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Abstract

Coronary collateral vessels serve as a natural protective mechanism to provide coronary

�ow to ischemic myocardium secondary to critical coronary artery stenosis. The innate

collateral circulation of the normal human heart is typically minimal and considerable

variability occurs in extent of collateralization in coronary artery disease patients. A

well-developed collateral circulation has been documented to exert protective effects

upon myocardial perfusion, contractile function, infarct size, and electrocardiographic

abnormalities. Thus therapeutic augmentation of collateral vessel development and/or

functional adaptations in collateral and collateral-dependent arteries to reduce

resistance into the ischemic myocardium represent a desirable goal in the management

of coronary artery disease. Tremendous evidence has provided documentation for the

therapeutic bene�ts of exercise training programs in patients with coronary artery

disease (and collateralization); mechanisms that underlie these bene�ts are numerous

and multifaceted, and currently under investigation in multiple laboratories worldwide.
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The role of enhanced collateralization as a major bene�cial contributor has not been

fully resolved. This topical review highlights literature that examines the effects of

exercise training on collateralization in the diseased heart, as well as effects of exercise

training on vascular endothelial and smooth muscle control of regional coronary tone in

the collateralized heart. Future directions for research in this area involve further

delineation of cellular/molecular mechanisms involved in effects of exercise training on

collateralized myocardium, as well as development of novel therapies based on

emerging concepts regarding exercise training and coronary artery disease.

CORONARY COLLATERAL ARTERIES provide alternate pathways of blood �ow between regional

myocardial perfusion territories. Although the innate collateral circulation of the normal

human heart is typically minimal, the collateral circulation develops in response to

increasing severity of ischemic coronary disease. These anastomoses serve as a natural

protective mechanism to provide coronary �ow to ischemic myocardium secondary to

coronary stenosis. Considerable variability occurs in extent of collateralization and the

impact of genetic and cardiovascular risk factors on coronary collateral development (8,

43, 77). Irrespective, a well-developed collateral circulation has been documented to

exert protective effects on myocardial perfusion, contractile function, infarct size, and

electrocardiographic abnormalities of the ischemic myocardium (8, 9, 12, 21, 28, 52, 70,

73, 77, 79, 80, 85) as well as markedly improve long-term cardiac survival (52). Thus

therapeutic augmentation of the extent and/or function of the collateral circulation likely

represents a desirable goal in the management of coronary artery disease.

A large body of evidence has provided documentation for favorable protective and

therapeutic bene�ts of exercise training programs in patients with coronary artery

disease. These aspects are described in detail below and in the current series of

minireviews on this topic. Reductions in the in�uences of major recognized risk factors

are clearly involved as major preventative and therapeutic bene�ts of exercise training

programs in both health and disease. However, the response of the collateralized heart

to increases in physical activity represents additional complex and dynamic aspects.

These include potential effects of exercise training on the degree of anatomical and

functional collateralization, as well as potentially important effects on regulation of

coronary tone in a complex hemodynamic circuitry involving both collateral and

noncollateral (collateral-dependent) arteries and microvasculature. Analysis of exercise

training programs on extent of collateralization in human patients with coronary

disease has provided clinically relevant but often controversial �ndings. Experimental

animal models of coronary artery disease and collateralization have been developed
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and utilized to assess effects of chronic exercise and address potential mechanisms

involved. This review highlights effects of exercise training on the extent and function of

enhanced collateralization in both patients and experimental models, as well as effects

of exercise training on vascular smooth muscle and endothelial control of regional

coronary tone in the collateralized heart.

EFFECT OF EXERCISE TRAINING ON CORONARY COLLATERALIZATION IN

HUMAN CORONARY ARTERY DISEASE

It is well documented that inclusion of an exercise program in the therapeutic

management of coronary artery disease reduces clinical symptoms, improves

myocardial function, and reduces long-term cardiac mortality (7, 10, 18, 22, 23, 26, 28–

30, 33, 35–37, 47–49, 57–59, 68, 72, 76, 83). In this setting, mechanisms that underlie

the therapeutic advantages of exercise training are numerous (18, 47) and include

enhancement of collateral development, increased perfusion of the collateralized

myocardium, and improved endothelial vasomotor function of coronary vessels of the

diseased heart (7, 30, 35, 37, 49). In a 2010 review, Fujita and Sasayama (28) concluded

that a long-term exercise regimen is effective for collateral development in patients with

coronary artery disease. They further suggested that exercise stress in the setting of

coronary disease induces both arteriogenesis (enlargement and remodeling of

preexisting collateral arterioles) as well as ischemia-induced angiogenesis (growth and

proliferation of capillaries); however, arteriogenesis is more important in terms of the

coronary collateral circulation and delivery of blood into the collateral-dependent

regions (27, 28, 73).

Direct angiographic evidence of enhanced collateralization in response to exercise

training is sparse in human patients with coronary disease (6, 7, 18, 22, 23, 26, 30, 37).

Despite exercise-mediated improvements in myocardial function in regions

compromised by ischemia, available methods for direct determination of collateral

growth have signi�cant limitations that render assessment of collateral development

dif�cult. Belardinelli and colleagues (7) provided direct angiographic evidence of

exercise-induced enhancement of collateral vasculature. In this study, effects of 8 wk of

exercise training on collateral development in coronary disease patients were evaluated

using retrograde �lling and angiographic scoring techniques. At conclusion of the study,

exercise-trained patients demonstrated signi�cantly improved perfusion by collateral

vessels that correlated with improvements in myocardial contractility and myocardial

thallium uptake in response to low-dose dobutamine. Importantly, improvement in



9/16/2020 Effects of exercise training on coronary collateralization and control of collateral resistance | Journal of Applied Physiology

https://journals.physiology.org/doi/full/10.1152/japplphysiol.00338.2011 4/20

collateral growth was not accompanied by progression of severity of coronary artery

stenosis. These investigators reported that training-induced development of collateral

vessels was more pronounced in patients with higher collateral scores at baseline,

indicating a predictive relationship of collateral development with initial levels of

collateral perfusion (7). Similarly, a follow-up study by these authors indicated that

exercise training potentiated coronary collateralization (assessed via angiography) in

patients with ischemic cardiomyopathy treated with dipyridamole (6).

On the other hand, other studies using angiographic techniques have not provided

support for exercise training-induced collateral development in the setting of coronary

artery disease (22, 57, 60, 76). A 1979 angiographic analysis (60) reported the absence

of training-induced improvements in the number, size, or extent of collaterals following a

vigorous 7-mo exercise training program in patients following an initial myocardial

infarction. In a series of studies (57–59, 76), effects of intensive physical exercise and a

low-fat diet on coronary morphology, collateral development, myocardial perfusion, and

progression/regression of coronary artery disease were evaluated over several years.

The training regimen and low-fat diet signi�cantly delayed the progression of coronary

disease (lesion size) at one year (57, 76) and six years (59) of risk intervention.

Multivariate analysis identi�ed only physical activity as independently contributing to

changes in progression of disease (59). The training-diet intervention decreased stress-

induced myocardial ischemia (57) but did not signi�cantly alter collateral artery

formation as compared with control patients not exposed to these interventions (76).

However, collateral formation was signi�cantly related to progression of coronary artery

disease (57). Similarly, in these studies, delayed progression of disease in these patients

correlated with a decreased collateral formation, as con�rmed by others (63). Taken

together, these data suggest that collateral development was induced by progression of

coronary disease rather than by the training program, and that exercise caused

bene�cial changes that appeared to be independent of angiographically visible

collateral development. Despite the negative outcome regarding enhanced

collateralizaton in response to exercise training and low-fat diet, the intervention group

exhibited improved exercise stress-test performance, reduced myocardial ischemia on

thallium imaging, and fewer cardiac symptoms (57–59, 76), supporting the results of

Belardinelli et al. (7) and other investigators that exercise training improves functional

performance of the compromised myocardial region(s).

Assessment of training-induced enhanced collateralization by coronary angiographic

techniques is challenging. Angiography has inherent limitations regarding the level of
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resolution (sensitivity of discernment) of many vessels within the collateral network of

the diseased heart (23, 26). Small microvascular caliber vessels (<100 μm) are dif�cult

to visualize angiographically, and thus the full extent of collateralization cannot be

accurately assessed or may be underestimated. Indeed, only half of patients with critical

coronary stenosis develop angiographically visible collaterals, despite functional

evidence for their presence (43). Nitrovasodilators, such as nitroglycerin, are typically

present in patients undergoing coronary angiography, and collateral vessels have been

shown to be responsive to the vasodilator actions of these agents (2, 5, 18, 31, 64).

Although controversial (20) these actions may enhance the apparent recruitment and/or

sensitivity of angiographic assessment of collaterals, although microvascular collaterals

remain undetected. Importantly, typical angiographic assessment re�ects vessels

observable only under resting conditions. Thus, additional collateral recruitment

(particularly microvascular collaterals) under conditions of high metabolic demand

(myocardial stress or exercise) and optimal collateral �ow is often not included for

analysis in these studies.

In a large number of reports (78, 80, 81, 84, 85, 88), Seiler and colleagues have utilized

hemodynamic, functional, vasomotor and angiographic approaches to assess effects of

exercise training on collateral development and myocardial perfusion in patients with

coronary artery disease. This group has developed and utilized a unique and

quanti�able index of coronary collateral �ow (collateral �ow index; CFI) as a

measurement of the functional presence of collateral channels during a transient

balloon occlusion of the stenotic vessel. CFI is derived from intracoronary �ow velocity

(or pressure) measurements made in the recipient artery distal to occlusion. Therefore,

CFI is a re�ection of the �ow velocity (or pressure) contributions from the collateral

circulation as a fraction of �ow during vessel patency, and includes changes in collateral

�ow resulting from resistance (and distal pressure) changes in the collateral-dependent

microcirculation downstream to the occlusion. Indeed, in 2010, Seiler (80) indicated that

the “gold standard” for collateral assessment is this collateral �ow index. While

collateral �ow index obtained by this method accurately re�ects collateral �ow as an

index of functional collateral development in human patients with stenotic coronary

artery disease, it is also partially determined by vasomotor changes occurring in the

distal microvascular bed supplied by the collateral circulation of these hearts.

Seiler and colleagues have performed long-term cross-sectional prospective studies

using CFI (measured during percutaneous angioplasty) to assess effects of chronic

increases in physical activity (determined by structured interview) upon the collateral
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circulation of patients with coronary disease (81). An increase in leisure-time physical

activity in these patients was directly and independently associated with collateral �ow

to the occluded region of diseased hearts. More recently, Zbinden et al. (88) utilized CFI

to assess changes in coronary collateral blood �ow in coronary disease patients before

and after a 3-mo exercise training regimen. CFI increased signi�cantly in both normal

and stenotic coronary artery regions after completion of the exercise program, but

remained unchanged in the sedentary patients. These investigators documented that

there was a direct correlation between the adaptations in CFI from baseline to

postintervention (exercise or sedentary program), and the respective change in maximal

oxygen consumption (V̇O ) and exercise performance (88). Taken together, these

data suggest that chronic endurance training augments coronary collateral blood �ow

to both normal and stenotic arteries. In addition, there appeared to be a correlation

between coronary collateral �ow augmentation and improvements in exercise capacity.

Improvements in perfusion of the ischemic myocardium after exercise training in

patients with coronary artery disease may also re�ect enhanced vasodilation responses

of the vasculature of the collateralized heart as well as increases in the level of

anatomical collateral development. In this regard, the role of training-induced

improvements in coronary endothelial function and endothelium-dependent relaxation

in the diseased coronary vasculature has been assessed by Hambrecht, Linke, and

colleagues (30, 35, 37, 49). These investigators reported that exercise training has the

potential to reverse endothelial dysfunction in patients with coronary artery disease (35,

37). In these studies, vigorous exercise training (bicycle ergometry) improved endothelial

dysfunction in epicardial coronary vessels (angiography) and vasodilator reserve

capacity of resistance vessels (adenosine-mediated responses) (37), as well as

enhanced endothelial-dependent vasodilation and endothelial nitric oxide synthase

(eNOS) phosphorylation in the left internal mammary artery (35). These combined data

provide a mechanism whereby training may bene�cially impact myocardial perfusion in

the absence of morphological changes in collateral formation (30, 35, 37). However, the

dominant role of improved endothelial function in training-induced enhancement of

myocardial perfusion in these studies was questioned by Georgiou and Belardinelli (29),

implicating the dif�culties of angiographic assessment of enhanced collateralization. In

important recent studies, Hambrecht and colleagues (36) reported that, compared with

percutaneous coronary angioplasty (PCI), a 12-mo program of regular physical exercise

(bicycle ergometry) resulted in superior event-free survival and exercise capacity, at

lower costs and hospitalization rates.

2max
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In summary, while bene�cial effects of training in patients with coronary artery disease

and collateralized hearts are clearly numerous and diverse, considerable evidence has

been generated for a signi�cant role of improved endothelial function. However,

differential roles of increased collateral development and enhanced coronary/collateral

vasomotor responsiveness, in improvements in myocardial function and perfusion

observed after exercise training in patients with coronary artery disease, have not been

fully resolved. At the time of publication of this review, a clinical trial (Impact of Intensive

Exercise Training on Coronary Collateral Circulation in Patients with Stable CAD;

University of Leipzig; clinicaltrials.gov Identi�er: NCT01209637) is in progress designed

to further address this controversy. Continued clinical studies, in concert with results

obtained from animal models (described below), are likely to provide signi�cant

information and more precise conclusions.

EFFECT OF EXERCISE TRAINING ON CORONARY COLLATERALIZATION IN

ANIMAL MODELS OF CORONARY ARTERY DISEASE

Although evaluation of the effects exercise training programs on extent of

collateralization in human coronary disease patients has provided controversial

�ndings, animal models of critical stenosis or occlusion generally provide experimental

support for bene�cial effects of exercise training on collateral development and

improved blood �ow and myocardial function in the collateral-dependent region.

However, there are limitations to the use of animal models. The induction of coronary

artery disease occurs relatively abruptly in animal models, whereas human disease

develops over decades. Additionally, animal models used for these studies typically lack

other risk factor combinations (aging, hypertension, etc.) that are usually present in

human patients presenting with coronary disease. As outlined below, there are also

anatomical and physiological differences in the coronary and collateral vasculature of

animals and humans, although collateral growth in the porcine model appears to be

more applicable to that observed in humans. While most animal models lack the

presence of multiple pharmacotherapeutic interventions being used by most patients

with coronary artery disease, this difference also presents a unique advantage to

independently assess effects of training in the absence of these confounding in�uences.

Despite the limitations associated with animal models of coronary artery disease, there

are other distinct advantages to the use of these animal models in the study of

collateralization, including greater experimental control, more invasive evaluation of

regional myocardial blood �ow and function, as well as the ability to critically evaluate

underlying adaptive mechanisms, including those at the cellular and molecular level.

http://clinicaltrials.gov/
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Canine and porcine models of chronic coronary artery occlusion are commonly used for

the experimental induction of collateral vessel growth; however, these species

demonstrate differences in collateral development. The dog heart possesses an

abundance of innate collaterals in the epicardial layer, which can be recruited rapidly

under conditions of ischemia (15, 71). The combination of vessel recruitment and the

growth of new collaterals (Fig. 1) in the dog are suf�cient to restore adequate blood

�ow to the compromised myocardium during rest and often under conditions of

increased myocardial O  demand (4, 16, 45, 50). On the other hand, the porcine heart

has limited innate collateral development and when subjected to gradual occlusion,

growth of numerous small vessels occurs predominantly in the endocardial and

midmyocardial layers (15, 86, 87). Collateral development in the porcine heart (Fig. 2) is

only suf�cient to restore resting blood �ow to the collateral-dependent myocardium,

whereas blood �ow during exercise remains compromised and unable to support

regional myocardial function (61, 67, 68, 87). Similarly, the human heart demonstrates

few innate collaterals and the growth of new vessels typically occurs as an extensive

network of functionally signi�cant collaterals in the endocardial and midmyocardial

layers (15). Furthermore, coronary artery disease patient populations often display

persistent regional myocardial ischemia and contractile dysfunction during exercise (44,

57, 76) similar to that observed in pigs (61, 67, 87). However, most of our early

understanding of the effects of exercise training on collateral vessel development in the

heart evolved from studies using canine models of �xed stenosis or progressive

coronary occlusion and thus contributed signi�cantly to the body of literature in this

area.

Fig. 1.

Representative photograph illustrating the apical view of a canine heart 4 mo following placement of

an ameroid occluder around the proximal left circum�ex coronary artery (entering from the left side

of the photograph). Typical canine coronary collateral arteries are clearly visible on the epicardial

surface, including both large (∼1 mm diameter) and smaller, tortuous arterial connections between a

branch of the completely occluded left circum�ex coronary artery and a branch of the nonoccluded

right coronary artery. All animal protocols were in accordance with the “Principles for the Utilization

and Care of Vertebrate Animals Used in Testing, Research and Training” and approved by the

University of Missouri Animal Care and Use Committee.
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Fig. 2.

Angiography of porcine model of chronic coronary artery occlusion and collateral perfusion. Twenty-

two weeks after surgical placement of an ameroid constrictor around the proximal left circum�ex

coronary artery, the animal was placed under general anesthesia. Hemodynamics were monitored

throughout the procedure. Arterial access was obtained by surgical cutdown of the carotid artery.

The left main coronary artery was catheterized with a 6F guiding catheter (Vista Brite Tip; Cordis)

introduced over a 0.035-in. guidewire. Selective coronary angiography was performed with nonionic

contrast (Oxilan 350; Guerbet). A: image of lateral view displaying the majority of the thoraci

structure for perspective. B–D: regionally enhanced serial images emphasizing the cardiac silhouette

to provide additional detail of coronary vasculature. White arrows in B–D identify collateral vessels

supplying the left circum�ex artery (LCX) distal to occlusion. LAD, left anterior descending artery;

LMC, left main coronary artery catheter; PVC, pulmonary vein catheter for procedure not related to

the data associated with this study. [Reproduced from Zhou et al. (89).]
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Eckstein (19) examined the effects of a 6- to 8-wk exercise training regimen on

collateral vessel development in a canine model of surgically induced chronic narrowing

(�xed stenosis) of the left circum�ex coronary artery. The extent of collateral blood �ow,

as determined by measurement of retrograde �ow into the distal left circum�ex artery,

was proportional to the degree of arterial narrowing, as determined by blood �ow

through the proximal constricted left circum�ex artery. Importantly, exercise training

markedly increased the extent of collateral vessel development above that observed in

sedentary dogs. Furthermore, mild arterial narrowing failed to elicit collateral vessel

development in sedentary animals, although exercise training stimulated collateral

growth even under conditions of mild stenosis. This seminal paper also provided

evidence that production of a pressure gradient across innate collateral vessels, as well

as myocardial hypoxia, provided the underlying mechanisms for collateral growth

following arterial narrowing, mechanisms that continue to be proposed to stimulate

collateral vessel growth in current literature. Despite the apparent positive in�uence of

exercise training on collateral development, the experimental design of this study was

limited, since data were obtained only after completion of the sedentary or exercise

training regimens and did not include baseline collateral �ow measurements for each

https://journals.physiology.org/na101/home/literatum/publisher/physio/journals/content/jappl/2011/jappl.2011.111.issue-2/japplphysiol.00338.2011/production/images/large/zdg0071196630002.jpeg
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experimental subject. However, the relatively large number of animals used for this

study (46 sedentary and 44 exercise trained) likely strengthens the value of the

postintervention comparisons between these groups and the conclusions derived from

this study.

In a subsequent report, Cohen et al. (17) also utilized experimentally induced critical

narrowing of the left circum�ex coronary artery and subsequently measured blood �ow

(microspheres) to the ischemic region prior to and following completion of a 12-wk

exercise training or sedentary protocol. Findings from this study con�rmed the results of

Eckstein (19) demonstrating that exercise-trained dogs had signi�cantly enhanced

blood �ow to the ischemic myocardial region after completion of the exercise training

regimen compared with pretraining values both at rest and during exercise stress. Blood

�ow to the ischemic myocardium in sedentary dogs was not signi�cantly increased after

12 wk of cage con�nement. Notably, the increased blood �ow into the ischemic region

after exercise training was associated with attenuation of myocardial dysfunction

during transient complete occlusion of the left circum�ex artery.

Using a more severe intervention, Heaton et al. (42) instrumented dogs with an ameroid

constrictor around the left anterior descending artery and also created a �xed stenosis

resulting in 60–90% obstruction at the left circum�ex artery. Blood �ow (microspheres)

was measured at rest and during treadmill exercise before and after completion of a 6-

wk exercise training or sedentary protocol. Exercise training resulted in signi�cantly

enhanced blood �ow to the endocardial region of collateral-dependent myocardium

during treadmill exercise, an improvement that was not observed in sedentary control

dogs. In contrast, Neill and Oxendine (56) exercise-trained dogs that had been

subjected to progressive left circum�ex coronary artery occlusion with an ameroid

constrictor. Exercise training did not appear to stimulate collateral vessel development

beyond that observed in response to chronic coronary artery occlusion alone, assessed

using angiography, microspheres, and retrograde �ow. However, heart rate at

submaximal workloads and height-to-body weight ratio were not altered signi�cantly

by exercise training, suggesting that the training regimen was not suf�ciently strenuous

to elicit exercise-induced adaptations. Furthermore, animals did not serve as their own

control and the number of dogs utilized was small (4–8 dogs per treatment group).

In additional studies, Scheel et al. (74) examined the effects of 6–8 wk of exercise

training on collateral resistance in both control dogs and those that had been subjected

to progressive left circum�ex coronary artery occlusion with an ameroid constrictor.



9/16/2020 Effects of exercise training on coronary collateralization and control of collateral resistance | Journal of Applied Physiology

https://journals.physiology.org/doi/full/10.1152/japplphysiol.00338.2011 11/20

After completion of the experimental protocols, collateral resistance was determined in

isolated heart preparations. Chronic occlusion signi�cantly decreased collateral

resistance to the collateral-dependent myocardial region compared with control

animals. Importantly, exercise training doubled collateral conductance compared with

the sedentary group in the ameroid-constricted dogs. Exercise training had no effect on

collateral resistance in the control animals. Taken together, these data indicate that

exercise training has no effect on collateral development in control hearts but

contributes signi�cantly to collateralization in chronically occluded hearts (74).

In a canine model of two-vessel (left circum�ex and right coronary arteries) ameroid

occlusion, Schaper (72) determined the effect of exercise training on coronary and

collateral blood �ows (microspheres) in a Langendorff heart preparation. Dogs were

exercise trained for approximately 2 mo before surgical placement of the ameroid

constrictors. Treadmill training resumed 2 wk postoperatively and continued for 12 wk.

Despite relatively high intensity of exercise training, heart weight and heart-to body

weight ratio were not signi�cantly elevated in trained compared with sedentary

animals, although heart rate at submaximal exercise intensity decreased with training.

After completion of the experimental protocol, maximal blood �ow (adenosine infusion)

into the collateral-dependent region was ∼40% of that into the control myocardial

region and was not altered by exercise training. Collateral resistance, determined from

the relationship between total collateral blood �ow and the pressure difference across

the entire collateral bed (aortic pressure − peripheral coronary pressure), also was not

altered by exercise training. Potentially, baseline blood �ow to the collateral-dependent

region due to the chronic occlusion in this study (prior to training) may have been at a

level suf�cient to minimize the need for further effects of exercise training on

collateralization (18).

This pioneering work using canine models of chronic stenosis/occlusion was

instrumental in our early understanding of collateral development in coronary artery

disease. However, as discussed above, similarities between pigs and humans in

collateral development and persistent regional myocardial dysfunction under conditions

of increased myocardial O  demand make the porcine a more appropriate model for

studies of coronary occlusion or critical stenosis. Bloor and colleagues (10, 68)

recognized the importance of the pig model in this area and research from their group

has contributed extensively to the characterization of adaptations in the collateral

circulation of the pig model in response to chronic coronary artery occlusion and

exercise training.
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Utilizing the porcine model of chronic coronary artery occlusion, Bloor assessed the

effect of exercise training on blood �ow (microspheres) to both the proximal and distal

portions of the ameroid-occluded left circum�ex coronary artery (10). Blood �ow in the

proximal left circum�ex artery was very similar to that measured in the nonoccluded left

anterior descending artery. Collateral blood �ow to the distal left circum�ex artery was

increased to a signi�cantly greater extent after exercise training compared with

occlusion alone. Collateral-dependent �ow in exercise-trained pigs increased to 79% of

control �ow in the proximal left circum�ex, which was signi�cantly greater than the

increase to 63% of control �ows in the sedentary pigs. However, collateral blood �ow

was determined only under resting conditions in these studies and thus the effect of

exercise training on collateral blood �ow during increased myocardial demand was not

assessed. The effects of exercise training on myocardial function of the collateral-

dependent region also were not assessed, and therefore the importance of the increase

in collateral blood �ow as contributing to improved myocardial function was not

determined.

In a subsequent study, these investigators (68) studied the effects of exercise training on

coronary collateral development and regional myocardial function at rest and during

moderate and severe exercise after gradual occlusion of the left circum�ex artery.

Myocardial function and collateral blood �ow were determined before and after

completion of the exercise training or sedentary protocols. In the exercise training group,

blood �ow ratios of the collateral-dependent region to the normally perfused regions

were signi�cantly enhanced in the endocardium, midmyocardium, and epicardium

during severe exercise and statistically increased only in the endocardium during

moderate exercise. In the sedentary animals, the blood �ow ratio was increased

signi�cantly only to the endocardium during moderate exercise and less so than that

observed in the exercise-trained pigs. Correspondingly, exercise training signi�cantly

improved systolic wall thickening in the collateral-dependent region at both moderate

and severe exercise levels compared with the preexercise training stress test. The

sedentary group also displayed an improvement in systolic wall thickening at moderate

exercise levels, although not as pronounced as that observed in the exercise-trained

animals, with no signi�cant change in wall thickening during severe exercise. Thus

�ndings from this study revealed an increase in blood �ow into the collateral-dependent

region as well as corresponding improvements in regional myocardial function primarily

under conditions of high-intensity exercise. Taken together, these data suggest that

differences in collateral blood �ow between exercise-trained and sedentary groups may
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Table 1. Vascular adaptations in coronary vasculature in response to
chronic coronary artery occlusion and/or exercise training in ameroid
occluded pigs

Enlarge table

be best revealed during periods of intense exercise where maximal collateral

conductance or maximal collateral-dependent vasodilator reserve are attained.

Thus data from experimental animal studies have provided generally promising �ndings

which demonstrate that exercise training results in increased collateral development

and improved function of the collateral-dependent myocardial region in the presence of

critical stenosis or complete occlusion. While occlusive coronary artery disease is

adequate to stimulate suf�cient collateral development to restore adequate blood �ow

to the compromised myocardium during rest, �ndings from the studies above indicate

that exercise training increases collateral development to an even greater extent and

thus provide a greater level of blood �ow to the collateral-dependent region during

periods of increased myocardial demand.

EFFECT OF EXERCISE TRAINING ON CORONARY VASCULATURE

REACTIVITY IN THE COLLATERAL-DEPENDENT MYOCARDIAL REGION

The effects of exercise training on cellular and molecular adaptations in collateral-

dependent vasculature have been studied exclusively by our group (Parker, Heaps, and

colleagues: 24, 25, 33, 34, 38–41, 66, 83, 89) using the well-established porcine model

of chronic coronary artery occlusion. We have reported exercise training-induced

adaptations in the collateral-dependent vasculature across the vascular tree that reveal

improvements in endothelial function mediated primarily by the nitric oxide pathway, as

well as unexpected exercise training-induced smooth muscle adaptations of increased

basal tone and agonist-mediated vasoconstrictor responses. Many of these adaptations

are summarized in Table 1.

In early studies, we reported that exercise training signi�cantly enhanced both

bradykinin- and ADP-mediated relaxation in nonoccluded and collateral-dependent

arteries (∼1 mm luminal diameter), with no signi�cant effect of occlusion (33). Findings

from these studies also suggested that the exercise training-enhanced, endothelium-

dependent relaxation was partially dependent on an increased contribution of nitric

oxide (33). In support of these �ndings, we recently established that exercise training
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signi�cantly enhanced bradykinin-stimulated intracellular free calcium levels in

endothelial cells and increased bradykinin-stimulated nitric oxide levels in both

nonoccluded and collateral-dependent coronary arteries (89). Occlusion alone did not

alter bradykinin-stimulated nitric oxide or calcium responses (89). Exercise training also

signi�cantly enhanced the bradykinin-stimulated distribution of eNOS/caveolin-1 ratio

at the plasma membrane in endothelial cells of control and collateral-dependent arteries

(89). Bradykinin-stimulated phosphorylation of pSer1179-eNOS and pSer473-Akt and

dephosphorylation of pThr497-eNOS proteins were not altered by chronic occlusion or

exercise training (89). It is also interesting to note that under resting conditions,

treatment with a NOS inhibitor increased basal tension to a greater extent in collateral-

dependent compared with nonoccluded arteries in both sedentary and exercise-trained

pigs (89). Consistent with these �ndings, basal protein levels of total eNOS and

pSer1179-eNOS were increased in collateral-dependent arteries of sedentary and

exercise-trained pigs, providing a mechanism by which nitric oxide contributes to a

greater extent in collateral-dependent arteries under resting conditions (89). Taken

together, these �ndings provide novel insight into exercise training-induced adaptations

in cellular mechanisms of nitric oxide regulation that contribute to enhanced nitric oxide

production and agonist-mediated relaxation in arteries of occluded/stenosed hearts.

Studies in epicardial vessels also revealed that adenosine-mediated relaxation was

impaired in collateral-dependent compared with nonoccluded arteries from sedentary

pigs (41). Exercise training restored adenosine-induced relaxation in collateral-

dependent arteries to levels observed in nonoccluded arteries. Correspondingly,

adenosine-mediated reductions in simultaneous measures of tension and intracellular

free calcium were impaired in collateral-dependent compared with nonoccluded arteries

isolated from sedentary pigs but corrected after exercise training (41). The impact of

alterations in the vasomotor reactivity of epicardial collateral-dependent arteries has

potential physiological and clinical signi�cance. The presence of disease has been

reported to enhance the contribution of epicardial arteries to total coronary vascular

resistance, and therefore blood �ow regulation (32). Thus the observed exercise

training-induced adaptations in epicardial coronary arteries in the underlying setting of

coronary artery disease may give rise to enhanced blood �ow into the collateral-

dependent region.

Studies in small coronary arteries (∼150–400 μm luminal diameter) have revealed novel

experimental �ndings that exercise training enhances both vasodilation and

vasoconstriction responses in small coronary arteries distal to occlusion. Collateral-
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dependent coronary arteries of exercise trained pigs exhibited signi�cantly enhanced

Ca -dependent basal active tone compared with arteries from nonoccluded regions of

exercise-trained pigs and arteries from the collateral-dependent and nonoccluded

regions of sedentary animals (38). Endothelin-1-mediated concentration-response

curves were also signi�cantly increased in collateral-dependent arteries of exercise-

trained animals compared with the other artery treatment groups and appeared to be

mediated in part by PKC-mediated calcium sensitization of the contractile apparatus

(66). We also reported that arteries from the collateral-dependent region of exercise-

trained animals displayed signi�cantly enhanced constriction in response to NOS

inhibition (nitro-L-arginine methyl ester) compared with arteries from the other

treatment groups (38), suggesting that enhanced nitric oxide availability may mask the

increased Ca -dependent tone observed in these arteries under basal conditions.

Immunoblot analyses revealed that protein content of eNOS and pSer1179-eNOS was

elevated in arteries from exercise-trained animals with the greatest effect in collateral-

dependent vasculature (38). Thus the observed increase in eNOS and p-eNOS protein

levels in the collateral-dependent coronary arteries following exercise training suggests

that the enhanced constrictor response to NOS inhibition with occlusion and exercise

training may be attributable to increased nitric oxide production. Finally, our studies in

small coronary arteries have also revealed signi�cantly enhanced K  channel

contribution to basal tone in collateral-dependent arterioles of exercise-trained pigs

(38). We propose that these parallel, although seemingly contradictory, adaptations to

exercise training are necessary to maintain adequate basal coronary tone via

vasoconstriction under resting conditions, as well as stimulate marked vasodilation

when cardiac metabolic demand is high. Thus these adaptations potentially provide

greater intrinsic capacity (range) of local vascular control mechanisms to regulate blood

�ow to collateral-dependent myocardium, and subsequently contribute to the improved

perfusion observed after exercise training as documented by others (10, 68).

Functional alterations have also been reported in coronary arterioles (∼100 μm luminal

diameter) in the porcine model of chronic coronary artery occlusion and exercise

training. In these studies, endothelium-dependent relaxation in response to bradykinin

was signi�cantly attenuated in arterioles isolated from the collateral-dependent region

of chronically occluded hearts compared with arterioles isolated from a nonoccluded

region of the same heart (34). Because the differences in bradykinin-mediated

relaxation were eliminated in the presence of NOS inhibition (L-NMMA), we attributed

the impaired vasodilation to a reduction in nitric oxide bioavailability in collateral-

2+

2+

+
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dependent arterioles (34). Importantly, following 14 wk of exercise training, bradykinin-

induced vasodilatation in collateral-dependent arterioles was not different from that

observed in control, nonoccluded arterioles and nitric oxide appeared to contribute

similarly to relaxation in both collateral-dependent and nonoccluded arterioles after

exercise training (34). In association with the �nding that exercise training restores

bradykinin-mediated, nitric oxide-dependent relaxation in collateral-dependent

coronary arterioles, eNOS mRNA expression was signi�cantly reduced in coronary

arterioles isolated from the collateral-dependent myocardial region compared with that

observed in arterioles from the nonoccluded region (34). Following the exercise training

program, eNOS mRNA expression in arterioles from the collateral-dependent region

was restored to that observed in the nonoccluded region (34). These �ndings suggest

that impaired endothelium-mediated, nitric oxide-dependent relaxation in coronary

arterioles distal to chronic occlusion may be attributable to reduced nitric oxide

production subsequent to diminished eNOS mRNA expression. However, future studies

examining components of the eNOS signaling pathway as well as basal and agonist-

stimulated nitric oxide levels in the microcirculation are necessary to determine the

effects of chronic occlusion and exercise training on nitric oxide bioavailability in these

vessels. These studies are currently underway in our laboratory. More recently, hydrogen

peroxide (H O ), in addition to nitric oxide, has been shown to contribute to training-

induced restoration of endothelium-dependent vasodilation in collateral-dependent

coronary arterioles distal to chronic occlusion (83), implicating a role for additional

endothelium-dependent in�uences in effects of exercise training in collateralized hearts.

Interestingly, exercise training increased VEGF -mediated dilation in collateral-

dependent coronary arterioles; enhanced VEGF responses were nitric oxide-dependent

(25). Subsequent studies revealed that enhanced VEGF -induced dilation was

dependent on neuropilin-1 and associated with increased VEGFR-2 and neuropilin-1

protein levels in collateral-dependent arterioles of exercise-trained pigs (24). Neuropilin-

1 is a coreceptor that enhances the signaling of VEGF  through VEGFR-2.

Furthermore, VEGF -mediated dilation was not altered by occlusion or exercise

training (24). Increased protein levels of these VEGF receptors with exercise training

provide evidence of an additional potential mechanism by which exercise training may

contribute to arteriogenesis and collaterogenesis in the setting of coronary artery

disease.

Taken together, these experimental studies indicate that in the underlying setting of

chronic coronary artery occlusion, exercise training produces adaptations of the
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coronary vasculature that generally involve enhanced agonist-mediated

relaxation/dilation and thus potentially contribute to improvements observed in regional

myocardial blood �ow into the collateral-dependent region (10, 68). More recently, our

lab has revealed important cellular and molecular mechanisms that underlie exercise

training-enhanced dilation of collateral-dependent vasculature. These studies have

supported important adaptations in the nitric oxide signaling pathway, as well as more

recently, the superoxide/H O  signaling as contributors to enhanced dilation after

exercise training. Furthermore, enhanced VEGF -mediated dilation, as well as

increased VEGF receptor protein levels in the collateral-dependent microcirculation with

exercise training, suggests that chronic exercise may augment or extend the opportunity

for neovascularizaton associated with occlusion or critical stenosis.

Interestingly, exercise training increases both vasodilation and vasoconstriction

responses in small coronary arteries of the collateral-dependent region. Small arteries

typically contribute about 20–25% of total coronary vascular resistance (13, 14) and

may take on a greater fraction of the total coronary vascular resistance under

conditions of myocardial ischemia when arterioles undergo metabolic vasodilation.

Although seemingly paradoxical, these novel training-induced adaptations in small

collateral-dependent coronary arteries potentially provide a greater intrinsic ability for

vascular control mechanisms to regulate blood �ow to collateral-dependent

myocardium (enhanced reserve), and subsequently contribute to improved perfusion.

FUTURE DIRECTIONS: MECHANISMS OF CORONARY COLLATERALIZATION

AND THERAPEUTIC APPLICATIONS

Mechanisms that underlie collateral development in response to coronary artery

disease, as well as potentially enhanced collateralization subsequent to exercise

training, are extraordinarily complex and beyond the scope of this review.

Arteriogenesis, including collaterogenesis, involves an intricate, balanced and

coordinated expression of many growth factors, cellular and tissue remodeling, as well

as modi�cation of cardiovascular risk factors that adversely affect the intrinsic capacity

for collateral development (28, 43, 73, 75). Kinnaird et al. (43) recently reviewed the

potential for impaired collaterogenic capacity by many classical risk factors

(hyperlipidemia, diabetes, etc.). Known effects of exercise training on reduction of these

cardiovascular risk factors encourage speculation that chronic exercise may exert a

positive effect on collateral development in the diseased heart, in part by diminishing

the detrimental effects of risk factors on the host response to ischemia.
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As described in prior sections of this review, a number of clinical studies and

experimental models of coronary artery disease reveal unique adaptations of collateral

and collateral-dependent vasculature in response to exercise training. Numerous studies

from our lab and others have documented impairments of endothelial or smooth muscle

regulation of coronary tone that are improved or reversed by exercise training. Of

particular interest are the observations of training-induced improved endothelial

function and enhanced in�uence of endothelium-derived vasomotor factors (e.g., nitric

oxide; hydrogen peroxide) in the collateralized heart (24, 25, 33–35, 37, 38, 83, 89).

Increased bioactivity of nitric oxide after training in the diseased heart has numerous

implications including reductions in platelet adhesion and aggregation, thrombogenesis,

and coronary vasospasm, as well as increases in angiogenesis and collaterogenesis.

Training also appears to exert synergistic actions with certain endothelial growth

factors on coronary cellular pathways involved in the synthesis and/or bioavailability of

nitric oxide (24, 25). Indeed, many effects of vascular endothelial growth factor (VEGF)

on vasodilation, angiogenesis, and collateral development involve nitric oxide (51);

training-induced bioactivity of nitric oxide would theoretically enhance these activities

and promote collateralization (25). Current and future studies in these areas are likely to

advance our understanding of the cellular mechanisms that underlie bene�cial

adaptations to exercise training in coronary disease, and as a result may implicate

future new approaches for novel cellular targets and discoveries with important

implications for the management of ischemic heart disease.

Experimental models (discussed above) have indicated that while narrowing of a

coronary artery may initiate collateral growth in proportion to vessel narrowing (15),

addition of exercise promotes the collateral circulation. These results provide evidence

that a pressure gradient across collateral vessels, as well as myocardial hypoxia, are

both involved as underlying mechanisms for collateral growth following arterial

narrowing. This basic concept has been reinforced by a huge number of clinical and

experimental studies. Occlusion of a major coronary artery causes development of a

steep pressure gradient across preexisting anastomoses, increasing blood �ow and �uid

shear stress in these connections (73). Numerous investigators have further investigated

the role of increased pulsatile shear stress, activation of the endothelial cytoskeleton

and endothelial gene expression, isoforms of nitric oxide synthase, and secretion of

endothelial growth factors in the outward remodeling of preexisting interconnecting

arterioles (arteriogenesis) following an arterial occlusion (43, 73, 75). Increased levels of

coronary and collateral �ow, as well as �uid shear stress, occurring during bouts of
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exercise are therefore likely to contribute to training-induced increases in vascular

remodeling, arteriogenesis, and collateralization. Interestingly, whole body periodic

acceleration has been recently developed as a “passive exercise device” for

improvement of endothelial function via increased �uid shear stress to vascular

endothelium (53). This intervention with heparin pretreatment has recently been found

to reduce myocardial ischemia and improve exercise capacity, potentially through shear

stress-induced nitric oxide production (53).

Isolation of endothelial progenitor cells (EPCs) in 1997 (3) has resulted in increased

awareness of the role of EPCs in exercise training and collaterogenesis (1, 46, 65, 69,

82), as well as their potential use as a therapeutic adjunct to improve the

microcirculation in coronary artery disease (1, 54, 55). Increased levels of EPCs are

observed following bouts of exercise (46, 65) and exercise-induced limb ischemia (69).

EPCs are recognized promoters of angiogenesis (46) and also contribute to the increase

in cross-sectional area of the vascular tree in response to physical training (82); these

effects appear to be at least partly dependent on nitric oxide (46). EPCs are responsive

to �uid shear stress; cultured EPCs increase gene expression of arterial endothelial

markers under shear stress conditions, indicating differentiation into mature arterial

endothelial cells under shear stress conditions (62). The relationship of these �ndings to

training-induced arteriogenesis remains debatable; however, these studies implicate a

role for EPC mobilization and maturation under physiological conditions of increased

�ow, increased shear stress, and increased synthesis/release of nitric oxide, such as

exercise. Interestingly, clinical studies have reported a positive effect on EPC

mobilization from bone marrow by exercise-based cardiac rehabilitation programs in

patients with coronary disease (1, 11, 54, 55, 82). Ongoing observational and

interventional trials are likely to reveal exciting information regarding the potential role

of EPCs in the effects of exercise training on collateral development and improved

myocardial perfusion in patients with coronary artery disease.
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