1 receptors in 

ischem ic precondit ioning.  Since two AI1 receptor subtypes have  

been identif ied in rabbit hearts [192], 1 was interested in  

de t e rmin ing  if both receptors were involved  in ischem ic 

precondi t ioning.  T h u s ,  AI1 receptors were then blocked us ing  

inhibi tors  to selectively target e i ther  AT1 receptors with losartan o r  

AT? receptors with PD-123,319. Selective blockade of AT1  receptors 

but  n o t  AT2 receptors completely abolished the protective effect of 

three-cycles ischernic precondit ioning against infarction in  isolated 

hear ts  (Figure IV.4 ). These data confirm the results obtained with 

saralasin a n d  fur ther  determine the  participation of the  AT1 AI1 

receptors in  ischemic preconditioning. Therefore, one  may 

conclude that  activation of AI1 receptors (AT11 mus t  occur for 

ischem ic precondi t ioning to realize protection against infarction in 

isolated rabbit hearts.  



Do AT1 AI1 receptors play a role in  ischemic p recondi t ion ing  

in  v i v o ?  1 at tempted to address t h i s  quest ion by deve lop ing  an in  

v i v o  open-chested rabbit hear t  mode1 of regional myocardial 

ischern ia a n d  testing the  effect of losartan on the  protect ive effect 

of i schemic  precondit ioning i n  th is  model .  In these s tudies ,  

ischern ic precondi t ioning induced  by one  cycle of t ransien t 

i schemia  a n d  reperfusion produced a significant reduction on  

infarct  s ize in  precondit ioned hearts as compared to control  hearts .  

Fu r the rmore ,  selective blockade of AT1 AI1 receptors appeared to 

complete ly  abolish t h e  protect ive effect of one-cycle ischemic 

p recondi t ion ing  against infarct ion,  whi le  i t  d id  no t  al ter  infarct 

s ize in  control  hearts  in  v ivo  (Figure V.7).  Based on  a regression 

analysis  between M A P  and  infarct size which showed  n o  

re la t ionsh ip  between the two parameters ,  and  an analysis  of 

va r iance  performed a m o n g  t h e  groups which showed  tha t  losartan 

a lone  apparent lv  did not  modi fy  infarct size, I cou ld  h a v e  

concluded t ha t  activation of AI1 receptors are required for i schemic  

p recondi t ion ing  to protect agains t  infarction in v ivo  i n  rabbit 

hearts .  However ,  observations of p rofound  hypotension,  as  

de t e rmined  by MAP, in losartan-treated precondi t ioned hear ts  

d u r i n g  t he  90 m i n  reperfusion phase Çollowing t h e  l o n g  perioci of 

i schemia  suggest tha t  these hear t s  m a y  h a v e  been inadequate ly  

reperfused and subj ected to fu r the r  ischemia, wh ich m a y  accoun t  

for s o m e  of the necrosis f o u n d  in these hear ts .  Never theless ,  

combin ing  the isolated and i n  v i v o  hear t  s tudies  w i th  o the r  

au tho r s '  work  [100-1021 in which AI1 production d u r i n g  ischemia  

ha s  been documented, 1 believe a well balanced view is t ha t  



activat ion of AT1 AI1 receptors by endogenously  produced AI1 

d u r i n g  ischem ia in v i v o  contr ibutes to triggering the  ischem ic 

precondi t ioning response, a long  with o ther  receptors such ' as  

adenos ine  A l ,  bradykinin B 2  and  al-adrenergic receptors, against  

infarct ion i n  rabbit hearts.  

2.  LIMITATIONS OF THE PRESENT STUDIES: 

1) In the  present  s tudies  tissue Levels of AI1 and  release of 

AI1 d u r i n g  ischemia were n o t  examined.  Although there is n o  

direct evidence of the release of AI1 d u r i n g  ischemia in rabbit 

hearts,  De Lannoy et al [193] h a v e  recently conf i rmed the  

product ion of AI1 in the interst i t ial  fluid corn part m e n t  of 

normoxical ly  perfused isolated ra t  hearts .  Fur thermore ,  o the r  

g roups  of invest igators  have  reported an  increase in AI1 product ion 

i n  ventr icular  myocardium as  a result  of ischemia in rats [101] a n d  

dogs [100]. Ert l  e t  al  [102] have  also reported an increase in p l a s m a  

AI1 after coronary occlusion in dogs. 

2) The  TTC s ta in ing  technique used to assess necrosis in  the 

hear t s  was no t  val idated in the  present  s tudy  against a n y  o the r  

m e t h o d  of assessing myocardial necrosis (e-g.  electron rnicroscopic 

analysis) .  Ho wever, va l idat ion of th is  technique ha s  been 

prev ious ly  performed i n  the research groups of which 1 am a 

member  and  reported for both in s i tu  [194] and  isolated [l4] rabbit 

hea r t  preparat ions.  



VII. SUMMARY AND CONCLUSIONS 

Obiective of the  Studv: 

The  overall  objective of th i s  study was to determine the  role 

of AI1 receptors in t h e  triggering m e c h a n i s d s )  of the ischemic 

precondi t ioning phenornenon in the  myocardium. 

T h e  participation of the  angiotensin II receptor, a n d  its 

subtypes, ATl  a n d  AT2, i n  ischemic precondi t ioning of t he  

m yocardium was assessed in  an  isolated buffer-perfused rabbit 

hea r t  mode1 us ing  regional ischemia.  The  hal lmark effect of 

ischem ic precondit ioning,  protection against in farct size, was used 

as t h e  e n d  po in t  to  assess the  role of angiotensin II receptors in 

ischem ic precondit ioning.  I found  chat the angio tensin AT1 subtype 

b u t  n o t  the  AT2 receptor subtype participates in the tr iggering 

mechan ism of ischem ic precondi t ioning in isolated rabbit hearts .  

1.1 HVRO thesis 1: 

" Activation of cardiac angio tensin II receptors by 

endogenously  produced angiotensin II during the shor t  

ischemial  reperfusion episodes before a prolonged period of 

ischemia followed by reperfusion contributes significantly to the  

triggering mechanism O t the  pro  tective effect of ischemic 

precondi t ioning against m yocardial infarction." 



1 found  that  act ivat ion of angiotensin II receptors with a 

brief exposure (5 m i n )  to exogenous AI1 (100 nM) ,  instead of sho r t  

cycles of ischemia a n d  reperfusion,  protected the  hear t  against  

necrosis  to the  same extent  as ischemic precondit ioning.  On the  

o t h e r  hand ,  inhibi t ion of angiotensin II receptors wi th  two 

different  angiotensin II receptor blockers, saralasin and losar tan ,  

completely abolished the  protective effect of ischem ic  

precondit ioning,  t h u s  suppo r t i ng  hypothesis 1. 

1.1.1 Aim 1: 

To characterize the protective effect of the ischemic 

preconditioning phenomenon against infarction, in terms of 

infarct size in an isolated buffer-perfused rabbit heart model of 

regional myocardial ischem ia. 

The  protect ive effect of ischem ic precondi t ioning against  

necrosis  was well characterized. Three cycles of t rans ient  i schemia  

fol lowed by reperfusion pro tected the hear t  against  necrosis  

produced by a subsequent ly  prolonged episode of i schemia  a n d  

reperfusion.  This  p h e n o m e n o n  was consistently a n d  reliably 

produced i n  the  isolated hear t  mode l  with average infarct  s ize 

reduction of 80% [ u n  treated precondit ioned hear t  g roup  5.1 k 1.2% 

(mean+SEM), ve r sus  un t rea ted  control  hear t  group 26.4 + 3.0°/0, 

P<0.001]. Protection against  contractile dysfunction was n o  t  seen in  

the isolated hear t  mode l .  



1.1.2 Aim 2:  

To assess the cardioprotective effect of angiotensin II 

receptor activation against infarction produced by a long  

ischemial reperfusion episode in  the  same i n  v i t ro  rabbit heart  

m ode1 of regional rnyocardial ischem ia prev iously characterized. 

I found that angiotensin II receptor act ivation alone is 

capable of triggering a protective mechanism against  in farction in 

isolated rabbit hearts. Activation of angiotensin II receptors with 5 

m i n  exposure to 100 n M  angiotensin II protected the  hear t  against 

necrosis as  evidenced by an average infarct size reduction of 67% 

[angiotensin II-treated hear t  group 9.6 + 2.2% (meanfSEM) versus  

untreated control hear t  group 26.4 + 3.0%. Pc0.011. 

1.1.3 Airn 3: 

To assess the ability of an angiotensin II receptor blockade to 

abolish the protective effect of ischemic precondi t ioning against 

infarct ion using the same in vitro rabbit heart  mode1 of regional 

m yocardial ischem ia. 

1 found that  activation of angiotensin II receptors participate 

in the  triggering mechanism of ischem ic precondit ioning.  

Saralasin, a corn peti t ive angio tensin II receptor an tagonist, 

completely blocked the pro tective effect of ischemic 



precondi t ion ing  against necrosis in isolated rabbit h e a r t s  [saralasin- 

t reated precondit ioned hear t  group 29.7 f 3.2% ( m e a n f  SEM) versus  

un t rea ted  precondit ioned hear t  group 5.1 f 1.2%, Pc0.0011. Th is  

e v  idence suggests that  activation of angiotensin II receptors m ust  

occur for ischemic precondi t ioning to realize protect ion.  T h i s  

f inding demonstra tes  a participatory role of angio tensin II 

receptors in ischem ic precondit ioning,  bu t  does no t  indicate wh  ich 

angio tens in  II receptor subtype media tes the protect ion.  

"The ATl angiotensin II receptor is the angiotensin II 

receptor subtype mediating the protection of ischem ic 

preconditioning against myocardial infarction." 

Select ive inhibi t ion of AT1 receptors by losartan,  but  no t  

AT:! receptors by PD-123,319 ditrifluoroacetate,  abolished the  

protect ive effect of ischemic precondit ioning against necrosis in  

isolated buffer-perfused rabbit hearts,  losartan-treated 

precondi  t ioned hear t  group 27.4 f 3.0% (meankSEM) versus  

un t rea ted  precondit ioned hear t  group 5.1 k 1.2%, Pc0.01; a n d  PD- 

123,319 ditrifluoroacetate-treated hear t  group 7.9 + 1.2%, versus  

un t rea ted  precondit ioned hear t  group 5.1 f 1.2'7'0, P>0.05. Ischemic 

precondit ion i n g  protection against necrosis was also blocked in 

v i v o  in rabbit hear ts  by selective inhibition of AT1 receptors. These 

findings suppo r t  hypothesis  2. 



1.2.1 Aim 1: 

To de te rmine  the participation of each angiotensin II 

receptor subtype, AT1 and AT2, in ischemic precondi t ioning by 

assessing the  ability of e i ther  ATl receptor or  AT2 receptor 

blockade to abolish the protective effect of ischem ic 

precondit ioning against infarction in the  same in v i t ro  rabbit heart 

m ode1 of regional m yocardial ischem ia prev iously characterized. 

I found that  losartan, a selective AT1 receptor antagonist,  

completely blocked the infarct size l imit ing effect of ischem ic 

precondit ioning in the isolated heart  model.  These data suggest 

that  angiotensin II AT1 receptor subtypes mus t  be  activated for 

ischem ic precondi t ion ing  to pro tect against in farction in isolated 

hearts.  

1.2.2 Aim 2:  

To characterize the protectiv e effect of ischem ic 

precondi t ioning against myocardial infarction in  an i n  v iv O open- 

chested hear t  model  of  regional 

1 have  characterized the 

ischemia and reperfusion to 

infarction produced by 

ischem ia. 

effect of a single cycle of transien t 

pro tect the m yocardium against 

a subsequently prolonged 

ischemic/reperfusion episode in an in v i v o  rabbit hear t  model. 

Ischemic precondi t ioning reduced infarct size by an average of 72% 



in this  model [untreated preconditioned heart  g roup  13.1 & 2.7% 

(meanfSEM),  versus untreated control hea r t  g roup  47.1 t 2.6%, 

P<O.OOl]. 

1.2.3 Aim 3: 

To determine the participation of angiotensin II ATl 

receptor subtype in ischemic preconditioning of the myocardium by 

assessing the ability of an AT1 receptor subtype blockade to abolish 

the protectiv e effect of  ischem ic preconditioning against 

myocardial infarction in the same in v i v o  rabbit heart model of 

myocardial regional ischemia prev iously described. 

1 found  that,  in the in v ivo  model, losartan,  a selective AT1 

angiotensin II receptor antagonist,  apparen tLy abolished the 

protection of ischem ic precondit ioning against infarction [losartan- 

treated precondit ioned heart  group 40.8% f4.3% ( rnean+SEM),  

versus  untreated preconditioned heart  group 13.1 + 2.7%, P<0.05]. 

However, losartan produced profound hypotension in  losartan- 

treated precondit ioned hearts  (MAP 25.5 f 1.4 mmHg)  at  90 m i n  

reperfusion, raising the  possibility that  inadequate reperfusion of 

the  myocardium might  account for the increase in necrosis found  

in these hearts.  Based o n  these results, n o  inferences frorn these 

data can confirm o r  reject hypothesis 2. 



VIII. FUTURE DIRECTIONS 

Before the  studies described herein were performed, 

adenosine A 1, al-adrenergic and  bradykin i n  Bz receptors were the 

only  cardiac receptors demonstrated to be i nvo lved  in t r iggering 

the ischem ic precondit ioning phenornenon .  These new  studies, 

which will  be published, in  part, in the Journa l  of Molecular a n d  

Cel lu lar  Cardiology 1321, add a new receptor type to the  group of 

cardiac receptors known to participate in ischem ic precondi t ion ing, 

t hus  opening  u p  new possibilities for unders tanding  how 

m yocardial protection is produced. For  exam ple, i t  is conceiv able 

that  ce11 mechanisms such as AH-receptor-mediated opening of 

calcium L-type channel ,  activation of the  Naf /HC exchanger and 

calcium release from intracellular stores ( e . g  sarcoplasm ic 

re t iculum) may participate in the ischemic precondit ioning 

mechanism of the myocardium. The  exact role of these pathways in 

ischemic precondit ioning of  the m yocardium r ema ins  to be 

explored. 

Fur thermore,  it  wil l  be important  to de te rmine  i f  the AT1 

receptor subtype participates in ischem ic precondi t ioning of the 

myocardium in other  species such as rat  and  dog. It  has been 

shown in the  present studies that  AT1 receptor participates in 

triggering the infarct size lim i t ing effect of ischem ic 

precondit ioning,  but the  participation of AT1 receptors in 

triggering the  an ti-arrhythm ic effect or  the protection against 

v en tr icular  dysfunction rem ains to be explored. 



Furthermore,  i t  is also important  to s tudy  the  role of 

angio tensin II receptors, its participating downstream pathways and  

its target effector proteins, in ischem ic precondi t ioning,  in the 

isolated cardiom yocyte model in which the protection induced by 

s im ulated ischem ia has been characterized by Armstrong et a1[9]. 

There  are three  reasons that m a k e  the isolated ce11 model  more 

adv an tageous, regarding the study of ischem ic precondi t ioning 

m echanism (s) der ived from the activation of angiotensin II 

receptors a n d  o thers  participating receptors (e.g. adenosin A i ,  cri- 

adrenergic, bradykinin Bz), than the other  two rnodel used in the 

present  studies:  1) drugs which could be used to assess downstream 

mediators a n d  e n d  effectors are very expensive (e.g. calphostin C, ) 

which l imi t s  i ts  use  in isolated buffer-perfused o r  in v i v o  heart  

preparations;  2) from the  point  of view of safety, i t  is more  

convenien t  to label isolated cardiomyocytes with sma l l  amoun t s  o f  

32P orthophosphate  to assess end  effector pro teins ( e .g .  

sarcoplasrn ic ret iculum Ca'+-ATPaçe, Phospholam b a n )  rather than 

us ing  large a m o u n t s  of 32P in whole organ perfusion model o r  in 

an  in v i v o  model;  3)  Direct measurement  of electrophysiological 

changes induced by ischemic precondit ioning through potential 

end effectors such as Ca'+ L-type, K h ~ P  channels ,  ryanodine 

receptor, Naf /H+ a n d  Na+/Caz+ exchangers, can on ly  be perforrned 

in  isolated single ce11 using the whole-cell patch-clam p technique. 

Fur thermore ,  the present studies have triggered a number  of 

O ther  questions tha t  currently rem ain unanswered.  For exam ple, i t  

was s h o w n  in  t he  isolated heart  studies that  coronary flow 

increases with both AT1 o r  AT2 receptor antagonist,  losartan a n d  



DP-123,319 respectively, suggesting the  presence, in coronary  

vessels,  of an  AI1 receptor-mediated regulatory mechan ism of blood 

flow. Fur ther  exper iments  are necessary to characterize th i s  

regula tory  mechan ism in coronary vessels.  In addi t ion,  

exper imen  ts perform ed us ing  an  angiotensin conver t ing  enzyme 

in h ibi tor  (enalapr i la t )  showed  that  this  d r u g  effectively blocked the  

angiotens in  conve r t i ng  enzyme in rabbits as evidenced by a 

significan t decl ine in mean arterial pressure with a dose greater 

t ha t  0.1 mg/kg, suggest ing that,  in fact, t he  renin-angiotens in  

componen  t of arterial  blood pressure is significan t in rabbits. 

However ,  m o r e  research is needed to address th is  issue extensively.  
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