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PREFACE

The experimental study presented in this thesis was performed while the author

was pursuing his surgical research training in the Department of Surgery, McGiII

University, Montreal, Quebec, Canada. The author was fortunately enrolled in the

program at McGilI University leading to a Ph.D. degree in experimental surgery. This

thesis is primarily composed of 7 chapters. Chapter 1 includes a general introduction and

an extensive literature review pertinent to the research project. The hypotheses and

purposes of the present study are presented in chapter 2. The overall conclusions and

contributions to original knowledge are presented in chapter 7. Except for chapters 1,2,

and 7, each chapter is written as a separate paper, as they have been submitted for

publications. The author does not inLiude connecting texts between chapter 3 to 6

because each chapter, by order, ropresents a continuing step-by-step approach for the

study of angiogenic stimulation in revascularization of ischemic Iimbs. The Iiterary style

of the references in this thesis is followed by the one published in the Journal of Vascular

Surgery. Ali findings contained in this thesis are that of the author, who is responsible

for ail the research work and who lays claim to the originality.
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ABSTRACT

Limb salvage in patients with advanced peripheral vascular disease or effective

nonoperative therapy for patients with limited disease still remains a challenge in modern

vascular surgery. Based on recent advances in the area of angiogenesis as weil as our

previous studies of alternative approaches for limb ischemia, we have prescnted herein

the step-by-step experimental investigations that are directcd toward the development of

a novel therapy, angiogenic stimulation, for the revascularization of ischemic lilllbs. An

animal ischemic hindlimb model has been developed suitable for testing our hypothesis

and further understanding of this potential therapy. We have delllonstrated that an

angiogenic factor, ECGF, when adlllinistered intrallluscu!arly into the ischemic lilllb,

markedly enhances revascularization of the lilllb in the models of unilateral as weil as

bilateral hindlimb ischemia. In addition, wc have also demonstrated that the angiogenic

effect of ECGF is dose dependent and is demonstrable only when it is administered

directly into the limb in the presence of ischemia. Therefore, we conclude that

angiogenic therapy may have the potential for the treatment of patients with chronic lilllb

ischemia.
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ABRÉGÉ

Les possibilités de sauver des membres chez les patients atteints d'une maladie

vasculaire périphérique avancée, ou de suivre une thérapie non opératoire pour les

patients souffrant d'une maladie limité, représentent toujours un défi dans le domaine de

la chirurgie vasculaire moderne. En nous basant sur les récents progrès réalisés dans le

secteur de l'angiogenèse et sur nos études antérieures en ce qui a trait aux approches

touchant l'ischémie des membres, nous vous présentons ici les développement d'une

nouvelle thérapie, la stimulation angiogénique, pour la revascularisation des membres

ischémiques. En utilisant un modèle de membre postérieur ischémique d'un animal, nous

avons été en mesure de tester notre hypothèse et de mieux connaître cette thérapie

potentielle. Nous avons démontré qu'un facteur angiogénique, soit le facteur ECGF,

lorsqu'il est administré de façon intramusculaire dans le membre ischémique, améliore

de façon marquée la revascularisation du membre chez les modèles de membres

postérieurs présentant une ischémie unilatérale et/ou bilatérale. De plus, nous avons

également démontré que l'effet angiogénique du ECGF dépend de la dose et est

démontrable seulement lorsqu'il est administré directement dans le membl~ en présence

d'une ischémie. Par conséquent, nous en arrivons à la conclusion que la thérapie

angiogénique peut avoir un certain potentiel en ce qui a trait au traitement de patients

souffrant d'une ischémie chronique d'un membre.
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1. PERIPHERAL VASCULAR DISEASE

Peripheral vascular disease is commonly thought to be the consequence of the

extensive atherosc1erotic lesions that narrow or occ1ude various arteries of the body. The

lesions are more common in the femoropopliteal as well as in the aortoiliac or

tibioperoneal arterial systems of patients who present with chronic lower extrel11ity

ischemia. The disease may also coexist with coronary and/or cerebrovascular diseuse and

contributes significantly to the morbidity and mortality of the elderly population in

modern western societies. In the first part of this chapter, 1 will brietly review the

current knowledge ofperipheral vascular disease including its epidemiology, etiology and

risk factors, natural history, diagnosis, and treatment as well as the persisting or

unresolved issues for patients with the disease. It represents the current understanding

of peripheral vascular disease in the field.

1.1 Epidemiology

Endemie in the most developed countries, peripheral vascular disease is incrcasing

in its prevalence and incidence. Age, cigarette smoking, dietary excess, diabetes mellitus,

high blood pressure, hypercholesterolemia, and genetic predisposition, which play Icading

roles in the development of atherosclerosis, may contribute to this incrcase. ' The number

of patients discharged l'rom the hospitals in the United States with the first-listed

diagnosis of lower extremity atherosc1erosis has increased steadily by 1% per year in the

last decade.2 However, despite decades of epidemiologic studies, we still do not know
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with certainty the incidence and prevalence of peripheral vascular disease in the general

population. Of note, the summary of the results of selected epidemiologic surveys from

the past several decades have similar overall results despite varying methods for

diagnosing the disease. In the general adult (age 20 and above) population, the annual

incidence and prevalence of clinically significant peripheral vascular disease presenting

with chronic lower-extremity ischemia are between 0.5% to 2% with the highest

incidence and prevalence occurring in the age group of 65 to 74 years. The incidence

of the disease is found to be highly age-dependent. 1

1.2 Etiology and Risk Factors of Atherosclerosis

Despite recent advances in atherosclerotic research, the etiology of atherosclerosis

still remains unclear.3 The lesions of atherosclerosis are characterized by subintimal

proliferation of smooth muscle cells, invasion of the damaged intimaI layer by

macrophages, and accumulation of large amounts of connective tissue matrix and Iipid.

Barly lesions are known as fatty streaks. Sorne of these fatty streak lesion will disappear,

while others will progress to fibromuscular lesions and, eventually, to complex lesions.4

In an attempl to explain the pathogenesis of atherosclerosis, several hypotheses have been

suggested. These hypotheses take the pathologic lesions into account as weil as explain

the effects of the associated risk factors on the incidence and clinical sequelae of

atherosclerosis. The present hypotheses of atherosclerosis include the Iipid hypothesis,

the response-to-injury hypothesis, the monoclonal hypothesis and the clonaI-senescence
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hypothesis. 3,4

Risk factors ofatherosclerosis have been defined as habits and abnormalities which

lead to an increased susceptibility to atherosclerosis.s A risk factor may he a causative

agent, a secondary manifestation of an underlying metabolic abnormality, or an early

symptom of atherosclerosis.6 The epidemiologic studies by the Framingham study relate

quantitatively the intensity and duration of these risk factors to the frequency of the

clinical disorders that signal atherosclerotic disease. The major risk factors for

atherosclerosis are:

(1) Age

It is weil established that aging is the predominant risk factor for the development

of atherosclerosis and has the strongest and most consistent correlation with peripheral

vascular disease.7 Several studies in the analysis of clinical and autopsy data have

demonstrated significant positive correlation between age and atherosclerosis.'·7,K

(2) Cigarette Smoking

Cigarette smoking remains an important risk factor for car~iovascular disease. It

is related to risk of premature atherosclerotic disease which is independent of and in

addition to other major risk factors. 9 The exact mechanisms by which cigarette smoking

promotes atherosclerosis are not fully understood. Intermittent carbon monoxidemia
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possibly predisposes the arterial wall to endothelial injury, leading to increased plasma

flux and LDL entry into the arterial wall. Cigarette smoking also causes increased

platelet reactivity, promotes peripheral vasoconstriction, and reduces HDL level.

(3) Diabetes Mellitus

It is well-known that diabetes mellitus of the maturity-onset type represents an

enhanced risk of premature atherosclerotic disease involving the arterial system. Several

studies have shown that diabetics have atherosclerotic disease more often, more distantly,

more severely, and more prematurely than do nondiabetics. 1O

(4) Hypertension

Hypertension is a strong risk factor for atherosclerosis and the lesions in major

vcssds are more extensive and more severe in hypertensive than in normotensive subjects.

The data on prospective studies have demonstrated that hypertension is related to the risk

of premature atherosclerotic disease independently of other major risk factors. JI

Hypertension probably predisposes to continued hemodynamic injury, thereby accelerating

plaque lesions.

(5) Hyperlipidemia

Hyperlipidemia has been associated with an increase in atherosclerosis, a

conclusion established in several epidemiological studies. 12 Hyperlipidemias are divided
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into two categories, primary and secondary. Primary hyperlipidemia may be associatcd

with a genetic defect or a lipase deficiency, which is usually exaggcrated by dictary

intake. Defective Iipid metabolism is due either to overproduction of Iipoprotcin or to

insufficient clearance of Iipoprotein from the plasma. Secondary hyperlipidemia is

associated with hypothyroidism, nephrotic syndrome, diabetes mellitus, and biliary

obstruction, etc.

(6) Other Factors

Genetic influences are thought to play a significant role in the developmcnt of

atherosclerosis. However, little is known about the underlying biochemical, physiologie,

and hemodynamic factors which identify the genetic characteristics of an individual prone

to develop the disease. Gender and race have also been evaluated for their effects on

atherosclerotic disease, but the relative importance of each in different clinical setlings

is widely debated.

1.3 Natural History

Patients with peripheral vascular disease traditionally have been grouped into lwo

distinct categories, each with a distinct natural history. The group with intermittent

claudication has a relatively good plùgnosis, while those with limb-threatening ischemia

invariably deteriorate. The patients with peripheral vascular disease also exhibit a high

incidence and prevalence of coronary artery disease and cerebrovascular disease. While
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the overall prognosis of peripheral vascular disease is favorable, patients with severe

claudication have a significant higher incidence of tissue loss. The severity of disease is

aIso a marker for increased mortality from ail causes. Overall, 30% of patients with

clinically significant chronic Iower extremity ischemia die within 5 years. 1

(1) Intermittent Claudication

Intermittent claudication is a clinical condition where lower extremity muscle pain

appears during exercise and promptly (within 1 ta 2 minutes) resolves with rest. 13 Fixed

atherosclerotic obstructions proximal to the affected muscle prevent the normal increase

in blood tlow necessary to meet the exercise-induced metabolic demand. Many large

studies investigating the natural history of intermittent claudication support a relatively

benign course for this condition. Although the symptoms in the majority of patients may

remain stable or improve over several years, long-term amputation rates in these patients

with or without surgical intervention range from 4% to 12%.' Patients with intermittent

claudication often present with certain degrees of disability in their daily activities

depending on the level of exercise and the perception of discomfort by each individual.

The quality of Iife among these patients is therefore impaired during their shortened life

expectancy. Cigarette smoking and diabetes mellitus, as weil as the level of disease, have

been identified as the major factors associated with a higher likelihood of progression ta

severe ischemia in these patients. 13
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(2) Limb-threatening Ischemia

Limb-threatening ischemia occurs when blood t10w is insuflicicnt to mcct thc

maintenance metabolic requirements for resting tissue. Il Its clinical manifcstations includc

rest pain and ischemic ulceration or gangrene. It is generally considered a prcgangrcnous

condition heralding tissue loss unless urgent surgical intervention is accomplishcd. Thc

development of collateral circulation which is sufficient to permit clinical improvcmcnt

is rare and unpredictable and most surgeons prefer to revascularize these ischcmic Iimbs.

Sorne studies, however, have reported that the long-term improvement of ischcmic rcst

pain or ulceration in ischemic Iimbs can be ranging from 25% to 50% with only minimal

or placebo therapy,14,15 but most of these studies have relied on the presence of symptoms

or ulceration without accepted objective confirmation of the ischemic statc.

1.4 Diagnosis

(l) History and Physical Examination

The clinical manifestations of peripheral vascular disease are divided into three

major groups of increasing severity: (l) intermittent claudication, (2) ischemic rest pain,

and (3) ischemic ulcers and gangrene. lr
, The clinical history continues to be of central

importance in the evaluation of patients with the disease including questioning for

atherosclerosic risk factors as weil as the history of other associated vascular diseases.

Almost ail patients with intermittent claudication have diminished or absent palpable

pulses of the lower extremity. In addition to an absence of lower extremity pulses,
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patients with rest pain will frequently have thin, atrophie skin of the foot, and may have

dependent rubor as weil as areas of cutaneous gangrene and ulceration. For most

patients, the clinical history coupled with the physical examination is necessary to firmly

establish the diagnosis of intermittent claudication or ischemic rest pain.

(2) Noninvasive Vascular Laboratory Tests

The objectives ofmodern noninvasive vascular laboratory tests for the patients with

peripheral vascular disease are to confirm the presence of arterial ischemia; to provide

quantitative, reproducible, and physiologie data concerning its severity; and finally, to

document the location and hemodynamic importance of individual arteriallesions. Two

broad categories of noninvasive techniques are used to evaluate lower extremity arterial

occlusive disease: plethysmography and variations of Doppler ultrasound. Each

technique, however, has its own diagnostic criteria, advantages, disadvantages, and

limitations. Of the noninvasive modalities, Doppler-determined segmental blood

pressures and pulse volume recordings (PVR) are generally the most useful means for

evaluating lower-extremity ischemia.16

Plethysmography:

Plethysmography is based on the detection of volume changes in the limb in

response to arterial inflow. This technique can be modified to measure calf or foot blood

flow, pulse volume waveforms (Pulse volume recordings), and digital pressures and



•

•

•

\0

wavefonns.

Doppler Ultrasound:

Ultrasound has proved to be the single most important modality in the noninvasive

evaluation of lower-extremity ischemia. Ultrasound techniques are based on the principle

that sound waves emitted from a transducer are reflected at the interface of two surfaces

that can be processed into an audible signal as weil as a picture or a velocity waveform.

Clinically, this technique can be used to determine the ankle-brachial systolic blood

pressure index (ABO and the segmental limb pressures. Both measurements can be

combined with treadmill exercise testing, assuming the patient dose not have a medical

contraindication to exercise. This technique can also be used to obtain Doppler analog

waveforms and images of the peripheral arteries, called Duplex scanning.

Duplex scanning of the peripheral arteries is the newest development in the

noninvasive assessment of peripheral vascular disease. This technique has been used for

many years in the examination of the carotid artery but recent engineering improvements

have made the development of new transducers that permit examination of the peripheral

arteries. A prospective, blinded study indicates that the Duplex scanning has an overail

sensitivity of 82%, a specificity of 92%, a positive predictive value of 80%, and a

negative predictive value of 93% in the determination of a hemodynamically significant

stenosis in the peripheral arteries. 17 The principal advantage of Duplex scanning over
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other noninvasive methods in the assessment of peripheral vascular disease is that it

allows the direct and precise mapping of hemodynamically significant lesions. In

addition, the technique allows discrimination between stenotic and occlusive lesions. The

development of color-tlow imaging combined with Doppler permits rapid and accurate

mapping of the length of arterial occlusion,lB

(3) Angiography

Angiographic visualization of the entire lower-extremity vascular system including

the pelvic arteries, as weil as the small vessels in the distal part of the leg and foot, is

mandatory for the planning and performance of arterial reconstructive procedures. lo

Angiography is essential to make the most accurate diagnosis of arterial occlusive disease

and provide information not only about the lesions of the arteries in the lower-extremity

but also about the state of the intlow and outtlow tracts. 16
,20 This method can be achieved

by aortoarteriography, performed preferably by a transfemoral route with local anesthesia.

1.5 Treatment

(1) Medical Therapy

Medical therapy of peripheral vascular disease includes modification of risk factors

known to contribute to severity symptoms and progression of disease, modification of life

habits, and drug treatment,21,22 Although it is palliative, this therapy can still be utilized

safely to manage a majority of claudication patients, especially for those with their ank1e-
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brachial indexes (ABI) which are greater than or equal to 0.55. The types of current

medical therapy include smoking cessation, supervised exercise. and drug therapy which

include vasodilators, antiplatelet drugs, and metabolic enhancing drugs. etc. One drug.

pentoxifylline, has been shown to reliably improve c1audicating distances to a modest

extent and improve the quality of Iife in sorne patients. Several other drugs available only

in Europe such as ticlopidine, naftidrofuryl, and carnitine show some promise. l .1

Overview of drug therapy indicates that many of these trials were tlawed due to absence

of controls, small sample size, and Jack of objective evaluation. To update. the halhnark

of medical therapy is smoking cessation, exercise, and drug therapy. Although it is of

minimal value for the treatment of claudication patients, medicaltherapy still remains the

initial or primary treatment of choice in a large majority of patients with intermittent

claudication alone.23
•
l4

(2) Endovascular Procedures

The term "endovascular procedures" has been used in recent years to encompass

the new therapeutic transluminal techniques, incIuding percutaneous balloon angioplasty

(PTA), laser angioplasty, mechanical atherectomy, and intravascular stents. With

improvement of technology, these techniques have gained increasing acceptance for the

treatment of peripheral vascular disease. Despite widespread clinical application,

however, clear documentation of the safety, effectiveness, and long-term benefit of

endovascular procedures is not yet available due to a remarkable Jack of either unifonn
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or conventional reporting standards for patency, morbidity, and mortality.

PTA has a particular role in the treatment of iliac arterial disease, either as

trearment of choice in isolated short-segment common iliac artery stenosis, or to provide

an improved int10w to support a distal vascular bypass procedure.25
,26 A recent review

documented the efficacy and safety of iliac angioplasty. However, external iliac, femoral,

and tibial angioplasty should still be considered as unproven alternatives compared to

well-performed surgical bypass.27 Initiating a healing process in the arterial wall

following PTA has been thought to be a mechanism of restenosis in the dilated artery or

even worse, accelerating the occlusive process of the vessel, and both will ultimately lead

to late failures of the procedures.20

Recently, laser energy has been applied to atherosclerotic vessels as an adjunct to

angioplasty in an effort to fuse the plaque elements and hopefully Iimit the stimulus for

neointimal hyperplasia. Initial clinical experience with direct use of laser energy to

atherosclerotic plaque through fiberoptic catheters yielded a high incidence of vessel

perforation. Therefore, the ideal, controlled application of laser energy to the plaque

remains an unrealized research objective.28 Investigational trials of Simpson catheter

atherectomy as weil as insertion of intravascular stents after endovascular procedures are

currently continuing and the preliminary results suggest that restenosis commonly occurs

after atherectomy and significant neointimal hyperplasia after implantation of the
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stents,29,30

(3) Direct Surgical Revascularization

The lower extremity arterial bypass procedure has become one 01' the most

frequently performed operations in modern vascular surgery, Direct surgical

revascularization is the only effective means of Iimb salvage for severe chronic extrel11ity

ischemia, but it has no impact on the underlying cause of the disease, Generally. the

indications for bypass surgery are considered if patients have severe intermillent

claudication, rest pain, nonhealing ulcers, or gangrene. There are several arteri:11 bypass

procedures for the treatment of patients with peripheral vascular disease, These

procedures may also combined with PTA or endarterectomy, The treatment of choice

usually depends on the extent and distribution the atherosclerotic occlusive lesions. but

may also depend on the general condition of the patient and experience of the surgeon as

weil. Several investigators are still trying to develop more effective and durable

revascularization procedures to salvage severe ischemic Iimbs.

Aortoiliac Disease:

The most preferred procedure for the treatment of Iimb ischemia due to aortoiliac

occlusive disease is an aorto-bifemoral bypass using a synthetic graft. Initial graft

patency rates now approach 100 per cent, and 5-year patency is about 85 to 90 per cent.

Long-term patency has also improved to 70 to 75 per cent at 10 years,31 In patients with
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high risk for major surgery under general anesthesia, aortoiliac graft occlusion or

infection, or multiple prior abdominal procedures, an extra-anatomie axillofemoral bypass

can be performed to treat aortoiliac occlusions. In patients whose occlusive disease is

confined to one iliac artery and whose aorta and contralateral iliac system is free of

significant lesions, a femorofemoral bypass can be employed with quite satisfactory long

term results.32

Femoropopliteal Disease:

In patients with femoropopliteal occlusive disease, the treatment of choice is to

bypass the obstruction of lesions, frequently with autogenous saphenous vein graft.

Femoropopliteal bypass can be performed either above or below the knee and the vein

graft can be placed either reversely or in situ. In most studies, there is no significant

difference between patency of above-knee compared to below-knee vein bypass and both

reversed and in situ vein bypass have been demonstrated equivalent patency and limb

salvage rates.33
•
J4 A variety of nonautogenous prostheses (such as PTFE) have also been

used for femoropopliteal bypass when autogenous vein is not available, but patency results

are clearly inferior to results of autogenous vein graft and such bypass should be placed

above the knee joint. The 5-year patency of autogenous saphenous vein graft is about

75% to 80% for both reverse and in situ methods and that of PTFE graft is about 25%

to 55% depending on operative indications and location of distal anastomosis.35

Endarterectomy combined with profundaplasty can also be used to treat localized common
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femoral or profunda femoris occlusive disease. A composite (proximal PTFE graft with

a distal autogenous vein) or sequential graft (a vein or PTFE graft with multiple

anastomoses) to the infrapopliteal vessels can be performed for limb salvage when

patients do not have adequate length of autogenous vein.

Distal Small Vessel Disease:

In the last decade several developments have occurred that have made distal

bypasses possible to even diseased tibial and peroneal arteries in the leg or foot, the so

called "distal" or "small artery bypass". The success of distal or small artery bypass has

been a major factor in reducing the proportion of patients whose arterial disease was so

distal that they were "unsuitable for an attempt for limb salvage" or inoperable in the

pasl.35,36 A recent large randomized prospective study demonstrated that small-artery

bypass patency at 4 years with vein grafts was allOut 40% to 60%, whereas with PTFE

grafts it was less than 20%, Clearly, autogenous vein is again the best graft material with

which to perform a short reversed vein bypass to the distal small vessels,37 Distal

bypasses to small infrapopliteal arteries, therefore, represent an evolution in vascular

surgery.

(4) Other Surgical Treatments

Sympathectomy:

Although lumber sympathectomy was introduced many years ago as a method of
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treatment for ischemic and painful disorders of the lower extremity, much controversy

still pcrsists over its physiologic effects, clinical indications, and long-term results. The

procedure has only Iimited value in the management of peripheral vascular disease.

However, when reconstructive arterial procedures are contraindicated or unsuitable,

lumber sympathectomy may be considered as an option, since its objective is usually

thought to promote development of collateral circulation in the ischemic limb.38

Amputation:

Despite numerous advances in distal revascularization in recent years, amputation

of the 10'Ner extremity still remains as a treatment of choice for patients with end-stage

peripheral vascular disease.39 The objectives of amputation are to achieve primary

healing, relief of pain, and restoration of ambulatory ability of patients. Currently, there

has been a trend towards trying to amputate at the most distal possible level even after

multiple failed bypasses, if the risk of a nonhealing wound can be avoided.4o
•
41 The

primary healing rates exceed 70% for forefoot amputations and 90% in major lower

extremity amputations. The mortality rate in modern series should not be greater than

5% to 7%.41

1.5 Pcrsisting or Unresolved Issues

Atherosclerosis usually presents as a segmental disease in proximal arteries.

Although current direct revascularization techniques for treatment of Iimb-threatening
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ischemia are quite successful in patients with hemodynamically significant lesions of large

vessels within an otherwise normal arterial tree, it has become apparent that many patients

with limb-threatening ischemia have a different pattern of arterial disease whieh is

characterized by diffuse and multilevel arterial involvement. The disease may be present

entirely or predominantly below the lower hall' of the thigh or entirely below the knee.411

Many of these patients are inoperab!e beeause their disease is too distal and the arteries

involved are too small. Even al'ter direct revascularization for patients with Iimb

threatening ischemia, failure of the procedure may still occur due to an inadequate conduit

for arterial reconstruction, progression of the atherosclerotic disease, or thrombosis of the

bypass graft. Therefore, there remains approximately 20% of patients with limb

threatening ischemia where direct revascularization is either technically impossible or not

successfui.42 It is obvious that these patients will eventually face a major amputation for

rest pain, ischemic ulcers, and gangrene with significant morbidity and mortality. It is

particularly crucial in elderly patients because they always present with problems in terms

of higher surgical risk and the operative mortality of amputation is even higher than that

of the vascular procedure.4l In addition, a far larger population of patients with stable but

disabling claudication have no choice but "live with" their symptoms for many years

because no medical alternative has been proved effective.

Although the trends in the treatment of peripheral vascular disease at a few

institutions have reported decreased rates of amputation in association with an increase
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in the use of direct lower-extremity revascularization,40,44 population-based studies have

not confirmed this association.39,45 Increasing the number of revascularization procedures

have failed to decrease the rates of amputation in a recent Maryland study.39 This could

be an example of an increasingly aggressive but ineffective approach to the disease that

may be too severe and advanced to be associated with an increase in limb salvage. With

increasing life expectancy, an enlarging group ofpatients will seek treatment for ischemic

Iimbs in whom significant large vessel occlusive disease is combined with small vessel

disease. These limbs may fall into the nonreconstructible category. Are there any new

approaches that can be offered to these patients for limb salvage either surgically or

medically? In addition, at least 10% of persons over the age of 70 have intermittent

claudication and the majority of them are currently being treated medically or are

receiving no treatment at all,23 Are there any effective nonoperative treatments that will

be beneficial to them and will significantly improve the quality of life in these patients?

Both questions still remain a challenge in modem medicine.
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2. ALTERNATIVE APPROACHES FOR LIMB-THREATENING ISCHEMIA

Current treatment for severe chronic Iimb ischemia is Iimited by direct surgical

revascularization or endovascular procedures. Frequently however. in many patients with

Iimb-threatening ischemia, the direct conventional therapies may be technically impossible

or unsuccessful because of the extent of the disease. In the past decade, several new

alternative approaches have been reported experimentally for the treatment of Iimb

threatening ischemia along with a few cIinical reports. Most of these alternative

approaches are indirect revascularization procedures and thus their effectiveness and

practicality have yet to be clearly established.

2.1 Staged Arteriovenous ReversaI

The fact that the venous system is not affected by even the most severe

atherosclerotic process had led several investigators over the years to explore the

possibility of using this nondiseased pathway to revascularize ischemic Iimb by the

creation of an arteriovenous fistula. However, most of these attempts have been

unsuccessful due to venous congestion or inadequate tissue perfusion.4l
' A report by

Johansen and Bernstein47 has experimentally demonstrated that a staged approach, in the

form of an end-to-side arteriovenous fistula and the subsequent conversion of this to an

arteriovenous reversaI (AVR) preparation by Iigation of the proximal vein a week later,

could salvage an otherwise irreversibly ischemic canine hindIimb without excessive edema

formation. In our laboratory, Graham et al48 also developed and used a canine model of



•

•

•

21

acutely severe hindlimb ischemia to study the physiological consequences of staged AVR

at the popliteal level. The results not oniy demonstrated successful hindlimb salvage

following the procedure but also provided new insight into the mechanism by which

nutrient tissue tlow was affected by AVR. In a subsequent study, Baffour et al49 showed

that the neovascularization seen on angiograms after AVR developed as a response to

severe ischemia in the same canine model. Recently, the study by Graham et al50 from

our laboratory has indicated that the dramatic increase in vascularity observed

angiographically following AVR consists primarily of a rapidly expanding capillary

network. This was shown by increased tritiated thymidine uptake and capillary density

on histology. It was, in fact, this vascular network that provided nutritive flow to the

ischemic limb.

Clinically, Symes et al51 from our institution demonstrated the efficacy of

femorotibial arteriovenous revascularization in a patient who had an otherwise irreversibly

ischemic limb. As a result of this preliminary success, this procedure was justified to be

used in more patients and a longer follow-up carried out. The initial clinical experience

in 12 patients also demonstrated that AVR could provide sufficient nutritive flow to

relieve rest pain and avoid amputation of sorne limbs where severe ischemic rest pain and

minor tissue necrosis were not amenable to conventional revascularization procedures.52

In another series, Sun and Zhang53 successfully treated 33 patients by a staged

arteriovenous reversai procedure. These patients were followed for up to fifty-five
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months. Except for one, the results of the patients from that series had excellent or good

for limb salvage. They also suggest that this alternative approach could be uscd in the

treatment of extensive lower limb arterial occlusive disease. Howcver. one major

limitation of this procedure hl clinieal setting is the time required for improvement which

varies from two to eight weeks. Therefore, a means which can accelerate lhis

revascularization process is still warranted.

2.2 Conventional Bypass with Distal Arteriovenous Fistula

The use of a synthetic graft may be the vascular surgeon's only option when an

autologous vein of sufficient length or size is not available. However, the use of synthctic

grafts in similar limb salvage situations has not been as successful as the use of

autologous vein. In a recent multicenter prospective trial with PTFE for infrapopliteal

bypass grafting, the 4-year patency was only 12% compared to 80% with autologous

vein.54•55 Methods used to extend the patency of synthetic graft have involved

modification of the coagulation status, graft surface, and graft flow volume and velocity

characteristics.

Although the creation of a distal anastomotic arteriovenous fistula (AVF) to

augment blood flow and velocity through the bypass graft is weil known,5l' the concept

and use of the distal AVF to promote synthetic graft patency has been surrounded by

skepticism and controversy. One of the great concerns is that this adjunctive distal AVF
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may create turbulence at the anastomosis and steal blood flow away from the distal artery.
, ,-

In a canine model of PTFE femoro-femoral crossover bypass with a remote distal AVF,

Paty et als7 demonstrated that unlike an AVF created at the distal anastomosis, a remote

distal AVF not only increased graft blood flow but also augmented native distal arterial

blood tlow between the distal anastomosis and fistula. These results were then

incorporated into their clinical practice in 16 patients with Iimb-threatening ischemia who

had previously failed multiple reconstructions and who did not have usable autologous

veins. Femorotibial bypass graft reconstructions were performed with PTFE followed by

the creation of a remote distal side-to-side AVF 5 to 15 cm below the distal anastomosis

in the same artery and accompanying veins. The graft patency rate in this series at 1 year

was 67% compared with less the!! 50% in patients with only PTFE bypasses to infra-

popliteal arteriesss and compared with 39% in Dardik's series with umbilical vein

bypasses in adjuvant with a distal side-to-side AVF.S6 In a self-controlled experimental

study from the same center, Calligaro et alS8 also demonstrated that, in a canine bilateral

il iofemoral bypass model using PTFE grafts with or without adjunctive distal AVF,

cumulative Iife-table patency rates were always higher in the AVF bypasses than the

control grafts during the 12 months after bypasses. A distal AVF when constructed

clinically with a femorotibial PTFE bypass may therefore improve the patency rate of the

graft and the procedure may have a potential value in those patients with a history of

multiple previous bypass failures and no usable veins.
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2.3 Omental Pedicle or Muscle Flap Trail3fer

The omental pedicle transfer has been reported experimentally to be effective in

supplying additional blood to the ischemic heart, brain, or extremity by providing

collateral circulation to these tissues.59
-

61 For patients with end-stage peripheral vascular

disease who were considered clinically to have inoperable ischemic Iimbs, Goldsmith"!

suceessfully salvaged an ischemic upper extremity of a patient by transferring his intact

omentum into that extremity. Hoshino et al62 reported the long-term results of omental

transplantation for chronic occlusive arterial disease. In their series, twenty-l1ve cases

without indication for direct reconstruction were treated by this procedure and were

followed for an average of 5 years. They found that this approach was remarkably

effective in treating thromboangitis obliterans (or Buerger's disease) but not

atherosclerosis obliterans. Their result was confirmed by the later study of Maurya et al(')

in which 12 patients with Buerger's disease were shown to have objective improvement

of tissue perfusion in their ischemic lower Iimbs. Further, Goldsmith et alM and Cartier

et al65 have recently suggested that the revascularization property of the omentum is

attributable to a specific Iipid fraction (so called "omental angiogenic factor") it contains

and this fraction has potent angiogenic activity. The Iipid fraction from the omentum is

abundant in supply and has been shown to increase localized vascular perfusion when

administered intramuscularly, as measured by nuclear imaging technique in an animal

model.66
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Muscle flap transfer is another approach to providing arterial inflow to the

ischemic muscle for the treatment of the end-stage ischemic limbs. In a rabbit model of

hindiimb ischemia, Pevec et al67 demonstrated angiographically that the arterial

conner.tions between a well-vascularized muscle flap and an ischemic limb could develop

17 days after the transfer. In a subsequent study, Pevec et al68 also demonstrated, by

comparing muscle blood flow in the flap group vs the sham group, that the arterial

connections between a well-perfused muscle flap and an ischemic Iimb was

hemodynamically significant 7 days after the transfer. In a recent study, DeBaise et al69

from the same institution aspirated interstitial fluid at the interface between the muscle

flap and the ischemic muscle recipient bed and assayed for bFGF using a specifie

monoantibody Elisa. Surprisingly, they demonstrated the expression of bFGF, a potent

angiogenic factor, 14 and 21 days after the transfer and thus they concluded that bFGF

might be one factor responsible for neovascularization in this rabbit ischemic hindlimb

mode!. Clinically, they performed a free microsurgical transfer of a muscle flap in a

patient with end-stage peripheral vascular disease and ischemic ulceration of lower

extremity in whom an obliteration of the distal arterial bed precluded conventional arterial

reconstruction.70 The successfullimb salvage of this patient suggests that free muscle flap

itself may provide a means of indirect revascularization for patients with

nonreconstructible ischemic Iimbs.
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2.4 Epidural Spinal Cord Electrical Stimulation

The most important symptom in patients with Iimb-threatening ischemia is perhaps

ischemic rest pain. These patients suffer from the pain day and night. and it is almost

impossible for them to live a normal life. Under certain circumstances. amputation is

often the only means of relief for the intractable pain of the patients in whom when

reconstructive surgery is impossible or has failed. Epidural spinal cord electrical

stimulation (ESES), a pain relief modality in patients with chronic pain or a motor

stimulant in patients with partial lesions of the spinal cord, has recently been suggested

by a number of investigators from Europe as an alternative treatment for patients with

limb-threatening ischemia in whom reconstructive surgery is not possible. 1II
11-

1112 This

therapy has been reported to be able to relieve ischemic rest pain, to improve peripheral

circulation of the ischemic limbs, and even to have a possible Iimb-salvage effect for

patients with severe chronic limb ischemia. However, the mechanisms by which ESES

exerts its effects artl still unclear.

In a clinical trial in Sweden, Augustinsson et aI'l have used ESES in 34 patients

with severe limb ischemia. Among those, 26 patients had arteriosclerotic disease, 1 had

Buerger's disease, and 7 had severe vasospastic disorders. Ali patients had severe

ischemic rest pain and most had ischemic ulcers, but the arterial reconstruction in thcse

patients was technically impossible. During a mean follow-up period of 16 months, 94%

of the patients experienced pain relief, 50% hcaled their previous nonhealing skin ulccrs,
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and 70% showed improved skin temperature recordings. Only 38% of the arteriosclerotic

patients treated with ESES underwent amputations as compared to 90% in a comparable

group of patients during the same follow-up period. In a similar study from the

Netherlands, Jacobs et al72 evaluated the effects of ESES on microcirculatory blood flow

in 10 patients with severe limb ischemia due to atherosclerotic disease. Ali patients

revealed clinical improvement after ESES. There was significantly increased capillary

density and RBC velocity as assessed noninvasively by intravital capillary microscopy in

the foot. However, their systolic anklelbrachial pressure ratios and digital arterial

pressures did not significantly increase. These results were confirmed by a larger series

with longer follow-up which showed a cumulative foot salvage of 80% and 56% after

1 and 2 years, respectively, in 20 patients with nonoperable ischemic lower limbs. They

concluded that ESES could relieve ischemic rest pain, improve skin nutrient flow, and

lead to healing of ulcers of moderate size. In addition, there was an increase of the foot

salvage with limb-threatening ischemia.73 However, ESES has not been well accepted

as an alternative means in patients with the same clinical situations in North America

centers.
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3. ANGIOGENESIS AND ITS STIMULATION

3.1 Historical Background

Angiogenesis is the term reserved to describe the formation of new hlood vessels.

It is an important biologieal process whieh occurs in a variety of physiologieal and

pathological conditions such as embryogenesis, tissue development and growlh, woulld

healing, inflammation, ischemia, and tumor growth. It is a complex cellular proeess

which is generally agreed that the process can, at least conceplually, be cOllvenienlly

divided into several overlapping events or stages which lead to the development of a new

vesse\. These stages include degradation of capillary basement membrane, migralion and

proliferation of endothelial cells, and tube formation. The occurrence of angiogenesis in

normal adult is infrequent and the period of angiogenesis is relatively briel' and lightly

regulated. Aithough normal angiogenesis may occur as part of the body's rcpair

processes, uncontrolled angiogenesis may often be pathologica!. One example is in

diabetic retinopathy where excessive vascular growth eventually occludes the relina.

Reports on the growth of new blood vessels have appeared silice lhe lale 18lh

century and the term "angiogenesis" was first introduced by Hertig in 1935 to describe

new blood vessels in the placenta.74 Although the topic of angiogenesis has long been

considered important, our basic knowledge of angiogenesis at the cellular and molecular

levels has accumulated only in the past 25 years. Currently, angiogenesis and ils
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stimulation are predominantly studied by in vitro assays (endothelial cell culture) or by

one of the two in vivo assays (cornea or chick chorioallantoic membrane). Several

angiogenic factors have been identified by these assays. Most are found to be mitogenic

for endothelial cells and sorne are responsible only for tube formation. One of the most

compelling reasons for the growing interest in the study of angiogenesis is the

demonstration by Folkman7
. lIat solid tumors are angiogenesis-dependent; that is, they

require formation of a vascular system derived from host blood vessels to support their

growth. From this concept follows the hypothesis that tumors produce certain factors that

stimulate angiogenesis.76

The pioneering work of Folkman and his associates in this field has resulted not

only in the elucidation of the mechanisms of angiogenesis,77-79 but also provided the first

examples of isolated and purified angiogenic factors. 79
,80 Their primary objective of

research in angiogenesis was to understand the angiogenic process and its role in tumor

development with the hope that inhibitors of angiogenesis could be developed and used

as a powerful and selective therapy for the treatment of cancer. A significant

"secondary" outcome of that work was a much broader understanding of the angiogenic

process and its implications for ail aspects of tissue repair. Efforts have been made to

develop agents which stimulate blood vessel growth in tissues or organs. For example,

revascularization of skeletal or cardiac muscle following ischemic injury may improve

tissue blood perfusion by means of angiogenesis. Stimulation of angiogenesis may also



•

•

•

30

increase the rate of tissue repair and wound healing following skin defects. burns. or bony

fractures. In general, the development of pharmacologie agents that specifically stimulate

or inhibit blood vessel growth would have great clinical potential and would lead

eventually to the development of specifie and effective therapies for numerous ischemic

or angiogenic diseases.

3.2 Collateral Vessel Formation

Collateral vessels can be simply defined as alternative routes of blood supply to

an organ or tissue that are not functional or present under normal circumstances,

Collateral circulation is, therefore, a response to ischemic injury, and is due to both the

opening or enlargement of preexisting vessels and the growth of new vessels in ischemic

tissues or organs.8l ,82 Preexisting vessels are very important, as sorne small arteries in

the muscle may play a significant role in the formation of collateral circulation to

maintain vascularity of the limb muscles when large vessels have been ligated.Hl

Ischemia can itself be a stimulant to neovascularization and this has been

demonstrated in the lirnb,84 kidney,81 heart,82 and retina.8S Ischemia was also shown to

be a major determinant of neovascularization of the canine hindlimb in the presence of

an arteriovenous fistula.49 Ischemia appears to be the common stimulus required for ail

initiating mechanisms. As noted previously, graduaI and intermittent vessel occlusion

appears to be the most effective mearns of generating collateral growth.86 ln the last 100
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years, many investigators have sought to identify the stimuli responsible for the

development of collateral vessels in ischemic tissue.87 Although the precise mechanism

for the development of collateral vessels in ischemic tissue still remains a mystery,

mechanical stimuli and endogenously released biochemical factors have been implicated.

Four main mechanisms for the development of collateral vessels have been

postulated. They are: (1) increase in the pressure gradient around the occluded vessel;

(2) increase in blood flow around the occluded vessel; (3) release of vasoconstriction tone

in collateral vessels by neuromuscular controls; and (4) the production of biochemical

factors in distal hypoxic tissue.87 Indeed, ail four mechanisms may act together to form

collateral vessels in ischemic tissue. The mechanical stimulus for the use of preformed

vessels that has received greatest acceptance is the pressure gradient.81 Since the pressure

distal to an obstruction is low, the collateral vessels communicating with the distal artery

encounter a low pressure outlet into which a higher volume of blood can flow and dilate

these channels. Other mechanical stimuli for the use of preformed vessels include

increased blood flow and vasodilation.

Biochemical factors from ischemic tissue have been considered as potentially

important stimuli for collateral circulation formation. This may be due to the dilation of

preexisting vessels or the development of new vessels. Cell hypoxia or injury releases

several vasoactive products such as lactate, hydrogen ion, potassium, and adenosine
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nucleotides. They are ail potent vasodilators that may act on preexisting vessels.K1 A

number of tissue extracts from myocardial infarcts,82 interstitial fluid or tissue of an

ischemic kidney,81 ocular tissue,88 and omentum64 have been shown to stimulale

angiogenesis in a variety of in vivo models. However, only the growth factors have

recentiy received much attention. Most of the growth factors are now considered as

angiogenic stimulants as weil and are also found to be released from ischemic tissue

endoger.ously.89 The growth factors have been demonstrated to promote both endotheli?\

cell proliferation in vitro and angiogenesis in vivo. 80 Although endogenously released

biochemical factors (including growth factors) and mechanical stimuli may stimulate

collateral vessel formation in ischemic tissues, these collaterals are not always sufficient

for preventing clinical manifestations of disease.

3.3 Sequence of Events in Angiogenesis

The pattern of new capillary growth in vivo is similar for ail tissues.8D Light and

electron microscopic studies of early angiogenic reactions show that endothelial cells

migrate away l'rom pre-existing capillaries or venules to form sprouts and loops. These

sprouts and loops are directed toward the source of the angiogenic stimulus, regardless

of its nature.9O At least four sequential steps are needed in the development of a new

capillary: they are briefly summarized as follows: (1) Endothelial cells l'rom capillaries

or small venules closest to the angiogenic stimulus degrade the basement membrane of

the parent vessels and start to migrate toward the source of the angiogenic stimulus, (2)



•

•

•

33

the migratory phase is accompanied by the proliferation of the endothelial cells behind

the migratory cells. As a sprout of capillary cells begins to form, the cells at the very tip

of the sprout continue to migrate, while the cells posterior to the invasive cells multiply,

thus maintaining vascular continuity, (3) individual sprouts join with each other leading

to the formation of loops which in tum can initiate new sprouts, and (4) pericytes and

fibroblasts migrate to the sites of the capillary loops, blood flow begins, and the newly

formed capillaries substantially go through remodelling, regression, and rearrangement.90.91

3.4 Factors Affecting New Vessel Growth

A number of factors may contribute to the regulation of new blood vessel growth.

Among those, four are now considered to have the strongest influence. They are

mechanical stimuli, cell-to-cell interactions, extracellular matrix, and growth factors. 79

(1) Mechanical Stimuli

The DNA synthesis of endothelial cells varies with their cell shape: the flatter the

cells, the higher the rate of DNA synthesis.92 Round cells, such as confluent endothelial

cells (ECs), have a lower rate of DNA synthesis. Therefore, in vivo changes in EC

shape, such as flattening or stretching of EC induced by vasodilation, intravascular

pressure, or shear stress, could lead to changes in EC growth rate.79 Actually,

vasodilation is always seen in the early stages of angiogenesis.9O
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(2) Cell-to-Cell Interactions

Interactions between adjacent ECs have been postulated to regulate their growth.

Cell membranes isolated from cultures of confluent EC can inhibit DNA synlhesis in

actively growing cultures of such cel1s.9J It has also been postulaled lhat pericytes can

suppress the proliferation of ECs because neovascularization is often characlerized by an

absence of pericytes and because proliferation of ECs is inhibiled by cocullure with

microvascular pericytes.79

(3) Extracellular Matrix

The role of the extracellular matrix in angiogenesis is not ful1y understood.

Extracellular matrix has been shown to modulate the groWlh and differentiation of a wide

variety of cells including the endothelial cel1s.79 Components of the extracel1ular matrix

alter the growth pattern of cultured ECs and affect the response of cultured ECs to

angiogenic stimuli.94,95 Growth factors may be sequestered in the exlracel1ular matrix of

tissue and may be released when the tissue is damaged.89

(4) Growth Factors

Growth factors are biologically active substances that have hormone-like funclions

in regulating cell proliferation and differentiation. The growth factors that are involved

in angiogenesis have been discovered mainly under pathological conditions in adults, such

as tumors, inflammation, wound healing, or regeneration.96 A number of angiogenic
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growth factors have been isolated and purified in recent years. They have been studied

primarily in vitro on endothelial cells of different origins, smooth muscle ceIls, or

fibroblasts as weil as in vivo in rabbit cornea, chick chorioallantoic membrane, or various

implanted chambers.80
•
96 Currently, there has been no single well-accepted classification

or nomenclature scheme or terminology for the angiogenic growth factors.

Heparin-binding endothelial cell growth factors:

Among the first few angiogenic growth factors to be described were basic

fibroblast growth factor (basic FGF or bFGF) isolated from brain tissues and endothelial

cell growth factor (ECGF) isolated from the hypothalamus.8o Basic FGF was found to

have an acidic homologue (acidic FGF, or aFGF) and ECGF is considered to be a

precursor of aFGF. Many endothelial cell growth factors were polypeptides that were

found to have a strong affinity for heparin and therefore, are so called "heparin-binding

growth factors." The purification of these factors was greatly facilitated by heparin

affinity chromatography. Heparin-binding growth factor is classified as basic FGF and

acidic FGF. Both forms of FGF are found to be structurally related, having a 35%

absolute sequence homology and binding to the same receptor.80
•
97 Both FGFs can not

only stimulate endothelial cell proliferation in vitro but also promote angiogenesis in

vivo.8o Il appears that members of this class of growth factors have been found in almost

all normal tissues, but they are not. secreted by cells under normal circumstances.

However, they can be released after cell injury and may play a role in tissue repair.98
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Transforming growth factors:

Transforming growth factors (TGF) are polypeptides that were tirst isolated on the

basis of their ability to alter the phenotype of sorne normal cells to transformed eells.

They are classitied as two distinst molecules (TGF-a and TGF-~) with distinct structures

and biologic properties. TGF-a is a growth promoting factor that shares a 35%

homology to the epidermal growth factor (EFG). TGF-~ is generally regarded as an

inhibitor of cell growth in vitro. Of the 2 molecules, only TGF-a promotes endothelial

cell growth, while TGF-~ inhibits endotheliaI cell growth. The inability of TGF-~ to

directly stimulate endothelial ceIls in vitro opens the possibility that this factor may act

as an indirect angiogenic agent in vivo.SO.99

Tumor necrosis factors:

Tumor necrosis factors (TNF-a) are polypeptides that were originally isolated as

agents that could cause necrosis and subsequent regression of certain solid tumors. TNF

a is considered Iikely to play a central role in the macrophage-induced angiogenesis that

accompanies inflammation and wound healing.99

Angiogenin:

Angiogenin is a polypeptide isolated from a human adenocarcinoma cell line. It

has angiogenic activity in vivo but does not stimulate endothelial cell proliferation. The

target cells by which angiogenin promotes angiogenesis are unknown.so,loo
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Platelet derived growth factors:

Platelet-derived growth factor (PDGF) is a weil known mitogen for endothelial

cells and can be secreted from these cells. Platelet-derived endothelial cell growth

factors (PD-ECGF) can stimulate growth and chemotaxis of endothelial cells in vitro and

has angiogenic activity in vivo. In contrast to FGF, PD-ECGF does Ilot stimulate the

growth of fibroblasts in vitro. 98

Vascuiar endothelial growth factor or Vascular permeability factor:

Both vascular endothelial growth factor (VEGF) and vascular permeability factor

(VPF) have similar amino acid sequences. VEGF is a heparin-binding growth factor

specifie for vascular endothelial cells which is able to induce angiogenesis in vivo. 101

VPG has similar structure to PDGF and can increase a blood vessel's permeability,

endothelial cell growth and angiogenesis. 102

Prostaglandins:

Although most of the known angiogenic grc.wth factors are polypeptides, certain

arachidonic acid derivatives, such as PGE\ and PGE2 have also been documented to

possess angiogenic activity. However, it is not clear how prostaglandins induce

angiogenesis in vivo, because these lipids are chemotactic to endothelial cells but do not

stimulate their proliferation in vitro. 80.99
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3.5 Meehanism of Angiogenie Stimulation

Despite the faet that growth factors are normally present in several tissues. vascular

growth and development do not occur unless there is further stimulation. This implies that

there is a control mechanism to regulate growth factor activation. It has been suggested

that ischemia itself may induce changes that allow growth factors to come in contact with

cellular receptors. 103 Various growth factors can stimulate angiogenesis in vivo. They,

however, have quite different effects on in vitro capillary endothelial celliocomotion and

proliferation that are the two key events necessary for the formation of a new capillary

blood vessel in vivo. Sorne growth factors can stimulate endothelial cell locomotion or

proliferation, or f'I:Jth. 11: contrast, others have no effect, or even inhibit endothelial cell

proliferation.8o

Angiogenic growth factors may operate either directly or indirectiy on their

putative targets in vivo. As Folkman and Klagsbrun have proposed, angiogenic factors

which can stimulate locomotion or proliferation of vascular endothelial cell in vitro have

the vascular endothelial cell as their target in vivo.80 These factors may directiy stimulate

endothelial cells in pre-existing vessels to proliferate beyond the normal baseline, and

new vessels are formed following a series of sequential steps during angiogenesis. Acidic

FGF and basic FGF are examples of such direct angiogenic factors. On the other hand,

some angiogenic factors that have no effect on endothelial cells in vitro can be

categorized as acting by indirect pathways in vivo. The exact mechanisms of such
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indirect pathways are not clear but there are at least 3 possible speculations. It is possible

that certain indirect angiogenic factors could stimulate a nonspecific response in vivo by

mobilizing macrophages and activating them to secret sorne direct angiogenic factors lO4

or ChemOtllctic factors lOS for endothelial cells or both. A second possibility is that indirect

angiogenic factors could cause the release of sorne direct angiogenic factors (for example,

bFGF) that are slored in the extracellular matrix. 106 A third possibility is that indirect

angiogenic factors could release intracellular stores of sorne direct angiogenic factors. I06

Thus, different pathways for inducing angiogenesis should be considered since in vivo

neovascular processes may utilize more than one pathway, for example, in tumor

angiogenesis.80
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4. PREVIOUS INVESTIGATIONS OF ANGIOGENIC STIMULATION

Angiogenic stimulation (or so called "therapt:utic angiogenesis") is beginning to

show the potential for its clinical applications. Although reports of the clinical as weil

as the experimental use of angiogenic factors are currently sparse, trials on a much larger

scale are perhaps underway, and their arrivai in the literature is imminent. Can purified

angiogenic factors be administered in vivo, either locally or systemically, to accelerate

wound healing and tissue repair, increase revascularization in ischemic tissues and organs,

or enhance endothelialization of vascular grafts and denuded vessels'? These questions

can now be tested in vivo because of the availability of well-characterized angiogenic

factors and t.ie initial success of preliminary studies in using these factors to stimulate

neovessel formation in viVO.
80

,107.108 Progress in this area may cause a change in medical

practice as significant as that caused by the introduction of antibiotics half a century ago.

4.1 Accelerating Wound Healing

Wound healing requires close control of degenerative and regenerative processes

that involve Iiumerous cell types and complex interactions between multiple biochemical

cascades. There is considerable supporting data for the role of angiogenesis in wound

healing and thus, angiogenic factors might be administered to accelerate wound healing

by initiating the formation of new blood vessels in granulation tissue. 10'1 In experimental

studies, McGee et al iiO demonstrated a modest but significant enhancement of normal skin

incisional wound healing in a rat model, manifested by an increase in fresh wound tensile
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strength, wound breaking energy, and evidence of accelerated histologic wound

maturation following a single injection of bFGF into the incision area. Greenhalgh et ail Il

examined the effects of recombinant growth factors in a mouse model of impaired wound

healing. PDGF, bFGF, or combinations of both were applied directiy to the wounds of

the genetically diabetic mice for 5 to 14 days after wounding. Their results demonstrated

the improved wound healing in PDGF or bFGF tre?ted animais and combinations of both

growth factors produced even better healing than either growth factor alone. A similar

result was reported simultaneously by Tsuboi and Rifkinll2 using bFGF in the same

animal model. To examine the potential effect of TNF on wound healing, Mooney et

al ill demor.str:lted that local administration of TNF in collagen to the wounds of normal

and adriamycin-impaired mice resulted in an increased wound disruption strength and an

improved histologic appearance, but the systemic administration of TNF had no effect on

wound healing in this model over the dose range studied. Following successful

purification and partial characterization of the placental growth fal~tor, Burgos et al l14 in

Britain reported that human uterine angiogenic factors could enhance angiogenesis of the

wound bed in rats 3 days after meshed human dermis allograft implantation. This was

accompanied by a greater amount of granulation tissue formation, enhanced granulation

tissue penetration into the dermal grafts, and accelerated incorporation of the grafts.

Basic FGF could improve the survival of ischemic skin flaps and prevent marginally

perfused areas of the flap from undergoing necrosis by enhancing vascular connections

between the bed and the flap, but it could not show beneficial effect in staged flap
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transfers. 115 Local pretreatment with angiotropin, a polypeptide angiogcnic factor isolatcd

from activated peripheral monocytes, could also prevent skin tlap necrosis and cnhancc

dermal regeneration in a rabbit model.lI~ Therefore, angiogenic stimulation may he a

novel approach in the management of patients with deticient wound healing.

In preliminary clinical trials, Knighton et al l17 utilized autologous platelet-dcrived

wound healing factors (PDWHF), a mixture of 5 platelet-produced growth factors that

had been shown to stimulate angiogenesis in previous animal studies, to treat 49 patients

with chronic nonhealing cutaneous ulcers of various etiologies. Ali patients hea!ed their

ulcers in an average of 10.6 weeks and the results tirst demonstrated that locally acting

growth factors might promote healing of chronic cutaneous ulcers in the patients. This

study was followed by a larger series of trials in 99 patients with chronic nonhealing

ulcers from the same institution. Ninety percent achieved ulcer healing in an average of

7.4 weeks compared to an average of 96 weeks if treated by previous conventional

treatments. 118 Based on their experimental studies in wound healing using epidermal

growth factor (EGF),1I9,120 Brown et a!121 conducted a prospective, randomized, double

blind trial to determine whether EGF could accelerate the rate of epidermal regeneration

in humans. In their study, paired donor sites were created in 12 patients who required

skin grafting. One donor site from each patient was treated topically with silver

sulfadiazine cream containing EGF, and one was treated with silver sulfadiazine cream

alone. The donor sites treated with the cream containing EGF had an accelerated rate of
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epidermal regeneration in ail 12 patients compared with that in the paired donor treated

with the cream alone. Treatment with EGF significantly decreased the average length of

time to regeneration and histologie evaluation 3 days after the onset of healing revealed

almost completely regenera:ed epithelium. They concluded that topical application of a

single biosynthetic growth factor, EGF, indeed accelerated the rate of healing of partial

thickness skin wounds in patients. A clinical study by Burgos et al l22 in Britain in 18

patients with chronic varicose ulcers also demonstrated that the addition of human

placental angiogenic factors to dressings cCJuld cause a noticeable increase in both

granulation tissue and epithelialization of ulcers in these patients. Recently, Robson et

al 123 reported the first randomized, blinded, placebo-controlled human trial of bFGF for

the treatment of chronic pressure sores in 50 patients. They also tested the safety and

toxicity of bFGF in these patients. Their results not only demonstrated a greater healing

effect for the bFGF-treated patients, with increased fibroblasts and capillaries in wound

sections, but also showed no toxicity, no significant serum absorption or antibody

formation. Therefore, topically applied recombinant bFGF is safe and may be effective

in the treatment of chronic wounds. A similar result was also reported from the same

center using PDGF for the treatment chronic pressure ulcers in 20 patients with the good

results. 124

4.2 Accelerating Healing in Poorly Vascularized Tissue

Angiogenesis is an essential part of normal growth and tissue repair. Factors that
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mediate the angiogenic process may have important therapeutic implications in situations

where an augmented vascular supply is needed, such as the healing of poorly vascularizcd

or traumatized tissue. Although the direct cause-and-effect relationship of angiogcncsis

has yet to be fully demonstrated, the possibility of inducing accelerating angiogenesis

poses an attractive investigational approach for augmenting tissue rcpair. In a bonc graft

repair model of the rabbit, Eppley et al 12S evaluated the effectivener.s of bFGF in

autogenous mandibular bone graft healing. Block cortical grafts ilarvested l'rom the ilium

were implanted into sites in the mandibular ramus or body. The bFGF was continuously

infused over a period of 14 days through subcutaneous osmotic pumps. Increased

vascularity, as assessed by vessel number and depth of penetration into the grafts, was

noted at 10 days postoperatively in the bFGF treated side as compared to conlralaleral

control side. In a bone healing model of the rat, Nottebaert et all2(· analyzed the efficacy

of local administration of omental angiogenic Iipid fraction on osseous neovascularization

and bone repair. A segmental femoral defect was replaced by a demineralized allogenic

bone graft exposed to continuous local deliveiY of omental Iipid for 14 days via an

implanted miniosmotic pump, while saline was delivered in the same way served for

controls. Neovascularization and bone formation in the transplant were quantitatively

evaluated. Compared with the control group, the omental Iipid angiogenic fraction

treated specimens had significant increases in bone density as weil as in regional blood

perfusion, maximal at 2 weeks following surgery. At 6 weeks, the vascular response,

determined by microangiography, was very intensive and diffuse in the treated group
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involving the whole graft, while in the control group few vessels appeared, leaving the

central portion of the graft relatively devoid of vasculature. At 12 weeks, biomechanical

testing demonstrated signiflcantly higher union rate and strength in the treated specimens

as compared to the controls. Their data indicate that the omental Iipid fraction has the

ability, when administered locally, to enhance blood perfusion and vascular ingrowth a~

weil as bone formation and healing in bone transplants. Therefore, angiogenic factors

may have potential therapeutic value for the treatment of osseous problems such as a bone

graft where angiogenesis is desired.

ln other experimental studies, King and Vallee127 implanted angiogenin, a potent

angiogenic factor derived from human plasma, ioto experimentally injured menisci of 75

rabbits. During a 26 week study, localised neovascularization occurred in 52% of the

angiogenin-treated animaIs compared to only 9% of the controls. Angiogenin induced

neovascularization which could enhance the healing of injuries within the poorly

vascularized meniscal fibrocartiIage and improve the results ofmeniscal repair. Although

the exact mechanism remains unknown, Cordeiro et al128 demonstrated, in their recent

study, that aFGF with heparin and type 1collagen significantly enhanced peripheral nerve

regeneration in an in vivo rat sciatic nerve mode\. The authors have postulated that aFGF

might indirectly affect nerve regeneration by increasing the vascular supply to the nerve.
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Donor airway ischemia and inadequate airway anastomotic healing have been the

serious problems after lung transplantation. In order to solve these problems. OIech ct

al 129 examined the hypothesis that surface abrasion and topical application of bFGF wouId

enhance omento-tracheal revascularization in a rabbit heterotopic autograft mode\. In

their study, approaches to augment the rate and degree of angiogenesis in a devascularized

tracheal segment were evaluated. However, neither surgical abrasion nor topical bFGF

application were found to increase omento-treacheal revascularization of trachea in this

model after 7 days. In the discussion regarding the deficiencies of their study, they

postulated thet Surgicel and Gelfoam used in their study might have been unable to retain

bFGF at the surface of the trachea and omentum; heparin was not administered to the

animais before extraction and subsequent implantation; the quantity of bFGF given in

their animal model might not be sufficient to induce neovascularization; and bFGF might

be capable of increasing neovascularization to tracheal segments, but their choice of time

between operation and study did not permit this effect to be detected.

Folkman et al130 described the development of another modality of therapeutic

angiogenic stimulation: the accelerated healing of experimental duodenal ulcers by an

orally administered angiogenic growth factor. In previous studies, they found that chronic

duodenal ulcers share many similarities with chronic wounds. For example, both lack an

epithelial covering and contain inflammatory cells, exposed collagen, necrotic debris, and

granulation tissue. 131 •132 Since granulation tissue is composed mainly of capillary blood
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vessels, monocytes, and fibroblasts, and since bFGF can promote the formation of

vascularized granulation tissue,133,134 they hypothesized that the healing of chronic

duodenal ulcers could be accelerated by stimulating angiogenesis in the ulcer bed. To test

this hypothesis, an acid-stable form of bFGF was administered oral1y by intragastric

gavage twice daily for 21 days and compared with similar administrations of recombinant

bFGF, optimum dose of the H2-blocker cimetidine, or vehicle alone in a rat cysteamine

induced chronic duodenal ulcer mode\. The results showed that oral administration of

acid-resistant bFGF stimulated a more than ninefold increase of angiogenesis in the ulcer

bed and significantly accelerated ulcer healing compared with untreated control animaIs

or with animaIs treated with cimetidine. 13S,136 Therefore, angiogenic stimulation may

provide a form of replacement therapy and a novel approach in the treatment of duodenal

ulcers. 130

4.3 Increasing Revascularization of Ischemie Organs

The use of angiogenic factors to enhance col1ateral vessel formation in the vascular

territory of an occluded artery has obvious important clinical ramifications and wiII be

a more foreseeable goal over the next decade. Many patients with coronary artery

disease, cerebrovascular disease, or peripheral vascular disease who present with organ

ischemia could potential1y benefit from angiogenic therapy. For example, patients with

diffuse and severe occlusive disease who are not suitable for surgical revascularization

or bal100n angioplasty might benefit from such therapy. However, the use of angiogenic
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therapy to promote collateral formation or revascularization in ischemic organs could also

have great applicability in patients with Iimited occlusive disease who have one or more

unobstructed arteries feeding collaterals as the intlows to supply such organs. Could

angiogenic therapy relieve organ ischemia by enhancing collateral formation or

revascularization in the ischemic organ? This hypothesis has recently been tested in

different organ ischemia models and the preliminary results, including those from our

own studies, suggest that pharmacological potentiation of collateral formation in the

ischemic organ may be possible and angiogenic therapy should be considered a novel

approach for the treatment of organ ischemia.

In order to evaluate the efficacy of angiogenic factors as a potential treatment for

patients suffering from cerebrovl:~ :ular insufficiency, Lyons et al ll7 designed an

experiment to determine if intraventricular administration of bFGF could promote

cerebral angiogenesis in a rat model of mild chronic forebrain ischemia. In this

experiment, each Wistar rat underwent bilateral carotid artery ligation which mduced the

mild ischemia in forebrain which was confirmed by hippocampal neuronal counting.

AnimaIs received intraventricular injections of bFGF every 4 days for 28 days. Their

results showed that bFGF caused a significant dose-dependent increase in capillary

density compared to the non-ischemic control, the ischemic control, and the ischemic

vehicle control in a1l regions examined. These results support the hypothesis that an

angiogenic factor, such as bFGF, when administered loca1ly, couId induce in vivo cerebral
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angiogenesis and that this therapy may be useful for the patients who suffer from chronic

cerebrovascular insufficiency.

With the ultimate goal to determine whether the angiogenic agents could promote

myocardial revascularization in the ischemic heart, Unger et al138 developed a canine

ischemic myocardial model for such investigation. The surgical preparation of this model

was based on the operation pioneered by Vineberg139
, in which the internai mammary

artery (IMA) was tunnelled directly into the myocardium with the supposition that

anastomoses were formed between it and the coronary circulation. In this canine model,

they implanted the IMA as a potential source of collateral blood flow into the territory

of the left anterior descending coronary artery (LAD) and gradually occluded the

.proximal LAD with an ameroid constrictor during a 2-3 week period. A tube situated

in the distal IMA connected to an implanted pump provided for continuous intra-arterial

infusion at the site of collateral formation. After 8 weeks, they demonstrated that

collaterals were formed between the implanted IMA and the native coronary circulation

in this model and these new formed collaterals could provide modest nutritive blood flow

to a collateral-dependent region. 138 In a subsequent study using the same model, Unger

et al 140 demonstrated that continuous infusion of heparin (15 or ISO U/h, for 8 weeks)

significantly promoted collateral flow between the extracardiac artery and the myocardial

circulation. In another subseque'lt study, Banai et al 141 placed a sponge saturated with

aFGF between an extracardiac artery and ischemic myocardium to determine whether
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direct application of aFGF to the heart could induce the formation of bridging collaterals

between that extracardiac artery and the ischemic area of the heart in the same mode\.

However, aFGF, delivered to the myocardium via an epicardial sponge 4 weeks after, did

not cause an angiogenic response in viable myocardium but did cause vascular smoolh

muscle cell hyperplasia in areas subjected to ischemic injury. Thus, they suggest lhat

careful studies are needed before it can be concluded that aFGF has eilher a salutary or

a detrimental effect in this situation.

Yanagisawa-Miwa et al142 h:lve recently documented that intracoronary injection

ofbFGF could salvage infarcted myocardium in a canine experimental myocardial infarct

mode\. In their study, an acute myocardial infarct was induced by the injection of an

artificial thrombus into a segment of the LAD that had been made stenotic by laser

ablation. At 30 minutes and 6 hours after LAD occlusion, bFGF (10 Jlg in 10 ml of

saline) was infused into the left circumflex coronary artery (LeX). One week later when

the study was terminated, they found that the animais treated with bFGF had significantly

improved left ventricular ejection fraction, reduced myocardial infarct size, and had

increased number of arterioles and capillaries in the infarcted myocardium compared to

that of the control animais. Thus, they concluded that application of angiogenic agents,

such as bFGF, might bring about a therapeutic modality for the treatment of infarcted

myocardium.
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The effects of angiogenic growth factor on angiogenesis and collateral vessel

growth in ischemic limbs have recentiy been tested in our laboratory as well as others.

In a recent report, Baffour et al143 demonstrated enhanced angiogenesis and growth of

coBaterals by in vivo administration of bFGF in a rabbit model of acute lower limb

ischemia. In their study, an animal ischemic hindlimb model was developed by a two

stage procedure in the pelvis and groin to produce severe ischemia of the left hindlimb.

The ischemic hindlimb received intramuscular injections of saline, 1 flg bFGF, or 3 flg

bFGF daily for 2 weeks. Angiography revealed extensive perfusion of the left hindlimb

in all bFGF treated animais. Two bFGF-treated groups exhibited a much more rapid rise

in transcutaneous oximetry than the control group. The capillaries per square millimeter

and capillaries per muscle fiber ratios were significantly increased in all animais that

received bFGF. Both bFGF-treated groups had a significant increase in thigh muscle

viability compared with controls based on triphenyltetrazolium chloride reduction. There

was a trend toward a dose-response effect for all measurements. Thus, their results

demonstrate that in vivo administration of angiogenic growth factor might have the

potential for being of therapeutic value in the acutely ischemic lower limb.

4.4 Enhancing Endothelialization of Vascular Graft or Denuded Vessel

The lack of endothelial regrowth and coverage in the surface of the grafts or

denuded vessels is thought to contribute to the failure of vascular grafts due to thrombosis

and restenosis. Recent reports from Clowes et all44 and Greisler et al145 have
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demonstrated that alterations in graft design using more porous ePTFE material, for

example, 60 !-lm internodal distance, could stimulate transmural capillary ingTOwth.

resulting in an enhanced reendothelialization of vascular grafts when implanted into

animal models. Based on the understanding of the TOle of angiogenic mechanisms in graft

endothelialization,l44 alternative approaches have been suggested whether vascular grafts

impregnated with angiogenic growth factor might be invaded by capillaries and thus

develop an endothelial celllining more efficiently than conventional vascular pTOstheses.

Recently, Greisler et al146 reported their results for this approach. They aflixed aFGF

with fibrin glue to 60 !-lm internodal-distance ePTFE grafts and implanted these grafts

in the aortoiliac position of dogs. When explanted at 28 days, these grafts had a grossly

more substantial smooth and translucent neointima. Microscopy revealed a contluent

endothelialized blood-contacting surface and extensive capillary ingrowth thTOUgh the

wall of the graft. No control grafts revealed such a surface during the same period.

Scanning and transmission electron microscopy corroborated the above findings.

Autoradiographie analysis of DNA synthesis in cells at the luminal surface revealed

significantly increased labelled cel1s in the pretreated grafts. Thus, vascular grafts

pretreated with one of the angiogenic growth factors may promote endothelialization of

the graft surface through capillary ingrowth and increased endothelial cell proliferation.

Failure of the injured blood vessel to rapidly and completely reendothelialize

following balloon angioplasty, atherectomy, and endarterectomy may also be a common
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problem. Therefore, a means to stimulate reendothelialization might have potential to

improve the clinical results of these procedures. Lindner et al147 have recently tested this

hypothesis in a rat model of the denuded artery. They found that the cessation of

regrowth of endothelium in the devoid area of the left carotid artery following balloon

catheter denudation couId be overcome hy systemic administration of bFGF through a

catheter placed into the aortic arch via the right axillary artery. Administration of bFGF

over an 8-hour period caused a highly significant increase in the replication rate of

endothelial cells which resulted in a significant increase in the extent of endothelial

outgrowth onto the denuded surface. Furthermore, total endothelial cell coverage on the

denuded artery could be achieved within 10 weeks after balloon catheter denudation by

continuous administration of bFGF twice a week for an 8-week period. In another

injured rat carotid artery model, Bjornsson et al l48 demonstrated a dose-dependent

inhibition of intimai thickening with a parallel increase of endothelial regeneration over

the injured area 2 weeks after air-desiccation injury following i.v. administration ofaFGF

either as a constant-rate infusion for 2 weeks or as a single bolus injection immediately

after completion of the injury. More recentIy, Stevens et al l49 showed that vascular

permeability factor (VPF), an extremcly potent polypeptide mitogen for endothelial cells

but not for vascular smooth muscle cells or fibroblasts, could significantIy accelerate

endothelial repaving and inhibit intimai hyperplasia in rabbit carotid arteries following

balloon catheter mechanical injury. Therefore, angiogenic growth factor may also be

efficacious in the restoration of an intact, confluent endothelium and in the prevention of
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5. METHODOLOGY FOR THE STUDY OF LIMB REVASCULARIZATION

5.1 Animal Model for the Study of Limb Ischemia

The search for a suitable animal model for the study of Iimb ischemia has been

problematic. Most animal models reported from the Iiterature have been more suitable

for studying of acute rather than chronic Iimb ischemia. They have not resulted in stable

hindIimb ischemia since normally many animais have a remarkable potential to form

collateral pathways from their non-diseased proximal vessels and reconstitute in their

normal distal arterial trees. Furthermore, it has been noted that Iigation or division of

even a major vessel often produces Iittle observable effect on Iimb function and resting

limb ischemia afterwards.

(1) Rat Ischemie Hindlimb Model

The muscles of small animais, such as the rat, are more sensitive to ischemia than

the human muscles. For example, following identical periods of ischemia, rat muscle

exhibits a more rapid and severe metaboIic deterioration and a slower recovery from

tourniquet ischemia than has been observed for human or canine muscle. ISO Thus,

conclusions may be difficult to draw from studies when using rat ischemic hindlimb

mode!.

Janda et ai isi l'eported a rat mode! of chronic hindIimb ischemia in which division

of the common iliac artery produced a significant reduction of blood flow in the anterior
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tibialis muscle during standard exercise until 7th weeks. The most severe histological and

histochemical changes found in the muscles of the ischemic hindIimb, however, lasted for

only 7 days.IS2 Challiss et aIlS) studied a rat hindiimb model of arterial insufl1ciency

produced by division of the common femoral artery. They could not tind any signi ticant

difference in the blood flow to the muscles of the ischemic Iimb compared with the

normal contralateral Iimb at res!. Histological studies also revealed only minor

morphological alterations in the calf muscles when examined 7 days after the division. ISo!

Although common iliac or femoral artery Iigation alone in rats may be used as a model

of moderate hindiimb ischemia, it is inadequate as a model of hindiimb ischemia at res!.

Mathien and TerjunglSS,'S6 designed a model by inducing femoral artery stenosis

to establish peripheral arterial insufficiency in the rat hindiimb. In this preparation, a

ligature was placed tightly around the femoral artery and a 0.014" diameter stainless steel

wire. The wire was then carefully removed to let the arterial driving pressure restore the

patency of the vessel. The animaIs significantly reduced their exercise tolerance after this

preparation while resting muscle blood flow of the hindlimb remained normal.

Seifert et al1S7 described a two-stage operative procedure to induce resting arterial

ischemia in the rat hindiimb. In this model, the first stage involved surgical interruption

of collateral and re-entrant vessels, and the second stage involved femoral artery Iigation

7 days later. The reduction of blood flow as weil as the histologie appearance of
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ischemia in the calf muscle were evident for at least 5 days. However, the complex and

time consuming preparation of this small animal model has obvious disadvantages.

(2) Rabbit Ischemic Hindlimb Model

Chervu et al\58 developed a model of unilateral hindlimb ischemia in the rabhit for

the study of limb ischemia and reperfusion. In this model, both circumflex iliac arteries

and internai iliac arteries as weil as the major iliolumbar arteries from the distal aorta

were ligated in order to eliminate pelvic blood flow. To achieve ischemia in one

hindlimb, the right common iliac and common femoral arteries were clamped. The

adequate and consistent severe ischemia induced was confirrned by angiography as weil

as evidenced by the presence of marked acidosis and hyperkalemia in the venous effluent

from the ischemic h:ndlimbs after 3 hours.

A rabbit model of partial hindlL'lIb ischemia was studied by Hendricks et al\59 in

which unilateral common iliac artery division was perforrned in 20 animais. Nine of 20

animais had objective evidence of functionallimb impairrnent following ~urgery. Th~

severity of ischemia were measured by quantitating muscle resting blood flow, femoral

arteriovenous oxygen differences and calf arterial pressure in the ischemic hindlimbs

compared with those in the contralateral Iimbs. The results demonstrated that common

iliac artery division in this rabbit model could ooly produce persistent partial resting

ischemia of the hindlimbs in about 3 weeks without muscle atrophy or tissue necrosis.
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This model has been recently used by the same investigators to test the efficacy of a

muscle pedicle flap to revascularize an ischemic Iimb 7 days al'ter ischemic preparation.hM

In a recent study, Baffour et al 143 designed a rabbit model of acute hindiimb

ischemia to evaluate the effects of bFGF on revascularization in ischemic Iimbs. This

model was developed by Iigation and division of the caudal artery. both i1iolumbar

arteries, internai iliac arteries, and inferior epigastric arteries followed by excision of a

2 cm segment of the left femoral artery one week later. The rational for the two-stage

procedure was thought 10 shorten an otherwise long operating time and allow sorne

grov.'th of native collaterals in the hindiimb before the induction of acute ischemia. Two

weeks al'ter this two-stage procedure, in total of 10 animais. 6 presented with Iimping,

4 had blackened toenails, and 6 developed muscle atrophy.

(3) Dog Ischemic Hindiimb Model

Although dogs have been widely used as models in experimental vascular surgery,

the potential for rapid and complete collateral formation normally preser:l in dogs has

hampered their use as a good model in the studying of chronic limb ische!nia. In order

to induce a dog model of persistent hindlimb ischemia, as many as 14 separate ligations

of branches of the iliac and common femoral arteries, and ligation of the profunda artery

at its origin hav(' been described. However, al'ter a 6-week recovery period, the animais

presented only with r:laudication but without severe ischemia. The distal-to-central
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systolic blood pressure index was about 0.6 while resting blood flow was approximately

normal. J50

Johansen and Bernstein47 developed a dog model of severe hindlimb ischemia in

which an ischemic Iimb (right side) would undergo irreversible tissue death in the absence

of a further therapeutic intervention. To acnieve this, the surgical preparation involved

ligatures of the right peripheral femoral artery and aIl femoral artery branches in the right

thigh, as weIl as ligatures of the terminal aorta, both internaI iliac arteries, the last right

lumber artery, and the right deep circumf1ex iliac artery. AlI 7 animaIs presented with

the cold, tender, and functionless hindlimbs within 6 days foIlowing the procedure.

Histologic examination of skin and muscle from the ischemic hindlimbs revealed early

mild to moderate tissue necrosis.

In our laboratory, Graham et al48 developed a dog model of severe hindlimb

ischemia. In order to ensure a severely ischemic preparation in the right hindlimb, the

terminal aorta, right deep circumflex and 6th lumbar arteries, bilateral internai iliac,

umbilical and 7th lumbar arteries, median sacral artery, right deep femoral artery, aIl

branches of the right superficial femoral artery, and right distal femoral artery were

Iigated. Ali 5 animaIs had totaIly necrotic hindlimbs over a period of 24-48 hours and

pathologic examination of these ischemic Iimbs revealed the gross and microscopie

changes of acute ischemic necrosis. Baffour et al49 modified the procedure to develop a
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dog model of partial hindlimb ischemia by leaving only the deep femoral artery intact.

These models have been used in our laboratory to study the role of arteriovenous reversai

in revascularization of ischr.:mic limbs.48
-

50

(4) Others

Aldman et al l60 reported a pig model with acutely induced subtotal ischemia of one

hindlimb that might resemble the clinical situation in p~'ients with acute thrombue~,bolic

occlusion. Th!' ischemic preparation involved ligations of the medial sacral artery, the

internai iliac aitery, and the medial and lateral circumflex arteries and clamping of the

femoral artery with a plastic cylinder so that hindlimb ischemia and reperfusion couId be

studied. The blood flow of the hindlimb was reduced to 5% of resting flow following the

procedure in this model.

5.2 Evaluation of Arterial Perfusion to Ischemie Limbs

(1) Limb Blood Pressure Determination

Measurement of limb systolic blood pressure by Doppler flowmeter is one of the

most useful technique to assess limb ischemia both clinically and experimentally. The

method is noninvasive, relatively simple and can be employed in medium or large size

animaIs. In an animal model of unilateral ischemia, the limb systolic blood pressure UR

(or RIL) ratio may reflect the anklelbrachial index (ABD measured clinically to assess

patients with peripheral vascular disease. This can be used as an index to indirectly
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determine the degree of changes in arterial perfusion to the ischemic limb.

(2) Skin Perfusion Determination

Transcutaneous oximetry is a noninvasive and continuous method for monitoring

skin oxygen tension in ischemic limbs and has currently been used to diagnose and

manage the patients with peripheral vascular disease. Several studies demonstrated that

transcutaneous oxygen pressure (TcPOJ is a good indicator of tissue perfusion and

correlates well with the degree of limb ischemia. 161-3 Previous studies from our

laboratorySO as well as from others143 have shown the usefulness of TcP02 measurements

in evaluating experimental limb ischemia. In addition, studies on limb ischemia and

compartment syndrome from our laboratory have also demonstrated a close correlation

between arterial blood gas and TCP02•164,16S However, TcP02 measurements have sorne

linlÎlations since they can be influenced by any factor, such as marked edema, that can

reduce the transmission of oxygen. 163

Laser Doppler velocimetry (LDV) uses coherent helium-neon light which is

directed via a fiberoptic conduit onto an area of skin or exposed tissue. The light

reflected from circulating erythrocytes in capillaries undergoes a frequency shift

proportional to average red cell velocity. This technique allows continuous noninvasive

measurements of capillary blood flow in skin or exposed tissue and has been used

clinically to predict healing of ischemic ulcer or to select the amputation leve:1 in an
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ischemic Iimb. I66
,167 Experimentally, it has also been used to detect changes of blood tlow

in flaps 168 or to assess changes of blood tlow associated with angingenesis in chronic

inflammation. 169 However, LDV does not measure the actual blood tlow per unit of

tissue, rather it measures flow in relative terms. This technique can only measure the

blood flow within a Iimit depth (1.5 mm) of tissue. There are also marked regional

variations in laser Doppler determined blood flow within a single extremity, probably

related to varying capillary densities in the skin. 150 It has been suggested that the

diagnostic accuracy of LDV can be enhanced by its combination with the reactive

hyperemia test and by measuring the cutaneous reactive hyperemia response in an

ischemic Iimb. 170
•
171

üther techniques have also been used to determine skin perfusion in an ischemic

Iimb. These include ~kin fluorometry, a method which relies on an injection of

fluorescein and is quantified visibly or by a fiberoptic tluoromcter 172, and

thermography l7J with variable success and major limitations.

(3) Muscle Metabolic Status Determination

Most routine noninvasive techniques do not directly assess the effect of tissue

perfusion impairment on metabolic status of the Iimb that is responsible for the ischemic

damage in the limb observed clinically. However, the metabulic status in an ischemic

Iimb can be assessed by measuring the concentration of metabolic intermediates or
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products in blood or tissue samples taken from the Iimb.

Venous blood samples from the ischemic Iimb can be used to determine the lactate,

oxygen, and glucose levels. The impairment of tissue perfusion in the Iimb can therefore

be assessed by the degree of increasing lactate release and glucose consumption or

decreasing oxygen content in the venous effluent. 174 However, the impairment of tissue

perfusion may not be shown in claudication patients175 or in animaIs without resting

hindlimb ischemia.157.159

Percutaneous or open muscle biopsies from an ischemic Iimb can be performed to

analyze for ATP, ADP, phosphocreatine(CP), lactate, and pyruvate. In patients with

peripheral vascular disease, chronic ischemic rest pain results in a depletion of resting

levels of high-energy phosphates. This correlates with the severity of the disease as weil

as the efficacy of treatment. 176 Nuclear magnetic resonance (NMR) spectroscopy i~ a

novel noninvasive technique for in vivo evaluation of tissue molecules containing

phosphorous, hydrogen, and carbon, such as ATP, CP, and inorganic. phosphate:'. The

technique is expensive but it can provide total limb (skin and muscle) data on tissue

perfusion and can be repeatedly used in an intact limb. 177

Muscle surface pH measurement, a percutaneous technique that has been used

clinically to directly measure extracellular fluid pH at the muscle surface, is an alternative
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approach to tissue biopsy for lactate measurement and it can quantitatively determine

tissue acidosis in an ischemic limb. '74 Transmembrance potential measurement is an

invasive technique with minimal injury to the muscle. It can provide a more sensitive

index of skek'ta! muscle cell injury or repair than the simple measurement of tissue

metabolites. '78

(4) Limb Perfusion or Blood Flow Determination

Standard techniques successfully used to measure extremity blood tlow include

plethysmography, electromagnetic flowmetry, tracer washout techniques, and injection of

radioactive microspheres or tracers. ISO An objective assessment of the extent of perfusion

in an ischemic limb can therefore be reliably obtained.

Plethysmographic techniques are weil d<.:scribed and are now part of the standard

clinical armamentarium in the noninvasive vascular laboratory. Total blood tlow to an

Iimb can be conveniently recorded with a mercury-in-Silastic strain gauge. This is based

on the detection of minute changes in the electric resistance of the mercury column,

which depends on its length. These techniques, can not, however, differentiate the

relative distribution of perfusion to skin, subcutaneous tissue, and muscle. 179

Electromagnetic probes can also reliably measure blood flow when they are placed

directly around vessels as small as 0.5 mm in diameter. Blood flow is measured using
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the principle of electromagnetic induction, where the flow of blood through a magnetic

field induces a measurable voltage that is directly proportional to flOW. IBO

The washout of inert radioactive tracer substances gently injected into tissues has

been used extensively to estimate tissue or organ perfusion. ISI
,IS7 The most widely used

tracer method for the assessment of Iimb perfusion is Xenon 133, although similar data

can be obtained using other indicators. The techniques are highly reproducible and have

the distinct advantage that absolute flow values from a specific tissue can be obtained. 181

Measurement of regional blood flow by the injection of radioactive tracers is a

highly reliable, weIH!~scribed technique that has been used in experimental studies as

weil as in the clinical evaluation of peripheral vascular disease.48,68,ISO,IS3,IS9,182 The basic

principle of this technique for determining the regional distribution of blood flow is that

radioactive particles, larger in diameter than a capillary, are trapped within the first

capillary i'cJ they encounter and thus are distributed in proportion to the perfusion of that

capillary bed.182 Following injection of the radioactive tracers, such as 99mTc-labelled

albumin microspheres or 99mTc-labelled macro aggregates, in a high flow location

upstream of the body (ideally into the left atrium), the whrle or part of body are scanned

and counted on a Gamma Camera. The relative quantification of arterial perfusion to an

limb can then be assessed.
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(5) Histologic or Histochemical Determination

Histologic and histochemical evidence of muscle cell abnormalities due to the

impaired arterial perfusion can usually be demonstrated in the acutely rather than

chronically ischemic limbs. '83 In acute ischemia, ground or scaUered necrotic muscle

fibers undergoing phagocytosis as weil as regenerating fibers can be demonstrated by light

microscopy. Trilaminar plates in the intracristal space of mitochondria and interruption

of the plasma membrane with dissolution of the Z-discs can be evidenced on electro

microscopy.184 In chronic ischemia, intlammatory cell infiltration and active myophagia

can be seen and they are the most specific indications in severe chronic ischemia, 83,Il7,IIlol

Special histochemical staining can identify damaged ceIls despite a grossiy normal

appearance. The triphenyltetrazolium chloride (TTC) reduction method, in which

colorless TTC can stain normal skeletal muscle cells but not stain irreversible injured or

necrotic muscle cells, is one such example,I86

5.3 Evaluation of New Vessel Formation in Ischemie Limbs

Determination of new vessel formation in an animal ischemic hindlimb model is

difficult. The use of the available techniques to differentiate the newly formed vessels

from the just enlarged pre-existing channels secondary to ischemia in an ischemic limb

still presents a challenge. Gross or histologic technique can be used to assess new vessel

formation in an ischemic limb and each approach represents an investigation at different

levels.
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(1) Gross Examination

Conventional angiography or combined with digital subtraction remains one of the

best approaches to determine the extent and degree of vascularization in an isC'hemic Iimb

of large animais. In a Iimb or an organ such as heart, the number of blood vessels

visualized on the angiograms can also be counted in order to permit scores to compare

with different degrees of revascularization.142.143 However, this imaging technique can

only visualize the blood vessels on angiograms and can not directly differentiate the newly

formed vessels from the pre-existing channels in an ischemic limb.

Other techniques such as microangiography,126 direct counting of vessels after

particle perfusion,12s and preparation of vascular casts l87 can also be used in an ischemic

Iimb of small animaIs. The last two techniques can be studied on the gross level or the

subgross level with the aid of a dissecting microscope.

(2) Histologic Examination

Histologic quantification of new vessel formation in the skeletal nlll~c:<: can he

studied using the microscopic angiogenesis grading system developed by Brem et al,188

who have used this method to quantify angiogenesis in a variety of tumors. With

hematoxylin and eosin staining, the microvessels are counted at a magnification of X200.

The field examined at this magnification encompasses an area of 2.54 mrn2. The

histologic slides are first scanned at low magnification and oruy the area of maximum
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vascular density is selected for grading, Vascular density is detined as the highcst

number of vascular lumens per tield (X200) encountered in the sample, Ten different

tields in the most vascular area of the tissue are counted. and only the one having the

highest vascular density is used for analysis. A similar method. but using e1astin van

Gieson staining and X400 magnitication. has been used to evaluate new vessel formation

in a canine model of myocardial infarction after intracoronary administrations of bFGF.'4~

The discovery of alkaline phosphatase activity in the walls of blood vessels has led

to the histochemical techniques which lab.:ll albline phosphatase in the capillary

endothelium so that the number of capiIlaries in the skeletal muscle can be counted, The

technique of capillary density (capiIlaries/mm2) determination has recently been used in

experimental animais which have been subjected to various stimuli to evaluate new vessel

formation in the skeletal muscle and myocardium.SO,14J,IK9 After alkaline phosphatase

staining, the histologie slides are microscopically examined at X200 magnitication.

Capillaries are counted manually within 10 randomly chosen ticIds (0.0625 mm2 each)

for each muscle section and then averaged. CapiIlary density is tinally expressed as

capillaries/mm2• '89 With the aid of a computerized image analysis system, this technique

becomes more accurate and less time-consuming.

Tritiated-thymidine uptake is an established and reliable technique for measuring

cell proliferation. Normally, adult vascular endothelium has an extremely slow turnover
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rate, rarely dividing, so that mitoses are seldom encountered by this method. However,

new vessel formation is associated with proliferation of vascular endothelial cells and

there is a positive correlation between the proliferation and the uptake of tritiated

thymidine. 88
•
19O The presence of tritiated-thymidine labelled endothelial nuclei can be

confirmed by autoradiography under the microscope and the labelling index (defined as

the ratio of labelled to nonlabc:J1ed endothelial nuclei) can be used as an indicator to

assess the degree of vascular proliferation in vivo. 81,191,192 The technique has previously

been used in our laboratory to confirm vascular proliferation after AVR in a canine

ischemic hindlimb monel. However, the demonstration of significant endothelial cell

proliferation still does not distinguish between new vessel development and an increase

of in size of the pre-existing vessels in an ischemic limb.so More recently, a double

staining technique with a monoclonal antibody to Brumodeoxyuridine, a purine analog,

has been introduced and used by sorne investigators. This method can provide a rapid,

,'eproducible, and nontoxic means to measure cellular kinetics. The labelled endothelial

cells may give us more conclusive evidence of new vessel formation than c1assic

autoradiography with tritiated thymidine. 193
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Limb sai vage in patients with extensive, diffuse peripheral vascular disease who

are not suitable candidates for direct surgical revascularization or endovascular

procedures, or effective nonoperative therapy for patients with limited peripheral vascular

disease who have ischemic symptoms remains a challenge in modern vascular surgery.

Efforts to identify the factors involved in initiating and controlling the growth of blood

vessels and the successful isolation and purification of sorne angiogenic stimulants have

now made it possible to use such agents as a pharmacological means to relieve tissue or

organ ischemia by enhancing collateral vascular growth or angiogenesis. In our

laboratory, we have been interested in the concept that angiogenic factors might

potentially promote ccllateral vessel growth in ischemic organs. Based on our

understanding of angiogenesis and its stimulants, as weil as on a few preliminary reports

that in vivo administration of one of the angiogenic agents indeed directly stimulated the

new vessel growth in rat sponge models, we hypothesized that revascularization of

ischemic limbs would be enhanced by in vivo administration of one of the angiogenic

factors recently ùeveloped.

The experimental studies performed during my entire Ph.D. training were designed

to test the original hypotheses in a rabbit ischemic hindlimb mode!. They were carried

out by four step-by-step complete experiments and the purpose of each study is as

follows:
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(1) To develop a rabbit ischemic hindlimb model in which persistent ischemia of the

limb couId be maintained for a few monlhs, and in which the severity of the

ischemia and the response to treatment could be measured. Such a model should

be ideaIly suited for the study of angiogenic stimulation in ischemic limhs hy

measuring arterial perfusion and collateral vessel formation.

(2) To test our hypothesis that administration of one of the angiogenic factors,

endothelial cell growth factor (ECGF), would significantly improve arterial

perfusion and collateral vessel growth in the rabbit ischemic hindlimh mode!.

(3) To further test our hypothesis in the rabbit model of bilateral hindlimb ischemia

and to determine whether direct administration of ECGF to a single hindlimb of

animal would significantly improve revascularization of that limb compared with

its contralateral limb.

(4) To further our understanding of this potential alternative therapy for the treatment

of limb ischemia, that is to determine whether a dose-response relationship would

be demonstrated for ECGF, whether it would be effective when administereü

systemicaIly, and finally whether it would affect vascularization to a non-ischemic

limb.
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In summary, the purposes of the present study were to test our original hypotheses,

to establish the concept of using angiogenic stimulation to relieve organ ischemia, and to

further understand this potentiaI therapy for the treatment of limb ischemia. The ultimate

goal of the present study would be to find an alternative approach to treat the moderately

ischemic Iimb nonoperatively and to salvage the severely ischemic Iimb which is not

currently treatable by direct surgical techniques.
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ABSTRACT

The study of new approaches for the treatment of limb-threatening ischemia has been

hampered by lack of a suitable animal model of persistent limb ischemia. We describe

the development and evaluation of an animal model of persistent hindlimb ischemia.

Ischemia was induced in the left hindlimb of 28 NZW rabbits by ligation of lhe distal

external iliac artery and excision of the common and superticial femoral arteries. The

severity of the ischemia and ils relief in each animal was evaluated every 10 days

postoperatively until day 40 (ail animais) or day 90 day (5 animaIs). Nine animais

developed superficial tissue necrosis in the distal calf or foot, but no deaths were

attributable to the ischemia-inducing procedure. Angiography demonstrated minimal

collateralization and sluggish filling of distal vessels up to postoperative day 90, which

was accompanied by a decrease at rest in calf blood flow ratio (p< 0.005 vs. day 0), an

increase in lactic acid in the femoral venous blood (Ieft vs. right side, p< 0.002) up to

postoperative day 40, and a decrease in calf bJood pressure ratio (p< 0.0001 vs.day 0) up

to day 90. Histologic study of the distal anterior tibial muscles demonstrated evidence

of atrophy and fibrosis in the left hindlimb. This mode! can be used to evaluate direct

and indirect approaches to the treatment of chronic limb ischemia.
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INTRODUCTION

With increasing life expectancy in North America, a growing population of patients

with atherosclerotic occlusive disease need treatrnent for Iimb salvage. 1 Despite the

considerable advances in direct arterial revascularization over the past decade, there still

remains a group of patients, who cannot be helped by these procedures because of

extensive obliteration of the distal arterial tree. Therefore, research has been stimulated

on other possible treatment modalities to avoid amputation.2-6 The study of alternative

therapies for chronic Iimb threatening ischemia and the achievement of a better

understanding of the process by which collateral formation occurs have been hampered

by the lack of a suitable animal mode!. Most models of Iimb ischemia either are more

suitable for studying the effects of acute rather than chronic occlusive disease, or they do

not result in a stable ischemic preparation because of the extensive collaterals normally

present in animais such as dogs.

This report describes the development of a reproducible anima! mode! in which

persistent ischemia of the Iimb was maintained up to 3 months, and in which the severity

of the ischemia and the response to trcatrnent cou!d be measured.
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MATERIALS AND METHODS

SURGICAL TECHNIQUE

Twenty-eight New Zealand white rabbits (male, mean 4 kg) were anesthetizeù with

intramuscular Ketamine (50 mglkg) and Xylazine (5 mg/kg). A longitudinal incision was

performed in the left thigh from the inguinal ligament toward the knee. With the aiù nf

surgical loops, the femoral artery was totally dissected and its branches incluùing the

profunda, lateral circumflex, superficial epigastric arteries were dissecteù as far as

possible. The popliteal and saphenous arteries were further dissected ùistally. Ischemia

was then induced by Iigation of the distal external iliac arteryGust above the level of the

inguinal ligament), the inferior epigastric artery, and the branches of the felllorai artery.

The proximal portion of the popliteal and saphenous arteries were then Iigateù Iblloweù

by excision of the entire common and superficial femoral arteries from just above the

inguinal ligament to the level of the proximal popliteal and saphenous arteries.(Figure 1).

All animais received 0.9% sodium chloride 50 ml intravenously ùuring the surgery, anù

Cefazolin (15 mglkg/per day) intramuscularly for 4 days started the ùay of surgery. The

pain reliever (Bupreorphine 0.04 mglkg) was also administered ùaily ùuring the first 10

days after surgery in each animal. Animais in which superficial skin necrosis was eviùent

were given pain relievers throughout the study. The approval for the use of the rabbits

in this study was granted by our institutional animal care committee. The care of the

animais complied with the guidelines of the Canadian Council of Animal Care, and the

Principles of Laboratory Animal Care and the Guide for the Care and Use of Laboratory
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AnimaIs (NIH publication No. 80-23, revised 1985).

Each animal was evaluated preoperatively (day 0), and postoperative l, 10,20,30,

and 40 days following the surgery by clinical assessment, angiography, measurement of

calf blood pressure and femoral venous lactate levels, and calf radioisotopic perfusion.

In 5 animaIs, the study was prolonged to 90 days, with calf blood pressure measured at

each 10-day interval after day 40, and femoral venous lactate assessed and angiography

performed on postoperative day 90. The animaIs were sacrificed on postoperative day

40 or day 90, and muscle samples from both calves were prepared for histologie studies.

ASSESSMENTS

Angiography

Conventional angiograms was performed on postoperative day l, 40, and 90 (3

randomly at each time intervals). With the animal under the same general anesthesia

described earlier, the left common carotid artery was exposed through a ventral incision

in the neck. A 4-French catheter was introduced into the exposed artery with use of the

Seldinger technique and advanced to a position about 3 cm proximal to the aortic

bifurcation. A total of 10 ml of contrast agent (60% iothalamate meglumine) was injected

at the rate of 3 mVsecond, with seriaI filming of both hindlimbs.
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Calf blood pressure

The calf blood pressure was measured by Doppler Flowmeter (Model 1059, Parks

Medical Electronics, Aloha, Oregon) on preoperative (day 0), and postoperatively at each

10-day intervals until completion of the experiment on day 40 or day 90. Both hindlimbs

were shaved and cleaned. With the rabbit under Iight general anesthesia, the pulse of

the posterior tibial artery in the lower calf was detected by the doppler probe with contact

gel, and the systoIic blood pressure of the calf was measured according to the standard

technique. The calf blood pressure ratio was defined as the ratio of the pressure in the

left hindIimb to that in the right hindIimb (UR ratio).

Femoral venous lactate

Preoperatively (day 0), and on postoperative days 10, 40, and 90, a 0.5 ml blood

sample from both femoral veins was withdrawn into a 3-ml heparinized syringe after

exposure of the vessels through a cutdown performed with the animal under general

anesthesia. The lactic acid content was determined with a lactate analyzer (Model 23L,

YSI Incorporated, Yellow Springs, Ohio), used according to the specifications of the

manufacturer.

Calf radioisotopic perfusion scanning

Relative quantification of arterial perfusion in the calf was studied by radioisotopes

(15-30 p. in diameter) using 99mTechnetium Macroaggregates ~mTcMAA, E.I. du Pont
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de Nemours & Co., Boston, MA). Preoperatively (day 0) and on postoperative days 20,

30, and 40, with the rabbit under anesthesia, the left ventric1e was punctured through the

4th intercostal space and 1 mCi of 99mTcMAA (in 2 ml saline) was injected. Scanning

was then done and radioactive counting with a gamma camera (Omega 500, Technicare

Co., Cleveland, Ohio) interfaced with a computer system (MCS 560). The counts were

stored on a computer disk for later data retrieval and analysis. At analysis, the

radioactive counts from each calf were generated from approximately placed regions of

interest. The ratio of the counts between the calves (UR) was calculated to represent an

index of relative calf perfusion.

Histologic studies

The distal tibialis cranialis muscles were dissected and removed from both legs

before the animal was sacrificed. The muscle specimen was fixed in 10% buffered

formalin, embedded in paraffin, and cut in 10 microns cross sections. Each section was

stained with hematoxylin and eosin, and evaluated by one of the authors (S.C.) according

to a single-blind protocoI.

Statistical analysis

Ali data are expressed as the mean ± one standard error of the mean (SEM).

Statistical comparisons between groups was done with the unpaired Student's t-test.

Values obtained from the ischemic and the normal Iimb in the same animal were
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compared with the paired Student's t-test. A p value <0.05 was considered statistically

significant.
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RESULTS

Clinical assessment

Ail 28 animais had limping in their left hindlimbs at day 1 postoperatively. After

day 10, 9 animais developed varying degrees of skin necrosis in the distal portion of their

left limb (ankle and foot). Three had nonfunctional hindlimbs. The remaining animais

had either with mild hindlimb limping or a functionally normalleg but noticeable muscle

atrophy after day 10. Six animais died before the termination of the study because of the

anesthesia, radioisotopic perfusion scanning or angiography. No deaths were attributable

to the ischemia-inducing procedure in this study.

Angiography

Angiography performed on postoperative day 1 demonstrated markedly retarded

filling of the arterial tree beyond the excised femoral artery as compared with the control

limb.(Figure 2) Angiograms obtained on postoperative day 40 also showed substantially

slower filling and reconstitution of the left popliteal artery with a few collaterals seen in

the thigh.(Figure 3) Angiograms from postoperative day 90 continued to show slower

filling and reconstitution ofdistal arterial tree with minimal collaterals in the thigh.(Figure

4)

Calf blood pressure

The measurement of calf blood pressure ratio (UR) at ail time intervals
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postoperatively showed a significant decrease as compared with the values obtained on

day O.(Figure 5) Nevertheless, there was a progressive increase in the ratio from day

10 to day 20 (0.19 ± 0.03 vs 0.36 ± 0.03, p< 0.00(1), followed by a slower increasc

From day 20 to day 30 (0.36 ± 0.03 vs 0.45 ± 0.02, p< 0.02). The values then hecamc

relatively stable, with only minimal changes From day 30 until day 90 (0.45 ± 0.02 tn

0.63 ± 0.04).(Figure 5)

Femoral venous lactate

Measurement of blood lactate levels in femoral venous effluents from both sides

showed no significant difference between the left and right hindlimbs (1.75 ± 0.14 vs 1.78

± 0.14 mmoVL, NS) before the surgery (day 0). Ten days postoperatively, howcver,

Lactate production in the left hindlimb was very significantly higher than that in the right

(2.30 ± 0.21 vs 1.75 ± 0.13 mmol/L, p< 0.0002). By day 40, although the lactate

production in the left hindlimb had diminished somewhat, it was still significantly higher

than that in the right (2.16 ± 0.14 vs 1.88 ± 0.12 mmol/L, p< 0.002). By day 90,

however, there was no longer a significant difference between lactate producation in the

two Iimbs (1.74 ± 0.25 vs 1.70 ± 0.23 mmol/L, NS).(Figure 6)

Calf radioisotopic perfusion scanning

The results of the radioisotopic scanning were evaluated as an index of total

arterial perfusion to each Iimb at each time interval. Preoperatively, the ratio of arterial
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perfusion between the left and right calves was LOI ± 0.02. The ratios remained

signiflcantly lower (p< 0.005) for at least 40 days.(Table 1) The mean calf perfusion

ratio was 0.72 on day 20,0.76 on day 30, and 0.83 on day 40.

Histologie studies

When sections of the tibial cranialis muscle were examined microscopically, those

from the right calf had normal skeletal muscle architecture.(Figure 7A) Muscle sections

From the left calf, however, showed different histologic changes, such as atrophy,

regeneration, patchy flbrosis and necrosis of muscle tissue, and even normal appearing

muscle tissue. The most striking flndings, as shown in Figure 7B, were tissue atrophy,

flbrosis, or incomplete regeneration which were indicative of persistent ischemia up to 90

days postoperatively.
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DISCUSSION

In preparing an ideal animal model of persistent limb ischemia that is comparable

to a patient with chronic critical ischemia, the following 4 criteria must be respeetcd: a

significant degree of ischemia is induced, which is reproducible and can be tolerated by

the animal; the ischemia becomes stable after the ischemic procedure and is maintained

for an appreciable period; the ischemia in the Iimb can be detected and measured

quantitatively by most conventional tests; and direct comparison is possible between the

ischemic and contralateral normal Iimb. In contrast to models of acute limb ischemia,7

representations of persistent limb ischemia are difficult to create because even a proximal

arterialligation or division usually results in Iittle measurable change in the resting Iirnb,

over time, in most laboratory animais. This is because of the animal's rernarkable ability

to form collateral pathways from their non-diseased proximal vessels or to reconstitute

the normal arterial trees and thereby relieve the ischemia within a short period.

A canine model of "chronic" ischemia has been described which required as many

as 14 separate Iigations of the pelvic arteries, the external iliac and common fernoral

arteries and their branches. Arter a 6-week recovery period, the dogs had approxirnally

normal resting blood flow, and the mean distal to central systolic blood pressure index

was 0.60.7 A common iliac artery division in a rabbit model produced resting limb

ischemia for only 17 days.8 Combined common iliac and femoral artery Iigation alone

could not produce an adequate ischemia at rest in rat hindlimbs.9
-

IJ Ligation of common
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iliac artery resulted in only inconspicuous histologie changes in the hindiimb muscle 7

days after the procedure. 12 Our preliminary studies also failed to produce

angiographically severe ischemia in rabbit hindiimbs 30 days after Iigation of the common

iliac or femoral artery aione.(unpublished observations)

We have now developed an animal model of persistent hindiimb ischemia by

Iigating the distal external iliac artery and excising the common and superficial femoral

arteries in the left hindlimb of rabbits.(Figure 1) The surgical preparation produced

substantial persistent ischemia demonstrable at rest up to 90 days, at which point the

study was terminated. Changes in arterial perfusion in the two hindiimbs were compared

with use of assessment of calf blood pressure and femoral venous lactate levels, as weil

as calf radioisotopic perfusion scanning. These evaluations not only confirmed the

production of ischemia in this model, but also demonstrated its persistence at rest during

the 40-day study period.(Table 1; Figures 5,6) A prolonged study measuring calf blood

pressure (UR ratio) also demonstrated relatively stable ischemia from postoperative days

30 to 90.(Figure 5) The results were supported by angiographie and histologie

findings.(Figures 3,4,7B)

We chose rabbits for this study because they are easily available and-manageable,

and they are sufficiently large to allow performance of the necessary surgical procedure

(although magnifying loops are helpful). In addition, conventional angiography, and
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noninvasive hindlimb blood pressure mea~urement are possible. Inter-individual

differences are minimal because animaIs from the same strain can be used. The rabbit

model is superior to the dog model because collateral formation is much less complete.

Furthermore, rabbits have an acceptable purchase and maintenance cost, thereby allowing

the use of a large numbers and long-term follow-up.

The surgical technique involved in preparing this model may be responsible for the

different results obtained and sorne of the special features in comparison with those

achieved in other available models.7
-

9 Our model produces severe ischemia throllgh

ligation of the distal external iliac artery and excision of the common and supllrficial

femoral arteries--procedures which also delay reconstitution by collaterals in dislal

arterial tree. The model avoids proximal arterial ligation (for example, of the common

iliac artery), which requires a laparotomy and is less effective in producing ischemia. It

preserves the inflow to the thigh, especially from the internaI iliac and circumtlex arleries,

an important source for collateral development after the surgery 10 maintain limb

survival.(Figures 3,4)

The model also makes it possible to quantitate the collateral vessels in the thigh

with use of angiography and pathological or histologic techniques, such as counting latex

perfused vessels grossly13 or measuring capillary density microscopically.3 This should

allow the model to be utilized to test such approaches as angiogenic stimulation in the
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ischemic limb, because the response of neovascularization can be measured directly in the

thigh. In our investigation, seriaI measurements of calf blood pressure showed an initially

rapid increase in blood pressure in the limbs up to 20 days postoperatively that probably

represented recruitment and dilation of existing collaterals in response to the produced

ischemia. After day 20 (Figure 5; Table 1), only slow, minimal increases in blood

pressure and perfusion were observed--similar to findings in patients with chronic

superficial femoral artery occlusion.

The tests chosen to evaluate the ischemia in rabbit hindlimbs in this study can be

compared with certain evaluations done in patients. Calf blood pressure measured

noninvasively and evaluated by expression of a UR ratio reflects the anklelbrachial index

determined in patients with peripheral arterial occlusive disease. In addition, increases

in lactate release produced by hypoxic tissue cells through anaerobic glycolysis have been

documented in resting Iimbs of patient with rest pain, ischemic gangrene, or claudication

after exercise. 14
-

16 The lactate accumulation confirmed by the measurement of femoral

venous effluent in our rabbit model has a close relationship with the metabolic delay and

the severity of ischemia in patients and is a good biochemical marker of tissue

ischemia. I
4-16 Thus, in this study, we found that femoral venous lactate was a useful

biochemical marker of severe tissue ischemia.
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For our sequential and survival studies, we chose the radioisotopic particle-

distribution method for determining regional distribution of blood flow in rabbit calves.7
•17

The 99mTcMAAs are larger in diameter than a capillary and thus are trapped in the t1rst

capillary bed they encounter and distributed in proportion to the perfusion in that bed.

This method has been used clinically for determining regional puhnonary perfusion, as

well as perfusion in the heart and extremities. 17 We evaluate the regional blood 110w in

the calf, rather than that in the entire hindlimb, in order to exclude the effects of local

trauma and wound healing in the thigh.

The chief difference between our animal model and chronic limb ischemia in

patients is that, in the model, ischemia is produced al'ter an acute ischemic insuIl, whereas,

in patients, it follows a relatively slow progressive vessel occlusion. Thus, the severe

tissue changes observed in the rabbit--particular the degree of skeletal muscle necrosis

and flbrosis--is not typically seen in patients with chronic critical ischemia. The

histologie evidence of muscle necrosis and the biochemical finding of increased femoral

venous lactate are probably more in keeping with acute ischemia occurring early in the

evolution of the ischemi,:: process (first 10 days).IR Thus, our model becomes a true

representation of persistent ischemia only beyond that time. 19
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CONCLUSION

The surgical preparation we used produced persistent hindlimb ischemia in rabbits

for at least 90 days. We believe that this model approximates the clinical state of rest

pain in the first few weeks after its preparation and of claudication due to occlusive

arterial disease of the superficial femoral artery afterward. The model is easily

reproducible, its characteristics are readily measurable, it is relatively inexpensive, it

allows comparison between Iimbs in the same animal (so each rabbit serves as its own

control), and it can be used for the study of various approaches to the treatment of

chronic Iimb ischemia that focus on improvement of arterial perfusion and collateral

formation. 20 The model is ideally suitable for studying angiogenic stimulation in an

ischemic Iimb21
, and appears better for this purpose than other models.7

-
11 In addition,

it can provide valuable information on the metabolic and physiological consequences of

chronic Iimb ischemia.
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TABLE 1

Calf Radioisotopic ("mTcMAA) Perfusion Scan Ratio (L/R)

120

•
DAY 0

1.01 ± 0.02

20

0.72 ± 0.05*

30

0.76±0.05*

40

. 0.83±0.04*

•

Nole: mean ± SEM, *p< 0.005 vs. day 0
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Figure 1. Rabbit left hindlimb ischemia preparation. An shaded './essels arc ligatcd

and excised.
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Figure 2. Angiogram (day 1) shows an almost complete lack of filling of the distal

arteries in the left hindlimb.
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Figure 3.
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Angiogram (day 40) shows slow reconstitution of the distal arteries wilh a

fewer collaterals in the thigh of the left hindlimb.
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Angiogram (day 90) demonstrates persistently slower reconstitution of the

distal arteries with minimal collateral formation in the thigh of the left

hindlimb.
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Figure 5. Postoperative measurement of calf blood pressure (UR ratio) rcvcals a

markcd increase of the ratio from day 10 to day 20, a more graduai

increase from day 20 to day 30, and then stabilization, with only a minimal

increase, from day 30 to day 90.
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Figure 6. Femoral venous lactate concentralion as an indicator of ongoing severe

ischemia in the hindiimb (L vs R) to day 40 following ischemia-inducing

surgery.
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Cross section of distal tibialis cranialis muscle from the same animal. A, the

normal side (right), shows normal appearing skeletal muscle. B, the

ischemic side (left), shows atrophie fibers, interstitial fibrosis, and

incomplete regeneration of muscle tissue.(Hemotoxylin and eosin, X 550)
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ANGIOGENIC STIMULATION: A NEW

APPROACH FOR SEVERE CHRONIC LIMB ISCHEMIA
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ENHANCED REVASCULARIZATION OF THE ISCHEMIC LIMB

BY MEANS OF ANGIOGENIC THERAPY

Presented in part at the 42th Surgical Forum during the 77th Clinical Congress of the

American College of Surgeons, Chicago, IL, October 20-25, 1991.
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ABSTRACT

This study tests the efficacy ofan angiogenic growth factor, endothelial cell growth

factor (ECGF), in a rabbit model of persistent hindlimb ischemia. Ischemia was induced

in the left hindlimb of 22 New Zealand white rabbits by ligation of the distal external

iliac artery and complete excision of the common and superficial femoral arteries. Two

groups of animais were studied: Group l consisted of II animais who for 10 days

received daily intramuscular injections of4 mg of ECGF beginning on post-operative day

Il; Group II consisted of II animais who also underwent the same surgical ischemic

procedure, but received only injections of saline daily for the same post-operative period.

Perfusion of the ischemic left limb was compared with the normal right limb in each

animal on post-operative days 10, 20, 30 and 40, utilizing the calf blood pressure ratio,

')<)
lIlTcMAA radioisotopic perfusion scans and seriai angiography. Neovascularization in

the left thigh at day 40 was quantified from the angiograms. Each technique documented

that animais in group l had significantly better perfusion than animais in Group II. That

is, the calf pressure ratio was higher in Group l than Group II (0.56 vs 0.32 at day 20,

0.64 vs 0.44 at day 30, and 0.70 vs 0.50 at day 40, p<O.OOOI); and the calf radioisotopic

perfusion ratio was also higher in Group l than Group II (0.88 vs 0.74 at day 20, p<0.02;

0.93 vs 0.76 at day 30, and 0.96 vs 0.79 at day 40, p<0.008). Angiographic studies

correlated well with these results demonstrating much earlier distal arterial reconstitution

and enhanced neovascularization (23.8 vs 9.0, No. ofvessels, p<0.007). The data clearly

indicate that an angiogenic growth factor, ECGF, promotes revascularization in this

experimental ischemic hindlimb model raising the possibility that in the future such agents
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INTRODUCTION

The number of people who suffer from lower extremity ischemia is increasing with

a corresponding increase in the need for Iimb salvage vascular surgery.' Currentiy,

severe chronic Iimb ischemia is treated by a variety of arterial revascularization

techniques. These include bypass procedures, using autogenous and synthetic conduits,

endarterectomy and percutaneous techniques such as balloon angioplasty and atherectomy.

Unfortunately, about 20% with limb threatening ischemia have disease which is so

extensive that direct revascularization procedures cannot be undertaken successfully.2 Too

often, the only alternative for these patients is limb amputation with its attendant

morbidity and mortality.

A number of innovative approaches have been reported clinically and

experimentally. These include pedal vessel bypass,3 conventional bypass with adjunctive

distal arteriovenous tïstula,4.S staged arteriovenous reversal,6-9 omental or muscle flap

transfer,IlI-'2 and others.'3 However, the effectiveness and practicality of ail such

procedures has yet to be clearly established. Powerful testament to the size of the

problem that remains cornes from the Maryland study by Tunis et al,'4 which showed no

decrease in the amputation rate despite the increase in bypass surgery and angioplasty.

Angiogenesis is the term which describes the formation of new blood vessels.

Folkman and otherslS-17 have not only elucidated sorne of the fundamental biologie
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mechanisms involved in angiogenesis, but have pioneered the isolation and description of

a number of angiogenic factors. 18
,'9 Recently, the studies by Thompson et al.~o,~1

Goldsmith et al,~~·~3 and others24
-

27 in different animal models demonstrated dramatic

angiogenesis in response to the administration of one or other of the angiogenic factors.

These results, stimulated our interest in the possibility of employing such an approach in

the treatment of severe chronic limb ischemia. The purpose of the present study was to

test the hypothesis that administration of one of these factors, endothelial cell growth

factor (ECGF), would significantly improve perfusion in a rabbit ischemic hindlimb

modeI.
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MATERIALS AND METHODS

Animal hindlimb ischemic model

Twenty-two adult New Zealand male white rabbits (mean weight 4 kg) were

studied. Ali animais were anesthetized with intramuscular Ketamine (50 mg/kg) and

Xylazine (5 mg/kg) and then a longitudinal incision was made in the left groin from the

inguinal ligament to above the knee. With the aid of surgical loops, the femoral artery

was dissected and its branches, the profunda, the lateral circumfiex and the superficial

epigastric were exposed as completely as possible. The proximal popliteal and saphenous

arteries were also dissected free. Ischemia was then induced in the left hindlimb by

ligation of the distal external iliac artery just above the inguinal ligament, the inferior

epigastric artery, ail the branches of the femoral artery, as weil as the proximal popliteal

and saphenous arteries. This was followed by excision of the common and superficial

femoral arteries (Figure 1). Ali animais received 50 ml of 0.9% sodium chloride during

surgery and Cefazolin (15 mg/kglday) intramuscularly for 4 days starting on the day of

the surgery. An analgesic, Bupreorphine 0.04 mg/kg, was administered daily for the first

10 days after surgery. Approval for animal use in this study \·:as granted by the

Institutional Animal Care Committee, and the care of these animaIs complied with the

guidelines of the Canadian Council of Animal Care, and the Principles of Laboratory

Animal Care, and the Guide for the Care and Use of Laboratory AnimaIs (NIH

publication No. 80-23, revised 1985).
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Endothelial cell growth factor

Endothelial cell growth factor (ECGF) is purified from bovine retina and

hypothalamus and is one of the heparin binding growth factors. IN.19 ECGF is an acidic

fibroblast growth factor (aFGF) which has been shown to promote endothelial cell

proliferation in vitro (at a concentration of 1 ng/ml) and to stimulate angiogenesis in vivo

(at levels of 10-100 ng in the chick chorioallanoic membrane and corneal bioassays).IN.lN

Experimental protocol

Two groups of Il rabbits each were studied. Group 1 received 4 mg ECGF (Endo

Gro™, VECTEC Inc., Albany, NY, WO mg + 10 units Heparin/per vial) (in 3 ml saline)

intramuscularly in the left thigh daily for 10 days commencing on post-op day Il. Each

injection was given intramuscularly in 3 different sites in the left thigh (2 ml in the

medial thigh, 0.5 ml in the lateral thigh, and 0.5 ml in the distal thigh near the kness).

Group II animaIs received intramuscularly a sham injection of 3 ml saline according to

the same manner. The animal was evaluated preoperatively (day 0) and on postoperative

days 10, 20, 30 and 40, by clinical assessment, calf blood pressure, calf radioisotopic

perfusion and angiography. The study was terminated on postoperative day 40.

Calf blood pressure measurement

The calfblood pressure was measured in both limbs by Doppler Flowmeter (Model

1059, Parks Medical Electronics, Aloha, Oregon). The hindlimbs were shaved and
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cleaned, and under anesthesia as described above, the pulse of the posterial tibial artery

in the lower calf was detected hy the doppler probe and the systolic blood pressure then

determined. The calf blood pressure is defined as the ratio of the left calf to right calf

systolic pressure (UR ratio).

Calf radioisotopie perfusion seanning

Arterial perfusion was determined radioisotopieally using 99mTechnetium

macroaggregates which measured 15-30 p. in diameter (El du Pont de Nemours & Co,

Boston, MA). The aggregates are designed to be so large that they will be trapped in the

capillary bed. Under anesthesia, the left ventricle was punctured through the 4th

intercostal space and 1 mCi of 99mTcMAA in 2 ml saline was injected. Following the

injection, the Iimbs of the animal were scanned and counted on a Gamma Camera (Omega

500, Technicare Co., Cleveland, Ohio) which was interfaced to a MCS 560 computer

system. The accumulated counts were stored on a disk for later retrieval and analysis.

At that time, the radioactive counts from each calf were generated from corresponding

regions of interest and the ratio of the counts between the calves (UR) was calculated as

an index of relative calf perfusion.

Angiographie evaulation

Angiograms were performed using standard techniques. Two animais were studied

for each group at post-operative day 20 and 4 from each group at day 40. Under
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anesthesia, the left common carotid artery was exposed through a ventral incision in the

neck. Using the Seldinger technique a 4-French catheter was introduced into the exposed

artery and advanceli to a position 3 cm proximal to the aortic bifurcation. Ten ml of

contrast agent (MD-76, diatrizoate meglumine) was injected at a rate of 3 ml/sec and

seriai filming of both hindiimbs performed.

Vascularization in the left thigh was determined l'rom the angiograms at day 40 and

defined as the number of collateral vessels extending along a vertically drawn line which

passed through the centre of the femur. The 4 second post injection film was analyzed

on two separate occasions by the same observer and the results averaged. If the two

differed by more than 10%, a third count was made and the three averaged.

Statistical analysis

Ali data are expressed as means ± one standard error of the mean (SEM).

Comparisons between Group 1and II were performed using a computer statistical package

using unpaired Student's t-test. A difference was considered statistically significant if the

p value was less than 0.05.
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RESULTS

Ali animais demonstrated weakness of the left limb on the first post-operative day.

After day 10, 4 of the animais in Group II developed varying degrees of superficial tissue

necrosis in their distal calves or toes. No similar abnormalities appeared in any animais

in Group I.

Comparison of calf blood pressure ratios (UR) determined by doppler

demonstrated no difference between the two groups on either day 0 post-op or day 10.

ln both, severe ischemia was evident on post-op day lOin the left hindlimb compared

to day 0 pre-op.(p<O.OOOI) However, as shown in Table l, on aU subsequent

examinations, although the ratio rose progressively in both groups, the value in Group 1

was always substantiaUy higher than in Group II with the differences easily statisticaUy

significant.(p<O.OOO 1)

The results of the radionuclide perfusion study are given in Table 2. As

anticipated, there was no pre-operative difference in perfusion between the limbs or

between the groups. At the time of the first post-operative examination (day 20),

evidence of significantly better perfusion in Group 1 than Group II was present (0.88 vs

0.74, p<0.02). This difference was even greater on the succeeding examinations such that

by day 40, the ratio of flow between the operated and non-operated Iimbs in the

treatment group approached unily (0.96 vs 0.79, p<0.008).
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Satisfactory angiographie examinations were obtained in ail animais. The examples

that follow are representative of the differences that occurred between Group 1and Group

II animais. Figures 2 and 3 were taken on post-operative day 20. The tirst is l'rom an

animal in Group l, the second from an animal in Group II. Distal artcrial reconstitution

in the left limb is obvious in the Group 1animal, but barely evident in the corresponding

angiogram in the Group II anima!. These differences are, if anything, even more obvious

in the angiograms focusing on the left thigh. Revascularization is easily evident in Group

1 animais (Figure 2), but virtually absent in those in Group II (Figure 3).

The angiograms performed at the end of the study (day 40), arc also of

considerable interest, again demonstrating substantially more distal arterial reconstitution

of the left hindlimb in Group 1 animais (Figure 4) than in Group Il animais (Figure 5).

As well more collateral vessels were present in Group 1 than in Group II animais (Figures

4 and 5 respectively). Of considerable interest as shown in Figure 6, a few of the most

rapidly "growing" collateral vessels were shown to extend ail the way l'rom their original

source to near the ankle where they reconstituted the distal arterial tree in that anima!.

Quantitative analysis of new vessel formation in the left thigh at day 40,

demonstrated more than twice number of nutrient vessels in Group 1 compared to Group

II animais (23.8 ± 3.4 vs 9.0 ± 1.5 vessels, p<0.007).
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DISCUSSION

Biotechnology now makes it possible to isolate and purify factors which can

stimulate new blood vesse! growth or angiogenesis. 18
•'9 In this study, several techniques

were used to examine and quantify limb perfusion. The results were consistent

throughout with in every instance, evidence of substantially improved perfusion and

revascularization in the group which received the angiogenic factor during the post

operative period.

The agent used in the present study is one of the heparin-binding growth factors.

This group has been divided into a basic fibroblast growth factor (bFGF) and an acidic

fibrob!ast growth factor (aFGF). The genes and protein structure of the Iwo forms are

similar and both bind to the same receptor.29
•
30 In most systems examined bFGF is

anywhere from 10-100 fold more potent than aFGF.JI Although heparin has been shown

to promote angiogenesis in a large animal model foIlowing continuous intravascular

infusion,32 the apparent dose required far exceeded (2x 104 units per animal) that used in

this study (4 units per animaI). It is highly unlikely, therefore, that the angiogenic effect

we observed was related to the small amount of heparin that was bound to the ECGF.

On the other hand, in the presence of heparin, the ability of aFGF to stimulate endothelial

cell proliferation increases 100 fold 31 and under these circumstances the EDso of aFGF

is just about the same as bFGF.33 In this study, we used ECGF which is an aFGF. We

did so because it is cheaper than bFGF and since it is commerciaIly available bound to
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heparin, we believed it was like1y to be efficacious. Larger doses as weil couId be

administered. The doses of the ECGP used in this study were based on previous

experience obtained during in vivo studied by Thompson et al,"ll and Andrade et al."4 The

format and schedule of administration of the agent was based on Goldsmith's Iipid

angiogenic factor studY,"3 as weil as, preliminary experience l'rom our laboralory.34

Administration of the agent was delayed to the Il post-operative day lo Illinilllize

confounding effects of the host response to acute ischelllic injury and the surgical

procedure.

Angiogenesis is a complex process involving capillaries and venules, and lhe exact

mechanism by which it was achieved in this study remains unknown. At least four steps

have been demonstrated to be involved in the development of a new capillary. These

include: enzymatic degradation of the basement membrane of the parent vessel to allow

formatioll of a capillary sprout; migration of endothelial cells toward the angiogenic

stimulus; proliferation of endothelial cells just behind the leading hont of migraling eells;

and finally maturation and organization of endothelial cells into capillary tubes.3S ECGF

might have acted through either one or several pathways to promote this proeess. For

example, as suggested by Folkman and Klagsbrun,IK it might stimulate and mobilize

macrophages which then secrete angiogenic growth factors or chemotactic agents for

vascular endothelial cells. Another possibility is that ECGF causes the release of such

factors l'rom intracellular sites in cells within the ischemic tissue itself. Alternatively, of
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course, it might act directly on the capillaries and arterio1es of the ischemic vesse1s to

promote the growth and development of new vascu1ar channe1s.

ln this study, we obtained quantitative angiographie evidence of revascu1arization

in the ischemic hindlimb of group 1compared to group II on angiography. The accurate

quantitation of revascularization in an ischemic hindlimb model is difficult, but we believe

that the method we used in this study is simpler and more reliable than other techniques

which are used to quantitative1y investigate in vivo angiogenesis in an ischemic Iimb

model of large animals.25..l4 However, the use of the available techniques to determine

whether the increased collateral vessels seen on angiograms are newly formed or just

enlarged pre-existing vessels still presents a challenge.

The cellular events in the new vessel formation process are currently thought to

be under the control of locally acting growth factors. The study by Mooney et aJ36

suggested that local administration of an angiogenic factor (tumor necrosis factor)

demonstrated beneficial effects superior to its systemic application in a rat wound healing

mode!. The topical application of angiogenic factors has been used by several

investigators to enhance wound healing,36.37 bone graft healing,25,26 vascular graft

endothelialization,37,38 bronchial anastomotic healing after lung transplantation,39 duodenal

ulcer healing,4o and peripheral never r..:generation4\ by hoping to increase angiogenesis in

these tissues. However, whether the angiogenic factors have a systemic effect or not is
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still uncertain.

Whatever the mechanism, the results of the present study strongly suggest lhal

agents such as ECGF have the potential to markedly enhance angiogenesis in the presence

of lirnb ischemia. Each technique used to assess this phenomenon confirmed lhe efficacy

of this agent in this experimental model of persistent Iimb ischemia. The angiographic

studies in particular, provide graphic evidence of enhanced neovessel formation in the

group receiving ECGF. Curiously, until quite recently, this class of agents had not been

tested experimentally for its capacity to relieve organ ischemia. Sorne evidence is now

available, however, with regard to both the heart and hind limbs. Banai et al,42, for

exarnple were unable to demonstrate benefit from delivery of an acidic fibroblast growlh

factor to ischemic myocardium from an epicardial sponge when regional ischemia was

gradually produced by application of an anaeroid constrictor to the left anterior

descending coronary artery. By contrast, Yanigisawa-Muwa el al43 demonstraled

significantIy enhanced collateralization with intracoronary injection of a basic fibroblasl

growth factor. The first report, however, of successful revascularization of the inschemic

hindlirnb due to administraction of an angiogenic factor came from our laboratory44 and

deait with the ischemic hindlimb, an observation that has since been confirmed by Daffour

and his colleagues using, however, a basic fibroblast growth factor.45
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CONCLUSION

Clearly much remains to ~e done to further clarify and confirm the efficacy of this

approach to Iimb, as weil as, other tissue revascularization. In addition the safety and

potential adverse effects of administration of such agents must be assessed since the

animais in the present study were not systematically assessed for evidence of

hematological, renal, or hepatic toxicity after administration of ECGF. Nevertheless,

given this present evidence of in vivo efficacy and the obvious need to improve our

therapy of severe arterial insufficiency in patients, clinical application in the future of

angiogenic agents similar to this should now be considered a real possibility.



•

145

REFERENCES

1. Johnson G Jr. The second generation vascular surgeon. J Vasc Surg 1987;5:217

21.

2. Gregg RO. Bypass or amputation. Concomitant review of bypass arterial grafting

and major amputations. Am J Surg 1985; 149:397-402.

3. Veith FJ, Gupta SK, Ascor E. Small artery bypass to the tibial and peritoneal

arteries for limb salvage. In Haimovici H (ed). Vascular SurgelY: Principles and

Techniques, 3rd ed. Norwalk, CT: Appleton & Lange, 1989, pp 506-16.

4. Dardik H, Sussman B, Ibrahim lM. Distal arteriovenous tistula as an adjunct to

maintaining arterial and graft patency for Iimb salvage. Surgery 1983;94:478-86.

5. Paty PSK, Shan DM, Saifi J, et al. Remote distal arteriovenous tistula to improve

infrapopliteal bypass patency. J Vasc Surg 1990;11:171-8.

6. Graham AM, Sniderman AD, Jothy S, Homan J, Symes JF. Staged reversai of

venous flow for revascularization of the severely ischemic Iimb. J Surg Res

1983;35:11-20.

7. Symes JF, Graham AM, Stein L, Sniderman AD. Salvage of a severely ischemic

limb by arteriovenous revascularization. A case report. Can J Surg 1984;27:274-6.

8. Graham AM, Baffour R, Burdon T, DeVarennnes B, Ricci MA, Cornmon A,

Lisbona R, Sniderman AD, Symes JF. A demonstration of vascular proliferation

in response to arteriovenous reversaI in the ischemic canine hind Iimb. J Surg Res



146

1989;47:341-7.

9. Sun J-M, Zhang P-H. Revascularization of severely ischemic limbs by staged

arteriovenous reversaI. Vasc Surg 1990;24:235-44.

10. Goldsmith HS. Salvage of end stage ischemic extremities by intact omentum.

Surgery 1980;88:732-6.

Il. Shestak KC, Hendricks DL, Webster MW. Indirect revascularization of the lower

extremity by means of microvascular free-muscle flap- A preliminary report. J

Vasc Surg 1990;12:581-5.

12. Pevec WC, Hendricks DL, Rosenthal MC, Shestak KC, Steed DL, Wesbster MW.

Revascularization of an ischemic limb by use of a muscle pedicle flap: A rabbit

model. J Vasc Surg 1991;13:385-90.

13. Jacobs MJHM, Jorning PJG, Beckers RCY, Ubbink DT, Kleef MV, Slaaf DW,

Reneman RS. Foot salvage and improvement of microvascular blood flow a~ a

result of epidural spinal cord electrical stimulation. J Vasc Surg 1990;12:354-60.

14. Tunis SR, Bass EB, Steinberg EP. The use of angioplasty, bypass surgery, and

amputation in the management of peripheral vascular disease. N Engl J Med

1991 ;325:556-62.

15. Folkman J. Angiogenesis: Initiation and control. Ann N Y Acad Sci

1982;401 :212-27.



147

16. Folkman J. Toward an understanding ofangiogenesis: Search and discovery. Persp

Biol and Med 1985;29:10-36.

17. D'Amore PA, Thompson RW. Mechanisms of angiogenesis. Ann Rev Physiol

1987;49:453-64.

18. Folkman J, Klagsbrun M. Angiogenic factors. Science 1987;235:442-7.

19. Tomasi V, Manica F, Spisni E. Polypeptide growth factors and angiogenesis.

BioFactors 1990;2:213-7.

20. Thompson JA, Anderson KD, Dipietro JM, Zwiebel JA, Zametta M, Anderson

WF, Maciag T. Site-directed neovessel formation in vivo. Science 1988;241: 1349

52.

21. Thompson JA, Handenschild CC, Anderson KD, Dipietro JM, Anderson WF,

Maciag T. Heparin-binding growth factor 1 induces the formation of organoid

neovascular structures in vivo. Proc Natl Acad Sci USA 1989;86:7928-32.

22. Goldsmith HS, Griffith AL, Kupferman A, Catsimpoolas N. Lipid angiogenic

factor from omentum. JAMA 1984;252:2034-6.

23. Goldsmith HS, Griffith AL, Catsiompoolas N. Increased vascular perfusion after

administration ofan omentallipid fraction. Surg Gynecol Obstet 1986; 162:579-83.

24. Andrade SP, Fan TPD, Lewis GP. Quantitative in vivo studies on angiogenesis in

a cat sponge mode\. Br J Exp Path 1987;68:755-66.



•

•

•

148

25. Eppley BL, Doucet M, Connolly DT, Feder J. Enhancement of angiogenesis by

bFGF in mandibular bone graft healing in the rabbit. J Oral Maxillfac Surg

1988;46:391-8.

26. Nottebaert M, Lane JM, Burstein JA, Schneider R, Sinn RS, Dowling C, Comell

C, Catsimpoolas. Omental angiogenic lipid fraction and bone repair. An

experimental study in rat. J Orthop Res 1989;7:157-69.

27. Burgos H, Lindenbaum ES, Beach D, Maroudas NC, Hirshowitz B. Effect of

decidua angiogenic factors on experimental dermis a1lografts. Burns 1989;15:310

4.

28. Klagsbrun M, Edelman E. Biological and biochemical properties of fibroblast

growth factors. Implications for the pathogenesis of atherosclerosis.

Arteriosclerosis 1989;9:269-78.

29. Schweigerer L. Fibroblast growth factor and angiogenesis. Z Kardiol

1989;78(S6): 12-5.

30. Dijke PT, Iwata KK. Growth factors for wound healing. BiolTechnol 1989;7:793

8.

31. Gimenez-Gallego G, Conn G, Hatcher YB, Thomas KA. Human brain-derived

acidic and basic fibroblast growth factors: animo terminal sequences and specifie

mitogenic activities. Biochem Biophys Res Commun 1986;135:541-8.

32. Unger EF, Shl:ffield CD, Epstein SE. Heparin promotes the formation of



•
33.

34.

35.

149

extracoumadin to coronary atrnospheres in a canine model. Am J Physiol

1991 ;260:H1625-34.(Heart Circ Physiol 29)

Joseph-Silverstein J, Rifkin DB. Endothelial cel1 growth factors and the vessel

wall. Sernin in Throm and Hemos 1987;13:504-13.

Baffour R. Determination of the nature and mechanism of revascularization of

ischemic limbs via the venous route. Ph.D. Thesis. McGiIl University, 1988.

Ausprunk OH: Tumor angiogenesis. In: Houck JC (ed). Chemicai messengers of

the inflammatory precess. Amsterdam: ElsevierlNorth Hol1and, 1979, pp 317-28.

•

•

36. Mooney OP, O'Reilly M, Gamelli RL. Tumor necrosis factor and wound healing.

Alm Surg 1990;211:124-9.

37. Doctrow SR, Kulakowski EC. Angiogenesis modulators-New drugs for control1ing

blood vessel growth. Drug News & Perspectives 1989;2:74-81.

38. Greisler HP, Klosak JJ, Dennis IW, Karesh SM, Ellinger J, Kim DU. Biomaterial

pretreatrnent with ECGF to augment endothelial cel1 proliferation. J Vasc Surg

1987;5:393-9.

39. Olech VM, Keshavjee SH, Chamberlain DW, Slutsky AS, Patterson GA. Role of

basic fibroblast growth factor in revascularization of rabbit tracheal autografts. Ann

Thorac Surg 1991;52:258-64.

40. Folkman J, Szabo S, Stovroff M, Mcneil P, Li W, Shing Y. Duodenal ulcer:



•

•

•

150

Discovery of a new mechanism and development of angiogenic therapy that

accelerate healing. Ann Surg 1991 ;214:414-27.

41. Cordeiro PG, Seckel BR, Lipton SA, D'Amore PA, Wagner J, Madison R. Acidic

fibroblast growth factor enhances peripheral nerve regeneration in vivo. Piast

Constr Surg 1989;83:1013-9.

42. Banai S, Jaklistch MT, Casscells et al. Effect of acid fibroblast growth factor in

normal and ischemic myocardium. Circ Res 1991;69:76-85.

43. Yanigasawa-Muia A, Uchida Y, Nakamura F, et al. Salvage of infarcted

myocardium by angiogenic action of basic fibroblast growth factor. Science

1992;257;1401-3.

44. Pu LQ, Lachapelle KI, Graham AM, Lisbona R, Brassard R, Symes JF.

Angiogenic stimulation: A new approach fro severe chronic limb ischemia. Surg

Forum 1991;42:365-7.

45. Baffour R, Berman J, Garb JL, Rhee SW, Kaufman J, Friedmann P. Enhanced

angiogenesis and growth of collaterals by in vivo administration of recombinant

basic fibroblast g:owth factor in a rabbit model of acute lower limb ischemia:

Dose-response effect of basic fibroblast growth factor. J Vasc Surg 1992; 16: 181

91.



• 151

TABLES

TABLE 1

CALF BLOOD PRESSURE (L/R) RATIO

.----------------------------

--_. -----.-• DAY o 10 20 30 40

Grp 1

Grp II

1.02±0.02

1.01±0.02

0.19±0.03·

0.17±0.02·

0.51l±0.02+

0.32±0.02

O.64±0.02+ 0.73±0.02+

0.44±0.02 O.SO±0.02

•

----------- ------.-----------._--------------
Note: mean ± SEM, ·p<O.OOOI Day 10 vs Day 0, +p<O.OOOI Grp 1 vs Grp Il



•

TABLE 2

CALF BLOOD FLOW (L/R) RATIO

Radioisotopic ~mTcMAA) Perfusion Scan

152

• DAY o 20 30 40

Grp 1

Grp II

---------

O.99±O.02

l.O1±O.02

O.88±O.03" O.93±O.O4-/- 096±O.02+

O.74±O.05 O.76±O.05 O.79±O.05

•

Note: mean ± SEM, ·p<O.02, +p<O.008, Grp 1 vs Grp II
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FIGURES

HINDLIMB ISCHEMIA PREPARATION
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Figure 1. A diagram of the rabbit hindlimb ischemia preparation. The Iigated vcssels

are indicated and ail shaded vessels are excised.

•
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Figure 2.

154

Angiogram obtained on postoperative day 20 from group 1Oust after ECGF

administrations, the 4th second film) shows early distal arterial

reconstitution in the left hindlimb and more prominent neovascularization

in the left thigh compared with those in group II.
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Figure 3.
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Angiogram obtained on postoperative day 20 from group Il (the 4th second

film) shows the absence of the distal arterial reconstitution in the left

hindlimb and only a few collateral vessels in the left thigh.
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Figure 4.
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Angiogram obtained on postoperative day 40 from group 1 (20 days after

ECGF administrations, the 4th second film) shows early distal arterial

reconstitution in the left hindlimb and more visualized neovascularization

in the left thigh compared with those in group n.
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Figure 5.
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Angiogram obtained on postoperative day 40 from group II (the 4th second

film) shows the poorly developed collateral formation (arrows indicate the

sources of these collaterals) and distal arterial reconstitution in the left

hindlimb.
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Figure 6.
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An angiogram obtained on postoperative day 40 from a group 1animal (the

5th second film) shows the rapid "growing" coIIateral vessels (arrows) from

the thigh towards the anIde to reconstitute the distal native arterial trees.



•

•

CHAPTER V

ANGIOGENIC STIMULATION: A ROLE

IN REVASCULARIZATION OF THE ISCHEMIC LIMB
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ANGIOGENIC STIMULATION

PRODUCES ENHANCED REVASCUJ...ARIZATION

IN A RABBIT MODEL OF BILATERAL LIMB ISCHEMIA

Presented in part at the 43th Surgical Forum during the 78th Clinical Congress of the

American College of Su~geons, New Orleans, LA, October 12-16, 1992.
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ABSTRACT

We previously showed that administration ofendothelial cell growth factor (ECGF)

accelerates revascularization in a rabbit model of ;milateral severe limb ischemia. The

present study was undertaken to further test this hypothesis in a model of bilateral severe

limb ischemia. Ischemia was induced in Il NZW rabbits by surgical interruption of the

arterial inflow to both hindlimbs. Five intramuscular injections of 8 mg of ECGF in 3

ml saline were given in the left hindlimb every other day beginning on postoperative day

Il, whHe the right (control) 'lindlimb was injected with 3 ml of saline. Calf systolic

blood pressures in both limbs were measured on postoperative days 10, 30 and 50. On

day 50, angiography was performed and vascularization assessed by counting the number

of vessels crossing a line drawn across the mid-thigh on the films. The muscle samplcs

were then obtained for quantitation of ;;apillary density and l'or histologie studies. The

mean calf systolic blood pressure in the left limb injected with ECGF was signiticantly

higher than in the right (68.9±3.1 vs 45.0± 2.9 mmHg on day 30 and 83.0±3.0 vs

57.0±1.7 on day 50; p<O.OOOI for both comparisons). Vascularization was signiticantly

improved in the left limb as indicated by angiography (17.2±1.6 vs 11.0±0.8 vcsscls,

p<0.0006) and capillary density (225.9±11.4 vs 159.6±12.9 capillaries/mm2, p<0.002)

co;npared co the right. Thus, our results demonstrate that ECGF can markedly enhance

collateral development leading to a significant improvement in perfusion in severely

ischemic limbs.
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INTRODUCTION

Despite enormous technica1 advances in arterial revascularization techniques, limb

salvage and effective relief ofdisabling ischemic pain remains a difficult problem in many

patient.; with diffuse peripheral vascular disease, and amputation is still the only treatment

option for such patients. In addition, a far larger population of patients with stable but

disabling claudication have no choice but to "live with" their symptomes because the

durability of revascularization after the procedures currently employed is inadequate to

warrant their use in those not faced with limb loss and because no medical alternative has

been proved effective.

Several new approaches to this problem have been reported, including omental

transplantation, 1 arteriovenous reversal,2 and muscle pedicle flap transfer,3 but their

efficacy and practicality have not been established. Recently, however, experimental

work from severallaboratories has suggested th.::.t enhanced vascularization resulting from

administration of an angiogenk factor might be of value in improving perfusion in a

variety of ischemic tissues.4-7 For example, we demonstrated that arterial perfusion to

a chronically ischemic rabbit hindlimb was significantly enhanced after administration of

endothelial cell growth factor (ECGF).4 In that study, only one hindlimb W3; ïendered

surgically ischemic and no histologie assessment of the tissue was done. The current

study was undertaken to evaioJate this angiogenic approach furthl''' :-, a rabbit model oi

bilateral severe hindlimb ischemia and to determine whether direct administration of
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ECGF to a single Iimb of the animal would significantly improved rcvascularizalion lo

that Iimb compared with its contralateral Iimb.
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MATERIALS AND METHOnS

Approval for the experimclItal protocol was obtained from our Institutional Animal

Care Committee. The care of rabbits complied with ail guidelines of the Canadian

Council for Animal Care and the "Principles of Laboratory Animal Care" and the "Guide

for the Care and Use of Laboratory Animais" (NIH publication No. 80-23, revised 1985).

Bilateral hindlimb ischemia preparation

Severe ischemia was produced in both hindlimbs of Il male New Zealand white

rabbits of average weight 4 kg with use of a surgical procedure that produces a markedly

ischemic Iimb which remains viable for up to 90 days.8 Each rabbit was anesthetized

with intramuscular Ketamine (50 mg/kg) and Xylazine (5 mglkg). Longitudinal incisions

were made in both groins from the inguinal ligament on each side towards the knee.

With the aid of surgical loops, each femoral artery was completely dissected and its

branches, including the profunda, lateral circumflex, and superficial epigastric arteries,

were dissected as far as possible. The proximal popliteal and saphenous arteries v:ere

exposed. Ischemia was induced in both hindlimbs by Iigation just above the inguinal

ligament of the distal external iliac arteries, the inferior epigastric arteries, ail identified

branches of the femoral arteries, and the proximal popliteal and saphenous arteries. The

common and superficial femoral arteries were then completely excised.(Figure 1)
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Ali animais received 50 ml of 0.9% sodium chloride during surgery. Cefazolin

(15 mg/kg) was administered intramuscularly for four days beginning the day of surgery.

Bupreorphine at a dosage of 0.04 mg/kg/day was given for the tirst 10 days al'ter surgery

and longer if necrosis developed in a hindlimb. Each animal was evaluated as detailed

below ~nd the experiment was terminated on postoperative day 50.

Administration of cndothelial cell growth factor

Endothelial cell growth factor (ECGF), which is puritied l'rom bovine retina, is one

of the heparin-binding growth factorsY It is also considered as an 'lcidic tibroblast

growth factor (aFGF) and has been shown to promote endothelial cell proliferation in

vitro (at levels of 1 ng/ml) and to stimulate angiogenesis in vivo (at levels of 10-100 ng

in the chick chorioallantoic membrane and cornea bioassays).9.IO The ECGF used in this

study (Endo Gro™, 100 mg plus 10 units of heparin/per vial) was commercially

purchased(VEC TEC Inc., Albany, NY).

Eight mg of ECGF diluted in 3 ml saline was injected intramuscularly into the left

thigh every other day starting on postoperative day Il until tive doses had been

administered. Each injection was given in 3 different sites in the left thigh (2 ml in the

medial thigh, 0.5 ml in the lateral thigh, and 0.5 ml in the distal thigh near the knee). A

sham injection of 3 ml saline was given in the right thigh in the same manner.
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Calf blood pressure

Calf systolic blood pressure, uscd a~ an index of arterial perfusion to each

hindlimb, was measure:l in both limbs by a Doppler Flowmeter (Model 1059, Parks

Medical Electronics, Aloha, Oregon) on postoperative days 10, 30, and 50. Both

hindlimbs were shaved and cIeaned. With the animal under anesthesia, the pulse of the

posterior tibial artery in the Iower \:alf was detected with a Doppler probe and blood

pressure was measured in the standard fashion. The measurements were done on two

sc:parate occasions by the same observer and the resuIts averaged. If they differed by

more than 10%, a third· assessment was dOlle and the three values averaged.

Angiographie evaluation

Bilateral hindlimb arterial angiogram was performed on postoperative day 50 in

each animal with use of standard techniques to determine the rate of reconstitution of

distal arterial tree and the extent of vascularization of both ischemic hindlimbs. With the

anim~1 under anesthesia, the left common carotid artery was exposed through a 'i~ntral

incision in the neck. The Seldinger technique was employed to introduce a 4-French

catheter into the exposed artery and advance it to about 3 cm proximal to the aortic

tifurcation. A total of 10 ml of contrast agent (MD-76, diatrizoate meglumine and

sodium) was injected at the rate of 3 mVsecond, with seriai filming of both hindlimbs.
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Vascularization was quantitated by determining the number of vessels visualized

in each thigh that crossed a vertical line drawn across both mid-remurs on angiogrmns

obtained 4 seconds al'ter injection of contrast into the distal aorla. Vessel counts were

done on two separate occasions by the same observer and the resulls averaged. Ir the Iwo

counts differed by more than 10%, a third count was made and the three values were

averaged.

Capillary density measurements

A histochemical technique that labels alkaline phosphatase in capillary endolhelium

was used to count the number of capillaries in hindlimb specimens. Muscle samples

(about 1 cm3 each) were removed from both adductors in the mid-thigh and rrozen in

methylbutane (precooled by dry ice) on postoperative day 50, jusl before the animais were

killed. Cryostat sections (10 J.f. thick) from each muscle sample were cut transversely to

the directions of the fibers and fixed in acetone at 4°C for 5 minutes and then air dried

before staining. For each muscle section, staining for alkaline phosphatase with an

indoxyl-tetrazolium method" was done for 1 hour at 37°C, using a incubation medium

and adjustment to pH 9.2 to 9.4 with boric acid. After rinsing and a brief post-flxatiGn

in neutral buffered 10% formaIin, the slides were counterstained with 0.5% eosiu and

then subjected to alcohol dehydration, xylene clearing, and mounting. This technique

stains capillaries black while leaving the rest of the muscle a light pink.
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Capillary density was measured by one of the authors (G.R.G.) according to a

single-blind protocol using a computerized image analysis system (Optimas, Bioscan, Inc.,

Edmonds, WA). At magnification X 100, capillaries in 10 randomly selected fields

(0.1744 mm2/field) were counted for each muscle section and the results averaged. The

capillary density was then calculated and expressed as capillaries/mm2•

Histologie studies

Muscle samples were removed from the adductors in the mid-thighs for routine

histologie studies when the rabbits were killed. The specimens were fixed in 10%

buffered formalin, embedded in paraffin, and eut in 10 p. cross-sections. Each section

was then stained with hematoxylin and eosin for the studies.

Statistical analysis

Ali values are reported as means ± one standard error of mean (SEM). Results

in the two hindlimbs were compared with the paired Student's t-test. A p value of less

than 0.05 was considered statistically significant.
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RESULTS

In ail Il animais, both hindlimbs were weak when assessed clinically on

postoperative day 10, with graduaI recovery of function thereafter. Two rahbils

developed superficial tissue necrosis in the distal toe and obvious limb muscle atrophy in

the right hindlimb as compared with the left. No gross evidence of tis'~l\e inflammation

was present in any animal at the time it was killed.

Calf blood pressure

There was no significant difference in calf systolic blood pressure between the two

ischemic hindlimbs on postoperative day 10 before the administration of ECGF.

However, as shown in Figure 2, after the ECOP was given, the calf hlood pressure was

found to be significantly higher in the left hindlimb. On postoperative day 30, the meun

pressure (mmHg) was 6R.9±3.1 in the left hindlimb and 45.0±2.9 in the right (p<O.OOO 1).

On day 50, the values were 83.0±3.0 vs. 57.0±!.7 (p<O.OOOI).

Revascularization on angiography

Satisfactory angiograms were obtained in ail animais, and there was an ohvious

difference between the two hindlimbs in each animal in that reconstitution of the distal

vessels in the left hindlimb was substantially more pronounced than that in the

right.(Figure 3A) In Figure 3B, the area of the thigh has been selected and

neovascularization is considerably more advanced in the left limb compared to the right.
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The treated Iimb .:ontains arterial vessels with a corkscrew-Iike path in the region in

which the femoral vessels had been excised. These may be newly formed vessels, and

it is interesting that they are anastomosed to the distal native arterial channels that were

left in place.

The angiographie features shown in Figure 3 were found consistently in the treated

1imbs, whereas vascularization in the control Iimbs was variable. In ail rabbits, there

appeared to be fewer vessels in the right hindlimb and, in fact, quantitation of the vessels

supplying the limbs revealed significantly more vessels in the left limb compared to the

right (17.2±1.6 vs 11.0±0.8 vessels, p<0.006).

Capillary density

Rep. esentative sections from both adductors in the mid-thigh that were assessed

for capillary density are shown in Figure 4. More capillaries are evident in the specimen

from the left thigh than in that from the right. Quantitative analyses of capillary density

showed 225.9±11.4 capillaries/mm2 in muscles from the left thigh and l59.6±12.9

capillaries/mm2 in those from the right(p<0.002 ).

Histologie studies

Histologie assessment of adductors in the mid-thigh revealed primarily normal

skeletal muscle in both hindlimbs, with no evidence of inflarnmatory cell infiltration 30
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days after admin;stration ECGF or saline. However. microscopical examination of the

muscle samples showed more intramuscular arterioles in the specimens l'rom the Icft thigh

than those from the right.(Figure 5)
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DISCUSSION

The exper:mental technique used in this study produced severe stable ischemia in

both hindlimbs of New Zealand white rabbits. Ten days were allowed to clapse after the

arterial intlow to the hindlimbs was markedly reduced to permit acute responses to the

operativc procedure to dissipate. Intramuscular ECGF was then injected into only one

limb of each animal. Subsequently, the rabbits were monitored clinically and by means

of invasive and nOll-invasive measures for 50 days to determine whether arterial flow to

the treated limb was enhanced. Every evaluation revealed an improvement in perfusion

in the limb in which ECGF had been injected.

These findings confirm the results of our previous investigation of the use of

ECGF and provide additional support for its efficacy. In our earlier study, only one

hindlimb was rendered ischemic and two separate groups of rabbits were compared- one

that received local injections of ECGF and one that did not. We found higher calf

systolic blood pressure (expressed as a Left-to-right ratio) and more angiographically

visible vcssels in the hindiimb of the animais given ECGF.4 Our use of a bilateral

ist:hemic hindlimb model in the current study removed any unrecognized bias that may

have arisen from comparing two separate groups of rabbits. In addition, we here

quantitated the extent of neovascularization both angiographically and histologically.
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A variety of angiogenic factors have been isolated and studied in vitro. Of these,

both basic and acidic heparin-binding or fibroblast growth factors have been identilied.

and the two forms have been found to share similar gene and protein structures. in

addition to binding to the same receptor. 11
•
13 In most systems, basic FGF is between 10

and 100-fold more potent than acidic FGF, although this difference disappears in tht:

presence of heparin .13.14 The ECGF (an acidic FGF) was bound to heparin to enhance

its p.ffectiveness. In addition, its relatively low price as compared with that of !)asic FGF

al10ws large amounts to be used.

Although heparin itself has been shown to produce angiogenesis. 15 the doses

required far exceed those used in this study (0.4 units/injection). Il is h:ghly unlikely,

therefore, that the angiogenic effect we observed was related to the small amount of

heparin bound to the ECGF. Indeed, studies ofheparin-induced angiogenesis suggestthat

its effect is most likely related to its interaction with acidic and/or basic FGF. J6
-

IK

Thi. study was not designed to identify th..: mechanism or mechanisms by which

the ECGF induced angiogenesis. It may have acted directly on endothelial cells of

preexisting vessels in the ischemic limbs to stimulate cell locomotion and mitosis and

thereby initiate the formation of new vessels. However, Lh: arigiograms we obtained

demonstrate that the vascular response to ischemia is complex and several components

are apparently involved. Successful revascularization involves enlargement of native
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vessels from which collateral flow can occur, developmen~ of adequate collateral vessels

from these native vessels ( a phenomenon that may represent eniargement of preexisting

channels), neovascularization through the area from which the native vessels were

removed, and finally, anastomosis of these channels to the native distal arterial tree.

Therefore, ECGF may act en by opening and enlarging preexisting vessels, as weil oiS by

stimulating growth of new vessels in the ischemic Iimb. 19

Although the exact mechanisms of the activity of angiogenic factors remain to be

determined, these agents have been used experimentally wi'h variable success to enhance

the healing of wounds,2° bone grafts,21 the bronchial anastomosis after lung

transplantation,22 and duodenal ulcers,23 as weil as to endothelialize vascular grafts24 and

to enhance skin-graft survival.25 Until recently, the ability ofangiogenic agents to relieve

organ or Iimb ischemia had not been tested.4-7.26 Now, however, reports of its lise in both

cardiac and hindlimb ischemia are available. Banai et al26 were unable to demonstrate any

benefit from delivery of an acidic FGF to ischt;mic myocardium from an epicardial

sponge when regional ischemia was produced gradually by application of an ane.roid

constrictor to the left anterior descending coronary artery. In contrast, Yanagisawa-Miwa

and coworkers7 llemonstrated significantly enhanced collaterization with intracoronary

administration of basic FGF. The factor was injected twice into the circumflex coronary

artery 30 minutes and 6 hours after the left anterior descending was occluded with

thrombus.
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In studies in lower Iimbs, Baffo1Jr et alb showed that daily injections of a

recombinant basic FGF significantly improved vascular flow in a rabbit model of acute

lower lime ischemia. Their model, protocol, and experimental design, however, \Vere

different from those used in the current study. Our animal model may be more analogous

to patients with chronic lower extremity ischemia (such as that resulting l'rom occlusion

of a superficial femoral artery [SFA]) than other rabbit models because the pelvic blood

supply is left intact as a source of collaterals to the distal Iimb, while the femorals (which

have more branches in animaIs than does the SFA in humans) are rem<wed.J
•
6 The results

of angiogenic stimulation in this study may also be more pertinent than those of

investigations of acute ischemia in determining the potential benel1t of this therapy for

chronic tissue or organ ischemias-7 This is because in our model, acute ischemia is

created but the animal's condition is allowed to stabilize for 10 days before the study is

begun. As a result, the normal response to ischemia and the inflammatory response tn

the surgical rrocedure have already occuiCd before instituting therapy. Use of the

bilateral ischemia model further controls for these effects.

Our findings provide further support for the use angiogenic stimulation to

revascularize ischemic tissue in order to, for example, salvage ischcmic Iimbs affected by

diffuse small-vessel disease not treatable by direct surgical technique, enhance distal run

off in conjunction with a direct bypass procedure, or improve collateral development in

patients not considered to be operative candidates.
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CONCLUSION

We believe that the results of the study, as weil as those of our previous work,

demonstrate unequivocally that chronic severe ischemia of a hindlimb can respond

Jramatically to an appropriate dosage of ECGF. Clearly, much work remains to be done

to identify the mechanisms by which such improved vascularization occurs, to determine

appropriate dosage and optimal route of administration, and to evaluate the toxicity of the

agents used. Nevertheless, the potential of such an approach in the treatment of tissue or

organ ischemia in humans must now be acknowledged.
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FigUie 1. Technique used to produce bilateral hindlimb ischemia in rabbits. Ligations

sites are shown; shading indicates vesscls that are excised.
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Figure 2. Measurement of calf systolic blood pressure (Left vs Right) demonstrates

a significant increase of the blood pressure in the (eft hindlimb comparcd

to the right on postoperative days 30 and 50.
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Figure 3A. Angiogram obtained on postoperative day 50 (the 4th second film) shows

earlier and more advanced distal arterial reconstitution in the left hindlimb

compared to the right as indicated by the presence of more visualizeè

vessels in the left thigh than in the right.
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Figure 3B. A magnified version of Figure 3A.
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Microscopical cross-section of left (A) and right (B) thigh muscles from the

same animal. More capillaries (dark sports) are evident in the left thigh.

(Alkaline phosphatase stain; original magnification X 100)
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",
Microscopical cross-section of left (A) and right (B) thigh muscles from the

same animal. Histological studies show normal tissue, with no evidence of

inflammatory cells infiltration, in both thighs. However, more intramuscular

arterioles (arrows) are evident in the left thigh. (Hemotoxylin and eosin

stain; original magnification X 100)
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A BETTER UNDERSTANDING OF ANGIOGENIC

• STIMULATION FOR THE TREATMENT OF ISCHEMIC LIMB
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ANGIOGENIC GROWTH FACTOR AND REVASCULARIZATION

OF THE ISCHEMIC LIMB: EVALUATION IN A RABBIT MODEL

Presented in part at the 26th Annual Meeting of the Association for Academie Surgery,

Montreal, PQ, November 18-21, 1992.
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ABSTRACT

We have previously shown that administration of endothelial cell growth factor

(ECGF) significantly accelerates revascularization in the ischemic rabbit hindlimb model.

Nevertheless much remains to be learned as to the effectiveness and limitations of this

approach. The present stuùy was designed, therefore, to determine whether a dose-

response relationship could be demonstrated for this agent, whether it was effective if

systemically administered, and finally, whether it affected vascularization in a non-

ischemic limb. Our established unilateral ischemic rabbit hindlimb model and ECGF

administration protocol were used to examine these questions. Three groups of animaIs

were studied to determine a dose-response relationship of ECGF in the ischemic limb.

Revascularization was assessed by measurement of calf blood pressure UR ratio before

(day 0) and after ECGF injections (days l, 10, and 20) and quantitative vascularization

was assessed by angiography at day 20 when the study was terminated. The results of

the dose-response study were:

Calf Blood Pressure (UR) Ratio (mean ± SEM)
Day 0 1 10

Grp I(ECGF,4mg) .26±.01 .59±.03' .68±.04'
Grp 2(ECGF,lmg) .23±.02 .50±.02+ .58±.03+
Grp 3(Control) .26±.03 .42±.02 .51±.03

'p<.005 vs Grp 3, p<.05 vs Grp 2; +p<.05 vs Grp 3

20
.76±.04'
.64±.02+
.55±.02

No. of Vessels
Day 20
26.6±2.4'
18.6±2.2+
1I.0±2.1

•
Two other groups of animaIs were also studied. In Grp 4, intramuscular ECGF

was injected in left front limb remote from the ischemic hindlimb and in Grp 5 it was
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injected into ieft hindlimb of a normal animal. In neither group was any signiticant effcct

on vascuiarization evident. Thus, our data suggest that the rclationship of ECaF and

revascuiarization of the ischemic limb is dose dependent and is demonstrable only whcn

it is administered directly into the limb in the presence of ischemia.
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INTRODUCTION

Direct revascularization techniques for patients with severe chronic limb

threatening ischemia may be unsuccessful due to unavailability of an adequate conduit for

arterial reconstruction, diffuse and progressive arterial disease, diabetic small vesse1

disease, or high surgical risk in the e1derly patient. These patients may eventually require

limb amputation with significant morbidity and mortality.I.2 The need for limb salvage

for this group of patients has stimulated research into alternative treatment modalities to

avoid limb amputation.3-S

Angiogenic stimulation, which has been described by Folkman6and others,7-9 may

have the potential for neovascularization of ischemic tissue. The initial applications using

one of the angiogenic growth factors (basic fibroblast growth factor or bFGF) have been

reported to accelerate the healing of experimentaI bone grafts10, chronic wounds Il and

duodenal ulcers. 12 More recently, however, a few groups, including our own have shown

the angiogenic growth factor to be effective in experimental modeIs of myocardial and

hindiimb ischemia. 13-16 In preliminary studies, we have demonstrated e,,!':.i:J.ced arterial

perfusion and vessel growth in a rabbit model of persistent hindiimb ischemia with the

administration of endothelial cell growth factor (ECGF).IS,16 The objective of the present

studies was to further our understanding of this potential alternative therapy for the

treatment of tissue ischemia. We used our established rabbit ischemic hindiimb model

and ECGF administration protocol to determine whether a dose-response relationship for
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ECGF couId be demonstrated. whether the agent was effective when injected ut u sile

remote from the ischemic region. and tinally whether it affecled the vusculur supply tn

a non-ischemic hindlimb.
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MATERIALS AND METHODS

Experimental design. Twenty-five adult New Zealand white rabbits (male, mean

4kg) were used in this srudy and divided into 3 different experiments (Figure 1).

Experiment A was designed to determine if a dose-response relationship could be

demonstratcd for ECGF. To do so, three groups (N=5 in each) were used. In a11, the left

hindlimb was made ischemic (for surgical procedure see below). Group 1 and Group 2

received injections of 4 and 1 mg ECGF respectively into the ischemic hindlimb whereas

Group 3 received injections of saline only. Experiment B (Group 4, N=5) was designed

to determine whether ECGF administered at a site remote l'rom the ischemic zone

favourably affected reva~,:ularization while Experiment C (Group 5, N=5) was to

determine if ECGF affected vci3cularization of a normallimb. Ali animais were evaluated

clinically before (day 0) and after ECGF injections (days l, 10 and 20). Calf blood

pressure was also measured at ail timepoints noted above and on day 20 angiography was

undertaken. The experiments were terminated on day 20 after ECGF injections and

muscle samples l'rom appropriate sites were examined histologically.

Animal hindlimb ischemia model preparation. A persistent hindlimb ischemia

model in the rabbi! was established in our laboratory and used in the present study. The

surgical preparation in this model produced significant ischemia which persists up to at

least 90 days.17 Briefly, under intramuscular anesthesia (Ketamine, 50 mglkg and

Xylazine, 5 mglkg), a longitudinal incision was made in the left groin of the rabbit l'rom
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the inguinal ligament toward the knee. With the aid of surgieal loops, the femoral artery

was totally dissected and its branches including the profundu, Jatl'rul circumllex, and

superficial epigastric arteries were dissected us laI' us possible. The proximal popliteal

and saphenous arteries were a1so dissected. Severe ischemia was induced in the len

hindlimb of the animal by ligations of the distal externul iliac artery (just :Ihove the level

of the inguinal ligament), the inferior epigastric artery, the branches of the fell1111':l1

arteries, the proximal popliteal and saphenous arteries followed hy excision of the

common and superficial femoral arteries. Each animal received 0.9% sodium chloride

50 ml intravenousJy during the surgery, and Cetazolin (15 mg/kg/pel' duy) intramllscularly

fur 4 days started the day of surgery. The pain reliever (Bupreorphine 0.04 mg/kg) wus

also administered daily during the JO days after surgery for each animal. The upproval

for animal use in this study was granted by our Institutional Animal Care Committee.

The care of animais complied with the guideline of the Canadian Couneil of Animal Care,

and the Principles of Laboratory Animal Care and the Guide for the Care and Use of

Laboratory Animais (NIH publication No. 80-23, revised 1985).

Endothelial cell growth factor administrations. ECGP was obtained l'rom a

commercial source (Endo Gro™, VEC TEC Inc., Albany NY, 100 mg plus 10 units

heparin pel' vial). With regard to Experiment A (3 different groups, N=5 in each), the

appropriate amount of ECGF (4 mg in group l, 1 mg in Group 2) was diluted in normal

saline (3 ml solution pel' injection). Each injection was given intramuscularly in 3
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different sites in the left thigh (2 ml in the medial thigh, 0.5 ml in the lateral thigh, and

another additional 0.5 ml in the distal thigh near the knee). A sham injection of saline

was given in the same fashion in group 3 animais. The injections were made for 10

consecutive days beginning at postoperative day Il. In Experiment B (Group 4), 4 mg

ECGF was administered intramuscularly into the left front limb (a remote non-ischemic

site) daily also for 10 consecutive days beginning on post-operative day Il in 5 animaIs

with an ischemic left hindlimb. In Experiment C (Group 5), 5 animais who did not

undergo any surgery received intramuscular injections of 4 mg ECGP into their left thigh

for 10 consecutive days but received sham saline injections in their contralateral right

thigh.

Calf blood pressure. Calf blood pressure, as an indicator of arterial perfusion to

each ischemic hindlimb, was measured before and after ECGP administrations. The calf

systolic blood pressure was determined noninvasively in both hindlimbs by Doppler

Flowmeter (Model 1059, Parks Medical Electronics, Aloha, Oregon). To do so, both

hindlimbs were shaved and cleaned. Under anesthesia, the posterior tibial artery pulse

in the lower calf was detected by the Doppler probe with contact gel and the calf systolic

blood pressure measured according to the standard technique. The calf blood pressure

ratio was defined as a ratio of left to right calf systolic blood pressure (UR ratio) and was

used to determine the changes of arterial perfusion to the left hindlimb. The lower the

ratio, the more impaired the arterial perfusion of the left hindlimb.
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Angiography. A series of conventional angiograms was performed by stand:lrd

techniques to visualize simultaneously the vasculature in both hindlimbs of e:lch :lnim:ll

on day 20 after ECGP or saline injections when the study W:lS termin:lted. Under

anesthesia, the left common carotid artery was exposed through a ventral incision in the

neck. Using the Seldinger technique a 4-Prench catheter was introduced into the cxposeu

artery and advanced to about 3 cm proximal to the aortic bifurc:ltion. A tot:ll of 10 ml

of contrast agent (MD-76, diatrizoate meglumine and sodium) was injected at the rate of

3 ml/second with seriai filming of both hindlimbs.

Vascularization of the left thigh was quantitated by direct counting the number of

vessels (No. of vessels) crossing a line drawn vertically across the mid-thigh (passing

through the center of the femur) on the film taken 4 seconds after injection of contrast

in each series of angiograms. Vessel counts were made on two separate occasions by the

same observer and averaged. If the variation between the two values was greater than

a 10%, a third count was taken and the three counts averaged.

Histologie examinations. Muscle samples from the left adductors in the mid

thigh, where ECGP or saline were administered, were taken for routine histologic studies

when animais were sacrificed. The muscle specimen was fixed in 10% buffered formalin,

embedded in paraffin, and cut in 10 p. cross-sectionally. Each section was stained with

hematoxylin and eosin, and was examined microscopically.
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Statistical analysis. AlI data are expressed as the mean ± one standard error of

mean (SEM). Statistical comparison among the three groups or between the two groups

was performed on a computer (with statistical package) using the one-way analysis of

variance and the unpaired Student's t-test, but between the two hindiimbs of each animal

was performed using the paired Student's t-test. A result was considered significant if

p value was Jess than 0.05.
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RESULTS

1. Evidence for a dose-dependent effect of ECGF on revascularization (Exp. A)

1) Clinical examination: Three of the 5 animais which received only saline (group

3) developed obvious muscle atrophy in their left hindlimbs or superficial tissue necrosis

in their distal toes. One animal in group 2 (ie the low ECGF dose) also developed

muscle atrophy in the left hindlimb. By contrast, none of the animais in group 1 (ie the

high ECGF dose) manifested any clinical problems in the left hindlimb.

2) Calf blood pressure ratio: The results for I,;alf blood pressure ratio are given in

Figure 2. The lower the value obtained, the greater the disparity in arterial perfusion of

the two limbs. Note that it is low and indicative of severe ischemia but virtually identical

in ail groups on day 0 before ECGF injections. In the control group (group 3), it is

slightly higher on days l, 10 and 20. In the low dose group of ECGF (group 2), it is

significantly higher than control at ail three timepoints after day O. Of considerable

interest, it is significantly higher yet again in the group with the higher dose of ECGF

(group 1) establishing for this parameter a dose-response relationship between this agent

and arterial pressure in the left hindlimb.

3) Angiographie results: Satisfactory angiograms were obtained in ail animaIs and

the findings were consistent. Representative 4 second angiograms from one animal in

each group are reproduced in Figure 3. The result obtained in an animal who received
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only saline into the left hindlimb is shown in Figure 3A. Note that only a few vessels are

seen traversing the left thigh. A typical result from an animal with low dose ECGF is

shown in Figure 38. Nowa greater number of vessels are visualized coming out of the

pelvis and running through the left thigh. One of these anastomoses to the distal native

supply of the hindlimb. In Figure 3C, a result from the high dose ECGF is shown. Even

more vessels are seen in the left thigh and once again reanastomosis to the distal vessels

is seen. The quantitative results are given in Figure 4. The average number of vessels

crossing the midthigh was 11.0 ± 2.1 in the control group and 18.6 ± 2.2 in the low dose

ECGF group (p<O.OS). A further increase was observed in the high dose ECGF group

compared to the low dose group (26.6 ± 2.4, p<O.OS).

Histologic examination

Microscopic examination of the left adductors in the mid-thigh revealed normal

appearing skeletal muscle without evidence of inflammatory cens infiltration in an groups

20 days after ECGF or saline direct administrations.

2. Remote administration of ECGF in animais with an ischemic hindlimb (Exp. B)

In these animais (Group 4) in whom the arterial supply to the left hindlimb was

interrupted as described above, 4 mg ECGF was injected in the left front limb daily for

10 days beginning on postoperative day Il. Two animais (2/5) developed obvious muscle

atrophy in their left hindlimbs. The measurement of calf blood pressure ratio (LIR ratio)
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demonstrated no significant difference compared to the control group (group 3) in

Experiment A (Table 1). That is to say, in contrast to what was observed when ECOF

was injected into the local ischemic region, no signiticant improvement in arterial

perfusion was documented. This result was confirmed by the angiographie studies. A

typical result is seen in Figure 5. This does not differ l'rom that observed in the control

group (Figure 3A). The quantitative analyses fully support this impression in that the

number of vessels did not differ significantly l'rom that present in the control group (10.5

± 1.4 vs 11.0 ± 2.1, NS). This result is also significantly less than that observed in the

low dose ECOF local administration group even though the amount of ECOF in the

remote protocol was four times greater (10.5 ± 1.4 vs 18.6 ± 2.2, p<0.05). Histologie

examination also revealed normal appearing skeletal muscle in the left adductors.

3. Effect on a normallimb (Exp. C)

Five animais (Oroup 5) were kept for 10 days and then injected with 4 mg ECOF

daily into a normal left thigh and 3 ml saline into a contralateral right thigh. The

measurement of calf blood pressure ratio (UR ratio) demonstrated no significant changes

before and 1, 10, and 20 days al'ter ECOF injections (Table 2). Angiography performed

at the end of this period did not reveal remarkable differences between both normal

hindlimbs (Figure 6). The quantitative analyses also support this impression in that the

number of vessels did not differ significantly in the left treated limb compared to the

untreated right limb (17.0 ± 1.2 vs 15.5 ± 1.1, NS). Histologie examination again
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DISCUSSION

The results of this study significantly extend the evidence that ECGF substantially

increases revascularization to an ischemic hindlimb. In addition to clinical inspection, the

adequacy of arterial inflow was determined by two objective parameters: cal f hlood

pressure ratio and quantitative angiography. Evidence of enhanced vflscularization

compared to control was found with the low dose ECGF local injection. For the tirst

time, however, we have found evidence of a significant dose-response relationship in our

rabbit model of persistent hindlimb ischemia. Revascularization was shown by both

objective parameters used in this study to be enhanced at the high dose ECGF compared

to the low dose ECGF. On the other hand, ECGF was effective only if given directly to

the ischemic area and it had no significant detectable effect when injected into a normal

limb.

In the present study, we have used our previously developed rabbit ischemic

hindlimb model to learn more about the effects of angiogenic growth factor for limb

revascularization and to better understand the potential of this alternative therapy for the

treatment of limb ischemia. ECGF was used in this study and its administration was

based on our previously successful protocol, in which the administration of ECGF was

started at postoperative day Il in the hope of minimizing the effects arising from the host

response to acute ischemia and the surgery itself. Four mg of ECGF was administered

daily for 10 consecutive days and the study was terminated 20 days later(on postoperative
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day 40).15 To assess the dose-dependent response of ECGF in the ischemic hindlimb,

one fourth of our previously used dosage was chosen as a lower dosage (1 mg daily) so

that two different doses (4 mg or 1 mg) were administered daily to each group (Group

1 or 2) of animaIs compared to saline control administration (Group 3) according to the

same manner and schedule. For determining the effect of ECGF on the remote ischemic

hindlimb (Group 4), the distant site (Ieft front Iimb) administration was performed as

Goldsmith et al4 did in a study of the lipid angiogenic factor in a cat mode\.

Growth of blood vessels or angiogenesis is necessary for normal growth and tissue

development. It also plays a central role in tissue repair and wound healing. Our

understanding of the factors which regulate blood vessel growth has advanced enormously

but is still incomplete. Evidence has accumulated pointing variously to mechanical factors

such as shear stress, interactions between adjacent endothelial celI, changes in the vessel

extracelIular matrix, and growth factors- aII of which, individualIy or together- may play

critical roles in inducing and supporting vessel development.7 Growth factors have been

found in tumor or normal tissue and have been shown to stimulate angiogenesis both

directly and indirectly in ViVO.6-9 Basic FGF, acidic FOF, and ECGF are examples of

such factors which may directly act on receptors on the surface of endothelial celIs to

stimulate their migration, proliferation and production of enzymes capable of modifying

the extracellular matrix folIowed by invasion of capillary sprout to form new vessels.6
,23

These factors have been successfully isolated and purified and therefore, it would be
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possible to administer one of the angiogenic growth factors directly into ischemic tissues

to promote collateralization or vessel growth,!,·24

The potential of angiogenic stimulation has been demonstrated recenlly in several

experimental studies for a variety of clinicaI problems by stimulating angiogenesis and

subsequently increasing blood supply to ischemic tissues. For example, in a bone

autograft healing model, Eppley et al 10 demonstrated increased vascularity of the gmft at

postoperative day 14 following continuous local infiltration of bFGF. By infiltrating

omentallipid angiogenic fraction, Nottebaert et al lR demonstrated microangiographically

enhanced neovascularization as weil as enhanced bone blood perfusion and regeneration

of the graft. In an experimentally injured menisci moue!, King et ail') demonstrated

neovascularization within the poorly vascularized meniscal fibrocartilage accompanied by

improved results of meniscal repair using a locally inserted dise containing angiogenin.

The administration of one of the angiogenic growth factors has also been shown to

accelerate wound healing in several animal models.IJ.20.21 In a cycteamine-HCL induced

duodenal ulcer model, Folkman et al 12 demonstrated enhanced angiogenesis in the ulcer

bed and accelerated ulcer healing following orally administered bFGF compared to

cimetidine.

Considerably less work has been done using angiogenic growth factor to improve

vascular supply for the treatment of ischemic organs such as the heart or an extremity.
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Recently, Yanagisawa-Miwa et al 13 demonstrated significantly enhanced collaterization

with two intracoronary injections of bFGF in an acute canine myocardial ischemia modeI.

Baffour et al 14 have shown that daily injection of bFGF significantly improved collateral

vessel growth in a rabbit acute hindlimb ischemia modeI. In our laboratory, Pu et a1 1S
•
16

also demonstrated enhanced arterial perfusion and revascularization in a persistent rabbit

hindlimb ischemia model following direct administration of ECGF for a period of 10

days. However, delivering aFGF via an epicardial sponge in a chronic canine myocardial

ischemia model failed to show improved vascularization in the myocardium after 4

weeks.22 Since angiogenic growth factor is considered a pharmacologic agent, the

negative results from this study might relate to factors such as the short half-Iife and

comparably small dosage of the agent. That is, multiple or continuous direct

administrations of angiogenic growth factor using higher dosage may be necessary to

produce an angiogenic effect in the in vivo setting.

The angiogenic effect of ECGF in this study is dose dependent and is demonstrable

only when administered directly into the ischemic limb. Ils administration is not

accompanied by evidence of an inflammatory reaction. This finding may suggest that

ECGF acts directly on ischemic Iimbs to stimulate new vessel formation and probably

does not have a systemic effect on remote tissues of the body. The beneficial effect of

growth factor administered locally versus systemically was also confirmed by the study

of Mooney et al21 in a skin wound healing model using tumor necrosis factor (TNF). The
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minimal systemic effect of these growth factors in vivo when they are absorbed into the

circulation may result l'rom their short half-Iife and accumulation in some "tïItering"

organs in the body such as Iiver and/or kidney.~s Since angiogenesis has heen shown tn

play a role in atherosclerotic lesion formation and contribute to intraplaque hemorrhages

in these lesions, especially in the carotid artery,~6.~7 and also to play a role in a group of

diseases so called "angiogenic disease", such as diabetic retinopathy, rheumatoid arthritis,

hemangioma, etc.,6 the avoidance of the unwanted systemic effects of angiogenic growth

factors when administered in vivo in atherosclerotic patients for treatment of ischemic

problems may be crucial. Further, as a pharmacological stimulator, angiogenic grnwth

factor is probably most effective if delivered locally into ischemic tissues~K and thcrcforc,

its local rather than systemic administration may be necessary.

Whether angiogenic growth factor does have an effect on non-ischcmic normal

tissues remains uncertain. Il can be postulated based on our recently acquired knowledge

of molecular biology that effective gene expression of locally acting growth factor may

be suppressed in normal tissue which lacks a strong stimulus such as ischemia. An

ischemic episode alone may cause gene expression and transcription of the growth factor

and this cascade may lead to mitosis in endothelial cells and subsequent formation of

collaterals or new vessels in ischemic tissue.24 A study by Goldsmith et al4 in a cat

normal hindlimb where omentallipid angiogenic fraction was administered revealed that

the effectiveness of the fraction determined by measuring vascular perfusion in the thigh
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was only demonstrable in the presence of ischemia. However, a study by Kim et af9

indicated that bFGF alone would have an angiogenic effect on normally perfused tissue

demonstrated microscopically in the mouse ear modeI, but bFGF together with ischemia

might act synergistically to produce a much greater angiogenic response. Our data did

not reveal any significant angiogenic effect of ECGF on a normal Iimb where

vascularization was determined by caIfblood pressure ratio and quantitative angiography.
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CONCLUSION

The results from the present study demonstrate that ECaF accelemles

revascularization of the ischemic rabbit hindlimb only when administered locally in the

presence of severe ischemia. Further, a clear relationship exists hetween the dose of

ECaF and the degree of vascularization achieved, and the agent appears to have no

significant effect on a normallimb. Our findings suggest that angiogenic growth factor,

when administered locally, may have potential for the treatment of ischemic limhs hy

improving collateral vessel growth bridging obstructive lesions as weil as pcrhaps

improving the outtlow for direct arterial reconstruction.
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TABLES

TABLE 1

CALF BLOOD PRESSURE (L/R) RATIO

•
DAY

Group 4

Group 3

o

O.30±O.02

O.26±O.03

1

oAO±O.04

O.42±O.02

10

O.50±O.02

O.51±O.03

20

O.56±O.02

O.55±O.02

•

----'.----------------------
Note. Group 4, remote administrations of ECGF; Group 3, the control group in

Experiment A. Group 4 vs Group 3, NS. Data was expressed as mean ± SEM.
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TABLE 2

CALF BLOOD PRESSURE (L/R) RATIO

•
DAY

Group 5

o

1.02±O.02

1

1.08±0.02

10

1.09±0.03

20

1.10±0.05

•

--------------------------
Note. Group 5, direct administrations of ECGP into a normal limb. Days l, 10, and 20

(after ECGP injections) vs Day 0 (before), NS. Data was expressed as mean ± SEM.
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FIGURES

EXPERIMENTAL PROTOCOL

•

L

A

L

B

L

c

•

Figure 1. Composite drawing of experimental design. A, surgical creation of the left

hindlimb ischemia model and direct administrations of ECGF into the

ischemic limb. B, surgical creation of the left hindlimb ischemia model

and distant site (left front limb) administration of ECGF. C, direct

administration of ECGF into the normal left hindlimb.
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Figure 2. Measurements of calf blood pressure ratio (expressed as UR ratio)

demonstrate a dose-dependent increase of the ratios by ECGF when

administered directly into the ischemic limb (Grp l, 4 mg; Grp 2, 1 mg;

and Grp 3, saline control) from Experiment A.
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Angiograms (ail 4th second films) at day 20 after ECGF administration comparing the

vascularity of the ischemic limb in Experiment A. (a) Grp 3, saline control; (b) Grp 2, 1 mg of

ECGF; and (c) Grp 1,4 mg of ECGF.

Figure 3.
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Figure 4. Quantitative measurements of vascularization (No. of vessels) on the

angiograms of the left thigh at day 20 after ECGF administration

demonstrate a dose-dependent increase in arterial vessels among the 3

groups (Grp l, 4 mg; Grp 2, 1 mg; and Grp 3, saline control) from

Experiment A.
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Angiograrn (the 4th second film) on day 20 after remote administration of

ECGF from an Experirnent B animal (Grp 4) reveals only a few developed

collateral vessels secondary to ischemia.



•

•

•

Figure 6.

221l

Angiogram (the 4th second film) on day 20 after ECGF administration l'rom

an Experiment C animal (Grp 5) reveals no significant incrcasc of

vascularity in the left limb (ECGF-trcatcd) comparcd to its contralatcral

right limb (Saline control).
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CONCLUSIONS AND CONTRIBUTIONS

OF THE PRESENT STUDY

221



•

•

•

222

1. OVERALL CONCLUSIONS

In the present study, the tirst experiment was designed to develop a suitable animal

ischemic hindlimb model for the study of angiogenic stimulation in ischemic limbs. This

work was then fol1owed by several subsequent investigations to test the original

hypothesis we have raised that in vivo adminstration of one of the angiogenic factors

would enhance revascularization of ischemic limbs. In both the second and third

experiments, the hypothesis was extensively examined by a number of techniques using

our rabbit models of unilateral hindlimb ischemia as wel1 as bilateral hindlimb ischemia.

Finally, a fourth experiment was designed to further our understanding of angiogenic

stimulation for the treatment of ischemic Iimbs. The major conclusions from these

investigations are as follows:

(1) The surgical preparation we have designed produces the persistent hindlimb

ischemia in the rabbit for periods up to at Ieast 90 days. This rabbit model

approximates the clinical state of ischemic rest pain in the tirst few weeks and

ischemic claudication thereafter. The model can be used for the study of various

approaches for the treatment of chronic Iimb ischemia by measuring the

improvement of arterial perfusion and col1ateral vessel formation in the ischemic

Iimb.
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(2) In the first experimental trial using the unilateral ischemic hindlimb model, the

results c1early demonstrate that an angiogenic factor, ECGF, when administered

intramuscularly into the ischemic Iimb, enhances revascularization in the ischemic

Iimb, evidenced by significantly improved arterial perfusion and collateral vessel

growth. This finding raises the possibility that angiogenic therapy may be a novel

approach for patients \ . h chronic Iimb ischemia.

(3) In the second experimental trial using the bilateral ischemic hindlimb model, the

results unequivocally demonstrate that an angiogenic factor, ECGF, when

administered intramuscularly into the ischemic limb compared with the

contralateral ischemic Iimb, enhances the development of both collateral and

capillary vessels which contribute to the marked improvement of arterial perfusion

to that Iimb. This finding confirms the role of angiogenic stimulation in

revascularization of ischemic Iimbs and again suggests that such an approach may

have the potential for the treatment of patients with chronic Iimb ischemia.

(4) In the third experimental trial using the unilateral ischemic hindlimb model, the

results demonstrate that the relationship between administration of an angiogenic

factor (ECGF) and revascularization of the ischemic Iimb, evidenced by

improvement of arterial perfusion and collateral vessel growth, is dose-dependent

and that the angiogenic effect of ECGF is demonstrable only when it is
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administered directly into the limb in the presence of severe ischemia.

In summary, the present study shows that the direct in vivo administration of one

ofthe angiogenic factors, ECGF, into ischemic muscles indeed enhances revascularization

in our experimental ischemic hindlimb models. This agent has a direct effect on lhe

ischemic limb and appears to have no significant effect on the normal limb. Angiogenic

stimulation may be a novel approach for the treatment of ischemic limbs by increasing

collateral vessel growth to bypass the obstructive lesions as weil as to improve the

outflow for direct arterial reconstruction. This therapy may have the potenlial for lhe

treatment of patients with ischemic limb claudication or for the salvage of patients wilh

severe chronic limb ischemia in place of, or as an adjuvant to, direct revascularization

procedures. Further work remains to determine the mechanisms ofangiogenic stimulation

in revascularization of ischemic limbs and to confirm the efficacy of this approach to an

ischemic limb as weil as to other ischemic tissues or organs. In addition, the safety and

potential toxicity of this therapy as weil as the appropriate dosage and optimal route tn

administer these angiogenic agents should also be defined before starting a clinical trial.
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2. CONTRIBUTIONS TO ORIGINAL KNOWLEDGE

The following statements are viewed by the author as being contributions to

original scientific knowledge.

(1) The surgical preparation designed by the author in a rabbit produces the persistent

hindlimb ischemia for periods up to at least 90 days. This animal ischemic

hindlimb model is reproducible, measurable, relatively inexpensive and still allows

one to perform most conventional measurements.

(2) The rabbit ischemic hindlimb model has been extensively investigated by the

author using a number of techniques. This model is ideally suited for the study

of the effect of in vivo administration of an angiogenic factor in the ischemic Iimb

by measuring arterial perfusion and collateral vessel formation in that limb.

(3) The author, for the first time, confirms the original hypothesis that

revascularization of ischemic limbs can be enhanced by the in vivo administration

of one of the angiogenic factors and objectively demonstrates the relief of limb

ischemia by means of angiogenic therapy.
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(4) The author demonstrates both improved arterial perfusion and increased collateral

vessel formation in the ischemic limb by a number of techniques following

intramuscular injections of ECGF in the thigh.

(5) The author, for the first time, demonstrates that the in vivo intramuscular

administration of one of the angiogenic factors in a single ischemic limb can

significantly improve revascularization to that limb compared with ils contralateral

ischemic limb.

(6) The author demonstrates that both collaterals and capillaries increase in the

ischemic limb that received intramuscular administrations of ECGF in the thigh

compared with its contralateral ischemic limb by both quantitative angiography and

histochemical technique.

(7) The author demonstrates that the dosage of one of the angiogenic factors, ECGF,

and the degree of revascularization achieved in the ischemic Iimb have a clear

dose-dependent relationship.

(8) The author demonstrates that one of the angiogenic factors, ECGF, can

significantly enhance revascularization of an ischemic Iimb only when the agent

is administered locally into that limb.
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(9) The author demonstrates that one of the angiogenic factors, ECGF, appears to have

no significant angiogenic effect on a non-ischemic nonnallimb when the agent is

administered directly into that Iimb.



•

•

•

228

3. PUBLICATIONS

Portions of these investigations described in this thesis have appeared in the

following original abstracts or minipapers:

1. Pu LQ, Lachapelle KJ, Graham AM, Lisbona R, Brassard R, Symes JF.

Angiogenic stimulation: A new approach for severe chronic limb ischemia. Surg

Forum 1991;42:365-7.

2. Pu LQ, Arekat Z, Brassard R, Carpenter S, Symes JF. Evaluation of a chronic

hindlimb ischemia model in the rabbit. J Invest Surg 1992;5:278

3. Pu LQ, Arekat Z, Brassard R, Symes JF. A demonstration of significantly

enhanced neovascularization by angiogenic stimulation in the ischemic Iimb. Surg

Forum 1992;43:368-70.

4. Pu LQ, Arekat Z, Graham AM, Brassard R, Symes JF. Angiogenic growth factor

and neovascularization of the ischemic Iimb: Evaluation in a rabbit model.

Presented at the 26th Annual Meeting of the Association for Academie Surgery,

Montreal, Canada, November 18-21, 1992, pliS.



•

•

•

229

Manuscripts presented in chapters 3, 4, 5, and 6 will be published or have been

submitted for publication in the following periodicals:

I. Pu LQ, Jackson S, Lachapelle KI, Arekat Z, Graham AM, Lisbona R, Brassard R,

Carpenter S, Symes JF. A persistent hindlimb ischemia model in the rabbit. J

Invest Surg 1993 in press

2. Pu LQ, Sniderman AD, Brassard R, Lachapelle KI, Graham AM, Lisbona R,

Symes JF. Enhanced revascularization of the ischemic limb by means of

angiogenic therapy. Circulation 1993 in press

3. Pu LQ, Sniderman AD,Arekat Z, Graham AM, Ricci MA, Gadowski GR, Brassard

R, Symes JF. Angiogenic stimulation produces enhanced revascularization in a

rabbit model of bilateral limb ischemia. Submitted

4. Pu LQ, Sniderman AD, Arekat Z, Graham AM, Brassard R, Symes JF. Angiogenic

growth factor and revascularization of the ischemic limb: Evaluation in a rabbit

mode\. Submitted




