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1.0 INTRODUCTION

Free tissue transfer is one of the corner stones of modern reconstructive surgery. The

transfer of muscle, skin and bone, separately or in combination, from one area of the

body to another, to reconstruct form or function lost following trauma, ablative surgery

or congenital abnormality is now commonplace. Surgeons refer to tissue transferred in

this manner as a 'flap'. When a flap must to be transferred to a distant region of the

body, the blood vessels supplying it must be transected and anastomosed (joined) to

local 'donor' vessels at the recipient site. During this process, the flap components are

without a blood supply. Excessive tissue ischaemia can result from delayed

revascularization, anastomotic complications or any disruption to the inflow or outflow

through the vascular pedicle. This may exceed the ischaemic tolerance of the tissue,

especially muscle, which is known to be limited to around 2.5 hours (Tountas and

Bergman 1977; Larsson and Hultman 1979; Eckert and Schnackerz 1991). Significant

injury also occurs during the reperfusion period following sustained ischaemia. Tissue

swelling, endothelial damage and microvessel thrombosis can effectively prolong the

relative ischemia time (Yokota, Minei et al. 1989; Menger, Pelikan et al. 1992; Menger,

Steiner et al. 1992) and the rapid accumulation of toxic free radicals during reperfusion

is a further source of tissue injury (Long, Laster et al. 1989). The relative contribution of

ischaemia and reperfusion injury depends upon the duration and intensity of the

ischaemia and the specific tissue tolerance. If tissue necrosis ensues, the consequences

include complete or partial flap failure with consequent loss of form and function.
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Occasional systemic sequaelae ensue, including acidosis and myoglobinuria leading to

renal failure and hyperkalemia (Walker 1986); (Haimovici 1970; Beyersdorf, Unger et

al. 1991; Kerrigan and Stotland 1993; Petrasek, Homer-Vanniasinkam et al. 1994).

Almost any degree of flap failure increases patient morbidity, necessitating further

surgery to remove the dead tissue and to reconstruct the defect a second time, resulting

in prolonged hospital stay and expense.

Since the advent of free flap surgery in the 1970's, much has been learnt about the

appropriate indications and limitations. Although refinements of microvascular surgical

technique have reduced the total flap failure rate to approximately 5%, the cost to

individual patients and health care services of such failures can be enormous (Shaw

1983; Khouri 1992; Khouri, Cooley et al. 1998). For these reasons researchers continue

to seek ways to augment flap survival and facilitate the safe transfer of larger amounts of

tissue, perhaps in suboptimal circumstances, whilst reducing the overall complication

rate. A plethora of pharmaceutical agents have been applied to this purpose, but so far,

none have achieved the goal of significantly augmenting flap survival without

deleterious side effects (Pang, Forrest et al. 1989; Pang, Forrest et al. 1993).

In the mid nineteen-eighties, researchers investigating the relative importance of ATP

depletion as against the accumulation of toxic metabolites in myocardial infarction,

made a chance observation. They found that the rate of ATP depletion during a series of

four 10 minute periods of ischaemia was much less than that which occurred during a

continuous 40 minute ischaemic period. Although the rate of ATP depletion during the

10



first 10 minutes of ischaemia was the same in either case, ATP catabolism was greatly

decreased during the subsequent 10 minute periods when brief myocardial reperfusion

occurred. Subsequent studies led to the discovery of Ischaemic Preconditioning (IPC) in

the myocardium (Murry, Jennings et al. 1986; Reimer, Murry et al. 1986). It was shown

that the myocardium can be preconditioned to survive prolonged, usually lethal

ischaemia, by preceding this with brief, non-lethal ischaemic episodes, in a variety of

species.

Less than ten years after its discovery, the phenomenon of IPC was first shown to occur

in skeletal as well as cardiac muscle (Mounsey, Pang et al. 1992; Mounsey, Pang et al.

1992; Pang, Yang et al. 1995). Further studies soon supported evidence of

preconditioning of skeletal muscle in other species including the rat (Schroeder, Lee et

al. 1996; Carroll, Carroll et al. 1997; Zahir, Syed et al. 1998; Mattei, Sutter et al. 2000)

and rabbit (Attkiss, Suski et al. 1999).

Despite the potent protective effect of IPC on skeletal muscle, the additional operative

time and the repeated clamping of the delicate vascular pedicle required to perform the

procedure, have discouraged its use clinically. Although further research has identified a

number of pharmacological agents capable of mimicking IPC, this 'Pharmacological'

preconditioning also has clinical limitations due to systemic side effects, most notably

hypotension, and local intra-arterial administration of the drug into the flap may again

damage the vascular pedicle.
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In 1993, Karin Pryzyklenk first demonstrated 'Remote' IPC. Intermittent occlusion of

the Circumflex Coronary artery not only protected that vascular territory from

subsequent prolonged ischaemia, but also the territory served by the Left Anterior

Descending artery in dogs (Przyklenk, Bauer et al. 1993). Subsequent reports

demonstrated that the myocardium could be protected from ischaemic necrosis by

periods of ischaemia in distant organs including the mesentery (Gho, Schoemaker et al.

1996; Schoemaker and van Heijningen 2000; Patel, Moore et al. 2002) and kidney (Pell,

Baxter et al. 1998; Takaoka, Nakae et al. 1999). Pryzyklenks' discovery has been termed

'intraorgan' preconditioning as opposed to 'interorgan' preconditioning from the

mesentery or kidney. These remote techniques of IPC are nevertheless still invasive,

time consuming and potentially harmful, and therefore, clinically unattractive.

The purpose of the research described in this thesis was to determine whether a novel,

non-invasive, remote IPC technique could provide effective protection of skeletal

muscle flaps against prolonged ischaemia, and subsequently to investigate the time

course and mechanism of this effect. Such an approach could provide the benefits of IPC

in skeletal muscle transfer without the need for additional invasive surgery, prolonged

operative time, damage to the vascular pedicle or the use of drugs.
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Hypothesis

That skeletal muscle, throughout the body, can be preconditioned to better withstand

prolonged periods of ischaemia, by first subjecting a remote muscle to brief, non¬

invasive and sub-lethal, cycles of ischaemia and reperfusion, using a hindlimb

tourniquet.

Aims

The aims of the project were:

1) To test the hypothesis, using porcine Latissimus Dorsi, Rectus Abdominis and

Gracilis muscle flaps.

2) To define the potency and time course of the protective effect of remote

ischaemic preconditioning in this model.

3) To assess the physiological effects of remote ischaemic preconditioning both in

terms of energy metabolism during subsequent prolonged ischaemia, and post-

ischaemic blood flow.

4) To investigate the mechanism of remote ischaemic preconditioning in this model.
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1.1 Overview of Research Project

The efficacy and mechanism of Remote, Non-Invasive Ischaemic Preconditioning (IPC)

in the protection of skeletal muscle against ischaemic necrosis was studied in pigs using

a variety of muscle flaps in common clinical use for reconstructive surgery.

1.1.1 Study 1 - The Efficacy ofRemote, Non-Invasive IPC

Eighteen castrated male Yorkshire pigs were randomly divided into three groups.

Denervated Latissimus Dorsi (LD), Rectus Abdominis (RA) or Gracilis (Gc) muscle

flaps were raised on a single arteriovenous pedicle in each group. Half the animals from

each group were first preconditioned by application of a hindlimb tourniquet three times

for ten minutes, with a further ten minutes reperfusion following each ischaemic period.

All muscle flaps were then subjected to 4 hours continuous ischaemia by occlusion of

their vascular pedicle, followed by 48 hours reperfusion before being harvested for

assessment of muscle viability. The remaining animals in each group were controls,

undergoing identical procedures without preconditioning.

1.1.2 Study 2 - The Time course of the protective effect

The duration of the protection afforded by remote IPC was assessed in pig LD flaps.

These flaps were raised in preconditioned animals and subjected to 4 hours ischaemia
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and 48 reperfusion beginning at Ohr, 8hr, 24hr, 48hr and 72 hrs after remote non¬

invasive preconditioning (n=6/group). In each animal, bilateral LD flaps were raised and

the mean viability of the two flaps was considered as the single result for that animal.

The flap viability was compared with non-preconditioned sham manipulated controls.

1.1.3 Study 3 - The Efficacy ofcombining Acute and Late Remote IPC

Following the observations made in study 1 and 2, this study aimed to determine

whether the maximal potency of the protection afforded by acute, remote IPC could be

combined with the longevity of the late phase to provide continuous post-operative

protection against ischaemic necrosis. The purpose and methodology of this study are

discussed in detail in Section 2.8.3

1.1.4 Study 4 - The effect ofRemote IPC on post-ischaemic bloodflow

Post ischaemic muscle perfusion was measured in remotely preconditioned, ischaemic

and non-ischaemic control animals. Blood flow to the LD muscle flaps in the early

reperfusion period, 2 hours following the 4 hour continuous ischaemia, was measured

and compared between groups (n=6/group). The radioactive microsphere technique was

used to quantify global and segmental blood flow to the muscle flaps.
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1.1.5 Study 5 - The effect ofRemote IPC on muscle energy metabolism

Energy metabolism during prolonged ischaemia and in the early reperfusion period was

assessed. ATP and Lactate levels were assayed from muscle biopsies taken from LD

flaps immediately before a four-hour ischaemic period and at 2 and 4 hours during the

ischaemic period in both preconditioned and control animals (n=6/group).

1.1.6 Studies 6 to 8 - The mechanism ofRemote IPC

The mechanism of Remote Non-invasive IPC was studied in LD flaps using a variety of

pharmacological probes. The trigger mechanism of Remote IPC was investigated by

attempting to block the ischaemic protection it affords by prior administration of non¬

selective and selective Adenosine (SPT and DPCPX) and Opiate (Naloxone) receptor

antagonists.

Next, the role of mitochondrial Katp channels was investigated using the selective

channel blocker 5-Hydroxydecanoate and the agonist Diazoxide.

The ganglion blocker Hexamethonium was used to assess the contribution, if any, of

neuronal pathways in the mechanism of infarct protection by remote, non-invasive IPC.

Finally, to investigate the previously reported possibility of pharmacological

preconditioning with inhaled anaesthetic agents, LD flaps raised in animals
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anaesthetized with Isoflurane alone, were subjected to 4 hours ischaemia and 48 hours

reperfusion without preconditioning. The resultant flap viability was compared to that of

preconditioned and control flaps from pentobarbital anaesthetized animals.
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1.2 The Clinical Problem

Skeletal muscle may be subjected to prolonged periods of ischaemia during surgery.

This may follow a deliberate effort to control haemorrhage or the injudicious use of

tourniquets during limb surgery. The duration of safe tourniquet application is therefore

limited by the potential for ischaemic necrosis. Vascular reconstructive and transplant

surgery of any kind inevitably involve the temporary and possibly prolonged occlusion

of large vessels with resultant end organ ischaemia. In Plastic and Reconstructive

surgery the use of so-called 'free' flaps presents a further clinical problem.

'Flaps' are composed variably of skin, fat, fascia, muscle and bone that can be

transferred from one site of the body to another to reconstruct form, function or both. In

essence, tissue is transferred from a less critical donor site to the recipient site, either to

fill a defect that cannot itself be closed primarily, or to replace lost structure or function,

such as a breast mound following mastectomy, mandibular support following tumour

ablation or muscular movement following facial paralysis. The donor site may be closed

primarily taking advantage of loose surrounding skin and subcutaneous tissue or by

means of skin grafts. The means by which a flap is transferred from the donor to

recipient site is directly related to the ischaemic insult it undergoes. Clearly, if the

process is to be successful, a good circulation must be maintained within the flap. This

can be achieved by ensuring that the flap maintains continuous perfusion by careful

preservation and protection of its blood supply. Frequently however, it is necessary to

transfer tissue between donor and recipient sites that are remote to one another. In this
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case the vascular pedicle to the flap must be disconnected and reconnected

(anastomosed) to donor vessels at the recipient site using microvascular techniques.

'Free' flaps therefore undergo a period of total ischaemia which, generally speaking, is

kept within safe limits by meticulous surgical planning and technique to avoid the

disastrous consequence of partial or total flap necrosis. Failure to quickly re-establish

flap perfusion, or subsequent loss of perfusion secondary to anastomotic complications

such as thrombosis, torsion or external compression of the pedicle, result in prolonged

flap ischaemia and tissue necrosis. With growing experience, the 'rules' governing the

ischaemic tolerance, maximum dimensions and use of various flaps are being clarified.

Simultaneously, surgical technique is improving such that the free flap success rate may

be as high as 98.8% despite a 3.7% thrombosis rate in expert hands (Khouri 1992). A

more recent prospective study found an ultimate failure rate of 4% with a thrombosis

rate of 9.9% (Khouri, Cooley et al. 1998). Nevertheless, these figures represent a marked

improvement from those of the early years of free-flap surgery (Shaw 1983).

Free flap failure is however, not always a failure of technique, and certain subgroups of

flaps or patients, most noticeably smokers, the obese and diabetics, are at increased risk

(Khouri, Cooley et al. 1998). Additionally, it occasionally proves necessary to push the

limitations of a flap for a particular reconstructive purpose. Under these circumstances

the risk of significant ischaemic insult increases still further.
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Clearly, successful free-flap transfer is subject to patient factors, flap characteristics and

the competence of the surgical team and their equipment. Unfortunately, although many

of these factors can be optimized, they are often far from ideal. Pharmacological

augmentation of flap survival has thus far proved inadequate (Pang, Forrest et al. 1989;

Pang, Forrest et al. 1993). The purpose of the present research was to investigate a novel

technique to minimize the risk of ischaemic complications following flap surgery. The

non-invasive, non-pharmacological approach studied here, may broaden the current

limitations on the size and ischaemic tolerance of many flaps, thereby reducing further

the incidence of flap failure, particularly in high risk patients or reconstructions. The

Latissimus Dorsi, Rectus Abdominis and Gracilis muscles used in this study are

commonly used clinically for the reconstruction of large defects following, for example,

mastectomy, trauma or tumour ablative surgery. The Gracilis is commonly used for

facial re-animation procedures in facial nerve palsies.

Other potential benefits of ischaemic preconditioning exist. Protection against ischaemia

is evident in many organs other than skeletal muscle, including the myocardium (Muller,

Topol et al. 1990; Tamura, Tsuji et al. 1997), lung (Du, Hicks et al. 1996), kidneys

(Islam, Mathie et al. 1997), liver (Lloris-Carsi, Cejalvo et al. 1993; Hardy, McClure et

al. 1996) and CNS (Kitagawa, Matsumoto et al. 1991; Matsuyama, Chiba et al. 1997).

The use of preconditioning in clinical practice may therefore afford the patient a degree

of protection from co-morbidity, exacerbated by long reconstructive procedures, as well

as providing ischaemic protection in the autologous or heterologous transplant of tissue,

be it skeletal muscle or whole organs, such as the liver and kidneys. Preconditioning
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may also promote earlier recovery of post-ischaemic muscle function, and if so, would

be of value in functioning muscle transfers.

The innate physiological purpose of preconditioning has yet to be determined, but it may

relate to protection from physiological ischaemic episodes such as those brought on by

anaerobic exercise. Physiological preconditioning may already be evident in the human

myocardium, where it is known that patients with angina pectoris preceding myocardial

infarction have a better prognosis and tend to suffer smaller infarcts (Muller, Topol et al.

1990; Tamura, Tsuji et al. 1997). Under these circumstances, it has been suggested that

patients are preconditioning their own hearts during the relatively brief ischaemia of

angina attacks and so protecting against the subsequent prolonged and potentially lethal

ischaemic insult. Clearly, it is rarely possible to predict the onset of myocardial

infarction and pre-empt it with preconditioning. By contrast though, the onset of muscle

or flap ischaemia in vascular and reconstructive surgery in eminently predictable,

making this an ideal target for therapeutic ischaemic preconditioning.

1.3 The Discovery of Ischaemic Preconditioning

By the early 1980's it was known that even a sublethal period of myocardial ischemia

resulted in a rapid and prolonged depletion of muscle ATP stores (Reimer, Hill et al.

1983). It was unclear whether the depletion of ATP stores or the concurrent

accumulation of toxic metabolites caused the irreversible myocardial injury. Reimer and

co-workers attempted to answer this question using canine hearts subjected to a total of
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forty minutes ischaemia by occlusion of the circumflex artery either continuously or for

four 10-minute periods, punctuated with brief reperfusions to wash out toxic metabolites

whilst not allowing sufficient time for ATP stores to replenish (Reimer, Murry et al.

1986). ATP levels fell by 61% during the first 10 minute period of ischaemia but were

unexpectedly preserved during subsequent periods of ischaemia. In contrast, a single,

sustained 40 minute ischaemia resulted in an 87% reduction of ATP stores.

Having demonstrated that the size of a myocardial infarct following 40 minutes of

coronary artery occlusion in control animals was 29% of the 'at risk' area, they showed

that if the same ischaemic period was preceded by four 5-minute cycles of ischaemia

alternating with four 5-minute periods of reperfusion (the preconditioning protocol), the

infarct size was reduced to 7% of the 'at risk' area (Murry, Jennings et al. 1986). The

brief cycles of ischaemia and reperfusion were therefore increasing myocardial tolerance

to subsequent prolonged ischemia.

The mechanism underlying this effect was thought to relate either to the reduction of

high energy phosphate metabolism or to the washout of accumulated toxic metabolites

during the reperfusion periods. Ischaemic Preconditioning has since been the subject of

extensive research.
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1.4 The Scope of IPC

1.4.1 Species specificity

Following the demonstration of myocardial infarct protection by IPC in dogs, other

researchers have shown similar protection of the myocardium in other species including

rabbits (Cohen, Liu et al. 1991; Yellon, Alkhulaifi et al. 1992), rats (Li, Whittaker et al.

1992; Liu and Downey 1992), pigs (Schott, Rohmann et al. 1990) and humans (Deutsch,

Berger et al. 1990; Cribier, Korsatz et al. 1992; Yellon, Alkhulaifi et al. 1993; Jenkins,

Steare et al. 1995). A variety of preconditioning protocols were required to induce

protection in different species, but in many cases the minimum threshold was not

rigorously determined.

1.4.2 Organ specificity

Skeletal muscle was the first non-cardiac organ reported to be amenable to ischaemic

preconditioning. In 1992, work in our laboratory in Toronto, Canada demonstrated that

the pig Latissimus Dorsi muscle flap could, like the myocardium, be effectively

preconditioned against ischaemic necrosis (Mounsey, Pang et al. 1992; Mounsey, Pang

et al. 1992).

Three ten minute cycles of ischaemia and reperfusion by clamping of the thoracodorsal

pedicle to the flap formed the preconditioning protocol required to significantly protect
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the muscle from prolonged ischaemia (Pang, Yang et al. 1995). The fact that the

threshold for initiating ischaemic protection was considerably higher than that required

to precondition the pig myocardium, suggests that the threshold may be organ, as well as

species, specific.

Other researchers have subsequently demonstrated a protective effect of preconditioning

against ischaemic injury in other organs including lung (Du, Hicks et al. 1996; Harkin,

Barros D'Sa et al. 2002), kidneys (Islam, Mathie et al. 1997; Chien, Chen et al. 1999;

Xie, Xie et al. 1999; Chien, Hsu et al. 2000; Bonventre 2002), liver (Lloris-Carsi,

Cejalvo et al. 1993; Hardy, McClure et al. 1996; Fung 2001; Zhang, Zhang et al. 2001)

and CNS (Kitagawa, Matsumoto et al. 1991; Matsuyama, Chiba et al. 1997; Cheung

2000; Rejdak, Rejdak et al. 2001).

1.4.3 Protection offunction

Cohen and co-workers provided the first evidence that IPC affords protection of

myocardial function as well ischaemic tolerance (Cohen, Liu et al. 1991). Recovery of

systolic function after a prolonged ischaemic insult was significantly improved with

preconditioning. Other reports of enhanced functional recovery in the preconditioned

myocardium, include protection against post-ischaemic dysrhythmias (Shiki and Hearse

1987). Similarly IPC improves post-ischemic skeletal muscle function (Gurke, Marx et

al. 1996); (Schroeder, Lee et al. 1996).
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If future research bears out current promise, there is a broad therapeutic potential in

ischaemic or pharmacological preconditioning that will affect management of a wide

range of surgical and medical patients (Edwards, Saurin et al. 2000). Indeed early

anecdotal evidence supports a role for the effectiveness of ischaemic preconditioning in

the human clinical situation (Lawson 1994; Jenkins, Steare et al. 1995; Lee, LaFaro et

al. 1995; Leesar, Stoddard et al. 1997; Restifo and Thomson 1998; Tomai, Crea et al.

1999; Cheung 2000).

1.5 The Properties of IPC

1.5.1 The Thresholdfor induction ofIPC

The threshold for the initiation of IPC appears to be species and organ specific. In the

canine myocardium, four cycles of 5 minutes ischaemia/reperfusion (I/R) were needed

to induce significant protection (Murry, Jennings et al. 1986). In rabbits a single 5

minute I/R cycle was as effective as multiple cycles (Cohen, Liu et al. 1991; Miura and

Iimura 1993), although shortening the I/R cycle to 2 minutes was not effective

(Alsaddique 2000). In rats, three cycles of 3 minute I/R were required while a single 5

minute cycle was insufficient (Liu and Downey 1992; Yellon, Alkhulaifi et al. 1992). In

humans a minimum of 2 minutes ischemia and reperfusion may be required (Tomai,

Creaetal. 1999).
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The threshold for the preconditioning stimulus to induce protection appears to be higher

in skeletal than cardiac muscle, perhaps because of the relatively high ischemic tolerance

of skeletal muscle with respect to the myocardium (Adanali, Ozer et al. 2002). At least

three cycles of 10 minutes I/R were required to protect skeletal muscle against infarction

in pigs (Pang, Yang et al. 1995), a significantly higher threshold than that required to

protect the myocardium in the same species, a single 5 or 10 minute episode (Martin,

McClanahan et al. 1993). Three cycles of 10 minute 1/R were more effective in

preconditioning the rat hindlimb musculature than either one or two cycles (Gurke, Marx

et al. 1996).

1.5.2 The Onset ofProtection

In Murry's original study, the protection afforded to the myocardium by ischaemic

preconditioning was lost when the subsequent coronary artery occlusion was increased

from 40 to 120 minutes. Similarly it was shown that the onset of irreversible myocardial

injury which normally follows 20 minutes continuous ischaemia, is delayed to 40

minutes in the preconditioned myocardium (Murry, Jennings et al. 1986). Thus IPC

appears to delay the onset of ischemic necrosis but not to attenuate the potential injury if

the insult is sufficiently prolonged.
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1.5.3 Duration ofProtection

The initial protection provided by IPC is transient and short lived, lasting for only two or

three hours following IPC (Murry, Richard et al. 1991). Again, there appears to be inter¬

species variability. In rabbits, cardiac protection is lost after 30 minutes of reperfusion

(Cohen, Liu et al. 1991), this in increased to 1 hour in the rat (Li, Whittaker et al. 1992)

and two hours in the dog (Murry, Richard et al. 1991). Subsequently all protection is

lost, at least for several hours.

In addition to the species specificity, the duration of protection also appears to be organ

specific. The protective window for preconditioned skeletal muscle, discussed in detail

later, appears to last several hours. Whether or not the protection can then be reinitiated

by further IPC cycles has been debated inconclusively (Miura and Iimura 1993; Sack,

Mohri et al. 1993; Dana, Baxter et al. 1998).

1.5.4 The Delayed, Late or 'Second Window' ofProtection

Regardless of the ability to reinitiate acute protection with a second preconditioning

protocol, there does appear to be a delayed onset or late phase of protection beginning

approximately 24 hours after the initial preconditioning stimulus and requiring no

further, additional stimulus. First coined the 'second window of protection' (SWOP),

this phase appears to be less potent than the primary period, but persists significantly

longer, offering protection for 72 hours or more (Yellon and Baxter 1995). The
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mechanisms of primary and late phase preconditioning appear quite distinct and each

will be discussed in detail later.

1.5.5 Direct and Remote IPC

All the early studies of IPC involved direct preconditioning of the organ by inducing

cycles of ischaemia and reperfusion within that organ. Subsequently it proved possible

to precondition one organ by subjecting another remote organ to cycles of I/R. As with

direct preconditioning, also known as classical preconditioning, Remote IPC of the

myocardium, such as by infrarenal aortic occlusion in rats, has been shown to be

threshold dependant (Weinbrenner, Nelles et al. 2002). Fifteen minutes of infrarenal

occlusion were required to protect the myocardium to a similar degree as classical IPC.

Shorter ischaemic periods were, however, still protective, although proportionately less

so. That the degree of protection may be proportional to the strength of the remote

stimulus is also supported by other groups. In one study, partial limb ischaemia only

provided a protective stimulus in concert with concurrent rapid stimulation of the

gastrocnemius muscle, presumably by raising the relative level of limb ischaemia

(Birnbaum, Hale et al. 1997). Other researchers have, however, found the protective

response to ischaemic preconditioning to be an all-or nothing phenomenon.

Thus, there appears to be inter-species and intra-species, organ specific thresholds for

the frequency and duration of I/R episodes required to induce ischaemic protection

either by direct or remote preconditioning. The potency and duration of protection is

28



similarly organ and species specific. It is not clear on current evidence why such

disparity exists and whether it relates to different mechanisms of action of IPC and / or

to characteristics of the specific tissue or organ being preconditioned.

1.6 Remote IPC

In 1993, Przyklenk and coworkers, demonstrated for the first time that the protection

afforded by acute IPC was not limited to the area of the myocardium affected by the

ischaemia of the preconditioning protocol, but extended to the entire myocardium

(Przyklenk, Bauer et al. 1993). Specifically, a single five minute I/R cycle of the

Circumflex artery territory in dogs, protected Left Anterior Descending artery (LAD)

territory against 1 hour of LAD occlusion and 4.5 hours reperfusion with a reduction in

the resultant infarct of 35%. They were able to exclude any effect of collateral perfusion.

Remote ischaemic preconditioning is not limited to within the myocardium. A single 15-

minute mesenteric artery occlusion, 10 minutes prior to a 60-minute coronary artery

occlusion provided protection equal to that of a 15-minute direct local coronary artery

preconditioning protocol. Left renal artery occlusion (RAO) was ineffective at room

temperature but provided significant protection under hypothermic conditions in the rats

(Gho, Schoemaker et al. 1996). Another study however, found that Remote IPC by RAO

was effective even in normothermic rabbits (Takaoka, Nakae et al. 1999).

A number of studies have confirmed that the myocardium can be preconditioned against

ischemic injury by remote preconditioning of the kidney (Pell, Baxter et al. 1998;
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Takaoka, Nakae et a!. 1999), occlusion of the infrarenal aorta (Weinbrenner, Nelles et al.

2002) and by ischaemia in skeletal muscle (Birnbaum, Hale et al. 1997). Cardiac

function may also be protected against ischaemic injury by prior limb preconditioning

ischaemia (Oxman, Arad et al. 1997).

1.6.1 Remote IPC ofother organs

Remote IPC was first demonstrated in skeletal muscle by Liauw (see Section 1.7.1). A

recent study from Germany, published after the present study was completed, concluded

that remote ischaemia by hindlimb tourniquet or femoral artery occlusion in rats can

induce protection against ischaemic necrosis in epigastric adipocutaneous flaps as

effectively as direct preconditioning by occlusion of the flap pedicle (Kuntscher,

Schirmbeck et al. 2002).

1.7 IPC of Skeletal Muscle

A single 30 minute I/R cycle prior to a four-hour period of global ischemia reduced the

necrosis of the porcine Latissimus Dorsi muscle flap by 20% with respect to controls.

One cycle of 10 minutes of I/R was, however, insufficient to precondition the muscle

(Mounsey, Pang et al. 1992; Mounsey, Pang et al. 1992).

Using the same model, it was shown that a preconditioning regimen of at least three

cycles of lOminutes 1/R, induced by occlusion of the single vascular pedicle to the flap,
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was required to protect the muscle and reduced muscle necrosis by 44% in the LD flaps

and 62% in Gracilis flaps (Pang, Yang et al. 1995).

Ischaemic Preconditioning of skeletal muscle was later demonstrated in the rat LD

muscle model (Carroll, Carroll et al. 1997). The preconditioning protocol used consisted

of two 30 minute periods of ischaemia punctuated with two 10 minute periods of

reperfusion, reducing muscle necrosis by 42% with respect to controls. When

preconditioned 24 hours prior to flap elevation, flap necrosis was reduced by 54%,

demonstrating for the first time, a late or second window of protection in skeletal

muscle.

At least three cycles of 10 minutes I/R was required to illicit IPC protection in rat

Tibialis Anterior muscle subjected to four hours ischaemia and 24 hours reperfusion.

Additional preconditioning cycles conferred no further benefit (Saita, Yokoyama et al.

2002). Papanastasiou demonstrated the protective effect of IPC by hindlimb tourniquet

against ischaemic necrosis in the rat Gracilis muscle (Papanastasiou, Estdale et al. 1999).

1.7.1 Remote IPC ofSkeletal Muscle

Although perhaps not appreciated as such at the time, the first demonstration of remote

skeletal muscle preconditioning came in 1996. Necrosis of canine Gracilis muscle

following five hours of continuous ischaemia was reduced by 60% when preceded 48
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hours earlier with five hours ischaemia of the contralateral Gracilis (Liauw, Rubin et al.

1996).

/. 7.2 Attenuation ofpost-ischaemic muscle function

IPC also protects skeletal muscle function in rat hindlimb Extensor Digitorum Longus

(EDL), following prolonged ischaemic insult (Schroeder, Lee et al. 1996). This

demonstration of functional recovery in conjunction with infarct reduction is supported

by the finding that post ischaemic muscle function in terms of force, performance,

endurance and contractility of EDL was improved by IPC (Gurke, Marx et al. 1996).

In contrast, a group in England investigated the effects of IPC on the viability and

function of EDL. A preconditioning ischaemic period of at least five minutes was

required to significantly reduce muscle infarction following four hours of continuous

ischaemia. Strangely, this protection was lost if the preconditioning ischaemic period

was increased to 7 minutes or if the reperfusion period between this and the prolonged

ischaemia was increased from 5 to 15 minutes. They were unable to demonstrate

protection of EDL muscle function (Bushell, Klenerman et al. 2002) . This latter

observation concurs with an earlier study which found no significant benefit of IPC in

limiting functional muscle injury or speeding recovery of rat Tibialis Anterior muscle

preconditioned with three cycles of 10 minutes I/R (Whetzel, Stevenson et al. 1997).

Muscle necrosis was not specifically assessed in that study.
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Thus the evidence of a protective effect of preconditioning in the recovery of skeletal

muscle function following prolonged ischaemia is more controversial than that for

myocardial function.

1.7.3 IPC ofnon-muscle flaps

Both myocutaneous (skin and muscle) and pure skin flaps can be preconditioned against

ischaemic necrosis (Zahir, Syed et al. 1998). Using the rat Transverse Rectus Abdominis

Myocutaneous (TRAM) and dorsal cutaneous skin flap models, and a preconditioning

protocol of three 10 minute I/R cycles, a statistically significant reduction in the necrosis

of both flap types was recorded following IPC. Of note however, was the finding that

IPC produced a relatively greater protection of the myocutaneous flaps, which was

evident even in the absence of subsequent prolonged ischaemia. In contrast, significant

protection of the skin flaps was only apparent after more than six hours of continuous

ischaemia. Preconditioning increased the Critical Ischaemia Time (CIT50) of

myocutaneous and skin flaps by approximately 150% and 80% respectively.

The same group went on to compare the effects of IPC on rat TRAM flaps with the long

established technique for the augmentation of flap survival, known as 2-week surgical

'delay'. They found a similar degree of protection was afforded by either technique but

that a combination of both was additive, perhaps implying that different and

complementary mechanisms are at play (Zahir, Syed et al. 1998). Preliminary data
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indicates that human TRAM flaps, used commonly in breast reconstruction, may also be

protected by IPC (Restifo and Thomson 1998).

Matsamura reported the effective preconditioning of dorsal random-pattern skin flaps in

rats, although these may be more correctly seen as myocutaneous flaps as they include

the subcutaneous panniculus carnosus muscle (Matsumura, Yoshizawa et al. 2001).

1.8 The Mechanism of Acute IPC

The elucidation of the mechanisms of ischaemic preconditioning holds the key to our

ability to maximize its therapeutic potential, either physiologically or pharmacologically,

in a variety of disease states (Parratt 1994; Parratt 1995). Much of the research into the

mechanism of IPC relates specifically to the heart as opposed to skeletal muscle,

although the pathways may be expected to show marked similarities. The mechanism of

acute, early phase protection occurring soon after preconditioning appears to be linked

to, but distinct from, that of the late phase or second window of protection, also know as

delayed ischaemic preconditioning. For this reason they will be discussed separately.

1.8.1 The Physiological mechanisms ofIPC

Early on, researchers postulated that preconditioning promoted an increase in collateral

blood flow to the ischaemic muscle, even though some species, such as the rat and

rabbit, can be preconditioned despite having limited collateral circulation. This theory
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was however discounted by Murry. Using radioactive microspheres to measure collateral

blood flow in dog myocardium, they were unable to demonstrate any increase in

collateral circulation to the preconditioned heart (Murry, Jennings et al. 1986).

Evidence suggests that post ischaemic blood flow is increased, at least for a while, in

preconditioned muscle. Pang found that the total blood flow in preconditioned LD

muscle flaps following 4 hours ischaemia and 1.5 hours reperfusion was double that of

controls. This difference had reduced to non-significance by 3 hours reperfusion (Pang,

Yang et al. 1995). In contrast, perfusion in rat LD flaps, measured by laser Doppler

perfusion imaging as the flap was being raised, and 10 minutes after flap elevation

showed no difference between the control and preconditioned groups (Carroll, Carroll et

al. 1997). This difference may be explained by the timing of the observations.

In 1995 Jerome et al. demonstrated, using dog Gracilis models, that IPC attenuates the

capilliary no-reflow phenomenon seen in small vessels ( 10-15pm) following ischaemia-

reperfusion (Jerome, Akimitsu et al. 1995). They proposed a mechanism of reduced

endothelial swelling and leucocyte adherence rather than a reduction in vasospasm. A

year later, Intra-vital microscopy on rat cremaster flaps demonstrated that IPC with a

single 45 minute ischemic episode and 15 minutes reperfusion, can significantly

attenuate vasospasm and capillary no-reflow seen following sustained ischemia (Wang,

Anderson et al. 1996). More recently, work on the rat cremaster model found that

capillary perfusion was increased and vasospasm decreased following acute

preconditioning, although this was not the case in the late phase of preconditioning

35



(Adanali, Ozer et al. 2002). In both the acute and late phase however, the numbers of

rolling, adhering and transmigrating leucocytes were reduced by IPC. Tissue

oxygenation following prolonged ischaemia may also be improved by IPC (Attkiss,

Suski et al. 1999). These effects combine to protect the endothelial cells from ischaemia-

reperfusion injury and may thus enhance post ischaemic blood flow, reduce thrombosis

and therefore muscle necrosis. Laude reviewed the possible mechanisms of the

endothelial protective effects of preconditioning (Laude, Beauchamp et al. 2002).

Other proposed physiological mechanisms include reduced lactate production and the

delay of intracellular acidosis that accompanies the reduced rate of ATP metabolism in

ischaemic muscle following IPC (Reimer, Murry et al. 1986; Kida, Fujiwara et al. 1991;

Cave and Garlick 1997). It has been reported in pig LD muscle flaps, that whilst the

preconditioning process itself reduced ATP and phosphocreatinine levels, these were

nevertheless much higher than controls during the four hour ischaemic period and

subsequent reperfusion. Lactate and degradation products such as Inosine, Hypoxanthine

and Xanthine were also consistently lower in preconditioned muscle compared with

controls both during the 4 hour ischaemic period and subsequent reperfusion (Pang,

Neligan et al. 1997). Similar preservation of high energy phosphate levels has been

demonstrated in preconditioned rat EDL muscle (Gurke, Marx et al. 1996) and following

remote IPC in canine gracilis (Liauw, Rubin et al. 1996).

In contrast, Bushell reported no preservation of ATP content in preconditioned rat

Tibialis Anterior muscle during prolonged ischaemia. However, their data suggests that
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whilst there was a statistically significant difference between ATP levels in control

animals before and after prolonged ischaemia, the difference in preconditioned animals

was not significant, suggesting that ATP levels may, in fact, be preserved following IPC.

Furthermore, the control limbs used in this study were the contralateral limb of the same

animal, which may therefore have been subject to the effects of remote IPC (Bushell,

Klenerman et al. 2002).

1.8.2 The molecular mechanism ofIPC

Although the exact physiological mechanisms underlying IPC are not yet clear, many

researchers have sought a molecular explanation. Traditionally, the molecular pathway

of any process can be conceptualized by the three subdivisions: triggers or initiators, end

effectors, and the signaling/amplification pathways that lie between the two.

1.8.3 Initiators or Triggers ofIPC

A number of triggering substances have been identified which appear to act via G

proteins to induce the translocation and activation of protein kinase C, a major

component of the signal transduction and amplification pathway discussed below.

Early investigators focused on the role of Adenosine and its receptors in myocardial

preconditioning. There are however, a number of substances that are released from

ischaemic tissue that may play a role in the initiation of IPC, including endogenous
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opiates, bradykinin, oxygen free radicals and nitric oxide. Each of these will be

examined in turn. The current state of research suggests that the initiation of IPC has a

high degree of redundancy and can be triggered by a number of these substances alone

or in combination in a variety of species and organs. Presumably, once a threshold of

stimulation is attained, the protective pathway is activated. Such redundancy may

explain the variability in published evidence in terms of timing and dosage of

pharmacological preconditioning agents and their organ and species specificity.

Adenosine

Research focused early on the role of Adenosine in acute IPC because it is known to be

rapidly produced during periods of myocardial or skeletal muscle ischaemia from the

metabolism of ATP and S-adenosyl-homocysteine. Adenosine improves the myocardial

oxygen supply/demand ratio and is also known to attenuate some of the processes that

are implicated in ischaemia-reperfusion injury, such as its inhibition of neutrophil and

platelet function (Nolte, Lehr et al. 1991; Cronstein 1994).

There are three known Adenosine receptor subtypes: Al, A2 and A3. Infusion of

Adenosine mimics IPC in the myocardium. Specifically, Al (but not A2) receptor

agonists mimic the protection against infarction of the ischaemic myocardium in rabbits

(Liu, Thornton et al. 1991; Thornton, Liu et al. 1992; Downey, Liu et al. 1993), dogs

(Yao and Gross 1994) and pigs (Van Winkle, Chien et al. 1994). There is some evidence

that Adenosine may also be involved in preconditioning of the human myocardium
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(Lawson 1994; Leung, Stanley et al. 1994; Lee, LaFaro et al. 1995; Walker, Walker et

al. 1995; Ikonomidis, Shirai et al. 1997; Leesar, Stoddard et al. 1997). Stimulation of the

Adenosine A3 receptor with selective agonist 65 nM N6-[2-(4-

aminophenyl)ethyl]adenosine (APNEA) has also been shown to mimic IPC (Liu,

Richards et al. 1994; Auchampach, Rizvi et al. 1997; McCully, Toyoda et al. 2001).

With skeletal muscle, Pang found that Adenosine initiates the protective effects of IPC

on pig skeletal muscle acting via Al receptors (Pang, Neligan et al. 1997). Similarly,

Adenosine mimics IPC of the rat Gracilis muscle (Papanastasiou, Estdale et al. 1999)

and protects rat EDL muscle from ischaemia-reperfusion injury to a similar extent as

that afforded by ischemic preconditioning. Both Adenosine and IPC result in improved

post-ischemic muscle function and attenuate the depletion of ATP and

phosphocreatinine stores, although in this latter respect, IPC was more effective than

Adenosine, suggesting differences in the mechanism (Schroeder, Lee et al. 1996). It is

notable that, whilst exogenous Adenosine can mimic IPC in rats, antagonists only blunt

IPC in that species (Eleadrick 1996). Furthermore the duration of protection afforded by

exogenous Adenosine preconditioning of the canine heart is shorter than that seen with

IPC, suggesting that other mechanisms are involved.

Matsamura reported that the protection of preconditioned dorsal random-pattern skin

flaps in the rat could be mimicked by pharmacological preconditioning with Adenosine

(Matsumura, Yoshizawa et al. 2001).
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The protection afforded by IPC is inhibited by prior infusion of non-selective adenosine

receptor antagonists but, importantly, not if the antagonist is given after ischaemic

preconditioning and before prolonged ischaemia (McCully, Toyoda et al. 2001). This

observation suggests that Adenosine is required to initiate but not maintain the

protective effect of preconditioning. With regard to receptor specificity, DPCPX, a

highly selective Al receptor antagonist, failed to block protection following IPC, whilst

protection was aborted by A3 receptor antagonist 8-(4-carboxyethenylphenyl)-l,3-

dipropylxanthine (BW A1433) (Liu, Richards et al. 1994; Auchampach, Rizvi et al.

1997; McCully, Toyoda et al. 2001).

Bradykinin

Bradykinin, an activator of Cyclooxygenase via B2 receptors, is also released from

ischaemic tissue (Matsuki, Shoji et al. 1987). Moreover, Bradykinin release has been

demonstrated in the context of IPC and may even be enhanced by it (Schulz, Post et al.

1998; Pan, Chen et al. 2000). Wall and Parratt first proposed a role for Bradykinin in the

anti arrhythmic effect of IPC, but infusions of Bradykinin have also been shown to

mimic the anti-infarct effect of IPC in rabbit hearts (Parratt 1994; Wall, Sheehy et al.

1994). Conversely, a Bradykinin B2 receptor inhibitor blocks the effect of IPC in rabbit

hearts unless the IPC protocol is amplified from one to four cycles (Goto, Liu et al.

1995). Similarly, Bradykinin blockade with Indomethacin in pigs abrogates the

protective effects of a short preconditioning stimulus but not a longer one. Adenosine or
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Opiate receptor blockade could however abrogate the stronger stimulus (Schulz, Post et

al. 1998; Schulz, Gres et al. 2001) (Gres, Schulz et al. 2002). Presumably, raising the

number of preconditioning cycles or the duration of the preconditioning ischaemia,

results in protection through additional, non-Bradykinin dependant pathways. These

studies lend weight to the concept that the initiation of IPC involves multiple triggering

substances acting in concert, or alone in sufficient quantity, to initiate the protective

pathways. Bradykinin may be one of the weaker triggers.

Bradykinin may also be a mediator of remote IPC in rat hearts (Schoemaker and van

Heijningen 2000) and has been suggested to induce coronary protection in humans

undergoing coronary angioplasty (Leesar, Stoddard et al. 1999).

Endogenous Opiates

Endogenous opioids are released from ischaemic tissue. Schultz demonstrated that IPC

of rat (and later pig) hearts could be blocked by prior administration of the opiate

receptor antagonist Naloxone, suggesting a role for endogenous opiates in IPC. A year

later, the same group demonstrated a protective effect of morphine infusion mimicking

IPC (Schultz, Rose et al. 1995; Schultz, Hsu et al. 1996; Schulz, Gres et al. 2001).

Although there are several opioid receptor subtypes, the Delta (S)-opioid receptors

appear to mediate IPC in several species and their agonists mimic IPC (Schultz, Rose et

al. 1995; Schultz, Hsu et al. 1996; Miki, Cohen et al. 1998; Schulz, Gres et al. 2001)
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Ischaemic protection in rat hearts was mediated specifically by 8j but not the 82, Mu (p)-

or Kappa (ic)-opioid receptors (Schultz, Hsu et al. 1998). In contrast, another study of rat

myocardium suggested that both 8 and k- receptors mediate infarct protection of IPC via

the activation of PKC and the opening of mitochondrial Katp channels, whilst only k

receptors mediated the anti-arrhythmic effect of IPC (Wang, Wu et al. 2001). In pigs, 81

and 82 receptors appear to mediate the protection whereas k receptor activation may

have the reverse effect, neutralizing the protection of IPC (Aitchison, Baxter et al. 2000;

Sigg, Coles et al. 2002)

The redundancy in the system is yet again suggested by the observation that, whilst a

single cycle of preconditioning stimulus can be blocked with Naloxone in rabbits,

multiple cycles can not (Miki, Cohen et al. 1998).

Opioids may mediate IPC in humans, based on evidence from patients undergoing

coronary angioplasty (Tomai, Crea et al. 1999; Tomai, Crea et al. 1999). Preliminary

evidence from other studies on human atrial trabeculae in vitro suggest that stimulation

of the delta opioid receptor protects human cardiac muscle from simulated ischaemia,

linked to the opening of mitochondrial Katp channels (Bell, Sack et al. 2000).

42



Norepinephrine

Norepinephrine (NE) released following transient ischaemia of the myocardium is

associated with a faster recovery of myocardial function following prolonged ischaemia

in rats. Furthermore, a brief period of ischaemia in the isolated perfused rat heart

produces a marked increase in NE content of coronary effluent (Banerjee, Locke-Winter

et al. 1993). Norepinephrine was not however found in the coronary effluent of

preconditioned rabbit hearts (de Jong, Cargnoni et al. 1995; Dickson, Lorbar et al. 1999)

and IPC may in fact suppress NE release during subsequent prolonged ischaemia

(Seyfarth, Richardt et al. 1996). This decrease in NE production during prolonged

ischaemia may itself act to limit myocardial damage during this time and following

reperfusion.

Despite this conflicting evidence, both exogenous NE and Phenylephrine can mimic the

protective effects of transient ischaemia, except in the presence of al receptor

antagonists (Banerjee, Locke-Winter et al. 1993). Conversely, Reserpine blocks the

protective effects of transient ischaemia. Rabbits pretreated with Reserpine to attenuate

NE release were unable to exhibit myocardial protection following IPC (Toombs, Wiltse

et al. 1993). It may be, that although exogenous NE can mimic IPC in rabbits, al

receptor stimulation is not a pre-requisite for cardioprotection.
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Nitric Oxide (NO)

In the myocardium, NO is produced within 5 minutes of ischemia by the rapid activation

of endothelial NO synthase (eNOS) (Depre, Fierain et al. 1997; Xuan, Tang et al. 2000).

A significant rise in NO metabolites in arterial blood samples taken from rats subjected

to hind limb IPC by tourniquet, with or without subsequent sustained ischaemia has been

demonstrated (Papanastasiou, Estdale et al. 1999). Increasing evidence supports a role

for NO and NOS in the late phase preconditioning but its role in classical

preconditioning is controversial.

NO signaling is involved in diverse systems, including the immune, cardiovascular and

nervous systems (Moncada, Palmer et al. 1991; Cooke and Dzau 1997). It is produced

from L-Arginine by the enzyme Nitric Oxide Synthase (NOS). There are three known

isoforms of this enzyme, endothelial (eNOS) and neuronal (nNos) together known as

Ca2+ dependant or constitutive NOS and finally iNOS - the inducible isoform which is

Ca2+ independent. Whereas constitutive NOS release of NO is rapid and short lived,

iNOS provides slow, sustained release of NO. The basal level of NO release by cNOS

can be boosted by a variety of signals (Moncada, Palmer et al. 1988) and though short

lived, can have long lasting effects (Magazine, Liu et al. 1996). Inducible NOS on the

other hand, is activated by a variety of pro-inflammatory cytokines (Moncada, Palmer et

al. 1991). NO release can occur as soon as 4 hours after induction of Inducible NOS

(iNOS) and may last up to 72 hours. It has been shown however, that NO release can
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auto inhibit Constitutive NOS (cNOS) and iNOS (Magazine 1995; Stefano, Salzet et al.

1998).

The involvement of NO in preconditioning has been controversial, with some evidence

in favour of NO donors mimicking the anti-arrhythmic effect of preconditioning on the

myocardium (Bilinska, Maczewski et al. 1996) and inhibitors blocking this effect (Vegh,

Szekeres et al. 1992)

Until a 2000 study by Lochner, the effect of NO on infarct size in classical anti-infarct

preconditioning had not been assessed. This study observed that multiple

preconditioning cycles increase both cGMP and cAMP, followed by attenuation of

cAMP accumulation during subsequent, sustained ischemia. The authors suggest that

both may be involved in triggering preconditioning via the NO and (3-adrenergic

pathways respectively. NO donors were found to stimulate the preconditioned state.

Administration of inhibitors of the NO-cGMP pathway before or during preconditioning,

partially attenuated the protective effects of IPC, but had no effect if administered

subsequently, suggesting their involvement in the initiation but not mediation of IPC.

The elevation of cAMP by beta-adrenergic stimulation (Lochner, Genade et al. 1999) or

the elevation of cGMP with NO donors (Lochner, Marais et al. 2000) both mimic IPC.

However, blocking of these substances only partially suppresses IPC protection, again

suggesting the involvement of more than one trigger. In view of their opposing effects

on the Ca2+ channel, increased cGMP and lower cAMP may inhibit Ca2+ influx during

ischemia and reperfusion (Sperelakis 1994).
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Kuntscher recently demonstrated that application of an NO donor could augment flap

survival in a rat cremaster muscle flap model (Kuntscher, Juran et al. 2002).

Other researchers have however, failed to find a beneficial role for NO (Lu, Remeysen

et al. 1995; Sun and Wainwright 1997) or NOS in preconditioning (Weselcouch, Baird

etal. 1995; Woolfson, Patel et al. 1995).

Free Radicals

MPG, a free radical scavenger, is capable of abolishing the protection of the rabbit

myocardium by IPC, whilst free radical generation mimics IPC (Baines, Goto et al.

1997). Once again, if the stimulus of IPC is raised to four cycles instead of one, MPG is

no longer capable of blocking protection.

1.8.4 Signal Transduction and Amplification in IPC

As research accumulates, the concept of multiple initiators acting alone or in concert

through intracellular signaling pathways to activate the end effectors of IPC is becoming

clearer. If the theory of redundancy and multiple initiators is correct, it would follow that

the initiators likely converge on a single or a limited number of common pathways,

leading ultimately to protection of the target organ.
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Protein Kinase C is known to play a role in the regulation of numerous processes,

including metabolism, ion transport and gene expression. PKC is in fact a family of at

least twelve isoforms, each with differing functions, so contributing to the complexity of

interpreting conflicting results in relation to ischaemic preconditioning (Przyklenk and

Kloner 1996).

The role of PKC in preconditioning was first proposed in 1994; whilst PKC activators

(PMA) mimic IPC, PKC inhibitors (polymixin B, Chelerythrine) block it (Ytrehus, Liu

et al. 1994). This much appears true at least in rabbit, rat (Gho, Schoemaker et al. 1996;

Weinbrenner, Nelles et al. 2002) and human tissue. In pigs however, it appears that

Tyrosine Kinase (TK) is also involved because, while inhibition of either PKC or TK

alone was insufficient to attenuate the protective effects of IPC, inhibition of both did

(Vahlhaus, Schulz et al. 1998). The involvement of both PKC and TK in IPC may

suggest further redundancy in the molecular mechanism.

It has been fairly well established that the activation of protein kinase C (PKC) is a

major component of this pathway. Not only are all of the initiators described above

capable of activating PKC, but it has been demonstrated that PKC inhibition abolishes

pharmacological preconditioning induced by Adenosine (Sakamoto, Miura et al. 1995),

Bradykinin (Goto, Liu et al. 1995), Opiates (Miki, Cohen et al. 1998) (Huh, Gross et al.

2001), Nitric Oxide (Rakhit, Edwards et al. 1999) and free radicals (Baines, Goto et al.

1997). In addition, other activators of PKC, including Endothelin, Angiotensin and al
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adrenergic agonists administered exogenously, are capable of mimicking IPC although

in rabbits at least, these substances do not appear to be released in sufficient quantities

during ischaemia to mimic IPC (Tsuchida, Liu et al. 1994; Liu, Tsuchida et al. 1995;

Wang, Gallagher et al. 1996).

Protein kinase C appears to be the first element of a complex kinase cascade that is

activated during the prolonged ischemia in preconditioned hearts. Current evidence

indicates that this cascade contains at least one tyrosine kinase and ultimately leads to

the activation of p38 mitogen-activated protein kinase (Maulik, Yoshida et al. 1998;

Sato, Cordis et al. 2000). p38 Mitogen-activated protein kinase phosphorylates mitogen-

activated protein kinase-activated protein kinase 2. Mitogen-activated protein kinase-

activated protein kinase 2 phosphorylates HSP27, a 27-kDa heat shock protein that

controls actin filament polymerization, and, therefore, affects the integrity of the

cytoskeleton. Tyrosine kinase may be implicated upstream or down stream of PKC

(Cohen, Baines et al. 2000).

The controversy and complexity of PKC involvement in IPC is discussed in Circulation

research (Brooks and Hearse 1996) and Cardiovascular Research (Simkhovich,

Przyklenk et al. 1998).

48



1.8.5 End effector mechanisms ofIPC

Most research now focuses on the Katp channels, most likely in the mitochondria, as the

end effector of the IPC pathway. Gross and Fryer reviewed the evidence in favour of

sarcolemmal versus mitochondrial Katp channel opening in ischaemic preconditioning

of the myocardium and conclude that both may be involved (Gross and Fryer 1999). It is

possible that the sarcolemmal and mitochondrial Katp channels are differentially

involved in mediating functional recovery following, and ischaemic protection during,

I/R injury (Toyoda, Friehs et al. 2000)

Mitochondrial KAjp channels have been described in neurons, vascular smooth muscle,

myocardium and skeletal muscle. They are composed of the channel unit and a

sulphonylurea receptor. The channel is closed in the presence of ATP and opens as ATP

levels fall. There is mounting evidence for the involvement of KAtp channels in IPC and

pharmacological preconditioning since its involvement was first recognized by Gross in

1992 (Gross and Auchampach 1992). Glibenclamide, a non-selective KAtp channel

blocker prevented protection in ischaemically preconditioned dog hearts. Sarcolemmal

Katp channels were initially held responsible, as shortening of the cardiac action

potential was thought to be the primary mechanism of protection in the myocardium

(Gross and Fryer 1999). Most subsequent evidence has, however, pointed to a critical

role for mitochondrial KAtp channels (McCully, Toyoda et al. 2001; Sanada, Kitakaze et

al. 2001; Tanno, Miura et al. 2001). The evidence favouring mitochondrial KATp

channels is strong in myocardial preconditioning against ischemic injury in dogs
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(Mizumura, Saito et al. 1997; Yao, Mizumura et al. 1997), and pigs (Grover, Sleph et al.

1992; Auchampach and Gross 1993; Schulz, Rose et al. 1994; Van Winkle, Chien et al.

1994), but is less clear in the rat and rabbit (Grover, Dzwonczyk et al. 1993; Thornton,

Thornton et al. 1993; Toombs, Moore et al. 1993; Qian, Levasseur et al. 1996; Schultz,

Hsu et al. 1996; Kouchi, Murakami et al. 1998; Fryer, Eells et al. 2000).

Pang was the first to demonstrate a role for KAtp channels opening in IPC of skeletal

muscle (Pang, Neligan et al. 1997). They noted that preconditioning of the pig LD

muscle against ischemic necrosis, provided similar protection to the pharmacological

opening of Katp channels with Lemakalim. Both could be blocked with 5-

Hydroxydecanoate and Glibenclamide, specific and non-specific Katp channel blockers.

The exact means by which opening of these channels confers protection to the ischaemic

tissue is still debated. Some authors have suggested that opening of Katp channels

results in net influx of K+, which should uncouple oxidative phosphorylation, preventing

wasteful ATP hydrolysis and decreasing superoxide production (Baines, Liu et al. 1999).

This influx of potassium may also reduce the electrochemical gradient favouring

Calcium influx and overload (Holmuhamedov, Wang et al. 1999); (Fryer, Eells et al.

2000). Expansion of the mitochondrial matrix volume following potassium influx may

activate electron transport and stimulate ATP production (Fryer, Eells et al. 2000).

Certainly, mitochondrial function and ATP synthesis following prolonged ischaemia

appears to be preserved in preconditioned myocardium (Fryer, Eells et al. 2000;

Crestanello, Doliba et al. 2002; Crestanello, Doliba et al. 2002)
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Recent work has suggested that mitochondrial Katp channel opening may act as both a

trigger and mediator of IPC (Downey and Cohen 2000; Gross and Fryer 2000; Pain,

Yang et al. 2000; Wang, Cone et al. 2001). Pain proposed a novel mechanism whereby

triggering factors lead to opening of mitochondrial Katp channels via Tyrosine kinase,

which then causes production of Reactive oxygen species and thence activation of PKC

to modulate an as yet unidentified end effector, which may yet prove to be the

mitochondria themselves (Pain, Yang et al. 2000).

1.9 Late Ischaemic Preconditioning

The infarct protective effect of ischaemic preconditioning on the heart was initially

noted to last only 3 to 4 hours before subsiding (Murry, Jennings et al. 1986; Murry,

Richard et al. 1991). It was later reported that resistance to ischaemia-reperfusion injury

occurs 24-36 hours after pharmacological preconditioning with interleukin ( IL-1)

(Brown, White et al. 1990) and Endotoxin (Brown, Grosso et al. 1989) in rats.

Subsequent research confirmed that there is a delayed phase of myocardial protection

following IPC and not requiring any additional stimulus (Kuzuya, Hoshida et al. 1993;

Marber, Latchman et al. 1993; Yang, Arnoult et al. 1993). This so called 'second

window of protection' (Yellon and Baxter 1995) lasts up to 3 days, but the protection it

affords is less profound (Baxter, Goma et al. 1997; Guo, Wu et al. 1998). The clinical

effects of late phase IPC may be central to the relatively favourable outcome of



myocardial infarction in humans following a period of unstable angina (Kloner, Shook et

al. 1995; Andreotti, Pasceri et al. 1996; Ishihara, Sato et al. 1997)

There is plenty of evidence to suggest that a variety of stimuli can induce late phase

protection of the myocardium, including ischaemia-reperfusion (Yellon and Baxter

1995), pacing (Szekeres, Papp et al. 1993; Kaszala, Vegh et al. 1996), exercise

(Yamashita, Hoshida et al. 1999) and heat stress (Currie, Karmazyn et al. 1988;

Donnelly, Sievers et al. 1992). Naturally occurring substances including tumor necrosis

factor (TNF) (Brown, Anderson et al. 1992; Nelson, Wong et al. 1995) and Endotoxin

(Brown, Anderson et al. 1992; Maulik, Watanabe et al. 1995; Nelson, Wong et al. 1995)

also induce a late phase protection. Different agents appear, however, to invoke different

protective pathways resulting in various patterns of protection against one or a

combination of: myocardial stunning (Sun, Tang et al. 1995), arrhythmias (Kaszala,

Vegh et al. 1996), infarction or endothelial dysfunction (Kaeffer, Richard et al. 1997).

This suggests that the mechanisms of late phase protection may vary depending upon the

stimulus.

That the mechanisms of acute and late phase protection may be different is supported by

the observation that combining early and late phase protection by pharmacological

preconditioning appears to be additive (Meldrum, Cleveland et al. 1997). Furthermore,

only the late phase appears to be dependant on de novo protein synthesis. The protein

synthesis inhibitor Cycloheximide blocks the late phase of IPC but not the early phase

(Thornton, Striplin et al. 1990; Meldrum, Cleveland et al. 1997; Rizvi, Tang et al. 1999).
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The onset of the late phase of IPC some 24 hours after the initial preconditioning

stimulus provides circumstantial evidence of the requirement for protein synthesis.

Which proteins are involved is not known with certainty, but the following have been

implicated: Antioxidants, NOS, COX-2, heat-shock proteins and KAtp channels.

It is useful for comparison to conceptualize the mechanism of the acute and late phases

in the same manner; a pathway from initiating factors, through signaling/amplification

pathways to activate the end effector mechanism.

1.9.1 Initiators ofLate Phase Preconditioning

As discussed in the context of the acute phase of IPC, the preconditioning cycles of

ischaemia/reperfusion produce a wide variety of metabolites including Adenosine, NO,

free radicals and endogenous opioids. There is accumulating evidence that some or all of

these may act as triggers or initiators of early and late IPC, but the pathways may differ

between species and organs.

Adenosine

Baxter demonstrated a role for Adenosine in triggering the late phase of IPC protection

against infarction in the rabbit myocardium using the A1 agonist 2-chloro-N6-

cyclopentyladenosine (CCPA) to simulate IPC and the non-specific receptor antagonist
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8-(p-sulfophenyl)-theophylline (SPT) to block it (Baxter, Marber et al. 1994; Baxter and

Yellon 1997; Dana, Baxter et al. 1998). Other groups have supported this finding and it

seems likely that adenosine Al and possibly A3 receptors are specifically involved,

although perhaps through different mechanisms (Dana, Baxter et al. 1998; Pagliaro,

Penna et al. 1999; Takano, Bolli et al. 2001).

Repeated administration of CCPA at 48 hour intervals appears to maintain the

myocardium in a protective state with no evidence of tachyphylaxis (Dana, Baxter et al.

1998). Interestingly, Adenosine is neither necessary nor sufficient for the protection of

the myocardium against myocardial stunning (Sun, Tang et al. 1995; Maldonado, Qiu et

al. 1997) and appears to have no role in the late phase protection in rat myocardium,

whereas NE may be important (Cave, Collis et al. 1993; Li and Kloner 1993; Ganote and

Armstrong 2000). With respect to skeletal muscle, Adenosine can induce the late phase

protection in rat cremaster muscle and SPT given just before preconditioning prevents

late phase protection (Wang, Guo et al. 2001). The activity of Adenosine in this study

appeared to be mediated through downstream production of NO, released by the activity

of adenosine on endothelial cells (Kuo and Chancellor 1995).

Nitric Oxide (NO)

Studies have shown increased NO in myocardium subject to brief cycles of I/R (Xuan,

Tang et al. 2000) and pretreatment with NO donors can mimic the late phase IPC by an

antioxidant sensitive mechanism (Takano, Manchikalapudi et al. 1998; Takano, Tang et
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al. 1998; Banerjee, Tang et ai. 1999; Hill, Takano et al. 2001). Furthermore, the non¬

selective nitric oxide synthase (NOS) inhibitor, N© -nitro-L-arginine (L-NNA) has been

shown to block the late phase against both myocardial stunning and infarction (Bolli,

Bhatti et al. 1997; Qiu, Rizvi et al. 1997).

The rapid rise in NO production following preconditioning ischaemia is thought to

derive from eNOS, but because delayed protection is likely to involve delayed

production of NO, the inducible isoform of NOS (iNOS) has been the focus of attention.

The non-specific NOS inhibitor L-NNA blocks the development of late phase IPC if

given at the time of preconditioning, but the iNOS specific inhibitors Aminoguanidine

and S-Methylisothiourea do not (Takano, Tang et al. 1998). In contrast all three agents

block the late protection if given just prior to the onset of the this phase (Bolli,

Manchikalapudi etal. 1997).

Thus NO produced by eNOS may be both a trigger and mediator (via iNOS) of late

phase IPC (Imagawa, Yellon et al. 1999). This view is supported by the evidence of

Xuan who demonstrated rapid activation of calcium dependant NOS (eNOS, cNOS or

nNOS) following a preconditioning stimulus in rabbits without a concomitant increase in

iNOS activity. Further, this early NOS activity was not suppressed by the antioxidant

MPG, PKC or TK inhibitors, implying that its activation is upstream of and independent

of PKC, TKs and reactive oxygen species. The reverse was true 24 hours later when

iNOS activity was markedly increased by a ROS and PKC dependant mechanism (Guo,
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Jones et al. 1999; Xuan, Tang et al. 2000; Xi, Tekin et al. 2002). There is also molecular

genetic evidence of the upregulation of iNOS in late but not early IPC in mice (Guo,

Jones et al. 1999). NO appears to trigger late PC by a cGMP-independent mechanism

following the preconditioning stimulus, but mediates the onset of late PC by a cGMP-

dependent mechanism (Kodani, Xuan et al. 2002). Activation of PKC and thence Katp

channels is the likely mechanism of protection, but vasodilatation and direct impairment

of neutrophil adhesion to the endothelium by NO may also be factors (Nakanishi,

Vinten-Johansen et al. 1992; Banerjee, Tang et al. 1999; Sasaki, Sato et al. 2000;

Kuntscher, Kastell et al. 2002). Of note, IPC has been observed in neutrophil free

models (isolated hearts and in vitro cell cultures) and so the role of neutrophils in IPC

must be limited.

Xuan summarized that an acute preconditioning stimulus leads to rapid activation of

eNOS. The NO produced reacts with superoxide anion to form oxidant species with the

subsequent downstream activation of PKC and TK and finally activation or increased

expression of iNOS which mediates the second window of protection (Xuan, Tang et al.

2000). The relative durations of the early and late phase protection may be explained by

the downregulation of constitutive NOS by NO in the early phase. No known down-

regulation of iNOS occurs in this manner, permitting prolongation of the second phase

(Wink and Mitchell 1998).

Inducible NOS also appears to have a role in the mechanism of IPC in skeletal muscle,

although this has yet to be characterised (Zhang, Oswald et al. 2004).
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Reactive Oxygen Species and Antioxidants

Administration of antioxidants (SOD, Catalase and MPG) during the initial

preconditioning stimulus has been shown to prevent late protection against myocardial

stunning in conscious pigs (Sun, Tang et al. 1996) and rabbits (Tang, Takano et al. 2002)

and against infarction (Yamashita, Hoshida et al. 1998), arrhythmias (Yamashita,

Hoshida et al. 1998) and endothelial injury (Yamashita, Hoshida et al. 1998) in cardiac

models of late IPC induced by I/R, heat shock and exercise. Conversely, ROS generators

can induce late protection in the rabbit myocardium.

Natural antioxidants however, including Mn SOD, appear to be upregulated during the

late phase of IPC in dogs and rabbits (Hoshida, Kuzuya et al. 1993; Zhou, Zhai et al.

1996). Although direct evidence for their role in ischaemia induced late PC is lacking,

particularly in pigs (Tang, Qiu et al. 1997).

The mechanisms by which ROS induce late protection are not at all clear. NO and

superoxide anion produced during ischaemic periods can react to produce peroxynitrite

anion and thus hydroxyl radical, perhaps leading to the activation of PKC and TK

(Beckman, Beckman et al. 1990). It is not known however whether the source of the

ROS is from NO metabolism or a different pathway (Dawn and Bolli 2002).
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Opioids

Si.opiate receptor agonists, thought to trigger early protection (Schultz, Rose et al. 1995;

Schulz, Gres et al. 2001) appear to induce a late protective preconditioning in rats and

mice beginning 24 hours following the preconditioning stimulus (Fryer, Hsu et al. 1999).

Since this activation is blocked by 5-hydroxydecanoate, it is likely mediated through

mitochondrial Katp channels (Fryer, Hsu et al. 1999).

CycloOxygenase-2 (COX2)

COX-2 activity appears not to play an important role in acute IPC (Camitta, Gabel et al.

2001). The enzyme may however be essential for delayed phase IPC to occur (Bolli,

Shinmura et al. 2002).

Levels of myocardial Prostaglandins and COX-2 are elevated 24 hours after ischaemic

preconditioning and 8-opioid stimulation. The levels and activity of COX-2 appear to

correlate with those of iNOS, the first identified mediator of late phase preconditioning.

These two substances are induced by ischaemia and other stressors in various cell types.

The inhibition of iNOS in the preconditioned myocardium blocks COX-2 activity

whereas the reverse does not occur, suggesting that COX-2 acts downstream of iNOS in

the protective pathway of late PC (Bolli, Shinmura et al. 2002).
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COX-2 inhibitors can block the late phase protection in rabbits and mice (Guo, Bao et al.

2000; Shinmura, Tang et al. 2000). The beneficial actions of COX-2 appear to be

mediated by the synthesis of PGE2 and PGI2.

Heat Shock Proteins

Evidence for the role of HSP in late phase IPC is confusing. An increase in HSP70

mRNA transcription occurs in rabbits 1 to 4 hours after ischaemic preconditioning.

Protein levels increased 2 hours later, peaking at 24 hours (Knowlton, Brecher et al.

1991; Marber, Latchman et al. 1993). In contrast others found no evidence of an increase

in HSP70 in several models, regardless of whether preconditioning is induced by

ischaemia or pharmacologically (Qian, Bernardo et al. 1999). Some of the studies detect

a rise in HSP at times that do not correlate well with the second window of protection

(Yamashita, Hoshida et al. 1997; Bolli, Dawn et al. 1998; Qian, Bernardo et al. 1999).

1.9.2 Signaling pathways ofLate IPC

The pathways connecting the triggers and effectors of late IPC appear to be similar to

those of acute phase protection.

PKC and Tyrosine kinases (TKs) have emerged as central candidates. They are thought

to mediate the activation of the protective genes responsible for the late phase
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protection, for example by activation of the transcription factor NF-kB (Xuan, Tang et

al. 1999), a major modulator of iNOS, COX-2 and aldolase gene expression

Chelerythrine, a PKC inhibitor, and the PKC activator Diaclyglycerol respectively

mimic or block late IPC in rabbits (Baxter, Mocanu et al. 1997). PKC appears to be

involved in the late phase protection induced by both ischaemia and pharmacological

agents (Downey and Cohen 1997; Takashi, Wang et al. 1999), as well as heat stress

(Joyeux, Baxter et al. 1997; Yamashita, Hoshida et al. 1997; Kukreja, Qian et al. 1999).

Wang demonstrated a role for PKC in the delayed IPC of skeletal muscle (unpublished

abstract from ASRM).

Tyrosine kinase, in particular members of the Src family, may play a role in IPC,

apparently downstream of PKC (Ping, Zhang et al. 1999). Mitogen-activated protein

kinases have been implicated as another possible downstream target of PKC, although it

is not yet clear whether activation of MAPK pathways is essential or merely coincidental

in late phase PC (Ping, Zhang et al. 1999; Ping, Zhang et al. 1999).

1.9.3 End effectors ofLate IPC

The opening of KAtp channels appears to be just as important for the infarct protection

seen in the late as well as the early phase of preconditioning by a variety of stimuli,

including ischaemia (Auchampach and Gross 1993; Bernardo, D'Angelo et al. 1999;
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Takano, Tang et al. 2000), opioid receptor agonists (Fryer, Hsu et al. 1999), and heat

stress (Hoag, Qian et al. 1997; Kukreja, Qian et al. 1999). The significance of

mitochondrial Katp channels has been discussed in the preceding chapter.

1.10 The Mechanism of Remote IPC

The mechanisms of direct and remote ischaemic preconditioning are likely to be similar;

the question arises as to how the signal is transferred from the site of the preconditioning

stimulus to the remote, preconditioned tissue. The possibilities are humoral or

neurogenic.

1.10.1 Humoral versus Neurogenic pathways

Gho's original paper on remote inter-organ preconditioning reported that the ganglion

blocker Hexamethonium prevented myocardial preconditioning by remote mesenteric

artery occlusion, prompting the authors to suggest that there must be a neurogenic

pathway for remote preconditioning (Gho, Schoemaker et al. 1996). In contrast,

Weinbrenner was unable to block remote myocardial IPC by infrarenal aortic occlusion

with the same dose of Hexamethonium (20mg/kg) (Weinbrenner, Nelles et al. 2002),

and Wang was similarly unable to block remote IPC of rat myocardium by intestinal

ischaemia with Hexamethonium (Wang, Maeta et al. 2002). They therefore concluded

that a humoral factor must be responsible for remote IPC.
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Other evidence supports a humoral mechanism. Coronary effluent from preconditioned

rabbit myocardium afforded protection against ischaemic injury to the jejunum

(Dickson, Lorbar et al. 1999; Dickson, Porcaro et al. 2000). Furthermore, isolated rabbit

hearts can be preconditioned by perfusing them with the effluent from other hearts

subjected to three cycles of 5 minutes ischaemia and 10 minutes reperfusion as a

preconditioning stimulus (Dickson, Porcaro et al. 2000). This group also measured the

levels of Adenosine and Norepinephrine (NE) in the effluent from the preconditioned

hearts and compared them to controls. Despite previous evidence for the release of NE

from preconditioned rat hearts (Banerjee, Locke-Winter et al. 1993), they found a

statistically significant decrease in NE levels in the preconditioned heart effluent. The

authors suggest however, that this may relate to the timing of their sample collections.

Some studies have shown that a period of remote ischemia without reperfusion before

prolonged coronary artery occlusion, is not protective (Gho, Schoemaker et al. 1996).

The fact that reperfusion following preconditioning ischaemia is a prerequisite for

protection to occur, further suggests the involvement of humoral signaling pathways in

Remote IPC.

1.10.2 Initiators ofRemote IPC

Adenosine is known to be produced during brief periods of myocardial

ischaemia/reperfusion, although it is short lived and less evident during subsequent

ischemic episodes (Goto, Cohen et al. 1996). Whilst there is plenty of evidence in favour
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of its role in acute direct ischaemic preconditioning, Dickson found only a modest, non¬

significant increase in Adenosine in the effluent of preconditioned hearts, too low to

induce preconditioning (Lasley, Noble et al. 1995; Dickson, Lorbar et al. 1999). It was

also noted that those effluent samples with the highest Adenosine levels did not correlate

with those affording greatest protection. These results contrast with those of Pell and of

Takaoka who found that the Adenosine receptor blocker SPT prevented myocardial

protection in rabbits following remote renal ischaemia, although Pell also argued that the

level of adenosine released from the kidney was probably insufficient to induce IPC

protection directly (Pell, Baxter et al. 1998) (Takaoka, Nakae et al. 1999). Takaoka

however, reported that Adenosine concentration in the carotid following renal ischaemia

was ten times higher than that found following direct myocardial IPC. Whether or not

ischaemic kidney releases more Adenosine than other organs is not known.

Overall, given the short half life and dilutional effect of circulation through the body, it

seems unlikely that Adenosine could be produced in sufficient quantities by the remote

organ to reach the target organ in therapeutic concentration. A number of different

humoral triggers have now been implicated in Remote IPC and these have been

extensively reviewed (Przyklenk and Kloner 1998).

Dixon proposed a role for opiate substances as triggers of remote IPC following the

observation that Naloxone attenuates the protective effects of preconditioned heart

effluent on ischaemic mesentery (Dickson, Tubbs et al. 2002). Kuntscher demonstrated a
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role for NO in acute remote IPC using the rat cremaster flap model (Kuntscher, Kastell

et al. 2002).

1.10.3 Signaling pathway and Effectors ofRemote IPC

With respect to the signaling and end effector mechanism, Wang demonstrated that

remote preconditioning of rat myocardium by intestinal ischaemia utilizes a pathway

involving the activation of PKC and mitochondrial Katp channels (Wang, Maeta et al.

2002). These observations are supported by Weinbrenner who demonstrated the

activation of PKC in similar models of remote IPC (Weinbrenner, Nelles et al. 2002).

The role of mitochondrial Katp channel opening in remote IPC is further supported by

the work of Dickson and Pell (Pell, Baxter et al. 1998; Dickson, Tubbs et al. 2002).

Thus the activation of both PKC and Katp channels appear to be involved in acute

remote preconditioning of the myocardium.

1.11 Anaesthetic Preconditioning

Volatile anaesthetic agents including Isoflurane and Sevoflurane have been shown to

induce a cardioprotective effect similar to that of IPC (Cason, Gamperl et al. 1997;

Kersten, Schmeling et al. 1997; Toller, Kersten et al. 1999; Martini, Preckel et al. 2001;

Piriou, Chiari et al. 2002; Wang, Jarvinen et al. 2004). In addition to providing

protection against ischaemic necrosis, anaesthetic preconditioning (APC) improves the
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functional recovery of stunned myocardium (Yao, Kato et al. 2001). Isoflurane has been

shown to reduce myocardial infarct size by 50% as well as improving post-ischaemic

functional recovery through a mechanism involving both mitochondrial and

sarcolemmal Katp channels (Kersten, Schmeling et al. 1997). Low doses of Katp

channel blocker Glibenclamide abolish the cardioprotective effects of Isoflurane in dogs

(Nakayama, Fujita et al. 1997).

Experimental studies using Sevoflurane APC in isolated guinea pigs hearts suggest a

role for reactive oxygen and nitrogen species in the trigger mechanism of APC

(Novalija, Fujita etal. 1999).

1.12 Summary

Many organ systems can be preconditioned to resist prolonged ischaemia and

reperfusion injury, both in terms of viability and function. The threshold required to

precondition any particular organ appears to depend upon the organ itself, the species

and the preconditioning stimulus. The preconditioned organ then displays a biphasic

protection against infarction and dysfunction commencing with an early, potent

protective phase, lasting a few hours, and followed approximately 24 hours later by a

prolonged but weaker protective phase.

The physiological mechanism of protection by IPC is complex and incompletely

understood but probably includes the preservation of energy stores and the reduction of
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toxic metabolites during ischaemia. In addition, there may be an increase in blood flow

during subsequent reperfusion associated with reduced inflammation and neutrophil

activation.

The molecular mechanism is similar for both the early and delayed phases of protection

and for direct and remote preconditioning (Diagram 5). Important differences exist

however, including the requirement for gene expression and protein synthesis in the

development of the delayed phase of protection.

There is significant redundancy in the mechanism such that individual triggers and

signaling pathways assume more or less importance. The relative significance of each

pathway depends upon the species, the organ being preconditioned as well as the

preconditioning organ, be they the same or remote from one another, and the phase of

protection. Elucidating the properties and mechanisms of ischaemic preconditioning will

allow for effective pharmacological augmentation which may be of significant clinical

benefit.

66



Three cycles of hindlimb ischaemia-reoerfusion

eNOS

r

Adenosine Bradykinin Opioids Reactive Oxygen Species NO
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Opening of Mitochondrial KATP Channels /
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Reduction of Anaerobic metabolism; Reduced
Lactate production: Preservation of ATP levels

Diagram 5: Schematic representation of the putative pathways involved in Acute and Delayed Remote
Ischaemic Preconditioning of Skeletal Muscle. Several 'triggering' metabolites are produced in the
ischaemic limb and reach the target organ via the bloodstream. These then act via intracellular signaling
pathways to open the 'end-effector' Mitochondrial Katp channels. The mechanism of Delayed IPC is
thought to involve expression of the iNOS gene amongst others.
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2.0 METHODS

2.1 Animal Model

The rationale for using pigs in the present studies was as follows.

The cutaneous vascular anatomy in loose skinned animals including rats, rabbits and

dogs is quite different from that seen in humans, and the presence of thick hair and the

subdermal muscular panniculus carnosus may have a profound effect on the regulation

of the skin microcirculation. Pigs are relatively hairless, their cutaneous anatomy is more

closely related to that of humans and there is a less developed panniculus carnosus

(Kerrigan, Zelt et al. 1986; Murphy and Sonntag 1998). Like humans, pigs are tight

skinned, and the circulation to the skin has a similar architecture composed of a greater

number of perforating vessels reaching the skin from the deeper tissues. The anatomy of

the muscle flaps used in this study closely resembles their human counterparts with

respect to origin and insertion, size and shape, neural and vascular supply, and function.

The behavior of pigs under experimental conditions appears to be stable and predictable

and this can limit the number of animals required to get statistically significant results.

Of concern with smaller animal models is the size, particularly the thickness of the

muscle flaps investigated in the present studies. Thin muscle or skin flaps may be able to
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obtain sufficient oxygenation and nutrition from neighbouring tissues to maintain

viability until such time as a new circulation develops within the flap. Thus they may be

able to survive as a tissue graft independent of their vascular pedicle. If this were the

case, any beneficial effects of preconditioning could well be masked or eliminated.

Every animal used in the study was a male Yorkshire pig weighing approximately 20kg.

A single farm provided all the animals, castrated at birth to reduce aggression and to

decrease hormonal influences on the studies. Every animal was examined on arrival by a

veterinarian of the animal research unit at the Hospital for Sick Children in Toronto,

Canada.

The animal research facility at the Toronto Hospital for sick children is very experienced

in handling these animals and all facilities are available on site. In addition our research

group has substantial experience with all the surgical and laboratory techniques used in

the present study.

2.2 Animal Care

The study was conducted at the animal research unit of the Toronto Hospital for Sick

Children, Toronto, Canada, using young castrated male Yorkshire pigs (20.6 ± 2.2Kg,

Mean ± SD) purchased from a local farm with a pathogen free herd that were known not

to be susceptible to malignant hyperthermia during anaesthesia. On arrival in the animal

facility each animal underwent a health inspection by the receiving veterinarian. All
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animals were housed for three to four days prior to surgery to allow them to settle in

their new environment. Housing consisted of individual pens in a temperature (22° C)

and light controlled (0700hrs-1900hrs) environment. Pens were cleaned daily. Animals

were fed on standard commercial feed and fresh water ad libitum. Food was withheld on

the evening before surgery, but water was continued freely until the time of surgery.

Animals were transported to and from the anaesthetic room in large mobile cages. They

were anaesthetized before being weighed, washed and transferred next door to the

operating room.

The operating facilities consisted of modern equipment previously used in the parent

hospital for human surgery, and included heated tables, operating lamps, mechanical

ventilators, intravenous infusion devices, and ventilator, temperature and cardiac

monitors. All equipment and drugs were maintained by on site staff.

Following recovery from an operation, the animal was immediately returned to a clean

pen with food and water.

All surgeries were approved by the Animal Care Committee of the Hospital for Sick

Children, Toronto, and complied with "The Care and Use of Laboratory Animals"

(Canadian Council on Animal Care, 1980).
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Sacrificed animals were incinerated in accordance with the Animal Care Committee

protocol. Animals used for radioactive microsphere studies were removed for disposal in

accordance with national protocols for the management of radioactive waste.

2.3 Anaesthesia

The anaesthesia of all animals was carried out according to the following protocol:

2.3.1 Induction

Intramuscular 'Akmezine' (0.2ml/kg- see drug appendix) was used to sedate the animal,

which was then pre-oxygenated with a 50:50 mix of O2 and NO2. A 22-Gauge IV

catheter was placed into a lateral ear vein and secured. Induction was performed with IV

Pentobarbital (10 mg/kg). Spontaneous breathing generally ceased at this point and a 6.0

- 6.5 mm cuffed endotracheal tube was inserted. The pig was then mechanically

ventilated with the same gas mixture using an Airshields 'Ventimeter' Ventilator

(Pennsylvania, USA) adjusted to deliver 25 cm water pressure (approximately 15-20

ml/kg tidal volume) at a rate of 14 breaths per minute.

All animals received an intramuscular injection of long acting Penicillin (20,000

units/kg). The operative area was shaved and washed with warm water (37 degrees C)

and Chlorhexidine soap.
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2.3.2 Maintenance

Throughout the operation, anaesthesia was maintained with an infusion of Pentobarbital

(0.5 mg/kg/hr) using a Harvard 2720 Infusion pump. Intravenous Saline solution (0.9%)

was infused at 150 ml/hour to provide maintenance fluid and replacement of operative

losses. Mechanical ventilation was continued as above.

The operating room was maintained at 24 degrees centigrade. A constant body

temperature (38-39°C) was maintained by means of a heating blanket (Aquamatic K

Thermia, model EC600A, Cincinnati, Ohio) and monitored by rectal thermometer.

2.3.4 Recovery

After surgery, the pentobarbital infusion was stopped and the animal was weaned off the

ventilator. Once spontaneous steady breathing had returned, the ventilator was

disconnected and the animal allowed to breathe room air. The IV cannula was removed

at this stage. Extubation was performed when appropriate oropharyngeal reflexes were

demonstrated and if necessary mucus secretions were cleared from the oropharynx by

suction catheter. The animal was then returned to a clean pen with food and water and

placed in the prone position.
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2.3.5 Sacrifice

No animal was allowed to recover from anaesthesia following procedures involving

radioactive microspheres, tissue viability assessment and muscle biopsies and these were

sacrificed with intravenous Pentobarbital (lOmls of Euthanyl, MTC pharmaceuticals,

Ontario, Canada).

2.4 Operative Procedures

2.4.1 The LD Flap

In the lateral decubitus position, skin flaps were raised to expose the Latissimus Dorsi

muscle. Haemostasis was maintained with mono or bipolar electrocautery as required.

2/0 silk ties were used to ligate larger vessels.

An 8x13 cm LD flap was outlined, measuring from the posterior border of the Triceps

muscle and a line 0.5 cm above the inferior border of the LD itself. The muscle flap was

then raised in a distal to proximal fashion taking care not to damage the thoracodorsal

pedicle, up to the tendinous insertion on the humerus. One centimeter of this tendon was

left attached to the humerus to maintain muscle shape, and tied off with double 1 silk

ties to eliminate the possibility of flap perfusion through the tendon (Diagram 2). The

thoracodorsal nerve was isolated from the vascular pedicle, and divided, removing a 1

cm segment of nerve. The purpose of denervation was to mimic the free flap as well as
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to prevent possible painful muscular contractions post-operatively. The thoracodorsal

pedicle consisting of one artery and two veins was cleared of loose connective tissue and

fat to ensure single pedicle supply to the flap and permit easy clamp application.

The elevated flap was then returned to its bed and secured peripherally with 3/0 Dexon.

The skin flaps were closed back over the LD flap with 3/0 Prolene, leaving a 3-4cm

aperture in the axilla through which the thoracodorsal pedicle was easily accessible.

The flap was rendered ischaemic by the application of two vascular clamps (Week)

placed side by side on the thoracodorsal pedicle, and total occlusion confirmed with

intravenous Fluoresceine (15mg/kg) and UV lamp illumination (Diagram 3).
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Gracilis \\ Rectus
Abdominis

Latissimus
Dorsi

B Thoracodorsal Vascular
Pedicle (Branches tied off)

Tendinous insertion of LD
onto Humerus (tied off)

Diagram 2: (A) Muscle Flaps used in this study. (B) View into the axilla, underneath the elevated LD
flap showing the vascular pedicle that is clamped during flap ischaemia and the tendinous insertion (tied)
of the flap which is the only other remaining connection of the flap to the body.
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2.4.2 The Rectus Abdominis Flap

In the supine position, a midline abdominal incision avoiding the urethra and penis

exposed the Rectus sheath from the xiphisternum to pubic symphysis. This was divided

longitudinally over one belly of the RA muscles taking care not to damage the

underlying muscle. A unilateral RA flap was then raised based solely on the inferior

deep inferior epigastric pedicle with its one artery and two venae commitantes. The flap

was raised to a point 30 cm from the pubic symphysis and divided at this level.

Segmental nerve and vascular supply was divided and ligated along the length of the

flap. The tendinous insertion onto the pubic symphysis was ligated with 1 silk ties.

Following elevation, the flap was returned to its bed and secured with 3/0 Dexon. The

rectus sheath was closed with 3/0 Dexon and the abdominal wall with 3/0 Prolene

leaving a three centimeter aperture in the groin for access to the pedicle.

2.4.3 The Gracilis Flap

In the supine position, a T-shaped incision was made over the Gracilis muscle. Due to

the hindlimb anatomy in the pig, this muscle is shorter and more triangular than its

human counterpart. The entire muscle was dissected from its bed leaving only a 1

centimeter portion of the origin and insertion intact. These were ligated with 1 silk ties.

A single dominant vascular pedicle was present on the deep surface of the muscle and its

accompanying nerve was divided. The flap was secured to its bed with 3/0 dexon and
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the skin flaps closed over the muscle with 3/0 prolene leaving a small aperture for access

to the vascular pedicle.

2.4.4 Remote, Non-invasive Ischaemic Preconditioning

A disposable paediatric blood pressure cuff was alternately placed around left and right

thighs and inflated to a pressure of 300mmHg for 10 minutes on each side. The

tourniquet was repositioned on to the contralateral thigh every ten minutes while the

other leg reperfused. After 3 cycles of hindlimb ischaemia, the tourniquet was removed

for 10 minutes prior to clamping of the thoracodorsal pedicle. Using alternating

hindlimb tourniquets reduced the time taken for preconditioning from 60 to 40 minutes.

2.4.5 Ischaemia and Reperfusion ofMuscle Flaps

Two microvascular arterial clamps (Week 2 x 8mm) were used to occlude the vascular

pedicle of each flap. Ischaemia was confirmed by injection of intravenous Fluorescein

dye (15mg/kg) and Woods lamp illumination (Diagram 3). The muscles were subject to

4 hours continuous warm ischaemia. Reperfusion following removal of the clamps was

confirmed with the Woods lamp.

Following completion of each study, the animals were not allowed to recover from

anaesthetic and were sacrificed by an overdose of sodium pentobarbital.
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Diagram 3: (A) View of Rectus Abdominis muscle flap, elevated and prepared to be rendered ischaemic
by occlusion of vascular pedicle. (B) Following vascular occlusion, intravenous Fluoresceine and Woods
lamp (UV) illumination confirm that there is no blood flow in the RA muscle.
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2.5 Muscle Viability

For the assessment of muscle viability, the 8 x 13 cm Latissimus Dorsi flap was

sectioned in situ, transversely into thirteen 1 x 8 cm segments. These were immersed in

Nitroblue Tetrazolium dye (lmg/ml in Tris buffer, pH7.4) for 30 minutes at room

temperature. The activity of tissue dehydrogenases in viable muscle acts on the substrate

in the dye to produce Formazan, which stains the muscle darkly. Non-viable muscle has

no dehydrogenase activity and paradoxically retains a pinkish colouration (Diagram 4).

Quantification of viable muscle was done using digital images and imaging software. A

single digital photograph was taken containing all the segments in each flap (Nikon

Coolpix 995) and digital imaging software (Adobe Photoshop 5.5) was used to

discriminate between viable and non-viable muscle by colour selection. The viable

portion of each flap segment could than be calculated by the imaging software. Using

this was found to correlate very closely with the hand drawn template technique

previously validated in this and other laboratories.

Although the technique attempts to assess a volume using area measurements, our

laboratory has previously demonstrated a high correlation between this technique and

careful dissection and weighing of the viable and non-viable muscle.
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B

Diagram 4: (A) Latissimus Dorsi muscle flap in situ, showing site of Thoracodorsal pedicle beneath the
flap. At flap harvest, the muscle is divided into thirteen 1cm slices and stained in Tetrazolium dye to
demonstrate viability (B). Counter-intuitively, the necrosed muscle stains pink and the viable muscle
stains black. Representative preconditioned and control flaps are shown.
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2.6 Blood Flow Measurement with the Radioactive Microsphere Technique

2.6.1 Principles ofthe Technique

The 57Cobalt-labelled microsphere technique is the gold standard for the assessment of

tissue blood flow. It has been used widely in a variety of animal models and in our

laboratory in particular, where its reliability has previously been validated (Pang,

Neligan et al. 1984).

Microspheres, measuring 15.5±0.1pm (New England Nuclear, Boston, USA) are slowly

injected into the left ventricle, cannulated via the left common carotid artery, from where

they are distributed throughout the body (Diagram 1). Their size allows free passage

through larger arteries and arterioles but they are arrested in the capillaries. The number

of microspheres retained in any one capilliary bed has been shown to be proportional to

the blood flow to that bed.

In order to quantify the absolute blood flow to a tissue it is necessary to count the

radioactivity trapped in an organ of known constant blood flow. For this purpose, an

'artificial' organ is used (Diagram 1). This consists of a mechanical withdrawal pump

(Harvard Model 940, South Natick, USA) aspirating blood from the cannulated left

femoral artery at a know constant rate.
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Cannulated Left Ventricle
for Injection of ^Cobalt
labeled microspheres

Microspheres mixed in left
ventricle and distributed

through circulation,
lodging in small capillaries

Femoral artery blood
pressure monitor

Femoral Artery Cannulated
for connection to 'Artificial

Organ' withdrawal pump

Diagram 1: Radioactive microsphere technique - Cobalt labeled microspheres (15pm) are
injected into the left ventricle and thereby disseminated throughout the body. Blood is
withdrawn from one femoral artery at a set rate of 4.12ml/min into a syringe - the 'artificial
organ'. Blood pressure is kept between 90 and 100mm Hg. Muscle flaps are harvested and
radioactivity count compared to that of the 'artificial organ' to gain a measure of muscle blood
flow.
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2.6.2 Technical approach

Under general anaesthetic the animal was placed in the supine position. The left and

right femoral arteries and the left carotid artery were exposed. The distal segment of

each vessel was tied off with 1 -silk and the arteries were cannulated.

In each case, the carotid artery cannula (14G) was used to gain access to the left

ventricle, the site of injection of the microspheres. The femoral vessels were cannulated

with polyethylene cannulae (PE 240). The right femoral artery was connected to a

pressure transducer (Hewlett Packard 78534A, Andover, USA) and calibrated to monitor

Mean Arterial Pressure (MAP). The left femoral artery was connected to a 10ml ground

glass syringe mounted on the mechanical withdrawal pump, set to withdraw blood at

4.12 ml/minute.

Once all lines were in place and the MAP was stable between 90 and lOOmmHg, the

'artificial' organ pump was turned on and thirty seconds later the radioactive

microspheres were slowly injected into the left ventricle for distribution around the

body. Two minutes after the injection was complete, the aspiration pump was turned off

and the animal euthanised.

The LD flaps were sectioned transversely into 13 (8x1 cm) segments in situ and then

individually transferred to gamma counter vials. The radioactivity trapped within the
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tissue under investigation was counted (Gamma counter 1282 Compugamma CS,

Pharmacia Wallac, Finland) and compared with the count of the 'artificial' organ. The

following formula allowed blood flow calculations to be made for the individual flap

segments as well as the whole flap:

Tissue Blood Flow (ml/min) =

Radioactivity (cpm) in Tissue Samples x Pump rate (4.12ml/min)

Radioactivity (cpm) in Artificial Organ

Blood flow per gram of tissue was obtained by dividing by the tissue weight.
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2.7 Measurement of ATP and Lactate in Muscle biopsies

2.7.1 Muscle Biopsies

Muscle biopsies (0.5 x 0.5cm) for assays of Lactate and ATP content, were harvested

sequentially 1 cm from the dorsal flap edge in a cephalad direction, towards the pedicle.

It was previously documented that muscle infarction and the protective effect of IPC

occur consistently in this region of the flap, and that harvest of each biopsy does not

significantly affect the remaining flap circulation (Pang, Yang et al. 1995). The tissue

samples were immediately washed in cold (4°C) normal saline to remove excess blood,

snap frozen in liquid nitrogen and stored at -80°C.

Muscle biopsies (200-250mg) were removed from storage at minus 80°C and allowed to

thaw at room temperature before being homogenized in 2ml of ice-cold trichloroacetic

acid (2.5% v/v). The homogenate was centrifuged for 10 minutes at 1000G and the

supernatant neutralized with 1M Tris-base (120pl/ml supernatant) for use in the ATP

and Lactate assays. The protein content of the centrifuged pellet was measured by the

Bradford method (Bio-Rad) so that the ATP and Lactate content could be expressed as

pmol/g protein.
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2.7.2 A TP assay

Quantitative assay of ATP in muscle biopsies was performed using the Firefly

Luciferase bioluminescent assay kit produced by Sigma Chemicals (St Louis, USA).

Full details of the procedure can be found in their technical bulletin No. BAAB-1.

• 19
This kit can be used for the quantitative analysis of ATP within the range 2x10" to

8x10"5 moles/liter. The following reactions occur.

ATP + Luciferin Firef1y Luclferase » Adenyl-luciferin +PPi

Adenyl-luciferin + CL ►Oxyluciferin + AMP + CCL + Light

The light emission from this reaction is determined using a Iuminometer and the ATP

concentration is measured from standard curves prepared from solutions of known ATP

concentration provided with the assay kit.

2.7.3 Lactate Assay

Assay of muscle lactate content was performed using the kit provided by Sigma

Diagnostics. Full details of the procedure can be found in their document number 735.
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Lactic acid is converted to pyruvate and H202 by lactate oxidase. In the presence of the

H202 thus formed, peroxidase catalyses the oxidative condensation of chromogen

precursors to produce a coloured dye with an absorption of 540nm. The increase in

absorbance at this wavelength is directly proportional to the lactate concentration in the

sample. Absolute lactate levels are determined using a supplied standard of known

concentration.

2.8 Experimental Protocols

2.8.1 Study 1: Efficacy ofRemote Non-Invasive Ischaemic Preconditioning

The purpose of this first study was to determine whether remote, non-invasive ischaemic

preconditioning can protect a variety of muscle flaps from necrosis following prolonged

ischaemia. Latissimus Dorsi (n=6), Rectus Abdominis (n=6) and Gracilis (n=6) flaps

were chosen as they represent a spectrum of muscle flaps currently used for human

reconstructive surgery from different areas of the body. The protocol only permitted two

muscle flaps to be raised on each animal. Therefore, pigs with contralateral LD and Gc,

LD and RA or Gc and RA flaps were randomly assigned to control (n=9) and

preconditioned (n=9) groups.

The treatment group underwent remote ischaemic preconditioning by hindlimb

tourniquet immediately prior to flap elevation whilst control animals underwent sham

manipulation (Figure 1). Latissimus Dorsi (LD), Rectus Abdominis (RA) or Gracilis
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(Gc) muscle flaps were raised on their respective single vascular pedicle. Following flap

elevation, the pedicle was occluded continuously for four hours using double

microvascular clamps. The clamps were then removed, the wounds closed and the

animals were recovered. Forty-eight hours later, the flaps were harvested under general

anaesthetic and muscle viability assessed using the Tetrazolium staining technique.

Previous work from our laboratory has documented that no infarction occurs in either

LD, Gc or RA flaps without the sustained ischaemic insult (Pang, Yang et al. 1995).

Therefore, non-ischaemic control groups were not included in this study, to avoid the

unnecessary sacrifice of additional animals.

CONTROL

1 4 hours I 48 hours

IPC

o§ 10- 1 10' I 10' 1 10' 1 4 hours 48 hours

■ Ischaemia □ Reperfiision

Figure 1: The Efficacy of Remote IPC (Study 1) - Animals with a LD, RA or Gc flaps were
randomised to Control or Remotely preconditioned groups (n=6 of each flap per group). Remote
IPC was performed by application of hindlimb tourniquet in three cycles of ten minutes ischaemia
and reperfusion. All muscle flaps were then subject to 4 hours of sustained ischaemia and 48 hours
reperfusion before being assessed for viability.
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2.8.2 Study 2: Duration ofthe protective effect ofRemote IPC

In order to measure the duration of the protective effect of remote IPC, Latissimus Dorsi

flaps were raised in preconditioned pigs and subjected to four hours of global ischaemia.

The preconditioning stimulus was performed under sedation, beginning at 0, 8, 24, 48 or

72 hours (n=6 per time point) prior to the 4 hour flap ischaemic period. The flaps were

then reperfused and the animals recovered. Forty-eight hours later, flaps were harvested

for measurement of muscle viability (Figure 2). The data from the non-preconditioned

control LD group from study 1 were used for comparison to avoid the unnecessary use

of animals.

IPC
>

□ Delay ■ Ischaemia □ Reperfusion

Figure 2: The Duration of the protective effect of Remote IPC (Study 2) - LD muscle flaps were
subject to 4 hours of sustained ischaemia and 48 hours beginning at either 0, 8, 24, 48 or 72 hours
following remote IPC (n=6/time period). All muscle flaps were then assessed for viability.
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2.8.3 Study 3: Combining Acute and Late IPC

Following the observations made in study 1 and 2, this study aimed to determine

whether the maximal potency of the protection afforded by acute remote IPC could be

combined with the longevity of the second window of protection to provide a continuous

post-operative protection against ischaemic necrosis. To this end, a group of animals

were preconditioned under sedation 24 hours in advance of flap elevation and again

immediately prior to elevation of LD muscle flaps. These flaps were then subjected to 4

hours continuous ischaemia beginning either 0 (n=6), 8 (n=6) or 24 (n=6) hours after the

second preconditioning stimulus. Following a further 48 hour period of reperfusion,

flaps were harvested for measurement of muscle viability (Figure 3). Again, the data

from the non-preconditioned control LD group from study 1 were used for comparison

to avoid the unnecessary use of animals.

IPC „ . IPC
48 hours

48 hours

48 hours

□ Delay ■ Ischaemia □ Reperfusion

Figure 3: Combining Acute and Late Remote IPC (Study 3) - Animals were preconditioned at time
zero and again 24 hours later. LD muscle flaps were raised subject to 4 hours of sustained
ischaemia and 48 hours of reperfusion beginning at either 0, 8 or 24 hours following the second IPC
stimulus (n=6/group). Muscle flaps were then assessed for viability.
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2.8.4 Study 4: Muscle bloodflow following Remote IPC

This study was designed to measure the total and segmental blood flow in

preconditioned (n=6), ischaemic control (n=6) and non-ischaemic control (n=6) LD

muscle flaps in the early reperfusion period following four hours of continuous

ischaemia. The radioactive microsphere technique (Chapter 2.6) was used to measure

total blood flow and blood flow distribution in the muscle flaps following 4 hours

continuous ischaemia and 2 hours reperfusion (Figure 4). Animals used in this study

were euthanised without recovery from anaesthetic.

Ischaemic CONTROL

Non-ischaemic CONTROL
(

IPC
<

mm hoi |< ;i

■ Ischaemia □ Reperfusion

Figure 4: Muscle Blood Flow following Remote IPC (Study 4) - Animals were randomised into
three groups: Non-ischaemic Control, Ischaemic Control and IPC. LD muscle flaps were raised and
subject to 4 hours of sustained ischaemia and 2 hours reperfusion (n=6/group/time period). Blood
flow was measured in each flap either immediately following the 4 hour ischaemic period or
following 2 hours of reperfusion (-Q-).

ft

ft
4 hours 2 hours

t it
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2.8.5 Study 5: Muscle Energy Metabolism

The purpose of this study was to determine the effect of preconditioning on the ATP and

Lactate content of LD flaps subjected to prolonged continuous ischaemia. Muscle

biopsies were taken at three time points: immediately prior to, and at 2 and 4 hours

during the ischaemic period in control (n=6) and preconditioned (n=6) animals (Figure

5). Biopsies taken from identical positions on the flap in each group were harvested from

a progressively cephalad site to minimise interference with the circulation to the

remainder of the flap. The biopsies were immediately washed, frozen and stored at

minus 80°C until all samples were collected and analysed together.

CONTROL

IPC

01 10" 1 10- 1 10" 1 10' 1 4 hours

t

f
t

7
■ Ischaemia □ Reperfusion

Figure 5: Muscle Energy Metabolism (Study 5) - Animals were randomised into two groups:
Ischaemic Control and IPC. LD muscle flaps were raised and subject to 4 hours of sustained
ischaemia. Immediately before and at 2 and 4 hours (HT) during this ischaemic period, muscle
biopsies were harvested for assay of ATP and Lactate content (n=6/group/time period).
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2.8.6 Study 6: The Mechanism ofRemote IPC

The roles of Adenosine, NO and Opiate substances, known to be mediators of direct

IPC, were investigated first. The specific and non-specific Adenosine receptor blockers

8-cyclopentyl-l,3-dipropylxanthine (DPCPX, 3mg/flap) and 8-(p-sufophenyl)

theophylline (SPT, lOmg/kg), the non-specific Opioid receptor antagonist Naloxone

(3mg/Kg) and the Nitric Oxide (NO) synthase inhibitor L-NNA (lmg/Kg) were used as

probes in an attempt to block the protective effects of remote IPC in pig LD flaps

subjected to four hours ischaemia and 48 hours reperfusion. Unilateral LD flaps were

raised in pigs assigned to each treatment group (n=6). Each probe was administered 10

minutes before the remote preconditioning stimulus. Flaps were harvested following the

reperfusion period and the muscle harvested for viability measurement (Figure 6).

Controls used for this study were those LD flaps from study 1. Non-preconditioned,

probe treated control groups were not planned in this study as previous data from our

laboratory had shown that none of the agents alone significantly affect flap viability

(Pang, Neligan et al. 1997).

Thereafter, the involvement of mitochondrial Katp channels in Remote IPC was

investigated in the same way, using the channel blocking agent 5-Hydroxydecanoate

(5HD, 5mg/K.g) and the channel opener Diazoxide (lOmg/Kg) as pharmacological

probes (Figure 6). The latter was administered in the absence of remote IPC to determine

whether the opening of mitochondrial KAtp mimics the anti infarct effects of this

stimulus.
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L-NNA (1 mg/kg)
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f■ Diazoxide (1 Omg/kg)
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Hexamethonium (20mg/kg)

■ Ischaemia □ Reperfusion

Figure 6: The Mechanism of Remote IPC (Studies 6 and 7)- Preconditioned LD muscle flaps were
raised and subject to 4 hours of sustained ischaemia and 48 hours reperfusion. The pharmacological
agents shown were administered as a bolus 10 minutes before IPC was initiated with the exception
of Naloxone which was continued during IPC because of its short half-life, and Diazoxide which
was administered 10 minutes prior to flap ischaemia in the absence of any preconditioning stimulus
(A-)- Muscle viability was then assessed.
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2.8.7 Study 7: To investigate the role ofa Humoral vs. Neurogenic mechanism

Previous studies have yielded conflicting data on the role of neurogenic and humoral

pathways in the mechanism of remote IPC. In this study an attempt was made to block

the ischaemic protection afforded by remote IPC in LD flaps (n=6) with the ganglion

blocker Hexamethonium (20mg/kg). This was administered intravenously, fifteen

minutes prior to the onset of the preconditioning protocol and flap elevation. The flaps

were then subjected to 4 hours continuous ischaemia and 48 hours reperfusion before

being harvested for measurement of flap viability. For the purpose of this study only, the

thoracodorsal nerve was left intact. Previously obtained data from our laboratory under

the same conditions established that Hexamethonium alone has no effect on the survival

of LD flaps subjected to 4 hours ischaemia and 48 hours reperfusion.

2.8.8 Study 8: Anaesthetic and Remote IPC

Several groups have reported evidence of a direct preconditioning effect from the use of

inhaled halogenated general anaesthetic agents. In order to assess the efficacy of

inhalational anaesthetics in induction of protection against ischaemic necrosis in the pig

muscle flap model, a series of animals were anaesthetized using Isoflurane only. LD

flaps were raised and subjected to 4 hours ischaemia and 48 hours reperfusion (n=6).

Preconditioning was not performed. The resulting muscle necrosis was measured for

comparison to pentobarbital anaesthetised control and preconditioned animals from

study 1.
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2.9 Statistical Analysis

Statistical analysis was performed using the biostatistics software package Graphpad

Prism 4.0 and Graphpad Statmate version 1.0.

3.0 RESULTS

3.1 Animal Demographics

In total 124 male Yorkshire pigs were used for the purpose of this study. All were

castrated by the same supplier prior to delivery. The mean weight was 20.6 Kg (range

16.8 to 28, standard deviation 2.2Kg). No animals died intra-operatively, but four

animals died between 1 and 3 days post operatively; these were excluded from all

results. Post mortem examination revealed no obvious cause for death in these animals

and in each case the study was repeated with a new animal. There were no statistically

significant differences between experimental groups in terms of animal weight.

In each of the following studies, there were no significant differences between the

treatment groups in terms of the duration of the operation, anaesthetic or recovery time.

3.2 Study 1 - The Efficacy of Remote Non-Invasive IPC
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The efficacy of Remote, Non-invasive IPC was assessed in three different types of

muscle flaps: the Latissimus Dorsi (LD), Rectus Abdominis (RA) and Gracilis (Gc).

There were 6 animals in each of the control and preconditioned groups. The degree of

necrosis, as a percentage of the entire flap, resulting from 4 hours of continuous

ischaemia is shown in Table 1.

LD LD RA RA GC GC
Control Preconditioned Control Preconditioned Control Preconditioned

1 45.95 23.4 42.2 12.2 35.1 20

2 46 19.2 21 7.3 23.8 13.5

3 28.3 7.95 47 42.8 29.4 14

4 51.7 11.8 50.7 40.9 30.7 9.1

5 40.25 22 42.1 14.2 34.3 16.1

6 49.55 15.25 47.9 6.7 46.9 7.5

Mean 43.6 16.6 41.8 20.7 33.4 13.4

SEM 3.5 2.5 4.4 6.8 3.2 1.9

Table 1. Efficacy or Remote IPC in Latissimus Dorsi (LD), Rectus Abdominis (RA) and Gracilis

(Gc) flaps. Flap necrosis (% of whole flap), Mean and Standard Error.

The data were analysed using the unpaired, two tailed students t test. The results of this

analysis are shown in Table 2.

LD Control versus

LD Preconditioned

RA Control versus

RA Preconditioned

Gc Control versus

Gc Preconditioned

Significant difference yes yes yes

p value <0.0001 0.0259 0.0003

Difference of means 27.03 21.13 20.00

95% CI 17.58 to 36.47 3.11 to 39.16 11.80 to 28.20

Table 2. Statistical Analysis for the Efficacy of Remote IPC in different types of muscle flap.
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These data are represented graphically in Chart 1.

Chart 1: Relative Infarct size in Control and Remotely Preconditioned Muscle Flaps

Mean ± SEM; * p<0.05, t-test

*

■ CONTROL

I PRECONDITIONED

Latissimus Dorsi Rectus Abdominis Gracilis

Non-invasive, Remote IPC reduced muscle infarction in pig LD, RA and Gc muscle

flaps by 62, 50 and 60% respectively. In each case the difference between the control

and preconditioned groups was statistically significant (p<0.05).
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3.3 Study 2 - The duration of the protective effect of Remote IPC

The viability of Latissimus Dorsi muscle flaps subjected to 4 hours ischaemia at variable

times between 0 and 72 hours following a remote, non-invasive preconditioning

stimulus was assessed. There were 6 animals in each time group. Flap necrosis was

recorded as a percentage of the entire flap and these data are given in Table 3.

Control
Acute IPC 8 Hour 24 Hour 48 Hour 72 Hour

(no delay) delay delay delay delay

1 45.95 23.4 46.5 29.7 28.3 21.7

2 46 19.2 49.5 33.7 25.5 23.5

3 28.3 7.95 32 21.7 27.7 28.4

4 51.7 11.8 34.4 35.5 20.1 34

5 40.25 22 61.1 25.7 17.6 2.7

6 49.55 15.25 57.9 20.4 16 11.1

Mean 43.6 16.6 46.9 27.8 22.5 20.2

SEM 3.5 2.5 4.9 2.5 2.2 4.7

Table 3. Duration of the protective effect of Remote IPC in Latissimus Dorsi muscle flaps.

Flap necrosis (%), Mean and Standard Error.

The data were analysed using the one-way ANOVA and Bonferroni's post hoc test to

compare the control group with each treatment group. The result of this analysis is

shown in Table 4.
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Control versus Control versus Control versus Control versus Control versus

Acute 8 Hour delay 24 Hour delay 48 Hour delay 72 Hour delay

Significant difference yes no yes yes yes

p value <0.001 >0.05 <0.05 <0.01 <0.001

Difference of means 27.03 3.275 15.84 21.09 15.21

95% CI 12.1 to 41.9 -18.2 to 11.6 0.93 to 30.8 6.2 to 36.1 8.4 to 38.3

Table 4. Statistical Analysis for duration of the protective effect of remote IPC in Latissimus Dorsi

Flaps

These data are represented graphically in Chart 2

Chart 2: Efficacy of Remote Ischaemic Preconditioning with Time
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Mean ± SEM; * p<0.05, One-way ANOVA
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Time after Remote IPC
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Eight hours following the initial preconditioning stimulus, the protective effect of

remote IPC was lost such that there was no significant difference between the 8-hour

and control groups. By 24 hours however, the protective effect had returned. The mean
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flap necrosis in each of the 24, 48 and 72 hour groups was lower than the control group,

the difference in each case reached statistical significance (p<0.05).

3.4 Study 3 - The Efficacy of combining Acute and Late Remote IPC

The efficacy of combining the early and delayed ischaemic-protective effects of remote

IPC was investigated using LD flaps. The preconditioning protocol was performed twice

in each animal with an interval of 24 hours. LD flaps were then subject to 4 hours

ischaemia and 48 hours reperfusion commencing at 0, 8 or 24 hours after the second IPC

stimulus. In effect, this study is similar to Study 2 with an additional preconditioning

stimulus carried out 24 hours in advance. There were six animals in each group. Muscle

necrosis was recorded and the results are shown in Table 5.

No Delay (0 hours) Delayed 8 hours Delayed 24 hours

1 24 4.9 36.2

2 32.3 9.2 34.7

3 21.1 21.1 18.9

4 18.4 13.3 22.6

5 14.3 11.3 29.1

6 9.8 10.9 26.5

Mean 20.0 11.8 28.0

SEM 3.2 2.2 2.8

Table 5. The combined Acute and Delayed protective effects of Remote IPC in Latissimus Dorsi
muscle flaps. Flap Necrosis (%), Mean and Standard Error

101



These data were compared to those of Study 2 (Single IPC stimulus; 0, 8 and 24 hour

groups) and statistical analysis was carried out using the two-way ANOVA. The result

of this analysis is shown in Table 6.

Single no delay versus
Combined no delay

Single 8 hour versus
Combined 8 hour

Single 24 hour versus
Combined 24 hour

Significant difference no yes no

p value >0.05 <0.001 >0.05

Difference of means 3.38 35.12 0.22

95% CI -14.6 to 7.8 23.9 to 46.3 -11.4 to 11.0

Table 6. Statistical Analysis of the Efficacy of Combining the Early and Late protective effects of
Remote IPC.

The data from this study are shown in Chart 3. For comparison, the results of Study 2 are

included in the Chart.
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When an additional Remote IPC stimulus is given 24 hours in advance of surgery, LD

flaps then subject to prolonged ischaemia beginning at 0, 8, or 24 hours after a second

IPC stimulus were protected against ischaemic necrosis. There was no significant

difference between the protection afforded by single (Study 2) or repeated IPC (Study 3)

when the flap ischaemia was initiated at 0 or 24 hours following IPC. In contrast

however, a second IPC stimulus 24 hours in advance of surgery resulted in significant

protection against ischaemia at the 8 hour time period not seen with a single IPC

stimulus (Study 2). In other words, the additional stimulus appears to prevent the loss of

protection seen at 8 hours in Study 2. Thus, it may be possible to provide continuous

post operative protection against ischaemia during the critical period.
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3.5 Study 4 - The Effect of Remote IPC on muscle blood flow following ischaemia

The blood flow in LD muscle flaps following 4 hours ischaemia and 2 hours reperfusion

was compared in Non-ischaemic, Ischaemic and Preconditioned animal groups. There

were six animals per group. The total blood flow, measured using the radioactive

microsphere technique, is recorded in Table 7.

Non-ischaemic Control Ischaemic control Preconditioned

1 8.48 9.61 17.44
2 8.29 7.83 17.04

3 8.70 6.51 27.09
4 9.60 4.99 18.24
5 7.29 10.77 17.00

6 8.05 12.53 13.45

Mean 8.40 8.71 18.38

SEM 0.31 1.14 1.87

Table 7. Total Blood Flow in Latissimus Dorsi muscle flaps following 4 hours ischaemia and 2 hours
reperfusion (ml/min/lOOg muscle, Mean and Standard Error)

The data were analysed using the one-way ANOVA and Bonferroni's post hoc test. The

results of this analysis are summarized in Table 8.

Non-ischaemic vs.

Ischaemic Control

Non-ischaemic
Control vs.

Preconditioned

Ischaemic Control vs.

Preconditioned

Mean Difference 0.30 9.97 9.67

p value >0.05 <0.001 <0.001

95% CI -5.17 to 4.56 5.11 to 14.84 4.80 to 14.54

Table 8. Statistical Analysis for Total Blood Flow
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The results for this study are shown graphically in Chart 4. The mean distribution of

blood flow along the length of the flap was also measured in each group and these data

are shown in Chart 5.

Chart 4: Total Blood Flow after 4 hours Ischaemia and 2 hours

Reperfusion

Non-lschaemic

Control
Ischaemic Control Remote

Preconditioned

Chart 5: Mean Blood Flow Distribution in LD flaps

Remote IPC

Ischaemic Control

Non-lschaemic Control

4 5 6 7 8 9 10

Distance from insertion of Flap (cm)

11 12 13
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The mean total blood flow in remotely preconditioned LD flaps was more than double

that seen in non-ischaemic and ischaemic controls and this was significant. There was no

difference in total blood flow between the two control groups. The additional blood flow

to the preconditioned flaps appears to be distributed fairly evenly throughout the flap

length. The fact that the majority of the flow is in the central portion of the flap, between

5 and 7 cm from the insertion of the muscle onto the humerus, reflects the fact that the

thoracodorsal vascular pedicle enters the undersurface of the muscle around this area

and not at the point of insertion onto bone.
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3.6 Study 5 - Muscle Energy Metabolism following Remote IPC

Muscle biopsies were harvested immediately before and during the 4 hour ischaemic

period in ischaemic control and preconditioned groups. These biopsies were assayed for

ATP and Lactate content. There were six animals in each group. The results of this study

are shown in Table 9 (ATP) and Table 11 (Lactate) and graphically in Chart 6 (ATP)

and Chart 7 (Lactate).

Control
Pre-ischaemia

Control
2 hour

ischaemia

Control
4 hour

ischaemia

Preconditioned
Pre-Ischaemia

Preconditioned
2 hour

ischaemia

Preconditioned
4 hour

ischaemia

1 26.49 30.90 15.91 30.97 37.81 25.16

2 31.75 30.56 5.05 43.60 15.36 30.07

3 42.67 4.08 4.79 33.15 31.78 17.38
4 43.40 29.66 2.48 39.63 33.33 11.76

5 31.37 29.23 17.25 42.31 40.09 23.39

6 35.23 30.80 8.02 32.57 37.71 31.39

Mean 35.15 25.87 8.92 37.04 32.68 23.19

SEM 2.74 4.37 2.53 2.23 3.69 3.07

Table 9. ATP content in Latissimus Dorsi muscle flaps before and during ischaemic period.

(Nanomolar, Mean and Standard Error)

These data were analysed using the Two-way ANOVA and Bonferroni's post hoc test.

The statistical summary is shown below in Table 10.

Pre- Ischaemia
Control versus

Preconditioned

2 Hour Ischaemia
Control versus

Preconditioned

4 Hour Ischaemia
Control versus

Preconditioned
Mean difference 1.89 6.808 14.28

P value >0.05 >0.05 <0.05

95% CI -9.54 to 13.32 -4.63 to 18.24 2.84 to 25.71

Table 10. Summary of statistical analysis for ATP content of LD flaps
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Chart 6: ATP Concentration in LD muscle
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A rapid, steady decline in ATP content of the control LD flaps is seen throughout the

ischaemic period. This decline is attenuated by prior remote preconditioning of the LD

flaps. The difference only reaches statistical significance by 4 hours ischaemia.

Control
Pre-ischaemia

Control
2 hour

ischaemia

Control
4 hour

ischaemia

Preconditioned
Pre-lschaemia

Preconditioned
2 hour

ischaemia

Preconditioned
4 hour

ischaemia

l 49.1 431.4 961.6 21.5 591.0 717.4
2 48.4 579.9 977.2 34.1 407.6 691.6
3 32.4 440.0 1008.6 36.8 256.3 676.9
4 60.0 487.7 1261.7 68.6 312.5 595.0
5 55.9 1358.7 643.2 73.7 411.8 724.2
6 56.0 569.1 756.1 33.3 984.4 611.6
Mean 21.2 265.9 54.3 9.8 355.4 215.3
SEM 8.7 108.6 22.2 4.0 145.1 87.9

Table 11. Lactate content in LD flaps. Nanomolar, Mean and Standard Error
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These data were also analysed using the two-way ANOVA and Bonferroni's post-hoc

test. The statistical summary is shown in Table 12.

Pre- Ischaemia
Control versus

Preconditioned

2 Hour Ischaemia
Control versus

Preconditioned

4 Hour Ischaemia
Control versus

Preconditioned

Mean difference 5.63 150.5 265.3

P value >0.05 >0.05 <0.05

95% CI -291 to 302 -146 to 477 26 to 504

Table 12. Summary of statistical analysis for Lactate content of LD flaps

Chart 7: Lactate Concentration in LD Muscle
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Lactate content within the control LD flaps rises rapidly during the ischaemic period.

Remote preconditioning prior to prolonged ischaemia attenuates the accumulation of

Lactate within the flap, the difference between control and preconditioned muscle

reaching significance at 4 hours ischaemia.
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3.7 Study 6 - The Mechanism of Remote IPC

The mechanism of Remote, non-invasive IPC was explored using a variety of

pharmacological probes. These were administered individually to assess their ability to

either block or mimic the preconditioning effect. Six animals were used for each

treatment group. The results of this study are shown in Table 13 and graphically in Chart

8 below.

LD
Control

LD
Preconditioned

DPCPX SPT L-NNA Naloxone 5-HD Diazoxide

1 45.95 23.4 29.3 17.4 34.8 41.2 50.9 9.3

2 46 19.2 12.4 15.5 39.7 52.5 42.3 15.2

3 28.3 7.95 31.3 25.7 50.1 37.5 30 26.9

4 51.7 11.8 21.8 21.1 65.3 39.9 11.7 23.4

5 40.25 22 21.9 6.7 41.1 32.8 64.7 35.1

6 49.55 15.25 24.7 8.5 13.1 45.7 69.7 52.3

Mean 43.6 16.6 23.6 15.8 40.7 41.6 44.9 27.0
SEM 3.5 2.5 2.7 3.0 7.1 2.4 8.9 6.2

Table 13. Mechanism of Remote IPC. Flap Necrosis (%), Mean and Standard Error

Statistical analysis with the one way ANOVA and Dunnett's post hoc test was used to

compare treatment groups to the preconditioned and non-preconditioned control groups.

The summary of these analyses are shown in Table 14 below.
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Neither prior administration of the specific (DPCPX, 3mg/flap) nor the non-specific

(STP, lOmg/kg) Adenosine receptor antagonists could significantly attenuate the

protective effects of remote IPC against ischaemic infarction in LD flaps.

In contrast, prior administration of either the Nitric Oxide (NO) synthase inhibitor L-

NNA (lmg/Kg), the non-specific Opioid receptor antagonist NaIoxone(3mg/Kg), or the

Katp channel blocking agent 5-Hydroxydecanoate (5HD, 5mg/Kg) completely blocked

the infarct protective effects of remote IPC in this model.

Administration of the mitochondrial Katp channel opener Diazoxide (lOmg/Kg) in the

absence of the remote IPC stimulus appeared to provide some protection against

ischaemic necrosis in LD flaps. There was however, no statistically significant

difference between the Diazoxide treated group and either the remote IPC only or

ischaemic control groups.
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3.8 Study 7 - Humoral versus Neurogenic mechanisms

An attempt was made to block the infarct protective effect of remote IPC using the

ganglion blocker Hexamethonium. The data from this study are shown in Table 15 and

graphically in Chart 9.

Control Preconditioned Hexamethonium

1 45.95 23.4 21.6

2 46 19.2 21.9

3 28.3 7.95 16.5
4 51.7 11.8 13.3
5 40.25 22 9.6
6 49.55 15.25 35.9

Mean 43.6 16.6 19.8
SEM 3.5 2.5 3.3

Table 15. Effect of Hexamethonium on Remote IPC. Flap Necrosis (%), Mean and Standard Error

These data were analysed using the one-way ANOVA with Bonferroni's post hoc test.

Table 16 summarizes the result of this analysis.

Control versus

Preconditioned
Control versus

Hexamethonium
Preconditioned vs.

Hexamethonium

Mean difference 27.03 23.83 -3.2

Significant difference yes yes no

p value <0.001 <0.001 >0.05

95% CI 14.56 to 39.49 11.36 to 36.29 -15.66 to 9.265

Table 16. Statistical analysis of the Effect of Hexamethonium on Remote IPC
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Chart 9: Hexamethonium and Remote IPC

0 L

Ischaemic Control Remote IPC Hexamethonium

When administered intravenously fifteen minutes prior to the onset of the

preconditioning protocol, Hexamethonium (20mg/kg) did not limit the protection

associated with remote IPC. There was no significant difference between the protective

effect of preconditioning alone or preconditioning in the presence of Hexamethonium.

Previous work from our laboratory (not shown) demonstrated that Hexamethonium does

not in itself affect flap survival.
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3.9 Study 8 - Anaesthetics and Remote IPC

The animals in the preceding studies were all anaesthetized with pentobarbital

intravenous anaesthesia. In order to assess the efficacy of more commonly used

inhalational anaesthetics in the induction of protection against ischaemic necrosis, a

series of animals were anaesthetized with Isoflurane only whilst LD flaps were raised

and subjected to the 4 hours ischaemia and 48 hours reperfusion. The resulting muscle

necrosis was compared to that of control and preconditioned animals anaesthetized with

pentobarbital and the results are shown in Table 17 and represented in Chart 10 below.

Control Preconditioned Control

(Pentobarbital) (Pentobarbital) (Isoflurane)

1 45.95 23.4 37.6
2 46 19.2 42.5

3 28.3 7.95 38.3

4 51.7 11.8 53.6

5 40.25 22 39.1

6 49.55 15.25 39.6

Mean 43.6 16.6 41.8

SEM 3.5 2.5 2.5

Table 17. Anaesthetic Preconditioning with Isoflurane. Flap necrosis (%), Mean and Standard

Error

The data were analysed using a one way ANOVA and Bonferroni's multiple comparison

test summarized below in Table 18.
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Control

(Pentobarbital) vs.
Preconditioned

Control

(Pentobarbital) vs.
Control (Isoflurane)

Preconditioned vs.

Control (Isoflurane)

Mean difference 27.03 1.842 25.18

Significance yes no yes

P value <0.001 >0.05 <0.001

95% CI 16.24 to 37.81 -8.942 to 12.63 14.40 to -35.97

Table 18. Anaesthetic Preconditioning with Isoflurane: Statistical analysis

Chart 10: Comparison of Remote IPC and Isoflurane only
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The use of Isoflurane as the sole anaesthetic agent was not found to mimic the infarct

protective effect of remote IPC in this model. There was no statistically significant

difference in the degree of muscle necrosis following 4 hours ischaemia seen in control

animals anaesthetized with either agent.
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4.0 DISCUSSION

4.1 The Animal Model

Of all the animal models available for research, the pig lends itself to the current study

(Millican and Poole 1985; Kerrigan, Zelt et al. 1986). Like humans, they are a tight

skinned animal, the mobility of the skin being limited by fascial connections between

the dermis and subcutaneous layers. Within these connections run the network of nerves,

blood and lymphatic vessels supplying the skin. Loose skinned animals, on the other

hand, such as rabbits, rats and mice have more mobile skin, with fewer more widely

placed perforating vessels supplying the skin. The skin and subcutaneous layers are

readily 'peeled' off the muscle and deep fascia. For this reason, the pattern of circulation

to the skin of tight and loose skinned animals is different and this may affect the survival

of random skin flaps. Although this study was concerned with muscle and not skin flaps

it was felt to be important to use a model that represented humans as closely as

practicable. The use of pigs had other advantages. Their general anatomical structure is

very similar to humans and although larger animals are generally more expensive to

purchase and to house, they are known to produce consistent experimental results. The

cost of a pig is only about twice that of an experimental rabbit.

Ischaemic preconditioning has been shown to occur in skin and muscle of smaller

species but these animals have extensive subcutaneous panniculus carnosus muscle and
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the skin flaps are therefore more correctly considered to be myocutaneous flaps.

Furthermore, the smaller the animal under investigation, the smaller and thinner the skin

or muscle flaps become, and the more likely that these can effectively survive as grafts,

being nourished by the surrounding bed until revascularization occurs. In the pig model

however, the muscle flap is too thick to survive as a graft.

The research facility at the Toronto Hospital for Sick Children, where the research was

performed, has extensive experience with pigs, and the facilities available allow for

consistency in experimental techniques and animal care.

In total 149 male Yorkshire pigs were used for the purpose of this study. The mean

weight was 20.6 Kg, with a range of 16.8 to 28 kg and a standard deviation of 2.2 kg. No

animals died intra-operatively, but four animals died between 24 and 48 hours post

operatively and were excluded from all results. There were no statistically significant

differences between experimental groups in terms of animal demographics. All the

animals were castrated prior to delivery for two reasons. Firstly, the castrated males are

less aggressive and easier to manage, and secondly, potential variable hormonal

influences on the studies are minimized.

4.2 Efficacy of Remote, Non-Invasive IPC

Remote, non-invasive ischaemic preconditioning by hindlimb tourniquet was found to

significantly protect pig Latissimus Dorsi, Rectus Abdominis and Gracilis muscle flaps
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from ischaemia-reperfusion injury following 4 hours continuous, global ischaemia.

Specifically, flap necrosis compared with controls, was reduced by 62%, 50% and 60%

respectively. The Tetrazolium dye technique used to assess necrosis in these studies has

previously been validated by others (Raff and Braun 1973; Soonattrakul and Andersen

1973; Labbe, Lindsay et al. 1988). This is the first study to demonstrate the efficacy of

this non-invasive, remote technique, using a variety of different muscle flaps. That each

type of muscle flap was protected to a similar extent, suggests that the protection is

afforded to all skeletal muscle in the body. The viability of the skin component of

myocutaneous flaps depends upon good underlying muscle viability and it therefore

seems likely that this type of flap too would be protected by remote IPC. The protection

of skin, cardiac muscle and other organs was not addressed in this study but has been

shown to occur by direct ischaemic preconditioning in a variety of other animal models

(Deutsch, Berger et al. 1990; Schott, Rohmann et al. 1990; Cohen, Liu et al. 1991;

Kitagawa, Matsumoto et al. 1991; Cribier, Korsatz et al. 1992; Li, Whittaker et al. 1992;

Liu and Downey 1992; Yellon, Alkhulaifi et al. 1992; Yellon, Alkhulaifi et al. 1993;

Jenkins, Steare et al. 1995; Du, Hicks et al. 1996; Hardy, McClure et al. 1996; Islam,

Mathie et al. 1997; Matsuyama, Chiba et al. 1997; Fung 2001; Rejdak, Rejdak et al.

2001; Zhang, Zhang et al. 2001; Bonventre 2002; Harkin, Barros D'Sa et al. 2002). It is

tempting to suggest that remote IPC may be as effective as direct IPC in the protection

from ischaemic insult in other organs as has been demonstrated in skeletal muscle. If this

is indeed the case, remote IPC could prove to be of immense clinical value in the peri¬

operative protection of patients with multi-organ disease.
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Three cycles of 10 minute ischaemia-reperfusion of the hindlimb was chosen as the

preconditioning stimulus because this was previously demonstrated to be the minimum

threshold for direct preconditioning of LD flaps in the same model (Pang, Yang et al.

1995). Others have supported this observation (Saita, Yokoyama et al. 2002). The

minimum threshold for remote, non-invasive ischaemic preconditioning to induce

protection is not yet known in this model. Although the possibility of a lower threshold

for remote, non invasive preconditioning exists, this seems unlikely. Direct IPC could be

considered as a form of remote IPC, where the triggering and preconditioned organs are

one and the same. As outlined in Chapter 1.5.1, the threshold for induction of protection

by ischaemic preconditioning appears to be both organ and species specific (Murry,

Jennings et al. 1986; Cohen, Liu et al. 1991; Liu and Downey 1992; Yellon, Alkhulaifi

et al. 1992; Martin, McClanahan et al. 1993; Miura and Iimura 1993; Pang, Yang et al.

1995; Gurke, Marx et al. 1996; Tomai, Crea et al. 1999; Alsaddique 2000; Adanali, Ozer

et al. 2002).

This apparent specificity may in part be an artefact arising from the variability amongst

research groups, each of which have generally employed different animal and organ

models, as well as different approaches to induce and define IPC protection. No group

has compared the efficacy of particular IPC stimuli in different animals and organs. On

the other hand, it is likely that some innate species and organ variability exists,

especially if, as the evidence suggests, the mechanism of IPC also varies. The size and

type of organ rendered ischaemic during the preconditioning stimulus, be it muscle,

intestine or kidney, may affect the amount of 'protective factors' released into the
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circulation. Similarly, animal size is likely to affect the concentration of such factors in

the circulation and in their target organs. Finally, the sensitivity of the target organ to

ischaemia and its susceptibility to circulating protective factors will play a significant

part in the overall response to IPC.

Remote IPC of skeletal muscle has previously only been demonstrated in canine Gracilis

muscle following a single 5 hour continuous ischaemia of the contralateral muscle 48

hours earlier (Liauw, Rubin et al. 1996). The reduction in muscle necrosis seen in the

preconditioned Gracilis was approximately 60%, similar to that seen in the present

studies. Although the time scale of this effect was not studied, the results of the present

study suggest that the protection observed occurred during the second window described

in the next section.

Critically, the single 5 hour ischaemic preconditioning stimulus was lethal for the

Gracilis with a mean necrosis of 40%. In addition the approach was invasive and

required multiple operations. None of these problems were encountered in the present

study. One further point of note is the researchers' use of morphine in the epidural

during anaesthesia, which may itself have contributed to the preconditioning response.

Additionally, the canine model was reported as showing large inter-animal variability

and it is not a tight skinned animal and thus subject to the factors discussed above.

Remote, non invasive IPC is simple to perform, drug free and, as far as the current

literature indicates, an apparently safe technique that could be applied clinically to
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protect skeletal muscle from impending ischaemia seen during the course of vascular,

free flap and musculoskeletal surgery.

4.3 Duration of Remote IPC Protection

In order to measure the duration of the protective effect of remote, non invasive IPC,

Latissimus Dorsi flaps were raised in preconditioned pigs and subjected to four hours of

global ischaemia and 48 hours or reperfusion commencing at a variable time after the

initial surgery and preconditioning stimulus. These time intervals were 0, 8, 24, 48 and

72 hours. It was observed that the immediate and profound protection seen following the

Remote IPC stimulus was lost by the 8 hour time period. However, without any further

preconditioning stimulus, protection was restored by 24 hours and persisted at 72 hours

after preconditioning. The duration of the late protective period, also known as the

delayed or second-window of protection, was not explored to its limit, but would be

worth investigating in the future.

The results of this study are in keeping with the numerous reports from other researchers

demonstrating a potent, early but short-lived protective effect followed by a longer

lasting but less potent delayed protection, beginning around 24 hours after the

preconditioning stimulus (Yellon and Baxter 1995; Baxter, Goma et al. 1997; Baxter and

Yellon 1997; Meldrum, Cleveland et al. 1997).
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In keeping with Murry's original paper, virtually all reports of ischaemic

preconditioning published thus far, demonstrate a rapid onset of the protection effect

following the preconditioning stimulus. Several reports have suggested that the

ischaemic organ used for preconditioning must be reperfused for a period after the

preconditioning ischaemia (Gho, Schoemaker et al. 1996). In the present study, the

protective effect had developed within ten minutes of the removal of the hindlimb

tourniquet for the last time.

The duration of this early protective effect again appears to be species and, perhaps,

organ specific (Cohen, Liu et al. 1991; Murry, Richard et al. 1991; Li, Whittaker et al.

1992). In the present study, it is only possible to conclude that the initial protective

period lasts less than eight hours, at which point protection was lost. Further studies

using shorter time periods would be necessary to further define this period.

Similarly the exact time of onset of the second window of protection in this model and

its duration is not clearly defined here and the only conclusion is that the delayed

protection is evident between 24 and 72 hours following the original preconditioning

stimulus.

4.4 Combined Early and Late Remote IPC

Other researchers have debated the possibility of re-initiating the early protective phase

once lost, using further IPC stimulus (Miura and limura 1993; Sack, Mohri et al. 1993).
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Sack was unable to re-initiate lost protection in the pig myocardium by further IPC

cycles carried out 1 hour later, but could do so at 4 days. They proposed that there was

an exhaustible pool of substances mediating IPC that required to be replenished in the

intervening days.

In order for the protective effects of IPC to be clinically beneficial following free flap

surgery, protection against ischaemia must be provided for most if not the entire 'at risk'

period of the flap. It is well established that such flaps are vulnerable to ischaemic

complications for several days following surgery, and particularly so in the first 24

hours. Therefore the problem with ischaemic preconditioning is that there is a loss of

protection between the early and late phase - a most critical time in flap surgery.

In order to maximize the potency of remote IPC and negate the loss of protection seen

between the early and late phase, a series of experiments were designed to assess the

possibility of combining the potency of the early phase with the longevity of the late

phase of protection. To this end, groups of animals were preconditioned under sedation

24 hours in advance of surgery and again at the time of surgery. The LD flaps were then

subjected to 4 hours continuous ischaemia beginning 0, 8 or 24 hours after surgery and

the final IPC cycles.

The results of this study show that preconditioning 24 hours in advance of surgery can

indeed provide uninterrupted protection against ischaemia for the first 24 post-operative

hours. The protective effect appears to be only as potent as that seen following a single
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IPC stimulus at the time of surgery. In other words, multiple IPC stimuli do not appear

to act synergistically with respect to the potency of their effect. They may however

prolong the overall duration of the protective period, although further studies are

required to determine whether protection continues beyond that seen in the second

window following a single IPC stimulus.

Nevertheless, this study suggests that patients about to undergo free flap surgery could

be preconditioned 24 hours in advance of their surgery to good effect.

4.5 Muscle Blood Flow

The radioactive microsphere technique was used to measure total blood flow and blood

flow distribution in control and preconditioned LD flaps subject to 4 hours continuous

ischaemia and 2 hours of reperfusion. This technique is the gold standard for the in vivo

measurement of blood flow to tissues in experimental animals and its validity and

reproducibility have previously been documented by our laboratory (Pang, Neligan et al.

1984).

In the present study, the total mean blood flow in preconditioned LD flaps subjected to 4

hours ischaemia and 2 hours reperfusion was found to be double that of both the

ischaemic and non-ischaemic controls. There was no statistically significant difference

between the control groups themselves. Two possible reasons for the latter observation

follow. Firstly, although ischaemic tissue is subject to hyperaemia on reperfusion this is
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likely to have subsided after 2 hours of muscle reperfusion, the time point measured in

this study. Secondly, ischaemia reperfusion injury in the ischaemic control group may

result in microvessel spasm and thrombosis in some areas of the flap and vasodilatation

in others, thus affecting the distribution but not the mean total blood flow in the flap.

Chart 5 shows the blood flow distribution along the entire length of the muscle flaps for

each group. The peak flow appears between 5 and 7 cm from the proximal end of the

flap. This is the area where the pedicle enters the undersurface of the muscle which is

not, as might be expected, at the muscle origin. Although there is no statistical difference

between the total blood flow of the control groups, there is the suggestion of an altered

distribution of flow within from non-ischaemic to ischaemic controls.

Previously, our laboratory identified a significant increase in muscle blood flow

following direct IPC of LD muscle at the same time point, particularly in the proximal

half of the flap, with an overall increase of 3 times in the total flap blood flow with

respect to controls. Preconditioning alone had no effect on MAP or blood pressure

(Pang, Yang et al. 1995). The mechanism and effect of this increase in flow are not

clear. Certainly it is likely to help restore normal oxygenation and nutrition to the

ischaemic muscle, but in addition, it may speed up the washout of toxic metabolites

accumulated during the ischaemic period. These substances are likely to accumulate

fairly evenly throughout the flap during the ischaemic period but may be shunted down

to the distal portion of the flap, where they are hardest to clear, during reperfusion.
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Nevertheless, it was previously observed, as in the present study, that a substantial

portion of the necrosis occurs in the more proximal muscle, deep from its surface

(Morris, Pang et al. 1993). The authors suggested that oedema, secondary to reperfusion

injury might compress the deeper capillaries more than superficial ones. Additionally,

early reperfusion with high oxygen tension in these areas may exacerbate reperfusion

injury and promote necrosis (Labbe, Lindsay et al. 1987).

4.6 Muscle Energy Metabolism

Muscle biopsies were taken immediately prior to and during the 4 hour ischaemic period

(at 2 and 4 hours ischaemia) in control and preconditioned animals. The biopsies were

subsequently assayed for ATP and Lactate content. The results demonstrate preservation

of ATP and attenuation of Lactate accumulation in the preconditioned muscle with

respect to controls. In each case the difference was statistically significant at 4 hours

ischaemia time. Similar results were observed in our laboratory during the investigation

of acute, direct IPC of pig LD flaps (Pang, Yang et al. 1995; Pang, Neligan et al. 1997;

Pang, Neligan et al. 1997).

Reduced ATP depletion has also been observed in the preconditioned rabbit

myocardium. Takaoka reported that remote, renal preconditioning ischaemia in rabbits

conferred similar cardioprotection to classical preconditioning and was associated with a

preservation of ATP levels in the ischaemic myocardium (Takaoka, Nakae et al. 1999).

Liauw demonstrated the relative preservation of ATP in preconditioned gracilis flaps in
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dogs (Liauw, Rubin et al. 1996). They too found that statistical significance was reached

by the end of the ischaemic period. These results and those of the present study suggest

that ATP preservation during the ischaemic period is an important factor in the

mechanism of remote IPC although the mechanism is unknown.

In the previous investigation of acute, direct IPC of pig LD flaps by Pang, energy

preservation was not associated with an increase in muscle blood flow, pre-ischaemic

phosphocreatinine or ATP reserves. It was suggested that IPC may cause a reduction in

anaerobic glycolysis and mitochondrial ATPase activity and so reduce cellular energy

demand but this has been disputed (Vander Heide, Hill et al. 1996).

4.7 Pathways of Remote IPC

4.7.1 The role ofAdenosine

There is no doubt that Adenosine is released in high quantities from ischaemic

myocardium and skeletal muscle by the metabolism of ATP (Goto, Cohen et al. 1996)

and that it attenuates some of the processes associated with ischaemia reperfusion injury

(Noite, Lehr et al. 1991; Cronstein 1994). It is not surprising therefore that Adenosine

has been a front line candidate for the elusive triggering factor of ischaemic

preconditioning. Indeed there are many reports of the involvement of Adenosine acting

through Al or A3 receptors in the triggering of myocardial and skeletal muscle

protection by direct IPC (Thornton, Liu et al. 1992; Auchampach and Gross 1993;
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Martin, McClanahan et al. 1993; Schulz, Rose et al. 1995; Schroeder, Lee et al. 1996;

Auchampach, Rizvi et al. 1997; Forrest, Neligan et al. 1997; Pang, Neligan et al. 1997;

Wang, Drake et al. 1997; Papanastasiou, Estdale et al. 1999). Adenosine may also play

a role in delayed ischaemic preconditioning (Baxter, Marber et al. 1994; Dana, Baxter et

al. 1998; Takano, Bolli et al. 2001).

In the same model and under the same experimental setting as the present study, Pang

found that both Adenosine and an Al receptor agonist (N6-l(phenyl-2R-isopropyl)-

adenosine (P1A)) mimicked the infarct protective effect of direct IPC in pig LD flaps.

This protection was abolished with Adenosine receptor antagonist (DPCPX) (Pang,

Neligan et al. 1997). The conclusion therefore was that Adenosine plays a central role in

direct preconditioning of skeletal muscle in swine.

With respect to remote ischaemic preconditioning, Pell demonstrated that myocardial

preconditioning by renal ischaemia in rabbits was abolished by prior administration of

the nonspecific Adenosine receptor blocker SPT (Pell, Baxter et al. 1998). It was

suggested however, that the amount of Adenosine generated within the ischaemic kidney

(approximately 100-150pg) is unlikely to be sufficient to confer cardioprotection and

that other, more stable substances might be induced by Adenosine to affect protection.

Takaoka similarly reported that renal preconditioning ischaemia in rabbits conferred

cardioprotection equivalent to classical preconditioning and was associated with a

preservation of ATP in the ischaemic myocardium. This protection was again abolished

by SPT. This study however, reported a ten fold increase in Adenosine levels in the
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carotid artery following renal ischaemia when compared with myocardial ischaemia

(Takaoka, Nakae et al. 1999).

In the present study, neither of the specific or non-specific Adenosine receptor

antagonists SPT (lOmg/kg) and DPCPX (3mg/flap) could abolish the protection

afforded to LD muscle by remote IPC in pigs. The conclusion therefore is that unlike

direct IPC, Adenosine is not an essential component of remote IPC in pig skeletal

muscle. Since Adenosine has already been implicated in direct IPC in the same model,

the implication is that insufficient Adenosine reaches the LD muscle following remote

IPC to trigger the protective response. Regardless of the amount of Adenosine released

from the hind limb, by the time it reaches the LD muscle much will have been

metabolized. Furthermore, the distribution of Adenosine through the circulation will

reduce the effective dose reaching the target organ.

This explanation is supported by the observation that Adenosine levels in the coronary

effluent from preconditioned rabbit hearts were not significantly higher than that from

control hearts (Dickson, Lorbar et al. 1999) and well below the level required to mimic

preconditioning by exogenous administration of Adenosine (Lasley, Noble et al. 1995;

Przyklenk and Kloner 1998). In addition, Adenosine release is markedly reduced in all

but the first ischaemic period of the preconditioning protocol (de Jong, Cargnoni et al.

1995; Goto, Cohen et al. 1996) and yet it has been demonstrated in different species and

models that multiple cycles of ischaemia and reperfusion are required to induce

cardioprotection. In Liauw's investigation of remote IPC in canine gracilis flaps, it was
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reported that there was no difference in muscle adenosine levels between preconditioned

and non-precondition Gracilis.

These data play down a significant role for Adenosine in the remote preconditioning of

skeletal muscle in pigs. It may be, however, that Adenosine plays a more significant role

in other organ systems or other species. In fact there may be substantial redundancy in

the preconditioning pathways such that several substances either alone in sufficient

concentration, or in combination, can trigger the protective mechanism of IPC.

4.7.2 The Role of Opiates

The non-specific opioid receptor blocker Naloxone (6mg/kg), given before and during

remote IPC, abolished the infarct protective effect of preconditioning on LD muscle

flaps. Naloxone itself had no effect on the viability of non-preconditioned control flaps.

It is likely therefore that endogenous opioids contribute to the mechanism of remote IPC

in this model. Opioids are known to be present in neuromuscular junctions (Hughes and

Smith 1989) and their hormonal action via opioid receptors has been described

previously (Evans, Hughes et al. 1995; Evans, Khan et al. 1997).

Previously published data supports this finding. Naloxone has been shown to abrogate

the myocardial protective effect of effluent transferred from preconditioned donor to

virgin recipient hearts in rabbits (Dickson, Blehar et al. 2001). Similarly, Opiates appear

to trigger protection in rat and pig hearts (Schultz, Rose et al. 1995; Schultz, Hsu et al.
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1996; Schultz, Hsu et al. 1998; Schulz, Gres et al. 2001). With respect to Remote

preconditioning, Naloxone has been shown to prevent effective preconditioning of rat

myocardium by mesenteric artery occlusion (Patel, Moore et al. 2002). These

researchers suggested that endogenous opioids are released during brief periods of

ischaemia and travel via the circulation to the distant myocardium to induce their

protective effect.

Opioid substances may not however be an essential component of the IPC mechanism.

Potential redundancy in the mechanism is suggested by the demonstration that only

single, but not multiple, cycles of preconditioning stimulus on the rabbit myocardium

can be blocked with Naloxone. Other substances may therefore assume prominence

when opiate receptors are blocked (Miki, Cohen et al. 1998). The precise role of opioids

in direct and remote IPC remains to be elucidated.

4.7.3 The role ofNitric Oxide

Many researchers have pointed to a role for NO in the mechanism of IPC in the

myocardium of a variety of species including mice (Wang, Kudo et al. 2001), rats

(Lochner, Marais et al. 2000), rabbits (Ping, Takano et al. 1999) and swine (Post, Schulz

et al. 2000). In rats and swine at least, this evidence has been countered (Weselcouch,

Baird et al. 1995; Post, Schulz et al. 2000).
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There is widespread agreement however, for the role of NO production in the

mechanism of delayed or late phase IPC (Bolli, Bhatti et al. 1997; Bolli, Manchikalapudi

et al. 1997; Qiu, Rizvi et al. 1997; Takano, Manchikalapudi et al. 1998; Takano, Tang et

al. 1998; Imagawa, Yellon et al. 1999). Bolli has reviewed the evidence and

hypothesized that NO, produced initially by eNOS and subsequently iNOS, is involved

in both induction and mediation of the early and late phases of IPC (Bolli, Dawn et al.

1998; Dawn and Bolli 2002).

The evidence with respect to Remote IPC is sparse and NO may not be involved in

remote IPC, at least in rat myocardium (Petrishchev, Vlasov et al. 2001). In contrast, the

present study found that the NOS inhibitor L-NNA (lmg/kg) administered prior to the

preconditioning stimulus blocked the infarct protective effect of Remote IPC. This

suggests a role for NO in the mechanism of the early phase protection of Remote IPC in

this model but this remains to be characterised. The effect of L-NNA on late phase

protection was not assessed. A recent publication, in which Direct IPC in rat gracilis

muscle was shown to promote the expression of inducible NOS, supports the role of NO

in the preconditioning of skeletal muscle (Zhang, Oswald et al. 2004).
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4.7.4 The role ofKAtp channels

In the present study the KAtp channel blocker, 5 Hydroxydecanoate (5HD, 5mg/kg), was

found to block the infarct protective effect of remote non-invasive IPC. 5-HD is

relatively specific for mitochondrial KAtp channels (Pell, Baxter et al. 1998).

Additionally, the KATP channel opener Diazoxide (lOmg/kg), a KATP channel opener

administered in the absence of a preconditioning stimulus, mimicked the ischaemic

protective effect of remote IPC. Diazoxide, has been shown to be 1000-2000 times more

specific for mitochondrial as opposed to sarcolemmal KATP channels (Garlid, Paucek et

al. 1997). It is likely therefore, that mitochondrial KAjP channel opening is a central

component in the mechanism of remote IPC of skeletal muscle in swine.

Pang first demonstrated the role of KAtP channels in direct preconditioning of skeletal

muscle in pigs. Not only could ischaemic protection be mimicked using the KAjP

channel opener Lemakalim, it could also be blocked with specific and non-specific K.ATP

channel blockers, 5 Hydroxydecanoate and Glibenclamide. None of these agents alone

affected Mean Arterial Pressure or muscle viability (Pang, Neligan et al. 1997).

A role for the mitochondrial as opposed to sarcolemmal KAtP channel in ischaemic

protective effect of IPC is supported by most researchers. It may be however, that the

sarcolemmal channel is more significant in other species or in other aspects of IPC such

as the functional recovery of the myocardium following ischaemia (Toyoda, Friehs et al.

2000; Sanada, Kitakaze et al. 2001; Suzuki, Sasaki et al. 2002).
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The mechanisms by which opening of the mitochondrial Katp channel protect the

myocardium or skeletal muscle are uncertain and complex. Much of the work done thus

far relates to myocardial ischaemia (Dos Santos, Kowaltowski et al. 2002; Garlid and

Paucek 2003). Vuorinen first demonstrated that IPC was associated with opening of the

Katp channels and inhibition of ATPase function. A mechanism was proposed whereby

inhibition of ATPase activity attenuates mitochondrial Calcium overload and inhibits the

degradation of high energy phosphates, protecting the cell from irreversible damage

(Vuorinen, Ylitalo et al. 1995). This is supported by the observation that the protective

effects of IPC are indeed associated with attenuation of intra-mitochondrial Calcium

overload (Miyamae, Camacho et ai. 1996; Wang, Cherednichenko et al. 2001). Another

aspect relates to the control of mitochondrial volume and function (Garlid and Paucek

2003). Opening of mitochondrial KAtp channels during ischemia may maintain the

structure of the inter-membrane space required to preserve the normal outer membrane

permeability to ADP and ATP. These effects are proposed to lead to preservation of

adenine nucleotides during ischemia and efficient energy transfer upon reperfusion (Dos

Santos, Kowaltowski et al. 2002).

The opening of Katp channels in canine skeletal muscle may attenuate the formation or

release of neutrophil chemotactic factors, reducing neutrophil adhesion to the

endothelium, resulting in sluggish capilliary flow and thence tissue necrosis (Jerome,

Akimitsu et al. 1995). This concept was supported by Pang, who demonstrated a

135



decrease in muscle Myeloperoxidase activity persisting up to 16 hours following

prolonged ischaemia that could be attenuated by direct IPC (Pang, Neligan et al. 1997).

4.8 Humoral versus Neurogenic Pathways

There has been conflicting evidence for and against the role of neurogenic pathways in

remote IPC. Preconditioning of rat myocardium by mesenteric artery occlusion, but not

by direct coronary artery occlusion, was abolished by prior administration of the

ganglion blocker Hexamethonium (Gho, Schoemaker et al. 1996). Nevertheless, these

and other researchers have observed that remote myocardial IPC requires reperfusion of

the remote preconditioning organ prior to coronary artery occlusion for the protective

effect to develop (Gho, Schoemaker et al. 1996; Weinbrenner, Nelles et al. 2002). This

latter observation suggests that one or more substances released from the remote organ

must first enter the circulation in order to trigger IPC.

Significantly, in the present study, all LD flaps were denervated by transection of the

motor nerve and yet could be preconditioned against ischaemic necrosis with three

cycles of non-invasive hindlimb ischaemia and reperfusion. It was possible that the

sympathetic nerves, closely adherent to the artery of the pedicle, were still intact

however, intravenous administration of Hexamethonium (20mg/kg) fifteen minutes prior

to the onset of the preconditioning protocol failed to block the protective effect of IPC

on skeletal muscle. In a previous study from our laboratory, it was established that

intravenous Hexamethonium alone had no effect on the survival of LD flaps subjected to
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4 hours ischaemia and 48 hours reperfusion (data not shown). It therefore follows that in

this model of remote non-invasive preconditioning, neuronal pathways are, at best, a

non-essential part of the preconditioning mechanism. The present study therefore

supports the existence of a non-neurogenic, humoral pathway in the protection of

skeletal muscle from ischaemic necrosis by remote IPC. These findings support

previously published data demonstrating that Hexamethonium cannot inhibit the

cardioprotection afforded by remote infrarenal aortic occlusion in rats (Weinbrenner,

Nelles et al. 2002). A humoral pathway for remote IPC is further supported by the

observation that the rabbit myocardium can be preconditioned by the transfer of

coronary effluent from preconditioned donor hearts to separate, virgin acceptor hearts

(Dickson, Lorbar et al. 1999; Dickson, Porcaro et al. 2000).

Taken together, these observations suggest that a humoral mechanism for remote IPC of

the myocardium is both necessary and sufficient for cardioprotection but they cannot

exclude the involvement of neurogenic pathways under alternate conditions or in other

species or organs.

4.9 Anaesthetic and Remote Preconditioning

All animals in the study were anaesthetized using the protocol outlined in Materials and

Methods. Pentobarbital was used for maintenance following Ketamine induction. These

agents were chosen partly because they are commonly used in large animal surgery and

our laboratory has extensive experience with them. Pentobarbital provides long lasting
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steady anaesthesia, helping to avoid fluctuations in the haemodynamic indices during

anaesthesia. There were no deaths within 12 hours of post-operative recovery.

There have been early reports describing a preconditioning effect from inhaled

halogenated general anaesthetic agents (Cason, Gamperl et al. 1997; Kersten, Schmeling

et al. 1997). If such anaesthetic preconditioning exists and is as effective as ischaemic

preconditioning, there could be no advantage in subjecting patients to an IPC protocol

prior to surgery. In the present study therefore, one group of pigs were induced with

Ketamine and maintained entirely on Isoflurane throughout the operation. No

preconditioning was performed. These animals did not, however, demonstrate enhanced

ischaemic tolerance following 4 hours continuous ischaemia and 48 hours reperfusion,

and the conclusion is that Isoflurane appears to be unable to induce such a

preconditioned state in pig skeletal muscle. Other researchers have also cast doubt on the

efficacy of such agents in pharmacological preconditioning (Martini, Preckel et al. 2001;

Wang, Jarvinen et al. 2004; Gozal, Chevion et al. 2005).

4.10 Evidence for Remote IPC in Humans

Ultimately the excitement surrounding the discovery of ischaemic preconditioning and

the enthusiasm with which it is investigated relate to the possibility of its clinical

application in protecting humans from ischaemic insults of any kind. The fact that such a

phenomenon exists in nature points to an important, but as yet ill defined role in normal

animal physiology. Preconditioning may provide innate protection from the deleterious
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effects of prolonged physical exertion or other hypoxic states. As previously mentioned,

the effect of IPC may be evident in patients suffering a myocardial infarction following

a period of unstable angina; the short ischaemic insults associated with such angina

inducing a relative protection from subsequent lethal infarction.

Yellon was the first to substantiate the possibility of myocardial preconditioning in

humans undergoing coronary artery bypass grafting (Yellon, Alkhulaifi et al. 1993).

Kharbanda subsequently provided evidence that upper limb ischaemia in humans

attenuates endothelial dysfunction following sublethal ischaemia-reperfusion injury in

the contralateral arm (Kharbanda, Peters et al. 2001; Kharbanda, Mortensen et al. 2002).

An investigation of remote IPC by upper limb preconditioning ischaemia appears to

provide further evidence of a protective effect of preconditioning in patients undergoing

coronary artery bypass surgery (Gunaydin, Cakici et al. 2000).

The clinical application of IPC relies on being able to accurately predict the onset of

damaging ischaemic episodes. Clearly this is not possible with spontaneous myocardial

infarction. Eminently more predictable however, is the ischaemia associated with

elective cardiovascular and reconstructive surgery. Early evidence suggests that human

organs other than the heart may benefit from ischaemic preconditioning, including,

skeletal muscle (Binzoni, Quaresima et al. 1997), kidney (Turman and Bates 1997) and

the CNS (Cheung 2000). The hope is that patients undergoing vascular or reconstructive

surgery such as free flap transposition, could be protected in advance from ischaemic

139



insult to the muscle and concomitant ischaemia to other organs already compromised by

age and disease.

Clinical research on ischaemic preconditioning in living humans is extremely difficult

because it is unacceptable to deliberately induce lethal ischaemia in any human tissue

Free flap surgery however, involves the inherent risk of prolonged ischaemia in skeletal

muscle and may therefore prove to be an ideal research tool.

4.11 Summary

This is the first study to demonstrate the efficacy of a non-invasive protocol for the

ischaemic preconditioning of a variety of skeletal muscle flaps against infarction.

Muscle flap necrosis was halved in preconditioned flaps. This protective effect was

associated with a reduction in ATP metabolism and Lactate accumulation during

prolonged ischaemia and an increase in post reperfusion blood flow.

Two distinct phases of protection were shown. The initial period commences

immediately following the remote preconditioning protocol but is lost 8 hours later. A

second, slightly less potent protective phase begins by 24 hours following the

preconditioning stimulus and lasts at least until 72 hours. Continuous, potent, post¬

operative protection can be provided by preconditioning twice; first 24 hours in advance

of surgery and again immediately before surgery.

140



Pharmacological probes were used to demonstrate that Adenosine does not play a crucial

part in the mechanism of remote IPC in this model. In contrast the production of Nitric

Oxide and endogenous opioids appears to be a requirement for the early phase of

protection to develop. The mechanism appears to be humorally mediated and not

dependant upon neurogenic pathways. Mitochondrial Katp channel opening is a likely

end-effector of remote IPC as it is for direct IPC.

Further study is required to fully elucidate the mechanism of remote IPC and to iron out

the discrepancies amongst published evidence. In doing so, it is hoped that remote IPC

or its pharmacological equivalent can be used clinically to protect various organs in

particular and the patient as a whole from ischaemic insult inherent in microvascular

reconstructive and transplant surgery.

141



5.0 UPDATE

Following on from the work presented here, studies have been carried out in our

laboratory to further elucidate the properties and mechanism of the early and late phase

of infarct protection following Remote IPC in the same pig model.

The time course of the infarct protective effect of remote IPC has been more accurately

defined. The early protective effect, seen immediately following the remote IPC

stimulus, wanes between 4 and 6 hours later. The second window of protection, evident

by 24 hours, is lost between 72 and 96 hours after preconditioning (Moses, Addison et

al. 2005). This supports the theory that gene expression is a prerequisite for the late, but

not the early phase. The brevity of the first phase emphasizes the importance of devising

a strategy to provide continuous post operative protection as discussed previously.

The 81-opioid receptor antagonist (7-benzylidenealtrexone maleate 3mg/kg) was able to

abolish the early protective effect of remote IPC, suggesting that endogenous opioid

acting via these receptors, is a major triggering factor of remote IPC in the pig (Addison,

Neligan et al. 2003).

Further investigation of the physiological mechanism of remote IPC found that

neutrophilic myeloperoxidase activity was significantly reduced in preconditioned

muscle, relative to controls, in the early reperfusion period, following a four hour

ischaemia (Addison, Neligan et al. 2003). This also holds true of the late phase of infarct
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protection following remote IPC (Moses, Addison et al. 2005). Neutrophils are known to

participate in reperfusion injury, and a reduction in their activity in preconditioned

muscle suggests a decrease in the inflammatory response.

With respect to the molecular mechanism of remote IPC, the selective sarcolemmal Katp

channel inhibitor (HMR-1098, 3mg/kg) was not able to abolish the early infarct

protective effect of remote IPC on pig LD muscle flaps (Moses, Addison et al. 2005).

The mitochondrial Katp channel opener (BMS 191095, 2mg/kg), however, can mimic

the ischaemic protective effect of acute remote IPC, strengthening the concept that

mitochondrial, as opposed to sarcolemmal Katp channels are the more important.

However this may not be the whole story in relation to the late phase of infarct

protection.

In contrast to the acute or early phase protection, the late phase could be inhibited by the

administration of specific sarcolemmal Katp channel inhibitor (HMR 1098, 3mg/kg)

prior to IPC, but not 24 hours later. It could also be mimicked using the sarcolemmal

Katp channel opener (P-1075, 2pg/kg) in the absence of a remote IPC stimulus.

Furthermore, the late phase protection was not diminished by the administration of

mitochondrial specific Katp channel blocker (5-HD, 5mg/kg) prior to the IPC stimulus,

unless given 24 hours after IPC and just before a four hour ischaemia (Moses, Addison

et al. 2005). These studies suggest that sarcolemmal, but not mitochondrial, Katp

channel opening is important in the trigger mechanism of late phase of infarct protection

of pig skeletal muscle, but that the mitochondrial Katp channel opening acts as a
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mediator of the late phase protection as well as a trigger of acute phase protection in this

model. Other researchers have made similar observations (Patel, Gross et al. 2005).

Work continues in our laboratory to further establish the mechanisms of the early and

late phase of infarct protection following remote IPC so that the phenomenon can be

fully exploited or pharmacologically enhanced in the clinical setting.
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Drugs Appendix

Anaesthetics:

1. 'Akmezine' Cocktail. 1 ml contains 58.81 mg Ketamine (97.9%), 0.09mg Atropine
(0.11 %) and 1.18mg Atravet (2%).
2. Pentobarbital. 65mg/ml
3. Penicillin. 300,000 units/ml

Assay Kits:

1. ATP Assay kit. Sigma Chemicals (St Louis, USA).
2. Lactate Assay kit. Sigma Chemicals (St Louis, USA).
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