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Ischemic disease leads to increased tissue stress by decsegophgof nutrients
adequate to meet energy demands. To maintain functionality, compensatory
mechanisms for diminished vascular supply are induced by numerous tissuess facto
associated with ischemia. Compensatory responses include both remodelang of th
vascular network to sustain substrate delivery and adaptive responsesfiattied
tissue to sustain function despite diminished substrate availability. Asstredic
exercise has been shown to improve both vascular and metabolic remodeling within and
around ischemic tissues. However, active exercise programs, while eothgist
beneficial, still generate a very heterogeneous response, sugdgestpajential for an
important contribution from the genetic composition determining intrinsabaer
exercise capacity. A novel rat strain, developed using forced iattgelection for
intrinsic endurance running capacity, provides a unique tool that enables assessment of
intrinsic aerobic capacity and the effects of these phenotypes on adappvases to
ischemic stress. Untrained low endurance running capacity (LCRyeae found to
have a higher incidence of risk factors for ischemic disease and mayitiesegi
vascular and metabolic responses to peripheral artery occlusion. The overallthml of
dissertation was to determine the influence of intrinsic exerciseitapadhe vascular
and metabolic adaptive responses to ischemic stress. This study testgabthesis that

the LCR would show altered vascular and metabolic adaptive responses in regponse t



peripheral arterial occlusion, compared to HCR counterparts. Muscle sdnophe

both the ischemic and the non-ischemic limb in both strains were compared matigbolic
for their relative capacity to oxidize fatty acid, histologically for @in@tomical vascular
capillarity supporting perfusion, and functionally using both perfusion tracersko tra
blood flow, and direct muscle stimulation to test fatigue characteristiomaskers
obtained using PCR were obtained to suggest potential pathways accounting for
differences in response between the phenotypes. Results indicate that iadniobic
phenotype does alter both the resting tolerance for demand induced ischemiaaas well
the adaptive compensatory responses to chronic anatomic arterial obstru€hen.

LCRs showed both a reduced capacity for demand induced workloads, as well as
responses to chronic obstruction that were both delayed in onset, and delayed in induction
compared to HCR counterparts. These data may have implications for betkerristg
active exercise programs to achieve intended outcomes in limiting consesjuenc

associated with cardiovascular disease risk factors.
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CHAPTER 1: INTRODUCTION

The underlying basis for ischemic disease, one of the most deadly and costly
diseases of the Western world, is a mismatch between the oxygen supplied by the
bloodstream and the oxygen demands of the tissue. The two predominant forms of
ischemic disease that affect millions of Americans annuallyamnary artery disease
and peripheral arterial occlusive disease (PAOD)(67; 73; 96; 103). The Amegasan H
Association has found that there are differences between ethnic groups and thei
predisposition for cardiovascular diseases to include susceptibility fenscldisease
(85). This data suggest that there are phenotypic influences on the develapgment f
ischemic disease and more research may be necessary to better o dhensta
phenotype may influence development and progression of disease. Both cardiac and
peripheral tissues employ compensatory mechanisms in response to ischEmese
mechanisms primarily include a vascular remodeling process thaasesrperfusion
capacity to offset any deficits in supply (61; 62; 80) and remodeling of metaboli
pathways, including changes in the activity of oxidative enzymes (17; 8dljrepissue

to better tolerate chronic deficits in vascular supply.

The heart is one of the most versatile tissues in the body, capable of utilizing
multiple substrates to meet energy demands. Under normal resting cenditicdiac
muscle derives approximately 70% of its energy from fatty acid oxidégin
However, fatty acid oxidation depends on a ready supply of oxygen, such that under
ischemic conditions, as in progressive coronary artery occlusive dise@kag ca
metabolism shifts towards using more anaerobic glycolytic mechanismeetcenmergy

demands (34). Unfortunately, the energy yield of glycolysis is ingeriti¢co meet the



energy requirements of cardiac demand, and glycolysis produces lattia potential
cause of cardiac pain. It has been suggested that within as little asu88snifom the
onset of acute coronary ischemia, alterations in adenine concentrations and othe
metabolic oxidative stressors can lead to cardiac cell death (88). Stupoest of
ischemic myocardium have reported that carnitine treatment (19), adeninetidecle
reuptake inhibitors (57), malate/aspartate solutions (utilizing transaomretthways)
(46), glucose/insulin/potassium solutions (89), mitochondrial ATPase targeted(@m)g
adenosine (74), and delta opiod agonists (37) all have shown to enhance recovery from
cardiac ischemic challenges, all at least in part due to effects abohetpathways.
Further complicating the analysis is that, while diabetes is a mdydaasor for
cardiovascular disease, insulin insensitivity is a much less essential carhpbne
substrate utilization in cardiac muscle (13; 63), leaving open the question rggardin
whether the primary effect of diabetes is directly related to metaditdi@ations, or
secondary to atherosclerotic processes and hypertension, with which diglad¢ges i
associated, and to which the heart is highly vulnerable. The complexitydaccar
metabolism suggests that shifting substrate preference is a major compfchent
dynamic response to ischemia (13; 63), perhaps more than oxidative capacity of an
particular substrate. When one considers that heart tissue also is muclkdssgte to
recurring assessment during chronic conditions, and tissue availabilityoofters in the
setting of an acute critical ischemic event superimposed on the chronic @as\diti
becomes clear that studying metabolic responses in the heart to chadleciyes

exercise or disease is complex.



In peripheral arterial occlusive diseases, which are just as prevatarbasry
artery disease, the basic factors that stimulate vascular and metabuteling are the
same, but the tissue is much more accessible to study, and the metabolicre$tarsaicte
skeletal muscle fibers are more precisely defined, and significandlydemble than in
cardiac muscle. Skeletal muscle responds to arterial insufficienggrigrating a
vascularization stimulus that utilizes the same critical factorsrnuktte remodeling as
cardiac muscle. However, skeletal muscle also has the ability tea#tygme activity

and to change muscle fiber type towards a more anaerobic phenotype (18; 75).

Regular aerobic active exercise is one of the few interventions that have been
shown to consistently slow the progression of occlusive arterial diseadds,erhance
the recovery from them. Exercise induces many effects, including foyv&erum
lipids and raising plasma HDL levels (33), both of which are thought to decreasskthe
of atherosclerosis in most arterial systems (25; 33). Regular aerolitsexewers
resting blood pressure (48), which limits the resting energetic demandshefaitieand
limits the progression of atherosclerosis in both cardiac and peripherabiacati
Regular aerobic exercise increases tissue responsiveness to insulimatatesi
increases in key enzymes regulating metabolic pathways, promoting subystedte and
utilization in peripheral tissues (7; 35), and presumably in cardiac tissudl.as we
Aerobic exercise also increases vascular capillarity (81) andasesesascular
responsiveness to vasoactive substances such as nitric oxide (23), which serves both to
increase anatomic flow capacity, as well as dynamic flow responsiveressall that
has been reported with regard to the benefits of active aerobic exerdeses, kitown

about how the intrinsic capacity to exercise, independent from any actiwisexer



component, influences the vascular or metabolic remodeling responses to occlusive

arterial disease.

Given the complexities involved in analyzing the metabolic demands of cardiac
muscle, peripheral ischemia is a more attractive model for investigatmgissues
respond to ischemic conditions, and has been used extensively for that purpose.
However, most studies to date have concentrated on studying either the vascular
component of ischemic disease, or the metabolic component, while few have examined
the integrated relationship between skeletal muscle capillarity and metathaptations
to chronic occlusion within the same muscle tissue, and none have done so in the context

of the intrinsic exercise capacity phenotype.

Therefore, the aim of this dissertation was to study the influence of iatrins
aerobic exercise capacity on vascular and metabolic adaptpeness to ischemic stress,
andtests the overall hypothesis that the low aerobic endurance runrgncapacity
(LCR) phenotype will show altered vascular and metabolic adaptive respoeas to
peripheral arterial occlusion when compared to the high aerobic endurare running

capacity (HCR) phenotype.

Peripheral Arterial Occlusive Disease (PAOD)

Peripheral artery occlusive disease (PAOD) affects 8-12 millionrisares and is
difficult to treat (67). It has been suggested that ethnicity plays artile
development of this disease with Blacks and Hispanics having higher risk for
development compared to Asians and Caucasians(6). This data suggest that phenotype

influences the development and progression of ischemic disease. PAOD oailysmm



the lower extremities, and its incidence and prevalence are nearly @tjuat of
coronary artery disease (103). Approximately 15% of adults over age 55 have
detectable hemodynamic impairments attributable to PAOD (103). e Hnertwo major
clinical presentations of PAOD: intermittent claudication and critioab lischemia.
Intermittent claudication presents as pain during exercising conditions wiahfldw

is insufficient to meet tissue demands, but which resolves with time etitien to resting
conditions. Critical limb ischemia is characterized by blood flow thaaidaquate to
meet demands at resting conditions, leading to leg pain at rest, marked djsaility

impaired quality of life (103).

Treatments for PAOD include pharmacological agents that reducestiezotic
risk-factors, and delay the development of occlusive plaques. Surgicaldrgsifor
PAOD include mechanical revascularization, either by percutaneous methogs, or b
direct bypass (103). Revascularization is an option for advanced diseaseadiut i
realistic in patients with multiple obstructions (94). In addition, revasealaon
studies have demonstrated that gender and race are synergistic detsrimivneint graft
failure suggesting that phenotype is an important factor behind PAOD araéliclini
outcomes(69). Surgical therapy carries a risk of perioperative morhritynortality,
and a large number of patients are unable to undergo surgical therapy. In addition,
surgical therapy is not always successful (100). Occlusions mayamdyatients can
again progress towards pain with walking and other clinical symptoms of PAR&wW

and more efficacious treatments options for PAOD clearly are needed.



Considering the limits of surgical revascularization as a treatmdonopther
non-invasive treatments that increase perfusion to downstream ischemicrieskaang
investigated. Understanding the processes and pathways of capitleaytery
development in adults is paramount for development of these new therapies, and most
new experimental treatments emphasize re-establishing perfusion.ralSeaes ago,
treatment strategies targeting gene mediated revascularizati&®id Bhowed initial
promise in limited clinical trials, but have since not proven consistentlyaeibios, and
the basis for the variability in responsiveness was not clear (5; 98). Thiegvfmcus
of experimental and clinical studies in POAD has been on reestablishing perasi
that is the anatomic deficit. However, there are no therapies that diesgty
improved function of distal tissues as an alternative, or an adjunct to resstapli
vascular supply. Evidence from aerobic exercise training studies sedjgésical
PAOD patients increase capillary density and oxidative capacitytime (101; 107),
but the underlying mechanisms that cause the changes in oxidative capacity
conjunction with changes in capillary density is not understood well at this time.
Research on the adaptive and remodeling characteristics of ischesunécrtiay provide

new cell based treatments for PAOD.

Hind limb femoral artery ligation is a well-established popular modeht®
study of chronic ischemia and PAOD (70; 100; 103), and provides a relevant conceptual
framework to assess the pathways of ischemia-induced changevasthéature and
surrounding tissue. Hind limb femoral artery ligation is an accepted model of
intermittent claudication, and has been used to study potential mechanisnyingdbd

beneficial effects of aerobic exercise training (70; 103). Reagdiestby Lloydet al.



(61; 62), utilized the femoral artery ligation model to assess angiogemithdiactor
expression in rats in response to a chronic ischemic injury during an activeeaerobi
exercise training protocol lasting three weeks (61; 62), reporting thaingiogenic gene
signals were increased significantly within days after occlusion, andehaltic exercise
increased the overall capillary remodeling response following occlusionbertRet al.
(84) utilized this injury model coupled with aerobic exercise training andestutianges
in oxidative capacity and capillarity in plantaris and soleus muscles, arahstated
that arterial insufficiency caused vascular and metabolic remodelah red and
white skeletal muscles fiber types, and that aerobic exercise trainingvied upon these
adaptations (84). However, the influence of pre-existing intrinsic aeggbrcise
capacity on these adaptations to ischemia was not established and remayns poorl
understood. In summary, there is a well-established model for PAOD that has been
used to study components of vascular and metabolic adaptations occurring in
skeletal muscle in response to ischemia, and the effects of exercibat would be

appropriate for studies of intrinsic aerobic capacity influences.

I schemic Induced Adaptations and Remodeling of Skeletal Muscle

Skeletal muscle responsiveness to ischemia or depletion of oxygen is dependent
on the muscle fiber type (64). Skeletal muscle has three distinctyfess. Slow twitch
(Type |) fibers have a high concentration of mitochondria and myoglobin (64). Fast
twitch fibers (Type Il) fibers are subdivided further into two distinct quésy Type 1A
and Type IIB (64). Type lIA fibers are fast oxidative fibers thdiilat a faster
contractile velocity than Type | but also contain a high myoglobin and haitairial

content. Type IIB fibers are fast glycolytic fibers with lesogighbin and fewer



mitochondria. Type IIB fibers have a higher storage content of glyqégérand rely
heavily on anaerobic metabolism to meet their energy demands. Becausgilke
and their distributions within a muscle are genetically influenced, individuéds th
terms of baseline oxygen supply and utilization within a given muscle. Thestqg
differences in fiber type distribution provide a basis for intrinsic diffezendntrinsic

aerobic exercise capacity.

In the rat, different skeletal muscles have distinct fiber type populations.
addition, rat skeletal muscle also has a Type IID/X fiber which is sitailather Type II
or fast twitch fibers in their myosin heavy chain composition but has distinct
physiological and biochemical properties. Generally, the deepessextauscles have
the highest percentage of Type | fibers and the lowest percentage diB yibers (4).
However, muscle fibers also are capable of transforming from one fileeexyreme to
another in response to altered functional demands, hormonal signals, or changes in neura
input (75). Delpet al. found that both the soleus (84%) and adductor longus (87%)
muscles contain a high proportion of Type | fibers (24). The soleus muscfeunals
to have no Type IIB fiber expression. Different portions of the gastrochemniagin
different fiber concentrations. The gastrocnemius muscle is typmadllyzed as red,
mixed and white sections. However, the delineation is not as clear as the naghhg m
suggest, and indicates only the dominant fiber type. The red gastrochemileswassc
51% Type |, 35% type IIA, and 14% Type IIB which is still approximately 86%eperc
of this muscle section to be described as oxidative fibers, while the mixed gasiros
muscle was 1% Type | and 3% Type lIA fibers, and 28% Type IID/X and 68% [Myp

fibers. White gastrocnemius was found to have no Type | or Type IIA fibers (24)



Thus the soleus, and white portions of the gastrocnemius muscle appear tovatyrela
homogeneous muscles that correspond to the well defined characterisioeg of s
oxidative, and fast glycolytic fiber classification (24). This demotesrthat rat
gastrocnemius muscle provides distinct fiber populations that can allow a deeper

understanding of how different fibers respond to stressors.

Skeletal muscle is remarkably adaptable to ischemia and the streskicdree
exercise training (Figure 1.1) compensating for reduced oxygen avgjlalyiincreasing
mitochondrial volume density (volume of mitochondria per volume of muscle fiber) and
citrate synthase activity (36; 64; 99). Ischemic conditions also caustatkalscle to
shift substrate utilization away from fatty acid oxidation towards gkicaglation,
which improves the yield of ATP generated per mole of oxygen consumed (40; 64; 87).
If ischemia persists, skeletal muscle can undergo fiber type switdviagds a more
glycolytic phenotype (Figure 1.1) (75). This phenotype switch is normalomna s
twitch to fast twitch fiber switch leading to a decrease in Type Idibad an increase in
the Type Il fibers (75). Muscle fibers, once considered a statiy entiissue, are now
understood to be dynamic structures with extraordinary adaptive potemtial.
summary skeletal muscle adaptations to ischemic conditions, many of whiare at
least partially transcription dependent phenomena, include changes substrate
utilization pathways, oxidative enzyme activities, mitochondrial volume desity and,
if warranted, fiber type phenotypic switching. However, the influerce of intrinsic

aerobic phenotype on these processes is unknown.
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Skeletal muscle also responds to ischemic challenge via vascular rergobfeli
response to ischemia, skeletal muscle may increase the expression laresiothelial
growth factor (VEGF) mRNA, which in turn can lead to increases in VEGF prdi&jn
Increased VEGF expression has been shown to ameliorate peripheral blood flow
insufficiencies and promote angiogenesis (14). VEGF has also been shown to produce
dose-dependent release of nitric oxide (NO). NO, in addition to other factouslimnggl
VEGF and angiopoietin (Ang) 2, stimulates both angiogenesis and geleesis,
reflecting the development of new blood vessels, primarily capillarieghand
remodeling of existing blood vessels to develop/expand collateral perfusion, iredpect
Angiogenesis and arteriogenesis are presumed to work in concert, promoting
opportunities to maintain or sustain bulk flow at an arteriolar level, in concért wit
changes in capillarity that modify residual flow distribution to individualrBb&gether
restoring skeletal muscle perfusion towards baseline conditions and alpsahemic

conditions (90)

Exercise

Understanding the complexities of exercise requires more than discrominati
between active aerobic exercise training and/or resistance trairilingre are two
distinct entities that contribute to exercise capacity, broadly chaescters genetic and
environment influences. The environmental component represents the imposed
conditions that cause the skeletal muscle to react and adapt, and can be egbbgsent
such things as diet and exercise training programs. The genetic comabaiestto the
genes that regulate intrinsic aerobic exercise capacity and genhessfiand to active

aerobic or resistance training stimuli. It is thought that 70% of the variatiotrinsic
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aerobic capacity is determined genetically (9). A variety of gemey participate in the
determination of intrinsic aerobic exercise capacity, and thess gemeapable of
influencing every physiological system within the human body.

Intrinsic Aerobic Exercise Capacity

Low aerobic capacity, or low cardiorespiratory fitness, is a stronggboe dif
early mortality (97). Aerobic capacity is determine by a vaétiactors that
encompass both environmental and genetic influences. Twin and family stuplpest
heritability of intrinsic exercise capacity, ¥ and the inducible aerobic capacity,
ability to increase V@naxWith aerobic exercise training (9).

It has been difficult to determine the role intrinsic aerobic capaatysph the
progression of human disease states because it is nearly impossibledbfoontr
environmental influences. Twin studies have provided valuable insight into the way
genes influence intrinsic exercise capacity (9). The HERITA#B#&IY study, which
evaluated V@max during sedentary and training phases, suggested that thezecaes s
specific chromosomal regions linked to individual & (8). These twin and family
studies have pointed towards 17 mitochondrial genes and 165 autosomal genes that
appear to influence fitness and performance phenotypes (8). Within metabedisa]i
these studies have provided insight into the pathogenesis by demonstrating a dow
regulation in expression of genes involved in aerobic metabolism. Converssh, th
markers of aerobic metabolism appear to be upregulated in individuals with idcrease
physical capacity. This literature supports the need for a betteratadding of how
genes influence both intrinsic exercise capacity and the ability to respord/éo ac

exercise training.
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It is widely accepted that individuals differ drastically in aerobic ciipa in the
absence of a training stimulus and in their inherent capacity to adapt to ef&tihe
Research clearly shows that individuals with diminished aerobic capaegyificreased
morbidity and decreased quality of life (30; 48; 65). Genes that enhance intrinsic
aerobic exercise capacity are believed to provide protection agaeaselisiecrease
complications associated with disease, and allow the individual to respond favorably to
different types of stress.In summary, while clearly present, the genetic influence on
aerobic capacity largely has been overlooked primarily due to modeling ffiiculties.
Aerobic Exercise Training

Dynamic exercise training has been shown to improve and treat various chronic
diseases, including coronary heart disease, hypertension, osteoporosis, abesity
metabolic disease (11; 47; 55; 58; 77). Physiologic adaptations that improve muscle
function, delivery and use of fuel sources are just a few of the changest@ssaith
improved exercise capacity (84). In ischemic diseases, aerobic exeaaing has
been shown to induce beneficial physiological adaptations both prior to symutoms
disease onset, and also in advanced disease states.

The physiological adaptations associated with aerobic exercise traininge
both metabolic and vascular adaptations within skeletal muscle. Aerobicsexeaming
has been shown to stimulate increases in angiogenic and arteriogenicygatiatdéead
to tissue remodeling and better perfusion of the tissue (81; 82). This remddeling
been shown to alleviate symptoms of PAOD (100). Endurance exercise training
improves the utilization and extraction of oxygen from erythrocytes, influenced bl

viscosity, and raises pain thresholds (81; 82). Aerobic exercise tralsmgnproved
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endothelial function (11) increasing endothelial release of vasgedattors that

increase intrinsic control of resistance (11).

The precise mechanisms by which aerobic exercise training indrteei®genesis
and angiogenesis are unknown, but in animal studies, by day 12 of an exentisg trai
protocol, angiogenic processes are histologically evident (61; 62), espectake low
oxidative, less vascularized white gastrocnemius tissue, which is pyifgpe 11B
fibers, which exhibited the greatest increase in capillarity. (62)single bout of acute
aerobic exercise training has been shown to trigger immediate upi@yoibVEGF
MRNA (81; 82). There also appears to be a decrease in muscle VEGF protein
expression and a corresponding increase in VEGF protein in the surrounding umterstiti
(81; 82). Furthermore, aerobically exercising muscles show increasethi VEGFR-1
and VEGFR-2 mRNA expression (32). Together, these studies suggest thabW&GF
its receptors are important parts of the mechanism by which exproms®tes
angiogenesis, but the exact upstream triggers and downstream targetpaihitivesy

under these conditions remains unclear.

Other angiogenic factors that may influence intrinsic aerobiceescapacities
response to ischemic challenge are angiopoietin 1 and 2 (Angl and Ang2) and nitri
oxide (NO) (Figure 1.2). These three factors are known to be key playersdisexe
induced and ischemia induced angiogenesis as well as the combination of lsstirstre
(29; 32; 38; 62; 107). The angiopoietins are important cytokines that assist in vascular
development and remodeling (29). Ang 1 promotes maturation and stabilization of

vessels and is expressed widely throughout tissues, while Ang 2 displacésaAdg



14

activates the Tie2 receptor. The Tie2 receptor is expressed at siteswdbva
remodeling. Thus Angl dominance is associated with a stable vasculaturéingille
dominance is associated with active angiogenesis. In response to agssbise
training, Ang2 to Angl ratio was more affected in highly oxidative fibers coedpa
low oxidative fibers, suggesting that these Ang factors may have more predounc

effects on vascular remodeling in highly vascularized sections.

NO can be increased with activation of VEGF receptors, VEGFR2 or kinase
dependent receptor (KDR) (29). The increase in NO production can be critical 6 VEG
signaling and the remodeling response of the skeletal muscle (29). Traevatges!
endothelial nitric oxide synthase (eNOS) expression, one enzyme thatsdi@rol
production, and eNOS knockout mice show a requirement for NO in skeletal muscle
angiogensis. Studies suggest that angiogenesis in response to aerolse &aénong
may rely heavily on NO (29). In summary, while there are a variety of factors that
influence angiogenesis in response to exercise alone, ischemia alone, bad t
combination of both, there are likely pathways for which the importanceof intrinsic
aerobic exercise capacity on the angiogenic response to ischemia coulddbated,

but as yet has not been established.

Aerobic exercise training, in addition to its vascular and angiogenic atesat
within ischemic tissue, has been found to increase long chain fatty acid (LCFA)
availability and transport. Aerobic exercise training also appeansteaise the enzymes
of the tricarboxylic acid (TCA) cycle and oxidative phosphorylation (1; 97). Witethe

alterations, subjects with enhanced aerobic capacity can use more farfpyr en
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production at both the same absolute and at the same relative exercise iat@risito).
This is advantageous for any disease condition because these tissuas era@nty
output under stressful conditions. Aerobic exercise training also triggdrange in
muscle fiber type from fast to slow. In particular, fiber type changasacterizing
aerobic endurance exercise training primarily shifts type 1B tdwage 1A (75).
Increased exercise intensities that has induce a more pronounce hypaokicasreebeen
shown to force transitions beyond the fast fiber type population (75). Fiber type
phenotypic transitions occur due to a variety of influences, including changes in gene
expression and altered transcription and translational activities. leovavexact
mechanism responsible for phenotypic transitions is still unknown. Evidence suggests
that C&* and calcineurin may play an important role in the control of gene exprégsjon
(Figure 1.1) within skeletal muscle in response to exercise, but multiplegeatimay

exist.

Aerobic exercise training is one treatment option that improves qualitead
tissue perfusion characteristics, presumably by inducing controlled,iltdgetfemand
ischemia, leading to increased capillary density (101). Aerobicisgdraining has
been shown to increase capillary development within healthy skeletal ntustigh the
process of angiogenesis (61; 62; 81; 82; 107) that involves the vascular endothelial
growth factor (VEGF) driven pathway (61; 62; 81; 82; 107) (Figure 1.2). The potential
involvement of NO, Angl or Ang2 has not been determined at this time, but there is
strong evidence to suggest that VEGF cannot act independently. The mechanisms by
which aerobic exercise training improves intermittent claudication in[®p&lients

remains unclear (92; 93). Clinical data of PAOD shows that patientsdiimyte
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intermittent claudication who engage in any amount of weekly physitaityabeyond
light intensity have a lower mortality rate than their sedentary coantengho perform
either no physical activity or only light-intensity activities (30). sST$tudy also found
that the protective effect of physical activity persists even aftastdg for other
predictors of mortality, including age and body mass index (BMI). Thus, aerobic
exercise training appears to induce adaptive remodeling within ischkatetal muscle,

but these pathways and mechanisms of improvement are not well characterized.

Aerobic exercise training appears to be a potent stimulus of angiogenesghthr
VEGF and other angiogenic growth factors that within skeletal muscle eamcatillary
density and increase potential tissue perfusion. In addition to vascular adaphges,
aerobic exercise training influences skeletal muscle oxidative ipag@aough alterations
in mitochondrial volume and enzymatic activity. In addition to changes within the
muscle fiber, aerobic exercise training also appears to have thégaparduce muscle
fiber phenotypic switches. These adaptations, both vascular and metabolic, are
mechanism that can provide protection against development of arterial insgfficied

in the event of ischemic disease may improve patient quality of life.

Rat Model and Low and High Capacity Running Rats

A model to investigate the contributions of intrinsic aerobic exercisactgip
versus adaptations induced by aerobic exercise training has been developiad.a U
genetically heterogeneous outbred stock of N:NIH rats, two rat straingniduwance
running capacity (LCR) rats and high endurance running capacity (HGRyest

developed by forced artificial selection, using a forced endurance titeadming test
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(51; 53). Genetic variance among the population has been maximized by natgelecti
among brother and sisters. At 10 weeks of age, rats undergo a protocol to estimate
aerobic running capacity. The rats complete a forced run treadotdicpt which

allows for the highest and lowest running rats to be selected from each sex andyandom
paired for mating. Over several generations, two divergent rat strainbd&ave
produced such that by thelgeneration, a difference in running capacity of 347% was
present (53; 105). The difference can be translated to the LCR rats ogeaasra
decreased running capacity of 16 meters per generation, while the HG&seatwby an
average of 41 meters per generation. The divergence has further incoeased t
difference of 461% by the ZQeneration (53; 105). This animal model is valuable in
the study of the interaction between aerobic capacity and chronic disecasagsdithe
differences observed in aerobic capacity between these strains is evidergadsgary
conditions, which removes the conflicting effects of training adaptation dudyo dai

exercise training (45; 97; 106).

Previous work has demonstrated that these rat strains have different rikdsprofi
for cardiovascular disease. Wisleffal. utilized rats from the 10th and 11th
generations to measure differences in cardiovascular diseasectask tzetween the two
phenotypes (106). LCR rats were found to be more insulin resistant, with increased
visceral adiposity to body weight ratio, higher serum free fattisaand increased blood
pressure. Nolane al. (72) in our laboratory utilized generation 13 rats to assess
specific differences in fatty acid disposal by skeletal muscle as adrmd intrinsic
oxidative capacity under normal and high fat diet conditions. The resultsncedfir

basic characteristics of relative insulin resistance in the LCRpaged previously by
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Wisloff et al. (106), but in addition demonstrated differences between the phenotypes in
adaptive responses to the stress of a high fat diet, suggesting possible dsfbetneen
phenotypes in response to other environmental stresses other than high fgt feedin

as ischemia.

Previous work in our lab utilized this model to investigate whether differémces
intrinsic aerobic exercise capacity offered protection against achenmsc reperfusion
injury (AIRI) (unpublished data). Findings from this study indicated thaé tivere
phenotypic differences in infarct size to AIRI when ischemic challenge is 15anibut
these phenotypic differences disappear when ischemic challenge in¢ce38asinutes.
This data suggests the potential for intrinsic exercise capacity to indltieacesponse of
tissue to ischemic challenge, but if the challenge is too severe, intringctpre
pathways in the HCR disappear. Because intermittent claudication isanetasre
ischemic injury, it provides a model for investigating if the protectiv@nisit ischemic

pathways associated with the HCR phenotype are preserved.

Goals of Current Sudy

The purpose of this project is to gain a better understanding of the effect ofdntrins
exercise capacity on the adaptive responses to ischemic disease. Ftenimsshave
found that the LCR phenotype has decreased capillary density when compared to the
HCR counterparts (43; 105) and increased risk to disease (72; 97), this sugg#sés tha
LCR phenotype will have a decreased tolerance to a peripheral ischemic ngury a
demonstrate maladaptive responses from vascular and metabolic pathWéeysuill

test the hypothesis that the low aerobic endurance running capacity (L&)



phenotype will show altered vascular and metabolic adaptive responses t
peripheral arterial occlusion than the high aerobic endurance runnig capacity

(HCR) phenotype.
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Figure 1.1. Proposed ischemia and aerobic exercise training induced changes in

skeletal muscle
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Figure 1.2. Proposed aerobic exercise training induced pathway to increase

capillarization
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CHAPTER 2: METHODS

Animal Strains. 40 LCR and 40 HCR generation 22 rats were obtained from Drs.
Lauren Koch and Steven Britton at the University of Michigan. Those authors have
previously described the selection process of artificial selection(184%2; Briefly,
two-way forced artificial selective breeding was used éater low capacity runner (LCR)
and high capacity runner (HCR) strains that were divergent for treadmiling capacity
(run time to exhaustion on a graded treadmill exercise test). The 13 lowest and 13
highest running capacity rats of each sex were selected from the foundetipopula
(N:NIH stock) and randomly paired for mating. At all other times, anifmadsno
exercise other than spontaneous cage activity. The only exposure to exeritised
animals was during the five day window at 10 weeks of age when they underwent the
treadmill protocol to establish phenotype. Once phenotyping was verified |amara
prepared for shipping at 14 weeks of age, or as soon after as weather condliports (a
tarmac temperatures <89 permitted. Once received by the Department of
Comparative Medicine at ECU, the animals were maintained under mandat@agtone
for 10 weeks before they were released for study. Therefore, alllanugi@ at least

24 weeks of age before they were available to be enrolled in a protocol. Rats we
provided standard rat chow and wadddibitum, and were kept on a 12 h light/ 12 h dark
time schedule until sacrifice. Animal procedures were conducted in ancerdéh
American Physiological Society guidelines for the humane and safe usienalsg and

all protocols involving animals used for these experiments were approved bysthe Ea

Carolina University Animal Care and Use Committee.
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Generation 22 animals were used in the current study. The phenotypic clsdiester
(best run time, distance and body weight) for individual rats used in this study can be
found in Tables 2.1 (LCR group) and 2.2 (HCR group). Generation 22 LCRs averaged
23.3 £ 0.155 minutes for best run time while the HCRs averaged 67.01 + 0.285 minutes
(Figure 2.1A). The LCRs achieved an average best distance on this tréastrof

357.33 + 3.29 meters while the HCRs performed an average best distance of 1759.76 +
12.32 meters (Figure 2.1B). Similar to previous studies, animals in the cohbeder t
experiments differed significantly in their body weight at 10 weeks gfwaigie the LCRs

weighing 332.23 + 4.25 grams while the HCRs were averaging 242.84 + 4.19 grams.



Table 2.1. LCR generation 22 rat phenotypic characteristics.
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Rat # Body Run Run Rat # Body Run Run
Weight Time Distance Weight Time Distance
(min) (m) (min) (m)

22889 343.33 21.93 328.60 22952 338.67 23.20 354
22850 314.33 21.93 328.60 22900 306.33 23.32 356
22871 344.00 21.93 328.60 23107 319.33 23.32 356
22912 334.00 21.97 329.30 22905 364.33 23.60 363
22887 353.67 22.15 333.15 22807 313.33 23.68 365
22839 283.67 22.20 334.20 22845 341.00 23.70 365
23100 381.00 22.25 335.25 22954 345.33 23.85 368
23106 313.00 22.25 335.25 22911 307.67 23.90 369
22820 349.33 22.40 338.40 22922 273.90 23.97 371
22864 335.67 22.43 339.10 22935 333.33 24.05 373
22956 349.33 22.43 339.10 22934 303.67 24.32 378
22938 327.00 22.53 341.20 22945 359.33 24.32 378
22925 298.67 22.62 342.95 22937 328.00 24.38 380
23108 328.33 22.68 344.35 22898 279.67 24.40 380

22999-23195 403.67 22.73 345.40 22913 376.83 2442381.17
22921 327.67 22.73 345.40 22906 362.00 24.%8 384

22978 336.67 22.90 348.90 22852-22980 346.33 24[72387.77
22851 356.67 23.05 351.10 22914 343.33 24.87 391
22944 323.33 23.15 353.30 22806 277.33 25.03 393
22946 347.00 23.15 353.30 22863 320.33 25.10 395
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Table 2.2. HCR generation 22 rat phenotypic characteristics.
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Rat # Body Run Run Rat # Body Run Run
Weight Time Distance Weight Time Distance
(min) (m) (min) (m)
13208 242.67 70.33 1905.00 13167 238.67 66.48 T836.
13108-13300 245.33 70.27 1902.00 13226 188.67 66/471736.07
13117 253.67 69.72 1877.2% 12978 287.67 66.80 2028.
12927 244.67 69.70 1876.50 12908 220.33 66.23 0326.
12951 284.33 69.52 1868.2% 12994 257.33 66.18 8823.
13213 255.33 69.33 1860.00 13164 224.33 66.15 4322.
13148 217.33 69.10 1849.50 12974 232.33 65.92 4712.
13188 228.33 68.95 1843.80 13154 302.33 65.87 2710.
13165 229.33 68.60 1828.40 12966 160.33 65.Y5 2305.
12993 256.00 68.43 1821.07 12991 250.67 65.58 0698.
13239 268.67 68.35 1817.40 13189 221.00 65.45 3692.
13234 230.67 68.32 1815.93 13209 230.67 65.20 6681.
12998-13215 227.67 67.98 1801.27 13233 239.33 65]121678.02
13129 248.00 67.93 1799.07 12928 266.33 65.08 5676.
13214 235.33 67.78 1792.47 12995 250.00 64.93 2671.
12917 258.67 67.73 1790.27 12992 267.67 64.73 8662.
13230 237.67 67.42 1776.338 12907 270.33 64.70 1661.
13191 217.33 67.35 1773.40 13241 247.67 64.57 8655.
13106 243.67 67.22 1767.53 13175 283.33 64.38 1648.
13210 225.00 66.78 1749.68 13254 64.87 1647.

225.1)0
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Figure 2.1. Comparison of generation 22 best run time and distance. A.
Comparison of LCR and HCR best run times (min). LCR achieved a signifitessly
best time for forced treadmill run test compared to HCR (*, p<0.05). B. Comparis
of LCR and HCR best run distance (meters). LCR performed significasfiyrieters

during the forced treadmill run test compared to HCR (*, p<0.05).
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Hind Limb Femoral Artery Occlusion. Femoral artery occlusion was produced as
outlined by Lloydet al. (61; 62). Briefly, rats were anesthetized with 90:10
ketamine/xylazine solution (dosage 0.08-0.1ml mixture per100g body weighti.p.). The
fur was shaved from the inner thigh and the surgical sight was cleaned vathrgeand
70% alcohol. Utilizing a small incision, the right femoral artery wastsdland three
ligatures of 3.0 surgical silk were placed to cause an ischemic condition in the
downstream tissue. One ligature was placed 5-6mm distal to the inggamaéht, a
second was placed on a collateral artery arising from the inguinal fat pat, ahildhe

was placed 5-6 mm distal to the first ligature. When all three ligatwesiw place,

the incision was closed in layers and the animal was given a Bupreneomj@ldsage
0.1ml mixture per 100g body weight i.p.) and placed on a warming blanket under a
heating lamp to recover. Once spontaneous movement and sternal recumbancy was
observed, the animals were returned to their cages and returned to the agiityal fa
Animals were sacrificed at 7 (18 HCR and 18 LCR) or 14 days (10 HCR and 10 LCR)

following placement of the ligatures.

Microsphere Injections. To determine relative bulk perfusion in ischemic and non
ischemic muscles, colored tracer microspheres were utiliZHte underlying rationale
for this technique is that microspheres, when injected into the left ventvittle,
distribute in relative proportion to blood flow to any given region. The size of the
microsphere determines the anatomic vascular level at which the flowndetgon is
made. Typically, microspheres of between 10 and 20 um in diameter are adex) le
to first pass clearance of all injected microspheres at the capiNely lelt has been

estimated that a typical microsphere injection occludes approximately &%iwén
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capillary bed, and that any capillary bed has 30-40% excess perfusionycapacit
Therefore, as many as 6 different microsphere tracers may be injetbeel the
procedure itself is expected to alter tissue perfusion patterns. In the teséd, a

maximum of two injections was performed.

To perform the injections, a PE50 catheter was positioned in the left ventricle by
retrograde advancement under continuous pressure guidance after insengonghtt
carotid artery. Proper positioning of the catheter in the left venwiatedetermined by
observing the characteristic transition from arterial pressure toeleftioular pressure
values, and was verified postmortem by visual inspection of catheter tip plagertient
left ventricle. Yellow, and persimmon (15 um) Dye-Trak microspheres (Dale-Tr
Triton Technology, San Diego, CA) were dispersed by sonication and vortex mixing.
The number of microspheres for any given color (mean diameter, 15um) injectéukeint
left ventricle was about 900,000/0.3ml. The microspheres were loaded into thercathete

and given as a bolus injection followed by a flush of 0.5ml of saline.

Microsphere injections were conducted on the day of euthanasia, 7 or 14 days
following surgery to occlude the right femoral artery. Yellow microsphesss wjected
first as a control, which allowed comparison of flow between the non-ischemic left
gastrocnemius muscle, and the right, post-occlusion gastrocnemius. Foltbeviinmgt
injection, the left femoral artery was ligated acutely, at similaatlons to those used
previously for the right femoral artery. Immediately after ligatibe, gersimmon
microspheres were injected. Comparison of tracer densities obtained using thi

microsphere were used to determine the difference between native ddllatera
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Microsphere Tissue Digestion and Recovery. Unless otherwise indicated, all chemicals
were obtained from Sigma-Aldrich (Sigma-Aldrich Inc., St. Louis, MO)ll réagent
solutions were generated in-house following manufacturer’s directionsi¢doosphere
recovery and processing (Dye-Trak; Triton Technology, San Diego, CA)lowkiad the
last injection of microspheres, gastrocnemius, soleus and plantaris nwsiesxcised

and fixed in formalin for 1 hour. Tissue was weighed (~1.0-2.0g) and then subjected to
tissue digestion and processing as outlined by Dye-Trak. Once a pellet digolanc
microspheres and any remaining debris was obtained, the supernate solutiorvias use
dye analysis. Photometric absorption of each dye solution was determined by
UV/Visible Spectrophotometer (wavelength 300-700nm with 1Lnm optical band width).
The composite spectrum of each dye solution was resolved into the spectral nglide si
constituents by a matrix inversion technique, using formulas provided by the
manufacturer for that purpose. The absorption spectrum of each dye was measured
separately from a control sample of each colored microsphere, and was used as a
reference for the matrix inversion, determining the contribution of each odloe t
measured composite spectra at 440, 495, 545, 672 nm. In the present study, the various
vascular interventions precluded access to a reference withdrawal &tteschsample

that would have allowed final expression of the microsphere data in mls/minigsam t
Instead, the raw data, expressed as number of microspheres/gram tissue was used t
report flow. As a control to verify uniform distribution of blood flow, the right and left
kidneys also were obtained and processed for microspheres. Diffeirentesosphere

distribution of greater than 7% between right and left kidney were used as a technica
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criteria for ignoring all values obtained with that injection in that animblo data were

excluded on that basis.

High Frequency Simulation.  As a gross functional test of differences between HCR

and LCR phenotypes, demand ischemia was induced by direct electricaagtmaf

the gastrocnemius muscle. The pacing protocol was similar to that dddnyiBeeton

et al. (49). Briefly, high frequency electrical stimulation was accomplishedwspair

of wire electrodes, approximately 5 mm apart, inserted directly into thedfalg
gastrocnemius muscle. Electrical impulses were delivered ustimgudagor (Grass
Instruments, Columbus OH) set to deliver repeated single pulses at a fyegibridz,
200-400 mV, and a pulse duration of 1-ms duration. Preliminary experiments were used
to establish the threshold voltage for stimulation response (100-200 mV), and a
stimulation frequency that would produce spontaneous exhaustion of muscle contraction.
The electrical stimulation protocol lasted until the muscle failed to contaiticenough

force sufficient to cause a visible displacement of the foot. Eight HARB & CR rats
underwent high frequency pacing prior to hind limb femoral artery occlusion toigistabl
baseline differences between the phenotypes, and 13 HCR and 14 LCR rats received
pacing at the time of euthanasia to establish functional differences ingheveft

remodeling following femoral artery ligation.

Rosenblatt Saining and Analysis.  Gastrocnemius muscles for each animal not used for
microsphere studies of blood flow were cut in half and quickly frozen. One half was
placed in optimal cutting temperature (O.C.T.) compound while the other halfoved s

for protein isolation. The muscle in the OCT was cut into transverse secticha¢gs
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10um) and underwent capillary staining as originally defined by Rose&tdti(36).
Briefly, Rosenblatt staining allows capillary visualization for subseqpieotiographs
under 20 x magnification. From the images, measurements were obtaineddls pdiel
section, 50 myocytes/field, and in at least five separate sections, witlakaneto avoid
repeated sampling of the same field in sequential sections. The follmdings were
measured: 1) number of capillaries around a fiber (NCAF), 2) the capdldibyer ratio
on an individual fiber basis (Cap/Fi), 3) the number of fibers sharing each cafsharg
factor (SF)), and 4) capillary density (CD).  This stain also provideatiltigy to
distinguish between different muscle fiber types. Slow twitch fibers weunted and

are presented as a percentage of the total fiber number.

Fatty Acid Oxidation. Red and mixed gastrocnemius tissues were queckiged from
anesthetized rats and placed in ice-cold isoldtidfer (in mM: 100 KCI, 40 Tris-HCI, 10
Tris base, 31gCl,-6H,0, 1 EDTA, and 1 ATP; pH 7.4). Homogenates vweepared
according to the methods of Kiehal. (50). Briefly, ~50-100 mg of tissue were
thoroughly minced with scissars 200 ul of buffer containing (in mM) 250 sucrose, 1
EDTA, 10 Tris-HCI, and 2 ATP (pH 7.4), and then the buftdume was brought up to
yield a 20-fold (wt/vol) diluted sample.This was transferred to a 3-ml Potter-Elvehjem
glass homogenizatioressel. Muscle suspensions were homogenized on ice with a
Teflonpestle at 10 passes over the course of 30 s at 1,200 rpm. Homogenatespt
on ice until oxidation experiments were performed. The liberatidfCed, from
[1-'“C]palmitate was used to assestchondrial fatty acid oxidation as previously
described (21; 71). Briefly, palmitate (200 uM) was bound to 0.5% BSA (final

concentration) and brought up in reaction buffer to yieldat@wing final
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concentrations (in mM): 100 sucrose, 10 Tris-HOIKPQ,, 100 KCI, 1 MgC}-6H,0, 1
L-carnitine, 0.1 malat& ATP, 0.05 coenzyme A, and 1 dithiothreitol (pH 7.4).
Aliquots(40 pl) of the appropriately diluted tissue homogenates plated in
guadruplicate in a modified 48-well cell cultylate (Costar, Cambridge, MA). A small
groove was engineerbétween adjacent wells so that O@uld freely diffuse between
the incubation and trap wells. Reactions were started adthigon of 160 ul reaction
buffer. Culture plates wesealed with parafilm and a siliconized rubber gasket and
allowed to incubate in a shaking water bath at 37°C. Reactions were termitext8@ a
min by addition of 100 ul of 70% perchloric acid to the incubation wells. The
incubation plate was transferred to an orbital shaker‘@@ was trapped in 200 pl of
1 N NaOH for 1 h at room temperature. Radioactivity ot @@s determined by liquid

scintillation counting using 4 ml Uniscint BD (National Diagnostics, AtlaGia).

Citrate Synthase Activity Assay. Citrate synthase activity was determined using the
method previously described methods (28; 71). Briefly, 10ug homogenates were
incubated in the presence of oxaloacetate, acetyl-coenzyme a, and 5,5-dithiobis
(2-nitrobenzoic acid (DTNB)). Spectrophotometric detection of reduced DaSNB

wavelength of 412nm served as an index of enzyme activity.

Western Blot. Whole gastrocnemius muscle was homogenized in RIPA lysis buffer
supplemented with a cocktail of protease and phosphatase inhibitors (P2714, P2850 and
P5726, Sigma, St-Louis, MO), and centrifuged at 15,000 Xg for 25 min at 4°C. The
protein content in the supernatant was determined using BCA protein assay kit (# 23227,

Pierce, Rockford, IL). Proteins were resolved by SDS-PAGE and trastsfamto
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nitrocellulose membranes (Bio-Rad, Hercules, CA). The membranes wekedb!
overnight at 4°C in a blocking buffer made with Tris-buffered saline containing 0.1 %
Tween 20 (TBS-T) and 4 % Bovine Serum albumin. Subsequently, the membranes
were incubated for 2h with the indicated antibody in the blocking buffer. After 3
washes of 5 min each with TBS-T, the membranes were incubated with an HRP
conjugated secondary antibody for 1h, followed by 3 washes of 5 min each with TBS-T.
The immunoreactive bands were visualized by enhance chemiluminescénce (G

Healthcare, Piscataway, NJ) using the Typhoon Phosphorimager (Molecular Bghami

RNA isolation, reverse transcriptase-PCR, and real-time PCR.  Total RNA was

extracted from harvested gastrocnemius muscle using TriReagenga{8idncth, USA)

and cDNAwas generated using the High Capacity cDNA kit figpplied Biosystems
(FosterCity, CA) following the manufacturer’s protocol. Real-time PCR pexformed
using specific primers (Table 2.3) (Invitrogen, La Jolla, CA) and SYBR Greéen m
(Applied Biosystems, Foster City, CA) following the manufacturer’s madtand using
GAPDH as the reference gene as CT values for this gene did not changeatitieft.

The Real-Time PCR detection system used was the ABI Prism 7900 sequeneendetect
system (AppliedBiosystems, Foster City, CA). LCR control samples were used for all

data to be normalized with t\“* method.



Table 2.3. Real Time PCR Primers sequences.
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Primer Forward Sequence Reverse Sequence
VEGF TTCAAGCCGTCCTGTGTGC TCCAGGGCTTCATCATTGC

Flt-1 CCTCGCCAGAAGTCGTATGG CCTCGCCAGAAGTCGTATGG
Angl AGATACAACAGAATGCGGTTCAAA | TGAGACAAGAGGCTGGTTCCTAT
Ang2 TGGCTGGGCAACGAGTTT TGGATCTTCAGCACGTAGCG
eNOS | GTGCTGGCATACAGAACCCA CCATGTGGAACAGACCCCA
GAPDH | GCTGAGTATGTCGTGGAGTC GTCAGATCCACAACGGATAC
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Satistics.  Statistical analysis was performed using SPSS software (€P&ago, IL).

Data are expressed as means £ SEM, and a p value <0.05 was consideredlhtatisti
significant. Student unpaired t-test were used to compare intrinsic ddés®etween

LCR and HCR run time to exhaustion and run distance. For microsphere, real &fne PC
and histology variables simple effects (LCR control vs LCR acute, LCR esWiER

7D, LCR 7D vs LCR 14D, HCR control vs HCR acute, HCR acute vs HCR 7D, HCR 7D
vs HCR 14D, LCR control vs HCR control, LCR acute vs. HCR acute, and LCR 7Dvs
HCR 7D, LCR14D vs HCR14D) were the comparisons of interest. A mixed model
analysis of variance (2x3 ANOVA, 2 groups (LCR and HCR) x 3 time points (control,
acute, 7D for microsphere data and control, 7D, 14D for all other data sets)) was
performed using SPSS on all variables between LCR and HCR control, seven day, and 14
day endpoints. Irrespective of a significant interaction, the simpletefiefined were
compared. High frequency stimulation data was collected in two sepap@ements

so the post ligation data was analyzed with a student t-test as was ligatpre data. A
generalized linear model of variances using SPSS was performed omibhelsta sets

with the intent to assess if there was a main effect for ischemia. \Wérenvwias a
significant interaction, post hoc test were done with Bonferroni adjustment but
irrespective of a significant interaction, the simple effects were cadpathout

adjustments for multiple comparisons. However p-values were less than Giddpiey
effect analysis, which provides a level of confidence at least as poweyfatipistment

for four comparisons would provide using Bonferroni.
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CHAPTER 3: EFFECTS OF HIND LIMB ISCHEMIC CHALLENGE ON

VASCULAR ADAPTATIONS IN LOW AND HIGH CAPACITY RUNNING RATS

Summary
Untrained low endurance running capacity (LCR) rats have been found to have a higher
incidence of risk factors for cardiovascular disease than their high endutemming
capacity (HCR) counterparts. Previous work with this model suggests thatkhe
phenotype may have an inability to tolerate and generate a vascular resgealseric
stress imposed by unilateral hind limb femoral artery occlusion. We examinied ¢hse
of VEGF, Flt-2, eNOS, Angl and Ang2, capillary density, NCAF, Cap/Fib ratio, and SF
under control conditions and following 7 and 14 days of unilateral hind limb femoral
artery occlusion. Capillary density of the LCR rats was less and appedre less
primed for angiogenesis compared to the HCR counterparts. Following occlu€ign, H
rats generated an angiogenic response at 7 days while the LCRs geadaide
angiogenic response that does not translate to alterations in capillary .demergfore it
appears that a lower intrinsic exercise capacity appears to be leasttofean ischemic
injury but maintains the ability to generate a delayed angiogenic re&spons
Introduction

Peripheral artery occlusive disease (PAOD) is a major health proHiertirey
8-12 million Americans with limited treatment options (67). The pathophysiabgy
PAQD is characterized by an impaired perfusion to the lower extremitiesercise
training is one treatment option that improves quality of life and tissue pmrfusi
characteristics through inducement of the ischemic tissue to inciegaiBarg density

(101) which is thought to increase surface area for exchange of oxygen and other
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substances between capillary and muscle fibers (95). Exercisadrhas been shown
to increase capillary development within healthy skeletal muscle thrbagiracess of
angiogenesis that involves the vascular endothelial growth factor (VE®Eh grathway
(15; 81; 82; 107). The mechanisms by which exercise training improves iteetmit
claudication in PAOD patients remains unclear (92; 93). Clinical data ©DPghows
that patients limited by intermittent claudication who engage in any amountkfywe
physical activity beyond light intensity have a lower mortality ragnttheir sedentary
counterparts who perform either no physical activity or only light-intensityites (30),
even after adjusting for other predictors of mortality, which include agehaaly mass
index (BMI). Thus, exercise training appears to induce adaptive remoudetimg
ischemic skeletal muscle, but the pathways and mechanisms responsibke for thi

remodeling not well characterized.

Exercise is a complex stimulus with multifactoral outcomes, determined by a
least two broad cohorts of genetic control. One cohort establishes the innhte aer
exercise capacity or genetic component that each individual possessestiresgany
subsequent training or activity, and the second genetic component estahkspaitern
of responses to active exercise training. It is estimated that up to 70%vafitdten in
exercise capacity are due to the genetic predisposition of an individual (8hy M
studies have focused on the active exercise training component, but even within these
studies, there is a heterogeneous response in subjects to training protocolshis It is
finding that suggests the importance of investigating intrinsic exerajsscity and its

impact on the response to ischemic stress.
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Active exercise training in healthy individuals utilizes the ischemésstof
increased energy output with insufficient oxygen availability from inadequétesjmn
to generate a remodeling stimulus for angiogenesis. Vascular dralagrmavth factor
(VEGF) appears to be one of the signaling molecules that stimulaestiiogenic
pathway (61; 81; 82). There are three known VEGF receptors, VEGFR-1 i&ms-li
tyrosine kinase 1 (FLT-1)), VEGFR-2 (Kinase insert domain-containingpt@cé<DR)
also known as fetal liver kinase (FLK-1)), and neuropilin-1 (NP-1) (61; 81; 82).
VEGFR-1 appears to play an important role during development, while VEGFR-2
appears to play an important role in mediating angiogenesis in the adult. RYVEGF
appears to be the receptor that responds following exercise training and eschemi
challenge independent of any active exercise (61; 62; 81). It is not known mthethe
VEGF receptors contribute to differences in capillary density betweerakninat differ

in their intrinsic exercise capacity.

Other potential angiogenic factors that may influence intrinsic eseeczipacity
associated responses to ischemic challenge are angiopoietin 1 and 2 (A#gigan
and nitric oxide (NO) (32; 38; 62; 107). Both factors are known to be involved in
exercise training induced angiogenesis and ischemia induced angisgasegell as the
combination of both stressors. The angiopoietins are important cytokines thainassi
vascular development and remodeling (29). Ang 1 promotes maturation and
stabilization of vessels and is expressed widely throughout tissues, whereas Ang
competes with Ang 1 by displacing it from the activating Tie2 receptor. @2 T
receptor is expressed at sites of vascular remodeling. Thus Angl dominance is

associated with a stable vasculature while Ang2 dominance is assodiftedtive
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angiogenesis (29). NO can be increased with VEGFR2 or KDR activation (29¢. T
increase in NO production can be critical to VEGF signaling and the remodediognse

of the skeletal muscle. Thus, there are a variety of factors that iréla@googenesis in
response to exercise alone, ischemia alone, and the combination of both. Thedanfluenc
of intrinsic exercise capacity on the ischemic expression and angiogepanse has not
been studied and serves as the basis questioning the extent to which the gertaairofile
determine intrinsic aerobic exercise capacity phenotype also infltieadasal and

inducible expression of these important angiogenic factors.

Recently, Koch and Britton (51), have developed a model to investigate the role
of intrinsic aerobic exercise capacity on responses and adaptations to clseasedi
Low aerobic capacity or low cardiovascular fitness, is a strong predictairlgf
mortality within PAOD patients (30; 92; 101) and recent studies with this model show
that the low endurance running capacity phenotype (LCR) rats are more prone towards
hepatic steatosis (97) and high fat diet induced insulin resistance (71)e OGR rats
from the 11" generation displayed a higher incidence of both cardiovascular and
metabolic syndrome risk factors than the high endurance running capacky (H
rats(105). All these studies demonstrate that different phenotypic bankigrare
associated with different susceptibility to disease that can be linked &tadkeliscle
and its ability to utilize oxygen and meet energy demands. These slsdieshow that
this animal model is valuable in the study of the interaction between intrkesicise
aerobic capacity and chronic disease. Previous studies have found that the LCR
phenotype has decreased capillary density when compared to the HCR cour(tetparts

106), which suggest that the LCR may have a decreased tolerance to thighatjury
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mimics PAOD, and studies of skeletal muscle responses to the stress of feghifad
indicate that while the LCR’s are less tolerant, the inducible responsesgaly intact

(72).

The relationship between intrinsic aerobic capacity and the changesadainoc
response to occlusion-induced ischemia in skeletal muscle is the focus of #rg pres
study. Specifically, the hypothesis is that the low endurance aer@rmsexcapacity
phenotype will have an altered angiogenic adaptive response to ischessccsimpared
to the high endurance aerobic exercise capacity phenotype. To model isstiegsic
similar to that seen in PAOD patients, we utilized an established unilateddimb

femoral artery occlusion (61; 62).

Results

To provide a functional measurement for comparison between the phenotypes,
high frequency electrical stimulation of the gastrocnemius musclpevésmed prior
and following ligation in two separate experiments. Independent t-testdeae on the
data sets to assess if there was a significant difference betweenrbgpbs. A
generalized linear model of variances was done but did not show there waifi@asig
interaction. The t-test on the data set following ligation did show there vigisfecant
difference with the LCR gastrocnemius muscle time to exhaustiaretitf from the
HCR (#, p <0.05, Figure 3.1). The t-test on the data prior to ligation did not
demonstrate differences between the phenotypes with an unstressedaircul@he
generalized linear model did not find when the data sets are assessed tgether

significant interaction. A significant main effect for the ischeoandition was found
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in both strains, such that following placement of the ligature on the femoral, &ény
strains decreased the time to muscle exhaustion with pacing (*, p < 0.05, FiQure

These data demonstrate that the injury produced a similar response in both phenotypes
but also showed that the ischemic injury uncovered phenotypic differences thatower

present under baseline conditions.

Microsphere injections and subsequent colored dye-extraction has been
demonstrated to be an effective means to measure perfusion in skeletal mdisttea
organs (108; 109). The initial microsphere injection allowed for resting pErftesbe
measured and was normalized for tissue weight. This measurement provided
information on resting, acute and seven day ischemic perfusion time-points to bette
characterize the underlying perfusion and effects ischemic stressl pla¢he
phenotypes. There simple effect comparisons were the designed companigbiss f
experiment. The mixed model linear analysis of variance did not resealiicant
interaction. Further analysis showed there was a significant rieat ®r phenotype
and condition. Not surprisingly, the condition main effect demonstrated thadmiget
the artery produced a decrease in blood flow in both the LCR and HCR strains (* p <
0.05, Figure 3.2). The phenotypic main effect was evident in that the LCR ahguals
significantly less perfusion of the muscle at acute and seven day ischm&aints,
compared to the HCR animals. Simple main effect comparisons betweenRhendC
HCR acute measurements demonstrated that the LCR had a significantlsevene loss
of perfusion with occlusion (# p < 0.05, Figure 3.2). Following seven days of ischemic
challenge, the LCR continue to have less perfusion compared to the HCRs (#, p<0.05,

Figure 3.3). This data indicate that while both phenotypes altered tisfusigrem
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response to the hind limb ligature, the extent of perfusion deficit, and the pattern of

recovery at seven days was significantly different as a function of thetgpen
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Figure 3.1. Comparison of high frequency electrical stimulation time in LCR and HCR
gastrocnemius muscles prior and following femoral artery ligatioroth BCR and HCR
animals significantly decreased time to exhaustion with ligature pkuefh p<0.05).

LCR time to exhaustion following femoral artery ligation was signifigaletts compared

to HCR time (#, p<0.05).
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Figure 3.2. Perfusion of muscles prior to, and following ligations of the femoral artery.
LCR and HCR animals both significantly decreased perfusion followingdigét

p<0.05), and LCR perfusion was significantly less than HCR (#, p<0.05).
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Figure 3.3 Perfusion of muscles immediately following, and 7 days after femoral

artery ligation. LCR animals had significantly lower perfusion both ichately and

seven days after occlusion compared to HCR animals (#, p<0.05), suggesting phenotypic
differences in either in pre-existing anatomic collateral blood vessels,iiocahéol, and

as well as phenotypic differences in the in the inducible response at seven days.
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Figure 3.4. Representative Rosenblatt stained gastrocnemius muscles of LCR and HCR

animals. A: LCR gastrocnemius muscle, B: HCR gastrocnemius rauscle
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Figure 3.5. Comparison of Real Time PCR results for VEGF (A) and Flt-1 (B) mRNA
expression in control gastrocnemius muscles from LCR and HCR animals.LGR
rats had significantly less VEGF mRNA expression compared to HCRs (*, p<0B5).

LCR rats did not significantly differ in mRNA expression of Flt-1 compared t&$1C
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Figure 3.6. Comparison of Real Time PCR results for eNOS (A), Angl (B), and Ang2
(C) mRNA expression in control gastrocnemius muscles from LCR and HCRlanim

A: LCR rats had significantly less eNOS mRNA expression in controlagasmius
muscle compared to HCRs (*, p<0.05). B: LCR rats had significantly more Angl
MRNA expression compared to HCRs (*, p<0.05). C: LCR rats had significargly les

Ang2 mRNA expression compared to HCRs (*, p<0.05)
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Figure 3.7. Comparison of Real Time PCR results for VEGF (A) and Flt-1 (B) mRNA
expression in control and 7 day (7D) post-ischemic gastrocnemius muscldsdRom

and HCR animals. A: Neither the LCR nor the HCR animals demonstratefitcsigihy
altered VEGF mRNA expression following 7D of ischemic challenge andihasel
differences disappeared between the phenotypes. B: Neither the LG MR
animals demonstrated significantly altered Flt-1 mRNA expression fioigpWD

ischemic challenge.
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Figure 3.8 Comparison of Real Time PCR results for eNOS (A), Angl (B), and Ang2
(C) mRNA expression in control and seven day (7D) post-ischemic gastrasnemi
muscles, from LCR and HCR animals. Significant differences betple@motypes in

all three genes were present under control conditions (*, p< 0.05), but not seven days
after ischemia, and none of the genes demonstrated an inducible response seven days

after occlusion in either phenotype.
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Figure 3.9. Comparison of Real Time PCR results for VEGF (A) and Flt-1 (B) mRNA
expression seven days (7D) and fourteen days (14D) after ischemiayatgastus
muscle from LCR and HCR animals. A: LCR 14D ischemic gastrocnamigsle
significantly increased VEGF mRNA expression compared to 7D ischeveis I¢g,
p<0.05), and LCR 14D VEGF mRNA expression was significantly greater tG& H
14D ischemic gastrocnemius muscle (#, p<0.05). B: LCR 14D ischemiogashius
muscle significantly increased Flt-1 mRNA expression compared to 7D (*, p<arib)
LCR 14D ischemic gastrocnemius muscle FIt-1 mRNA expression was sigtiifica

more than HCR 14D levels (#, p<0.05).
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Figure 3.10. Comparison of Real Time PCR results for eNOS (A), Angl (B), and Ang2
(C) mRNA expression seven days (7D) and fourteen days (14D) after ischeragi@tcl

in gastrocnemius muscle from LCR and HCR animals. A: LCR 14D ischem
gastrocnemius muscle eNOS mRNA expression significantly increasgzhoed to 7D
levels (*, p<0.05), and LCR 14D eNOS mRNA expression was significantly higtrer tha
the HCR 14D ischemic gastrocnemius muscle (#, p<0.05). B: No statistically
significant alterations in Angl mRNA expression level were observedbatw

phenotypes or within the phenotypes at the different time points. C: LCR 14D Ang2
MRNA expression was significantly increased compared to 7D ischepression, but
there were no statistically significant differences observed betwe@hémetypes at

these time points.
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Analysis of histology data in the present study generate resultstenhsigh
previously reports indicating that the LCR has reduced capillary dé@dXycompared
to the HCR in non-ischemic gastrocnemius muscle (11; 26) (*, p<0.05, Table 3.1) (*,
p<0.05, Figure 3.11B). In addition, these data demonstrate that there are significa
interactions between phenotype and occlusion for CD, NCAF, and Cap/Fib. Tdwere w
no significant interaction detected for SF. Simple effects wergzethfor SF and no
significant differences were found. Further analysis of the simmetsfand
conducting post hoc testing, using a Bonferroni adjustment, demonstrated that with
respect to CD, the HCR control muscle is significantly lower than both dag (7D)
and 14 day (14D) measurements (#, p<0.05, Table 3.1)(#, p<0.05, Figure 3.14B),
displaying an increase in capillary density seven and fourteen dayselfiemia.
Significant differences in capillary density (CD) between the pheestyere present at
all time points (*, p<0.05, Table 3.1) (LCR control vs HCR control, LCR 7D vs HCR 7D,
and LCR 14D vs HCR 14D), and the LCR phenotype does not significantly increase the

capillary density within the ischemic tissue.

With respect to NCAF, there were no differences between phenotypes under
control conditions. Each phenotype increased NCAF significantly in response to
ischemia, with the HCR greater at both the 7 day and 14 day time point measufgments
p<0.05, Table 3.1)(#, p<0.05, Figure 3.15A), and the LCR significantly elevated only at
the 14 day endpoint (#, p<0.05, Table 3.1) (#, p<0.05, Figure 3.15A). The final NCAF
values 14 days after ischemia were significantly greater in the b@fared to the HCR

animals (*, p<0.05, Table 3.1)(*, p<0.05, Figure 3.15A).
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The capillary to fiber ratio on the individual fiber basis (Cap/Fib) demogsdteat
significant increase at 7 days compared to control in the HCR (#, p<0,05, Table 3.1)(#,
p<0.05, Figure 3.15B), but a similar increase above control levels was not seen in the
LCR animal until 14 days(#, p<0.05, Table 3.1) (#, p<0.05, Figure 3.15B), at which point
the LCR values were higher than the HCR animals (*, p<0.05, Table 3.1)(*, p<0.05,

Figure 3.15B).

The percentage of slow twitch muscle fibers in the mixed gastrocnemiusesuscl
from the LCR and HCR animals was compared (Figure 3.13). The LCR rats had a
significantly lower percentage of slow twitch fibers in the control gaséimius muscle
compared to the HCRs (*, p<0.05, Figure 3.13). With ischemic challenge, the LCR rats
did not significantly alter the percentage of slow twitch muscle fibegsi( 3.16), but
the HCRs significantly increased the percentage of slow twitch mubkels thetween the

7D and 14D ischemic time points ($, p<0,05, Figure 3.16).

Assessment of mMRNA for angiogenic markers was conducted on whole
gastrocnemius muscle. Under baseline conditions, relative expression 6fiWESA
was significantly lower in the LCR rats compared to the HCRs (*, p<0.05,e~1)5],
but VEGFR-1or Flt-1 mRNA expression were not different. The LCR tsdshead
significantly less mMRNA expression of eNOS and Ang2, and significardhe iingl (*,
p<0.05, Figure 3.6), consistent with a more stable vasculature, or less remodeling
potential, than the HCR counterpart. With 7 days of ischemic challenge neither
phenotype significantly altered mMRNA expression (Figure 3.7, Figure 3.8), atHike

days, only the LCR animals demonstrated significant alterations, incNBa&d#s Flt-1,
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eNOS, Ang2 mRNA expression(*, p<0.05, Figure 3.8, Figure 3.9). These increases of
the LCR for VEGF, Flt-1, and eNOS at 14 days differed significantly flemHCR

suggesting the LCR did generate an angiogenic response to ischemia.
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Table 3.1. Summary of skeletal muscle morphology and capillarization under control,
and seven days (7D) and fourteen days (14D) after ischemia in gastrosmensicle

from LCR and HCR animals. (*, p<0.05 compared to respective LCR value; #, p<0.05

7D vs control values for the same variable within the phenotype; $, p<0.05 vs 14 day 7

day values for the same variable within the phenotype).
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LCR HCR
Area pm?
Non-Ischemic Gastrocnemius 4349.8 +£281.3 278286.3*
7 Day Ischemic Gastrocnemius 3031.4 +372.7# 2138369.8
14 Day Ischemic Gastrocnemius 4938.5 + 788.6% 2229 622.2*
Perimeter um
Non-Ischemic Gastrocnemius 267.76 £ 8.57 21%.858.75
7 Day Ischemic Gastrocnemius 22457+ 9.44 208.74.4
14 Day Ischemic Gastrocnemius 290.61 + 26.95 208.22.9
Capillary Density, capillaries/mm? (CD)
Non-Ischemic Gastrocnemius 417.81 £ 23.6 614.60 %7.5*
7 Day Ischemic Gastrocnemius 564.76 + 40.5 DNB.197.6*#
14 Day Ischemic Gastrocnemius 507.48 £54.2 M5 174.9%#
Capillary Contacts (NCAF)
Non-Ischemic Gastrocnemius 4.547 +0.220 4.28(17
7 Day Ischemic Gastrocnemius 4.370 £ 0.584 540276*

14 Day Ischemic Gastrocnemius

6.220 + 0.481*%

5.210 £ 0.255*#

Individual Capillary to Fiber Ratio (Cap/ Fib)

Non-Ischemic Gastrocnemius

1.662 +0.089

1.589¥3

7 Day Ischemic Gastrocnemius

1.603 £ 0.233

14808.49*

14 Day Ischemic Gastrocnemius

2.248 + 0.183*%

1.852 + 0.097#

Share Factor (SF)

Non-Ischemic Gastrocnemius

2.896 +0.014 2.98362
7 Day Ischemic Gastrocnemius 2.890 + 0.038 2906869
14 Day Ischemic Gastrocnemius 2.935+0.023 3604015
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Figure 3.11. Comparison of fiber area (ifjn(A) and capillary density (capillaries/nijm

(B) in control gastrocnemius muscle from LCR and HCR. (*p<0.05 vs LCR value)
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Figure 3.12. Comparison of NCAF (A) and Cap/Fib ratio (B) in control gastrocnemius
muscle from LCR and HCR animals. Neither NCAF nor Cap/fiber ratio deratetst

significant differences between the phenotypes under control conditions.
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Figure 3.13. Comparison of the percentage of slow twitch fibers within control

gastrocnemius muscle from LCR and HCR animals. (* p<0.05 vs. LCR).

78
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Figure 3.14. Comparison of fiber area (A) and capillary density (CD) (B) in control,
seven day (7D) and fourteen day (14D) ischemic gastrochemius muscles &l

LCR and HCR animals. A: LCR fiber area was significantly lesspewed to HCR

under control and 14D ischemic conditions (*, p<0.05). LCR significantly decreased
fiber area between control and 7D ischemia (#, p<0.05). LCR significantgased

fiber area between 7D and 14D ischemic time points ($, p<0.05). B: LCR demahstrate
significantly less capillary density than HCR under control, 7D and 14D ischiemeic t
points (*, p<0.05). HCR significantly increased capillary density measmsnfrom

control at 7D and 14D ischemic time points (#, p<0.05).
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Figure 3.15. Comparison of NCAF (A) and Cap/Fib ratio (B) in control, seveyn (@D)

and (14D) ischemic gastrocnemius muscles from LCR and HCR animals. CAE k

LCR significantly differed from HCR at the 14D ischemic time point (*. p<0.05). RLC
14D ischemia significantly increased from control (#, p<0.05) and 7D ischemia ($,
p<0.05). HCR 7D and 14D ischemia NCAF significantly increased above control
NCAF (#, p<0.05). B: Cap/Fib ratio in LCR significantly differed from HGRha 14D
ischemic time point (*. p<0.05). LCR 14D ischemia Cap/Fib ratio significantly
increased from control (#, p<0.05) and 7D ischemia Cap/fib ratio ($, p<0.05). HCR 7D

ischemia Cap/Fib ratio significantly differed from control Cap/Fib ratjgp&0.05).
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Figure 3.16. Comparison of the percentage of slow twitch fibers within control, 7D,
and 14D ischemic gastrocnemius muscle from LCR and HCR animals. Pgecehta
LCR slow twitch fibers within control gastrocnemius muscle was sigmfig less
compared to HCRs (*, p<0.05). HCR significantly increased the percentatyaof

twitch fibers between 7D and 14D ischemic time points ($, p<0.05).
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Discussion

The development of intermittent claudication is a major decrement to quality of
life in patients (67; 94; 100; 103). A mounting body of evidence suggests that exercis
training can increase perfusion in ischemic tissue, improving quality @rdeavoiding
the necessity for surgical revascularization and other expensive théfiég; 100;

101). The majority of research on aerobic exercise training in PAOD [satiast
examined its effects upon vascular remodeling, including the mechanismbk/ungder
changes in capillary density within the ischemic muscle (39; 61; 62; 80-82). eudow
many patients with intermittent claudication are unable to exercisetaipate in
exercise protocols due to pain in the ischemic limb or arthritic problems in janas,
exercise studies do not always provide definitive remodeling within tissudter Be
understanding the genetic influences of intrinsic aerobic capacity and hovarece ur
capacity affects the remodeling process within the vasculature in respassieemic
challenge, may help explain the variability in PAOD patients responsestnae
exercise, and may provide new treatment options for individuals unable to participate i
aerobic exercising protocols. The goal of this study was to investihatdev rats with
low intrinsic running capacity have different vasculogenic responses fotigeéripheral

arterial occlusion than rats with high intrinsic running capacity.

The results of this study demonstrate that rats selectively bred, buainettrfor
high endurance running capacity (HCR) differ in their response to ischesss sira
model of PAOD compared to the low endurance running capacity (LCR) counterparts.

These results provide strong evidence indicating that low endurance runningycapacit
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confers increased risk for ischemic injury and is subject to delaye@ssdffective

adaptive response to ischemic stress.

Intrinsic differences

LCR and HCR’s inherently differ in capillary density, with HCR rats having
significantly higher capillary density than LCR rats (Figure 3.11B)ndey baseline
conditions, the HCR strain are more primed for angiogenesis with a hejagve
expression of MRNA for VEGF, eNOS, Ang2 and significantly less relatipeession of
Angl compared to the LCR strain (Figure 3.5 and 3.6). These results areecnsist
with those found by Lloydt al. (62) who showed similarly increased amounts of
angiogenic markers undergoing aerobic exercise training protocolgt ¢éxatin the
present studies, these were intrinsic differences predicated on aerobic paenoty
Similar to the actively exercised rats, the HCRs appear to have anyumglartreased
angiogenic potential compared to the LCR phenotype under basal conditions. As with
capillary density, it is possible that the HCRs also have inherently moreecallhagssels,
allowing for redundant pathways to optimally sustain perfusion in periphesaés.

The HCRs also appear to have a higher percentage of slow twitch fibers in their
gastrocnemius muscle than their LCR counterpart (Figure 3.16). It isstaddy

Wisloff et al. (106) and unpublished data from our lab that the arteriolar vessels are more
responsive to dilating factors in the HCRs compared to the LCRs. Thesgéindi

provide a potential explanation for the LCR strain’s incapacity to endurelaamsc
challenge, demonstrated by a significantly more pronounced drop in tissusigeras

measured by microspheres, (Figure 3.2) in response to femoral artepnligati
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LCR muscle cells have a significantly larger area compared to the(HGRe
3.11A). This finding is consistent with Howlettal. (44) who found that mean
cross-sectional area of the HCR fiber was 35% lower compared to the TO#.
increased intrinsic size difference in muscle area may be due to Bvdawing a larger
body frame (72) and hence requiring larger cells to support their body type.HOR
smaller fiber area is possibly due to its smaller body size (72). srhbber fiber area in
combination with intrinsic higher capillary density would potentially be an adgants
phenotype for ischemic conditions because it provides for decreased diffusiocalista
for nutrients. It is these findings of smaller fiber area, more capslaand greater
oxidative capacity in HCR rats that provides a potential mechanism to explain the

inherent higher V@nax0bserved in these animals without aerobic exercise training.

Increased capillary density (CD) (capillaries/Aymas been shown to strongly
correlate with increased skeletal muscle oxygen conductance in this model\(Md)
now extend those observations by demonstrating that the HCRs may have inherently
better protection for maintenance of tissue perfusion under ischemic conditidns. T
was functionally evident with the prolonged time to exhaustion with high frequency
electrical stimulation (Figure 3.1). It appears that rats bred for hagiterance
performance also select for smaller muscle fiber area and morewapiivhich
facilitates oxygen transport by decreasing the diffusion distance bethebdloodstream
and skeletal muscle. On the other hand, the larger fibers with less caphaitydf
the LCR phenotype may be less tolerant of ischemic conditions. As perfusiorsdscrea
this can cause increased diffusion distance of nutrients imposing a more mhtemtics

stress within the muscle fibers.
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Acute Changesto Ischemic Stress

Microsphere perfusion indicates that remodeling occurs in the HCR animals i
response to femoral artery occlusion (Figure 3.3). The LCRs appedredihder a
more potent ischemic stress due to the occlusion as shown by the largdrimtian
tissue perfusion. The LCRs, despite this apparent increased ischessiereyelo not
demonstrate a measurable recovery in perfusion at seven days (Figure 3.3).CRhe H
initially lose less perfusion with acute arterial occlusion, presumabbgiassd with
better ischemic tolerance, and also expand perfusion in the post-ischemic tissue,
consistent with anatomic remodeling, altered arteriolar/collateralfé&moeing dilation,
or both. This flow preservation, suggesting an improved tolerance for ischieess
by the HCR is further supported by the HCRs ability to maintain muscle fieer ar
(Figure 3.14A). Furthermore, despite less ischemic pressure and negtiwgolges in
fiber area, HCR rats showed a significant increase in capillary gyetnseven days.
This increase in capillary density appears to be an angiogenically éxeen, as
suggested by increased capillary contacts (NCAF) and capillafdyetio(fCap/Fib) ratio in
HCR rats. However, the mRNA expression of angiogenic markers in tReditldhot
significantly change. This raises the possibility that in the HCRtredaseline levels
of expression of the typical angiogenic growth factors were sufficientue tms
angiogenesis, and the response occurred without need for additional increases.
Alternatively, it is possible that the HCR rats use a different set of gergofactors in
the response to ischemia. Conversely, the LCR animals did not generatsugaiviea
change in perfusion following seven days of ischemic pressure (Figure 3t8se

animals responded to seven days of femoral artery ligation with a sighifica of
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muscle fiber area (Figure 3.14A) suggesting an attempt by the tissuedastediffusion
distance for a more efficient exchange of nutrients, or a simple atrophic lossdém
mass. Despite this decrease in cell area, the LCR rats did not pitkargaensity
(CD), Cap/Fib ratio, or NCAF significantly from baseline levels. TG® rats did not
show significant changes in mMRNA expression for any of the angiogenic factorthe
baseline to the 7D ischemic time point, suggesting that the LCR rats imésfgignd to

seven days of ischemia was a loss in fiber area and no angiogenic response.

Chronic ischemic stress adaptations

Following 14 days of femoral artery occlusion, the HCRs continued to maintain
fiber area (Figure 3.14A) but did not significantly alter any angiogeni&erafrom
seven day levels (Figure 3.9 and Figure 3.10), suggesting that after fourteefn days
ischemia, angiogenesis was no longer an active pathway within this phenotype and
vascular remodeling processes had been completed. This finding is consitent wi
Lloyd et al., who reported that ischemic induced angiogenesis typically alters mRNA
within the 7-10 day window and return towards baseline levels near the 14 day time point
(62). Of particular interest in the present study was that HCRs appeanecktse the
percentage of slow twitch fibers with 14 days of ischemia. A fast to slowshitaesh is
normally seen in response to aerobic exercise training and aging (75) butigssahdm
unloading is typically associated with a slow to fast phenotypic shift. Thisifndi
suggests a more rapid return of spontaneous activity in the HCR rats. The HCR rats
typically have increased cage activity and this cage activity mayaaierobic exercise

training. Therefore, this fiber type switch observed at 14D may be an aerelitsex
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training response and not a response related to the ischemic injury. Thats@GRo
displayed a surprising finding, in that after an initial fiber loss at 8,dayscle fiber area
significantly increased again 14 days after femoral artery occlusiams filding was
unexpected, but also may reflect the recovery of spontaneous activity. LCRs do not
exhibit any changes in body weight with femoral artery ligation. Thus, tretyidyg

exists that these muscle cells at 7D ischemia decrease in fiben agsponse to

ischemic atrophy, but the decreased muscle mass was no longer sufficient totbgpport
LCRs body weight, and increased mobility led to load dependent hypertrophy and
re-expansion of the muscle fiber area, unrelated to the original occlusion. Hoageaer,
result of the hypertrophy, CD is maintained, and a relative ischemia mast,deexling

to late/delayed angiogenesis, demonstrated by significant incied$€&\F and Cap/fib
ratio, and significant increases in mMRNA expression for VEGF, Flt-1, eNOS, ragfti A
Together, these findings suggest that a potent angiogenic drive remains duthlel
LCR phenotype. This angiogenic stimulus may be in response to signaiataessoc
with hypertrophy of the LCR cells, but not with the occlusive stimulus, or reay b
occurring at fourteen days as a synergistic action of the loading stim@obination

with ischemic drive within the tissue.

This study suggests that LCR rats have an altered response to hind limb femoral
artery occlusion compared to the HCR rats. This altered response idypduigedo the
phenotypic differences under baseline conditions, including significantly lp#iaiga
density, less angiogenic factor potential, larger fiber area, and aispattentage of
slow twitch muscle fibers within the gastrocnemius muscle in the LCR miwéh

onset of occlusion, the LCRs also appear to have an altered inducible responseccompare
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to the HCR. These alterations include fiber area initially decreasingydl by a
rebound to a larger area, a potent angiogenic upregulation at 14D ischemia, and no
significant changes in the percentage of slow twitch muscle fibers.seTaa suggest
that low intrinsic aerobic capacity may have increased injury assbevite ischemic
disease and will generate an altered response that may require a t@mischemic
challenge, and signaling from some other stress, such as increased na¢tbeuhiing of

the muscle, to adequately stimulate vasculogenic responses.
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CHAPTER 4: EFFECTS OF HIND LIMB ISCHEMIC CHALLENGE ON

METABOLIC ADAPTATIONS IN LOW AND HIGH CAPACITY RUNNING RATS

Summary
Untrained low endurance running capacity (LCR) rats have been found to havera highe
incident of risk factors for cardiovascular disease than their high enduranasgrunni
capacity (HCR) counterparts. Previous work with this model suggests thatkhe
phenotype may have an inability to tolerate a high fat diet, but it is unknown how this
phenotype will metabolically adapt to stress imposed by unilateral hind i &é
artery occlusion. We examined the levels of palmitate oxidation and cirdateise
activity under control conditions and following 7 and 14 days of unilateral hind limb
femoral artery occlusion. Palmitate oxidation and citrate syntsaty of the LCR
rats was less under control compared to the HCR counterparts. Due to theitinhere
advantage in palmitate oxidative capacity, HCR rats appear to have eddatiaptive
increase in red gastrocnemius palmitate oxidative capacity compaiezl tCR
phenotype. Therefore these data suggest that animals with inherenthatraieic
exercise capacity also have lower oxidative capacity that probablg timeitability to
tolerate ischemic stress.  Both strains maintain ischemia inducptholas in
oxidative capacity within red gastrocnemius muscle, but these chaegdslayed
suggesting differences in the regulation of changes in oxidative capacity
Introduction

Peripheral artery occlusive disease (PAOD) is a form of ischemias#iseften
with relatively limited treatment options. This disease is prominent dedtsB-12

million Americans (67). PAOD pathophysiology is characterized by an retgpai
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perfusion of the lower extremities leading to pain with movement secondamemde
induced ischemia, and results in decreased quality of life (30; 92; 93; 103pbider
exercise training is an often employed treatment option for PAOD patinetitsas been
associated with improved tissue perfusion and increased quality of life (92; 93).
Aerobic exercise training also has been shown to be beneficial in other cardiavasc
diseases, such as coronary heart disease and hypertension (11; 55; 58; 77; 79). The
benefits of active exercise training most often are attributed to inducedsesrin
capillarization leading to increased oxygen delivery to tissues (31; 58asecresage of
fat as an energetic substrate (1; 21; 22; 92; 93), and increased mitochondrigbrgspira
capacity and energy production (41; 60; 92; 93). However, active exercisedgraini
often produces a relatively heterogeneous response, despite well-contretid@des
protocols and well controlled study populations (2; 21; 30; 42; 60; 65; 92; 96). In
PAQD patients, and in animal models of PAOD, aerobic exercise tragsegnch has
focused primarily on the changes in capillarization and perfusion, or the supply
component of demand ischemia (39; 61; 62; 80-82; 92; 93). The effects of decreased
oxygen availability and the alterations that occur within skeletal musefabolic

pathways of patient with PAOD are much less well studied. The adaptivgeshian

distal tissue that could modify the demand components of ischemia, such as substrate
utilization, have been studied much less extensively. Research studies midsche
stress on tissues outside of skeletal muscle suggest that adaptive mesloanisnn
metabolic enzymes, including citrate synthase expression and activityhifiadns
substrate preferences can occur. While the benefits of active exegisens in the

setting of cardiovascular diseases, including PAOD, is well-establigbe7; 96), a
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better understanding of distal tissue responses, and the factors influgistahtjssue
metabolism, could provide the basis for additional treatment options in PAOD patients

who are not candidates for revascularization.

The capacity for aerobic exercise has two components. The geneticrmor) o
intrinsic aerobic exercise capacity, is estimated to explain up to 70% \drib&on seen
in the population (9), and presumably explains the heterogeneous responses to active
exercise training protocols. Active aerobic exercise, or the environnedenadnt, is
estimated to alter intrinsic aerobic exercise capacity, omébut maximum gains are
limited (10-20%) (26; 104), further highlighting the importance of the intrinsic
component on the overall aerobic capacity. While responses to active eiainisg
have been characterized extensively,W&is multifactoral, and is impossible to model
by single gene gain or loss of function models. Consequently, the contributian of
genetic, or intrinsic components of aerobic exercise capacity has beeultiffistudy
effectively, and therefore, the importance of these intrinsic factors fwrdlgeession or
attenuation of the pathophysiologic process such as PAOD are not well defgesikd
on the relative lack of understanding of the influence of environmental compared to
genetic influences conferring reduced risk for cardiovascular disgasgihsic aerobic
exercise capacity, Koch and Britton have used forced artificial selecsex loa the
endurance treadmill running phenotype, to develop a rat model to investigate thie relati
role of intrinsic aerobic exercise capacity, independent of an active sxé&aning
effect (51). Basic traits of these so-called high capacity and lowitapaming
strains (HCR and LCR) have now been characterized by other groups (88)groGps

also has reported on the relationship of this intrinsic background to alter the retsponse
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superimposed, non-exercise external stress, such as high fat feeding ¢étgriane

the potential benefit of the intrinsic aerobic capacity on responses and iathadtat

elements of chronic disease (51). Low endurance running capacity (atSRlisplay

traits consistent with increased risk for cardiovascular and metabolisesseshumans,

such as insulin resistance (71) and endothelial dysfunction (unpublished data), while the
high endurance running capacity (HCR) rats display characteristiasteonsvith

decreased cardiovascular risk (106). However, whether these tta@Byairanslate to
functional improvement in response to a superimposed cardiovascular insult has not been

demonstrated.

The definitive treatment option for PAOD is revascularization, either bycsiirg
bypass or percutaneous methods (20; 66; 94; 103). However, many patients are not
candidates for this treatment option (20; 66; 94). Therefore, understandingdhe dist
tissue responses to ischemic stress becomes increasingly importansiasar lpotential
new treatment options in these individuals. Active exercise, in the absencleenhia,
causes distal tissue remodeling, demonstrated with fiber type switdiigy ¢hanges in
mitochondrial number, and changes in enzyme expression that ultimately produce
increased respiratory capacity (1; 21; 91). Similarly, ischemia alotige absence of
active exercise, causes cardiac tissue to undergo phenotype switchitigadfesrzymes
that regulate substrate utilization (73; 110). Skeletal muscle under iscéteess alone
has demonstrated it also retains remodeling capabilities (14; 15). B=ti@eygen
availability induces skeletal muscle to alter fat oxidation for energy praductb; 87).
Clearly, metabolic remodeling is a significant component of the tissue redpdsi

active exercise and to ischemia, particularly with respect to faboletian. However, it
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is not clear whether the intrinsic capacity for exercise influencesstheetmetabolic
remodeling in response to ischemia. Therefore, this study was designédhe tes
hypothesis that differences in intrinsic aerobic capacity, as estafllusing the HCR and
LCR rat strains, will alter the distal tissue remodeling of fat metsinal response to

peripheral arterial occlusion.

Results

Measurements of fatty acid oxidation. Measurements of fatty acid oxidative (FAO)
capacity under control conditions in each of the phenotypes are shown in Figure 4.1.
Under control conditions, LCR red gastrocnemius muscle did not differ from the,HCRs
while LCR mixed gastrocnemius FAO capacity was significany taan HCR (¥, p <
0.05, Figure 4.1B). This finding is consistent with control results previoystytes
our lab on FAO in response to high fat feeding using a cohort of generation 17 rats (71).
In the present studies, when challenged with ischemia from a unilateral hind hiroiafe
artery occlusion, the LCR red gastrocnemius muscle generated an adegjimese by
increasing FAO at both 7 and 14 days (p < 0.05, Figure 4.3A, 4.5A). The HCR
phenotype only generated an increase from control in FAO in the red gastrocnemius
tissue at fourteen days (p < 0.05, Figure 4.5B), but not seven days. Mixed
gastrocnemius did not significantly change with ischemia in either phenatyptne

differences observed at control disappeared.

Citrate synthase activity measurements. There were not measureable statistical
differences in red gastrocnemius citrate synthase activity betiieestrains under

control conditions (Figure 4.2A). Mixed gastrocnemius citrate synthaséyetas
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higher in the HCR animals under control conditions (Figure 4.2B, *, p <0.05). Both
strains significantly increased citrate synthase activity from cotarbf days ischemia

(Figure 4.6A and B, #, p<0.05) in both the red and mixed gastrocnemius tissue.
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Figure 4.1. Comparison of palmitate oxidation capacity in control red (A) and mixed
(B) gastrocnemius muscles from LCR and HCR animals. A: No statidtfeerences
were found between phenotypes in their control red gastrocnemius muscles. B. LCR
control mixed gastrocnemius muscle palmitate oxidative capacity griicantly less

than the HCR (*, p<0.05).
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Figure 4.2. Comparison of citrate synthase activity in control red (A) and mixed (B)
gastrocnemius muscle from LCR and HCR animals. A: There was rebics#hti
significance observed between the phenotypes for citrate synthasty actontrol red
gastrocnemius muscle. B: LCR control mixed gastrocnemius museke synthase

activity was significantly less compared to HCR (*, p<0.05)
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Figure 4.3. Comparison of palmitate oxidation capacity between control and 7D
ischemic gastrocnemius muscle from LCR and HCR animals, by fiber tyieRed
gastrocnemius muscle palmitate oxidation capacity increased sagrijiecn LCR 7D

from control (#, p<0.05), but no statistical differences were found between phenotype
B. Mixed gastrocnemius muscle palmitate oxidation capacity was noticagiy

different in either phenotype after 7 days of ischemia.
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Figure 4.4. Comparison of citrate synthase activity between control and 7D ischemic
gastrocnemius muscle from LCR and HCR animals, by fiber type. A: Red
gastrocnemius muscle citrate synthase activity was not significdrénged in either

HCR or LCR animals after seven days of ischemia. B. Mixed gastrous muscle
citrate synthase activity was not significantly changed in eitl@R ldr LCR animals

following 7 days of ischemia.
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Figure 4.5. Comparison of palmitate oxidation capacity between 7D and 14D ischemic
gastrocnemius muscle from LCR and HCR animals, by fiber type. Ad Re
gastrocnemius muscle palmitate oxidation capacity increased saguijien both LCR

and HCR phenotypes 14 days after ischemia, compared to the 7 day levels (#, p<0.05),
but no statistical differences were found between phenotypes. B: Miggdaeemius
muscle palmitate oxidation capacity was not different in either phenotype atdwirig

fourteen days of ischemia, relative to the seven day levels.
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Figure 4.6 Comparison of citrate synthase activity between 7D and 14D ischemic
gastrocnemius muscle from LCR and HCR animals, by fiber type. A: Red
gastrocnemius muscle citrate synthase activity was increaseficsigtly in LCR and

HCR animals 14 days after ischemia, compared to seven day values (#, p<0.05), but the
phenotypes were not different. B: Mixed gastrocnemius muscle citrateasgrdctivity

was increased only in the LCR animals 14 days after ischemia, relativeyo 7 da
post-ischemic levels (#, p<0.05), but the phenotypes were not statisticaligmlifé 14

days.
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Discussion

Genetic selection based on an intrinsic aerobic capacity phenobyyeehals shown
differences at the level of skeletal muscle (44; 71; 106). Functional impeovem
following superimposed cardiovascular insult, as a function of intrinsic aerqiacitba
have been very difficult to study accurately until the recent development of Blesuita
model. The creation of the HCR/LCR rat population and more recentiygjlaranouse
model has allowed for researchers to investigate if intrinsic aeggbrcise capacity
confers an ability to adapt to stress and predisposes to disease (83). Rteni@ss
have linked low rates of mitochondrial oxidative capacity in skeletal musdhe ddw
performance phenotype as a critical component behind the predisposition to insulin
resistance, obesity, and metabolic complications (71). Thydaalltfurther expanded
that low aerobic capacity was correlated with metabolic dysfunctitrnvthe liver (97).
The present study utilized the model, with known differences in skeletal musitdeive
capacity, to assess how these inherent differences would influence fatty ideitibox

following an ischemic insult mimicking PAOD.

Previously, Nolandt al. (72) demonstrated inherent differences in fatty acid
oxidation within the mixed gastrocnemius muscle for the HCR and LCR rate HCR
rats showed a heightened oxidative capacity in the gastrocnemius coraptred CRs,
but these differences were tissue specific and did not extend into the liver or l@art
data confirmed this finding of heighted oxidative capacity in the HCRs mixed
gastrocnemius muscle compared to the LCRs, but further identified tmaiveten
skeletal muscle, these differences did not extend into a subset of red gasinscne

muscle. A novel finding of this study was that the HCR’s heightened oxidatiaeitap
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within mixed gastrocnemius muscle was lost following both seven and fourteeafdays
ischemic challenge. Another interesting finding was that althougbetbedine

palmitate oxidative capacity within red gastrocnemius muscle did nofisagily differ
between the phenotypes, following 7 and 14 days of ischemic challenge the LCR
demonstrated a significant increase in oxidative capacity. The HCRs destexhsir
significant increase in palmitate oxidative capacity only at fonrteg/s. This finding
suggests that skeletal muscles adapt to ischemia by increasing titatpadxidative
capacity of their highly oxidative muscle fibers. Due to their inherentrdgge in
palmitate oxidative capacity, HCR rats appear to have a delayed adaptaase in red

gastrocnemius palmitate oxidative capacity compared to the LCR phenotyp

Citrate synthase activity has routinely been used to assess mitochooldinad
density (41; 42; 60). This enzyme also participates in the pathway of oxidgiaatga
leading to energy production within muscle cells. Utilizing citratelsg# activity as a
marker for mitochondrial volume/density in this model suggests that the HCR phenotype,
under baseline conditions, may have significantly more mitochondrial volumeydensit
than the LCR phenotype in the mixed gastrocnemius tissue. This diffelees@ot
appear to extend to the red gastrocnemius tissue. For both phenotypes, ischemia
triggers increases in citrate synthase activity only at fourteen ays mixed
gastrocnemius muscle. This differs from active exercise inductionsatecsynthase
activity that can be induced with a single bout of an endurance exercise event (60).
Thus, ischemic stress appears to trigger a delayed increased in giithtess activity
when compared to active exercise and the increase in citrate synthasgiadticed by

ischemic challenge is influenced by intrinsic exercise capacithis finding suggests
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there are other potential regulators of fatty acid oxidative capacityitaag cynthase

activity with exercise training stimuli are not present under ischemic comslit

It has been established previously that there is a shift in the predonuiglantthin
skeletal muscle from fat to carbohydrates under ischemic or exercisému 7).
The ability of skeletal muscle to preserve fat utilization and spaceggy is thought to
be advantageous. Increased aerobic capacity facilitates fatty acitdaxitiaough
increased vascular supply, metabolic enzymes, and mitochondria number. Hre high
baseline palmitate oxidative capacity and citrate synthase activitg $fCR rats should
provide additional functional reserve and fatigue resistance in skeletdemsgessed
by decreased vascular supply. Our data suggest that the HCR ratsrikedhbigher
palmitate oxidative capacity and citrate synthase activity as an\aelagsponse to
ischemia in the first seven days after ischemic occlusion. Converselyy thawer
palmitate oxidative capacity and citrate synthase activity, asvaéethe LCR
phenotype likely was disadvantageous in first seven days after ischequiaing an
immediate metabolic adaptive response to sustain tissue viability, due td latknsic

reserve capability.

In summary, these data suggest that animals with inherently lower aexebitse
capacity also have lower oxidative capacity that probably limits thigyatoiltolerate
ischemic stress.  Alternatively, the higher aerobic exercise itapath higher
oxidative capacity provides short-term protection against ischemic.strBssh strains
maintain ischemia induced adaptations in oxidative capacity within sttbgaemius

muscle, but these changes are delayed in comparison to thoseettiggeactive exercise,
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suggesting differences in the regulation of changes in oxidative capéagggred by

ischemia versus active aerobic exercise.
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CHAPTER 5: CONCLUSIONS

Aerobic exercise capacity influences an individual's quality of hie a
susceptibility to disease. A mounting body of evidence suggests that indiwidinals
low aerobic capacity have increased morbidity and mortality and arghetrisk for
cardiovascular diseases. Furthermore, a high aerobic capacity appears t
protective effects against metabolic disorders and cardiovascular disddseextent to
which the protection against metabolic and cardiovascular diseases isaitaliatthe
intrinsic aerobic capacity, versus active exercise training, is nouwedrstood.
Therefore, the goal of this dissertation was to examine the effects afmblaeferences
in aerobic capacity on response to ischemic stre@sir hypothesis washat the low
aerobic endurance running capacity (LCR) phenotype will show alteredascular
and metabolic adaptive responses to peripheral arterial occlusion wheompared to

the high aerobic endurance running capacity (HCR) phenotype.

The results indicate that the hypothesis was correct: the LCR auwiichalgfer
from the HCR animals in both the vascular and the metabolic adaptive responses to
peripheral arterial occlusion. The different vascular responses wstrddmonstrated
when control and seven day time point were compared. The HCR rat’s adaptive
responses primarily occurred in this time frame, while the vast majdrityamges in the
LCR occurred within the seven to fourteen day time frame. In addition, it is afeetul
that the eventual response that did occur in the LCR may have been due to skeletal
muscle signals arising from an overload response from the initial loss derfibsec area
that rebounded by the fourteen day time point, rather than a direct response to tissue

ischemia signals alone. With respect to the metabolic adaptive respatinseshe
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muscle fibers, these data also supports the hypothesis that there wasatddéfponse
between the phenotypes. The LCR animals increased palmitate oxidgacty of
the red gastrocnemius muscle at seven days while the HCR’s were notcchatige
time point. Taken together, these data demonstrates that intrinsic exagacity
influences the adaptive responses following ischemic injury and perhaps thespragr
of ischemic disease.

There are three possible explanations for the differences in the LCRC&d H
responses to peripheral arterial occlusion. The first explanation is tlaatskeaf their
genetic endowment, the HCR rats have less need to adapt to arterial occlugioa tha
LCRrats. Thus, our experimental manipulation of unilateral hind limb femaeaya
occlusion does not stress the HCR rats to the same extent as this manipuéssas skre
LCR rats. Supporting evidence for such a postulate can be seen in the perfusion data
obtained with microspheres (Figure 3.2). The LCR rats endured a more aigridiss
of perfusion after femoral artery occlusion, supporting the explanation thatrties sa
manipulation induced a different injury within the phenotypes due to the genetic
endowment. Although each muscle in each phenotype was paced to exhaustion
following occlusion to normalize the initial ischemic stresses, it is likedy any signals
arising from that stress were more completely eliminated as the HC&«ered to a
higher post-ischemic flow. In addition, the present study has shown that HCfvats
higher capillary density (Figure 3.11), significantly higher expressigmafingiogenic
growth factors (Figure 3.5, Figure 3.6), a higher percentage of slow twiisble fibers
(Figure 3.13) and increased oxidative capacity, with both increased palmiaé\ei

capacity (Figure 4.1) and citrate synthase activity (Figure 4.2)niitlei mixed
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gastrocnemius muscle compared to the LCR rats. Because of thesatiadgestages,

it is likely that arterial occlusion produced less ischemic stress in@fedhimals than

the LCRs, and consequently induced less robust changes in angiogenic markers NCA
and Cap/Fib ratio (Figure 3.12 and Figure 3.15). This depressed ischemic drive in the
HCRs did not induce significant changes with angiogenic growth factors éFigur
3.7-Figure 3.10). With respect to metabolic endpoints, the ischemic stimulusezppea
to be better tolerated within the HCR so that there were no significant changes i
oxidative capacity between the control and seven day time point (Figure 4.3 ared Figur
4.4). Taken together, there is a strong argument that the differenceeb¢hs
phenotypes in their adaptive responses to peripheral arterial occlusion is wedeomni

the inherent differences that exist due to the genetic endowment.

A second possible explanation for the differences in adaption between the
phenotypes is that the two groups adapt in the same way, but the LCR response is
attenuated due to poor intrinsic aerobic capacity. This scenario is suppoeddayat
showing that both the LCR and HCR animals responded with increases in NCAF and
Cap/Fib ratio (Figures 3.12 and Figure 3.15), but the LCR response did not occur until
the fourteen day time point (Figure 3.15) whereas the HCR group demonstratadeacre
in these values at the seven day time point (Figure 3.12). In the metabolic adaptive
responses, both phenotypes responded with increased palmitate oxidative capacity and
citrate synthase activity in the red gastrocnemius muscle at thedoutay time point
(Figure 4.5 and Figure 4.6), but the LCR also had to increase palmitate oxidaion a

earlier (Figure 4.3) time point. These data support the explanation that phigeada
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responses employed by both phenotypes are similar but the timing of the resploase is
component that is influenced by inherent aerobic exercise capacity.

A third possible explanation is that the HCR and LCR phenotypes utilize different
mechanism to adapt to the peripheral arterial occlusion. This conclusion is stifyyorte
the fact that the HCR rats changed capillary density but the LCRidat®t (Figure
3.14). Furthermore, the HCR phenotype adapted to ischemia in the gastrocnemius
muscle by increasing the percentage of slow twitch fibers (Figure 3 8)there rats
were undergoing exercise training, but the LCR muscle does not demorigtrdieasit
fiber type switching under these circumstances. The LCR animalssadrBeCAF and
Cap/ Fib ratio at fourteen days after occlusion (Figure 3.15), but this increase rdag
to an overload stimulus and not the ischemic stimulus. These data support the
explanation that difference in adaptive responses of the two phenotypes insiheirses
to peripheral artery occlusion may be due to different mechanism and pathways
Therefore, intrinsic aerobic capacity may respond to the same stimulus fiatkrdi
mechanistic adaptive responses determined in part by the same gene thatfiles
establish intrinsic aerobic running capacity.

The present study has established that intrinsic aerobic capacity agfuskeletal
muscle capillary density, oxidative capacity, and muscle fiber typ@asition. We
have also shown that intrinsic aerobic capacity influences adaptive responses t
peripheral arterial occlusion. The high intrinsic aerobic capacity phemoggponds by
changing capillary density in the gastrocnemius muscle within seven dais
phenotype makes no significant changes in oxidative capacity within the seveémelay t

period, but eventually increases the percentage of slow twitch fibers in themuscl
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Therefore, it may be suggested that this phenotype relies primarily orvasclylar
adaptive changes to respond to ischemic injury, and with chronic stimuli, can expand
adaptive responses with manipulation of muscle fiber composition and oxidative
capacity.

In contrast, the low intrinsic aerobic capacity phenotype adapts to patipherial
occlusion by increasing production of angiogenic growth factors and skeletale
oxidative capacity. However, this phenotype’s vascular adaptive respppses & be
delayed and may be induced by overload stimuli rather than ischemic stimérefdre,
it appears that this phenotype is more dependent on changes in oxidative capécity unti
the loss of muscle fiber area reaches threshold to stimulate a hypertegguose. It is
then this hypertrophic response that induces, or at least augments, angibgegésc
within skeletal muscle leading to increased NCAF and Cap/Fib ratio but thisecimang
muscle fiber area prevents significant changes in capillary density.

Future Directions

Research has shown that active aerobic exercise can also inayahag/c
density and oxidative capacity within skeletal muscle. One future awémesearch
might be to determine the relative effect of superimposing active aerayaise training
on low and high intrinsic aerobic capacity phenotypes to assess the impaoteof act
exercise on each phenotype’s adaptive responses to occlusive ischemia. The resul
may shed light on how much of the adaptive response is intrinsically determined and
whether or not the response is alterable. Another direction might be to etglore

interaction between multiple environmental stresses, such as both active suahras ins
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resistance and occlusive ischemia, to determine the extent to which the phenotypic
differences are altered similarly by multiple forms of tissuesstre

There are numerous global ideas for future directions but based upon the current
data, it appears there are more unanswered questions associated with thécmetabol
responses compared to the vascular responses between the phenotypes. Due to this
circumstance, more focused research on the intrinsic differences| as wed adaptive
metabolic responses to ischemia may better explain the changes in pabxidation
and citrate synthase activity observed between the phenotypes.

This study demonstrates that intrinsic aerobic exercise cajpstignces the
response to ischemic stress. The findings with palmitate oxidative tepadicitrate
synthase activity demonstrate the complexity of skeletal muscléatista. Citrate
synthase, an enzyme in the TCA cycle, has been studied routinely to assesgoxidati
capacity and mitochondrial volume. The present studies demonstrate thagscimang
citrate synthase activity do not correlate with changes in palmitatetmn, at least in
post-ischemic skeletal muscle. There are other possible regulatorsitionaidcitrate
synthase, that may explain changes in lipid oxidation, and there are additiomakenz
that may expand our knowledge of changes in glucose utilization. Regulatipid of li
oxidation appears to be regulated by peroxisome proliferation activated req&RaR)
(68), in particular, PPA&Rand PPAR gamma coactivator-1 alpha (PG{-1 Both of
these factors are potential candidates for critical regulators @takeluscle lipid
metabolism, due to their influence to induce transcription of pyruvate dehydrogenase
kinase-4 (PDK4), carnitine palmitoyltransferase-1 (CPT-1), and uncouptgjmp

(UCP3)(27; 56; 68). These three enzymes are associated with incregsadiddieta
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oxidation (56; 68). With respect to ischemia, when tissue should decreasesrehanc
fatty acid oxidation, it is predicted that the tissues would decrease PRARPGC-i
influences. However, in the kidney, another tissue that relies primarilytgraad
oxidation for energy, pretreatment with PPiABd PGC-i restored expression and
activity of fatty acid oxidation enzymes, which accounted for protectieetafigainst
acute renal failure (78). These data support the suggestion that ischemilarstiocé
expression of PPAiRand PGC-d (78) but also indicates that maintenance or
supplemental therapy with these ligands can potentially provide protection against
ischemic injury. In addition, PGCalhas emerged as a critical mediator in other
signaling pathways including those driving mitochondrial biogenesis, angidgjemes
fiber composition (3). It appears that PGC-1 may have a more vital role ifemusc
adaption to aerobic exercise training and pathological conditions such as aachexi
dystrophy, and PAOD (3).

PDK4 has been shown to play a critical role in the partitioning of substratasitow
lipid or carbohydrate oxidation (76). This enzyme performs this regulait@ywth its
ability to phosphorylate pyruvate dehydrogenase (PDH), the complex etizgime
catalyzes the conversion of pyruvate to acetyl-CoA(76). Upon PDH phospluorylat
this enzyme is less active and glucose oxidation decreases within the idsure a
increased reliance on fatty acid oxidation. Therefore, an increase 4 RWBUd be
associated with an increase in fatty acid oxidation and less reliance osggluadation
(76). Inrelation to ischemia, it would be suggested that this enzyme in addition to

PPARx and PGC-d should decrease to suppress the reliance on fatty acid oxidation.
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PDH is the final step that commits nutrient carbons to enter the tricaidbazid
(TCA) cycle or fatty acid synthesis (16). This enzyme is carefatiylated through
phosphorylation and dephosphorylation (27; 59; 76). With phosphorylation (PPDH),
PDH activity decreases, causing decreased pyruvate conversion teG&tyl Within
the muscle, P-PDH is associated with a substrate preference fadiattytilization (27;
59; 76). This enzyme has primarily been studied in relation to high fat diets ang.obesi
Little is understood in skeletal muscle about the changes in this enzyme withische
In the heart, myocardial substrate metabolism during ischemia is dependent upon the
severity of ischemia. A very severe reduction of blood flow can decreasmseifisx
through PDH. When perfusion is only partially reduced, or the ischemia is \ess,se
there is an increase in the rate of glycolysis and lactate uptake andspandiag
decrease in fatty acid oxidation (16). It has been demonstrated that keeping PDH
activity high and reducing the pyruvate conversion to lactate during iscieebeaeficial
for cardiac cells as it reduces the acidification of the intracellolapartment (16). As
preliminary data for future studies, and to determine other potential stimuiirbdec
synthase activity, we were interested in exploring whether chang&Hmw#euld
identify whether ischemic skeletal muscle was shifting substrafierenee towards
increased glucose oxidation, and differed by phenotype. P-PDH and PDH protein
expression were compared by western blot in control, 7D and 14D ischemic
gastrocnemius muscle from LCR and HCR animals (Figure 5.1). Howevss,dhta
did not demonstrate a significant difference in PDH activity between phenatgpes
between ischemic time points. These data suggest that there is noteadéfleetween

the phenotypes in their ability to regulate PDH enzyme activity and thusatebst
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preference. However, there is a potential trend that the LCR animals, onttef ¢
conditions, may rely more on lipid oxidation than the HCR, as evidence by an increased
P-PDH/PDH. This data does suggest that more studies are necessary to more
completely determine the role phenotypic determinants in other criticaltiorida

enzymes and whether there is a difference in substrate preferendenatéht, once

more complete characterization is completed, systematic analybes sgecific genes

that might explain the phenotypic responses to ischemia might be worthwhile, leut mor
likely, studies such as the present serve to highlight the highly integrapedses to
complex stressors, and that phenotypic profiling might be a more reliable nyeans b

which to capture the overall characteristics of these multifactoral resgpons
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Figure 5.1. Comparison of P-PDH and PDH protein expression in LCR and HCR
control, 7D and 14D ischemic gastrocnemius muscle. A. Representativefblots

PPHD and PDH. B. P-PDH/PDH ratio.
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Responsible Conduct of Research
The ECU Research Ethics Oversight Committee oversees all researphance
activities of the University under the direction of the Vice Chancellor fee&eh,
Economic Development, and Community Engagement. The committee/seaproves,
and resolves conflicts of interest issues and reviews and investigatesfcagentific
misconduct for individual faculty and the University. A copy of policy regarding
scientific ethics and misconduct (Part VII section VI of the ECU Faddidtyual) is
given to each faculty member upon employment. This policy is updated regularly on the
ECU web site. The University’s “Policy and Procedures on ethics in Rasaaulc
Creative Activity” constitutes institutional efforts to promote respongytily faculty,
staff, post doctoral students, and students: “to seek honestly and to promulgatby ethi
the truth in all phases of work.” The Policy provides, among other things, a list of
principles to which the University subscribes in its research activitidsp@cedures for
reporting, investigating, and determining penalties for unethical resaetrcties (Part 7
(V).
The Bioethics Center, a joint program of BSOM and PCMH, provides educational
opportunities for faculty, students, physicians, and hospital staff and supportotise eff
of hospital committees charged to address ethical issues, including those w@éhling
research. The center sponsors bioethics conferences, workshops, and lectures and is
staffed by faculty of the Department of Medical Humanities. The Uniy&sRrinciples
and Policy for the Protection of Human Subjects of Research” establishesriséde
for protecting the rights and welfare of individuals who act as subjects farchse

conducted by its {principle investigators].” The Policy provides a Statemédtthafal
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Principles and implements these Principles through the University MedictrCe
Institutional Review Board (Part 7(1V)).
The University and Medical Center Institutional Review Board (UMCIRB)ews and
approves of any research, including clinical trials, involving the use of human subject
The board protects the rights and welfare of human subjects engaged in research a
BSOM, PCMH and its affiliates, and ECU, and in research conducted elsewhere b
representatives of the University in connection with their responsihilities
The University’s Policy on: “Animal Care and Use in Research anditistn”
becomes another instance of institutional efforts to ensure that “animals ussearch
and teaching will receive humane treatment at all times,” and to complynfititly
applicable federal laws and regulations. The Policy provides specificusbihities
required by faculty members who conduct or supervise the conduct of animal
experimentation. The Policy, moreover, establishes the Animal Care and Usateem
with the authority formally to monitor the care and use of vertebrate aniRals7(V)).
Statement on the Care and Use of Animals in Research
All animal research at East Carolina University meets the requirsraedtguidelines of
the NIH Officer of Animal Care and Use. The animal facilities at Easblina
University are managed under the direction of the Department of Comparativaridedi

and are AALAC and IACUC accredited.
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Animal Care and Use Committee
East Carolina University

212 Ed Warren Life Sciences Building
Greenville, NC 27834

EAST i
CAROLINA  252-744-2436 office » 252-744-2355 fax
UNIVERSITY

February 8, 2008

Robert Lust, Ph.D.

Department of Physiology
Brody 6N-98

ECU Brody School of Medicine

Dear Dr. Lust:

Your Animal Use Protocol entitled, "Cardiovascular Consequences of Forced Artificial Selection
Based on Aerobic Running Capacity," (AUP #Q250) was reviewed by this institution's Animal
Care and Use Committee on 2/8/08. The following action was taken by the Committee:

"Approved as submitted"

A copy is enclosed for your laboratory files. Please be reminded that all animal procedures must
be conducted as described in the approved Animal Use Protocol. Modifications of these
procedures cannot be performed witheut prior approval of the ACUC. The Animal Welfare Act
and Public Health Service Guidelines require the ACUC to suspend activities not in accordance
with approved procedures and report such activities to the responsible University Official (Vice
Chancellor for Health Sciences or Vice Chancellor for Academic Affairs) and appropriate federal
Agencies.

Sincerely yours,

L ol A

Robert G. Carroll, Ph.D.
Chairman, Animal Care and Use Committee

RGC/jd

enclosure

East Carolina University is a constituent institution of the University of North Casclina. An Equal Opportunity/Affirmative Action Employer.



