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ABSTRACT
The purpose of this study was to determine if there is aprogressive reduction in muscle
VO2max in late middle age (28-30 month) and senescent (36 month) Fischer 344 x
Brown Norway (F344BN) rats compared to young adult animals (8 mo) and whether this
is

associated with impaired mitochondrial function.

A pump-perfused hindlimb

preparation was used to match muscle convective 02 delivery between groups. The distal
hindlimb muscles were electrically stimulated for 4min and V02max was determined.
The ratio of the flux through complex I-Ill to citrate synthase activity in each group was
examined using biochemical techniques. JT02max was lower in the 28-30 (15%) and 36
month old (52%) versus the 8mo old rats. Furthermore, ratio of the flux through complex
I-Ill to citrate synthase activity of older animals was significantly lower (33%) than the 8
mo old animals. These results show that as age progresses, there is areduction in skeletal
muscle VO2max that is associated with mitochondrial dysfunction.
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CHAPTER I

INTRODUCTION
1.1 Background
The elderly are the fastest growing segment of the population in Canada and in
the United States. In 2003, individuals over the age of 65 y accounted for 12% of the
Canadian population. Due to the changes occurring in Canadian demographics, it is
expected that this number will grow to 20% by the year 2031 (Elliot et al., 1996). This
trend in the population has heightened the interest in aging research. Aging, an inevitable
biological process, is characterized by a general decline in physiological function that
leads to morbidity and mortality. Among the most well-known changes is areduction in
maximal oxygen consumption (V02 m )with increasing age (Babcock et al., 1992; Dehn
& Bruce, 1972; Toth et al., 1994) and this change is intimately tied to the reduction in
functional capacity with aging.

Specific causes of this decline are unclear, particularly

the roles played by reductions in convective 02 delivery versus an intrinsic reduction in
skeletal muscle aerobic function. In this respect, an age-related reduction in convective
02 delivery (blood flow x arterial oxygen content), which yields near proportional

reductions in V02., (Hogan et al., 1988; Richardson et al., 1999), has been the primary
explanation provided for the reduction in fT02nax with age.
However, aging is also associated with significant alterations in skeletal muscle,
such as reduced muscle mass (Fleg & Lakatta, 1988; Frontera et al., 2000; Lexell et al.,
1983; Lexell, 1993) and mitochondrial enzyme activities (Coggan et al., 1992a; Grimby
et al., 1982; Houmard et al., 1998). Although these alterations in skeletal muscle can
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occur as aresult of reduced levels of voluntary physical activity, evidence suggests that a
portion of these changes are also an obligatory part of the aging process (Brierley et al.,
1998; Bua et al., 2002; Lee et al., 1999; Lenaz et al., 1997; Wanagat et al., 2001). A
fundamental process of aging, known as the oxidative stress theory, states that the
physiological decrements typical of increasing age can be ascribed to the intracellular
damage done by the generation of free radicals (Sohal & Weindruch, 1996). It is
significant that the mitochondrial genome is more prone to oxidative damage because it is
attached to the inner mitochondrial membrane (Richter et al., 1988), the site of the
electron transport system and free radical production. In addition, mtDNA is unprotected
by histones and is estimated to be 16 fold more susceptible to oxidative damage than.
nuclear DNA (Richter et al., 1988). It is argued that this damage leads to mutations that
result in dysfunctional mitochondria (Wanagat et al., 2001; Green & Reed, 1998).
Interestingly, one of the factors recently identified as playing arole in muscle fibre loss is
mitochondrial DNA damage that leads to reduced mitochondrial viability and eventually,
fibre death (Bua et al., 2002; Lee et al., 1999). Therefore, it is plausible that the
accumulation of all mtDNA defects could account for the age-related deficits in
mitochondrial function, however it is unclear how these changes affect VO2m .In this
respect, since we recently showed that

V02nax

is afunction of an interaction between 02

supply and mitochondrial oxidative capacity (Hepple et al., 2002), it stands to reason that
mitochondrial dysfunction, due to oxidative damage, would be asignificant contributor to
the reduction in

fr02nax

with age.

3
1.2 Statement of the Problem

Most studies examined the age-associated reduction in V02m

TtO 2,and since convective

using whole body

02 delivery declines as we age the extent to which alterations

in skeletal muscle play arole in this decline has not been established. It is for that reason
that one must observe age-related alterations in skeletal muscle, independent of
convective 02 delivery to determine the relative contribution of factors intrinsic to
skeletal muscle in the reduction in

VOliial

seen with age.

1.3 Purpose
The purpose of this study was to determine whether age-associated alterations in
mitochondrial function, due to oxidative damage, contribute to the decline in mass
specific V02max with age. For this purpose, we studied young adult (8 month), late
middle age (28-30 month) and senescent (36 month) Fischer 344 x Brown Norway Flhybrid rats at matched rates of muscle convective 02 delivery through the use of an in
situ pump-perfused hindlimb preparation. Therefore, any differences between age groups
seen in V0 2. can be attributed to alterations within skeletal muscle. Mitochondrial
dysfunction was evaluated by measuring citrate synthase and the flux through complex IIII. In this respect, it is noteworthy that the electron transport chain contains thirteen
mitochondrial DNA-encoded proteins (Fig 1.1). More specifically, the complex 1-ifi
pathway within the electron transport chain accounts for eight of the thirteen, whereas the
citric acid cycle contains no mitochondrial DNA-encoded peptides (Wallace, 1992).

4
Thus, mitochondrial DNA-encoded peptides (i.e. complex I-IV enzymes; Fig. 1.1) are
more affected by 02 free radicals than nuclear DNA-encoded peptides (e.g. citrate
synthase) (Richter et al., 1988) and as aresult, it is anticipated that mtDNA damage with
aging would result in arelatively greater reduction in complex I-Ill activity than citrate
synthase activity. This would suggest as aging progresses, mtDNA encoded peptides of
the electron transport chain are preferentially affected contributing to a reduction of

V02max with aging.
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5
muscle V02 max compared to the 8month old animals, under similar conditions of muscle
convective 02 delivery. This result will be interpreted as evidence that alterations within
the skeletal muscles contribute to the reduction in V02ma, with aging.

II: We hypothesize that flux through complexes I-ill will be reduced to agreater
extent than citrate synthase activity in the 28-30 month old and 36 month old animals
versus the 8 month old animals. This result will be interpreted as evidence of
mitochondrial dysfunction consequent to mtDNA damage with aging.

1.5 Significance of the Study
As the capacity to perform daily tasks becomes diminished, the ability of the
elderly to remain independent and continue to be functional members of society
throughout life is reduced.

Interestingly, the average number of disability free years in

Canada is only 68.6 yand the average life span is 78 y. (Statistics Canada). Therefore,
lengthening this health span of the elderly and increasing the number of disability free
years has become amajor goal of scientists.

In this regard, identifying the extent to

which factors distal to central circulatory function contribute to reducing V02,na, with
advancing age would bring us one step closer in identifying strategies to preserve the
functional capacity of the elderly. If mitochondrial dysfunction plays a role in the
reduction in

VrONa,

with age, we could begin by addressing treatments that could

alleviate the oxidative damage to mtDNA. For example, a rapidly growing body of

6
evidence suggests that the age-associated decrements in mitochondrial function can be
slowed with caloric restriction (Gredilla et al., 2001; Sohal & Weindruch, 1996; Zainal et
aL, 2000). As such, the mitochondrial dysfunction that is proposed to reduce the f702,n ax
in our study could be addressed to afurther extent by evaluating the effects of caloric
restriction in better preserving mitochondrial function and skeletal muscle health of the
elderly.

7
CHAPTER II

REVIEW OF LITERATURE

11.1 Introduction
Both cross sectional (Babcock et al., 1992; Fleg & Lakatta, 1988; Toth et al.,
1994) and longitudinal studies (Dehn & Bruce, 1972; Trappe et al., 1996) have
demonstrated a gradual decline in aerobic power with age (Toth et al., 1994). This
reduction in aerobics power not only has adverse effects on exercise performance, but also
results in a reduced ability to perform common activities of daily living in older
individuals. The factors contributing to the reduction of aerobic power with age include
reductions in central (oxygen delivery) (Stratton et al., 1994) and peripheral (oxygen
utilization) function (Ogawa et al., 1992) due to both asedentary lifestyle (Coggan etal.,
1992b; Young & Holloszy, 1983) and decrements in physiological function due to
cellular aging (Brierley eta!,, 1998; Lee etal., 1999; Wanagat etal., 2002)), although the
latter point remains to be clarified. Since reductions in convective 02 delivery to the
working muscles can compromise aerobic performance, the role skeletal muscle
plays in the age-associated reduction in aerobic power is not clear. In this regard,
the role alterations in factors intrinsic to skeletal muscle play in the reduction in
aerobic power with age needs to be evaluated independent of convective 02 delivery.
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11.2 Determinants of VO2 max
Oxygen

Citu1ato!y
system
Outer
M emembrane

Inner
membrane
FComplexes

Mitochondrion

V02

Intermembrane
space
Cristae

Figure 11.1. A simplified model of the respiratory system based on Weibel el al.,
(1981). Diagram shows the flow of oxygen through the lung to the mitochondrion
where it is consumed. Areas indicated are the lung, circulatory system, the
mitochondrion, the outer mitochondrial membrane, the mitochondrial inner
membrane, the mitochondrial matrix (where krcbs cycle is located), mitochondrial
cristae, the mitochondrial intermembrane space, and F complexes (where the
electron transport chain is located). In assessing where possible limits may exist to
the transfer of 02 this review examines the steps of oxygen delivery to utilization by
the mitochondria.
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11.2.1 The Cardiovascular System: 02 delivery
Since maximal oxygen consumption (V'02 ax)

=

Q (Ca0 2

-

Cv0 2), where

is

cardiac output and Ca02 and Cv02 are arterial and venous 02 content, respectively, it
stands to reason that changes in oxygen delivery to the working muscles will yield
relative changes in V0 2. (Fig. 11.1).

Moreover, Hill and colleagues (Hill et al., 1924)

proposed that the rate at which 02 could be supplied by the cardiorespiratory system was
the primary factor explaining the individual differences in V02m ax .More specifically,
changes in 02 delivery, either an increase or adecrease, will yield nearly proportional
changes in V02max .For example, Richardson and colleagues (Richardson et al., 1999)
examined 02 supply to the quadriceps muscle in trained cyclists to investigate the
relationship between 02 supply and V02m ax .It was found that an elevated 02 delivery by
breathing 100% 02 resulted in an increase in V02.

in trained human skeletal muscle.

These results led to the conclusion that in normoxic conditions of the isolated knee
extensor, V02m

is not limited by mitoehondrial metabolic rate but, rather, by 02 supply.

However, although these results advocate that 02 delivery modulates V02m ,it has been
shown that alterations within skeletal muscle may also contribute to the attainment of
V02 max (McAllister & Terjung, 1990; Hepple et al., 2002).

11.2.2 Skeletal Muscle Limitations
Mitochondrial oxidative capacity refers to the ability of skeletal muscle
mitochondria to utilize 02.

Since mitochondria within the muscle cells are the sites

where 02 is consumed in the final steps of the electron transport chain, physiologists have
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done a great deal of work to examine whether skeletal muscle aerobic capacity is a
limiting factor to TtO 2m .Even though it is clear that Vo 2 can be no greater than the
rate of 02 supply since oxygen extraction is not maximal at V02., the events related to
02 exchange and

Vo 2 must be critical inputs in determining muscle V02..

The

essential role of the electron transport capacity as a determinant of maximal oxygen
consumption was tested in 1990 by utilizing myxothiazol (a drug that reduces electron
transport capacity) (McAllister & Terjung, 1990). Interestingly, findings from this study
showed that reductions in mitochondrial oxidative capacity yielded proportional
reductions in

fr02nax

when convective oxygen delivery was held constant. In amore

recent study, upon training rats for 8-12 weeks to enhance aerobic capacity, Robinson et
al. (1994) showed that V02max was elevated in trained animals, and reduced to the same
levels as in sedentary animals when the electron transport system was reduced to levels
observed in sedentary animals.

This provides evidence that the exercise-induced

adaptation of increased muscle mitochondrial content appears to be essential for trained
muscle to demonstrate its increased 02 flux capacity. Furthermore, we recently showed
(Hepple et al., 2002) that reductions in V02m a,due to reduced oxygen delivery could be
mimicked in a high 02 delivery environment by reducing mitochondrial oxidative
capacity, and afurther reduction in

V02max

was attainable by reducing both convective

02 delivery and mitochondrial oxidative capacity simultaneously. Since the reduction in

V02 max by combining reduced convective oxygen delivery and reduced mitochondrial
oxidative capacity was greater than that seen with the reduction of either of these
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variables individually, it becomes apparent that there is an interaction between 02 supply
and mitochondrial oxidative capacity in determining V02m (Hepple et al., 2002).

11.3 Physiological Changes with Aging and the Consequences of Physical Activity
Since V02.

has been shown to be modulated by 02 delivery (Richardson et al.,

1999) and 02 utilization by the muscle (Hepple et al., 2002), it stands to reason that
decreases in

V02nax

with age would occur because of reductions in central circulatory

function (cardiac output) (Stratton et al., 1994) and peripheral function (a-v02 difference)
(Fig 11.1) (Ogawa et al., 1992). In this respect, it has been established that the functional
capacity of the cardiovascular system declines with advancing age (Gerstenblith et al.,
1976).

Moreover, previous studies have concluded that age-associated changes in

maximal heart rate (Heath et al., 1981; Rodeheffer et al., 1984) and, to amore variable
extent, maximal stroke volume (Grimby et al., 1966; Julius et al., 1967; Rodeheffer et al.,
1984) contribute to the reduction in V02.

with age.

On the other hand, aging is

associated with significant alterations in skeletal muscle, such as reduced enzyme
activities due to asedentary lifestyle (Coggan et al., 1993; Meredith et al., 1989) and an
accumulation of mitochondrial DNA deletions that compromise the flux through the
electron transport chain (Fig. 1.1) (Brierley et al., 1998) that likely contribute to the
reduction in

f702nia,

with aging. However, there is debate about the relative contribution

made by each individual component to the total reduction in aerobic power. Moreover,
variations in muscle respiration typically involve acoordinated response of factors that
could influence the exchange and utilization of oxygen, such as 02 delivery to the
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skeletal, muscles. It is for that reason that one must observe age-related alterations in
skeletal muscle independent of convective 02 delivery to determine the relative
contribution of mitochondrial dysfunction in the reduction in aerobic power seen
with age. Although we will evaluate alterations that occur intrinsic to skeletal muscle
independent of convective oxygen delivery, this will not preclude changes in the
microcirculation of the skeletal muscle, which will not be evaluated in the scope of my
study.
A portion of this decline is aerobic power is undoubtedly due to the effects of
aging, while some of the loss is secondary to the effects of reductions in physical activity.
Consistent with this interpretation, several studies indicate that when physical activity is
maintained, VO2 max still declines with aging, but at about half the rate seen in the
sedentary population (Heath et al., 1981; Toth et al., 1994). In particular, studies have
indicated that the increase in aerobic power through exercise training in older individuals
is accompanied by an augmentation of some aspects of cardiovascular performance
(Hagberg et aL, 1985) and quantitative (Fleg & Lakatta, 1988) and qualitative (Hepple et
al., 1997; Coggan et al., 1992a) changes in skeletal muscle. On the other hand, according
to the mitochondrial free radical theory of aging, mitochondrial reactive oxygen species
production is acause of aging and also leads to changes in skeletal muscle. Moreover,
oxidants are produced continuously at ahigh rate as aby-product of aerobic metabolism.
They damage cellular macromolecules, including DNA (Richter et al., 1988) and the
accumulation of such damage contributes to the aging process and age-associated
decrements in physiological function (Bua et al., 2002; Wanagat et al., 2001).
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11.4 02 Determinants (Cardiac Output = Heart rate xstroke volume)

11.4.1 Heart Rate and aging
Heart rate is amajor determinant of cardiac output, particularly during moderate
to maximal exercise intensities, and is amajor contributor to the reduction in aerobic
power seen with aging (Stratton et al., 1994; Ogawa et al., 1992). Increased heart rate
quickly increases blood flow and 02 transport during the progression of exercise with a
relative plateau at maximal exercise (Brooks etal., 2000). For example, resting heart rate
in sedentary and trained men and women has been shown to vary between 60 to 75
beats•miif 1 and increase to 163 to 189 beats•miif' during exercise (Ogawa et al., 1981).
During maximal exercise, cross-sectional studies have shown that maximal heart rate is
reduced in aged individuals (Stratton et al., 1994; Ogawa et al., 1992; Heath et al., 1981;
Hossack & Bruce, 1982) which, in turn, contributes to the reduction in V02m

(Heath et

al., 1981). Upon examining sedentary men and women, Ogawa and coworkers (Ogawa
et al., 1992) showed a12% and 14% reduction in maximal heart rate in men and women
respectively. This reduction in maximal heart rate has been attributed to adecrease in 1
3adrenergiç responsiveness (Lakatta, 1979). In other words, the chronotropic response to
catecholamines is reduced and as a result there is a decrease in maximal heart rate.
Although the decline in heart rate is progressive, the change is more dramatic after 50 y
of age and can be estimated by subtracting age from 220 (Brooks et al., 2000). The
reduction in maximal heart rate may cause a concomitant reduction in peak oxygen
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transport to the skeletal muscles, which may have anegative effect on

V02.

(Heath et

al., 1981;GrimbyetaL, 1966).

11.4.2 Heart Rate and Physical Activity in the Aging Process
The aging heart manifests structural and functional changes in response to
physical activity. Interestingly, Douglas and 0' Toole (1992) suggest that the expected
pattern of cardiac alterations normally seen in response to age is modified in the older
athlete. In this regard it appears that maximal heart rate is maintained to alarger extent in
active individuals than inactive individuals (Marti & Howald, 1990; Trappe et al., 1996).
For example, in alongitudinal study, Trappe et al. (1996) showed that the decline in
maximal heart rate was attenuated in highly trained middle-aged men. On the other band,
it was found that heart rate at peak exercise remained unchanged between the older
untrained and trained subjects (Stratton et al., 1994). Similarly, in an earlier study,
maximal heart rate in older trained subjects was reduced at the same rate as the older
untrained subjects (Grimby & Saltin, 1966). Therefore, it seems that there are only
modest changes in heart rate due to exercise training and that the reduction in maximal
heart rate is an inevitable part of the aging process.

11.4.3 Stroke Volume and Aging
Stroke volume, the amount of blood ejected from each ventricle during systole, is
determined by the difference between ventricular filling and emptying.

It is another

determinant of cardiac output and therefore plays a role in oxygen delivery to the
exercising skeletal muscles. Aging impairs the heart's capacity to pump blood (Stratton
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et al., 1994); however, maximal stroke volume has been known to change very little with
age Higginbotham et al., 1986). In fact, astudy conducted by Rodeheffer et al. (1984)
noted in healthy, but relatively sedentary individuals, that maximal stroke volume
increased somewhat with age so that the maximal cardiac output was not reduced in older
individuals, despite the reduction in maximal heart rate.

However, observations from

other studies do not support this contention (Ogawa et al., 1992; Luisada et al., 1980).
Compared to 20-39 yold subjects, older men and women (80-89 yr) showed a37% and
23% reduction in stroke volume, respectively, using anon-invasive technique known as
impedance cardiography. This decrease in stroke volume with age has been attributed to
ahigher systolic pressure and aortic impedance, as well as various intrinsic changes in
the myocardium causing an increase in resistance to ejection (Gerstenblith et al., 1976).
In amore recent study, Wanagat et al. (2002) found that myocardium from the Fischer
344 xBrown Norway rats (ages 5, 18, and 36-38 month) displayed mitochondrial genetic
and enzymatic abnormalities due to oxidative damage by reactive oxygen species. The
heart is dependent on molecular oxygen and oxidative phosphorylation necessary for
contractions.

Therefore,

the

oxidative

damage to

the mitochondria leading to

mitochondrial dysfunction within the myocardium results in a decrease in myocardial
contractility, secondary to cardiomyocyt9 death and connective tissue infiltration,
resulting in alower stroke volume in older individuals (Wanagat et aL, 2002).

11.4.4 Stroke Volume and Physical Activity in the Aging Process
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It was found that the higher aerobic power in physically conditioned older
subjects compared to older sedentary subjects was related primarily to alarger maximal
cardiac output largely due to an increase in stroke volume (Ogawa et al., 1992).
Moreover, upon comparing trained older men and sedentary counterparts (-63 y), Fleg
and colleagues (1994) reported agreater cardiac index in the trained older men.

The

athletes' greater stroke volume index was attributed to an 11% larger end-diastolic
volume index and a 7% higher ejection fraction, both of borderline significance.
Furthermore, Ehsani and colleagues (1991) found a20% increase in stroke volume in
older subjects after 12 months of endurance training. The reason for a greater stroke
volume as aresponse to an increase in activity has been partially attributed to agreater
left ventricular mass in older trained individuals (Fleg et al., 1994).

11.4.5 Summary
It is apparent that there is areduction in V02ma, with age, and that this reduction
can be partially explained by the reduction in the oxygen delivery to the muscle. This
reduction in 02 delivery to skeletal muscle occurs from areduction in maximal heart rate
and to amore variable extent, maximal stroke volume as aresult of reductions in physical
activity and aging. This age-related reduction in oxygen delivery to the skeletal muscles
tends to confound our knowledge of the effects of age on alterations of factors intrinsic to
skeletal muscle such as mitochondrial oxidative capacity. Therefore, further research is
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needed to examine the alterations in factors intrinsic to skeletal muscle, independent
of oxygen delivery.

11.5 Arteriovenous Oxygen Difference (a-v02 difference)
The a-v0 2 difference represents how much oxygen is consumed by the
metabolically active tissues. It is well established that the a-v02 difference decreases with
age and this contributes to the reduction in maximal aerobic power in older adults
(Ogawa et al., 1992). This decrease may be due to reductions in skeletal muscle blood
flow (Irion et al., 1987), capillary-to-fibre ratio (Parizkova et al., 1971), oxidative
capacity (Coggan et al., 1993; Meredith et al., 1989), and quantitative alterations within
skeletal muscle (Fleg & Lakatta, 1988).

Although the reduction in a-v02 difference with

aging could involve alterations in the microcirculation (capillary-fibre ratio), the focus
within my study will be placed on the alterations in mitochondrial oxidative capacity and
function.
As mentioned previously, there are alterations within skeletal muscle that likely
contribute to the reduction in V02 ma.
,with age. However, these changes were evaluated
during whole body

JT02

and as aresult would have been confounded by the reductions in

02 delivery with age. Consistent with this interpretation, Hogan et al. (1988) found that
02 delivery is important in determining V02,1,a,, because of its role in setting the diffusion
gradient of 02 from capillary to cell. Therefore, whether 02 delivery is increased or
decreased, V02 ma, is altered because of the changes in the partial pressure of 02, which
results in changes in the diffusion gradient and significantly impacting the a-v02
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difference. In other words, a-v02 difference can be modified by changing convective 02
delivery alone. Therefore, using changes in a-v0 2 difference alone as the basis for
determining whether changes within skeletal muscle contribute to the reduction in
V02 max with aging may lead to erroneous conclusions.

11.5.1 Skeletal Muscle Blood Flow and Age
Although the changes to microvascular P02 within skeletal muscle will not be
evaluated in my study, it is noteworthy to mention the changes that occur to the
microcircirlation due to age and physical activity since this" may play a role in the
reductions seen in aerobic power with age. In normal healthy subjects, skeletal muscle
receives approximately 15-20% of cardiac output at rest. However as soon as exercise
begins, skeletal muscle undergoes functional hyperemia such that blood is shunted

from

low metabolic active tissue to the metabolically active muscle involved in the exercise.
As such, the active skeletal muscles receive the greatest portion of the cardiac output (8590%) during maximal exercise (Rowell, 1974). Therefore, blood flow to active skeletal
muscle is likely an important factor in the decline in exercise performance with aging
(Proctor et al., 1998b).

In a study conducted by frion and coworkers (1987), it was

discovered that muscle blood flow was lower in anaesthetized 24 month old male rats
than 12 month old males.

In this particular study the distal hindlimb muscles were

electrically stimulated after the sciatic nerve was cut proximally leading to an abolition of
sympathetic drive in their experiments. This is significant since sympathetic drive
increases with age (Seals & Esler, 2000) and therefore the reduction in blood flow with
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age seen in their study would likely be further compromised due to the decreased
contribution of the sympathetic drive. Similarly, Proctor et al. (1998b), demonstrated that
during submaximal cycle ergometry, fit older men had alower blood flow and vascular
conductance at asimilar

Vo 2 compared to fit young adult men. Since they discovered

previously that submaximal cardiac output was maintained in trained older men (Proctor
et al., 1998a) they suggested that the reduced blood flow was possibly caused by blunted
vasodilatation due to either reduced vascular responsiveness to local vasodilator
substances or less release of such substances at agiven workload (Proctor et al., 1998b).
In this regard, since areduction in 02 delivery to the working muscles plays alarge role
in the reduction in V02m ,it stands to reason that the reduction in skeletal muscle blood
flow will cause areduction in the

Vo 2response.

11.5.2 Skeletal Muscle Blood Flow and Physical Activity in the Aging Process
Upon examining six older sedentary and six older fit individuals, resting and
exercise blood flow to the forearm muscle in the older trained men was not different
compared to older sedentary individuals (Ho et al., 1997).

On the other hand, after 3

months of training on acycle ergometer, older individuals elevated their peak leg blood
flow by 50% (Beere et al., 1999). It was suspected that the change in blood flow in the
older trained group and was most likely due to an alteration in the relationship between
regional vasodilator and vasoconstrictor mechanisms (Beere et al., 1999).
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11.5.3 Capillarization and Aging

There is evidence that suggests that the capillary supply surrounding muscle
fibres plays an important role in determining the maximal rate of oxygen flux at the
muscle-capillary interface (Hoppeler et al., 1981; Mathieu-Costello et al., 1992).
Therefore, it may play a role in the reduction in

V'02

a,,

seen with age.

In a study

conducted by Parizkova et al., (1971), it was demonstrated that muscle from young (20 y)
and old (70 y) subjects had a similar number of capillaries/mm2,however the older
subjects had alower capillary-to-fibre ratio (#of capillaries in an area/#of fibres in the
same area). Coggan and coworkers (1992a) showed that older men (65 y) had a25%
reduction in capillary density compared to their younger counterparts (25 y).
Furthermore, they showed areduction in the capillary-to-fibre ratio and the number of
capillaries in contact with the fibres in the older group, reflecting aloss of capillaries in
the muscle.

Similarly, in alongitudinal study, Frontera et al. (2000) showed that the

capillary-to-fibre ratio of the vastus lateralis was reduced with age. On the other hand,
Chilibeck et al. (1997) found that the values for capillarization of the lateral
gastrocnemius was very similar in the old and young groups. They concluded that the
difference between there results and those found in Coggan's study (Coggan et al.,
1992a) was that the subjects in Coggan's study were described as sedentary whereas
Chilibeck considered their subjects to be moderately active and involved in walking on a
regular basis (Chilibeck et al., 1997). Notwithstanding these differences, it has been
shown that capillary supply to muscle is an important factor in -whole body aerobic
function in the older population (Hepple et al.,

1997), however alterations in
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capillarization vary considerably with aging such that areduction in capillarization per se
does not appear to be anecessary consequence of the aging process.

11.5.4 Capifiarization and Physical Activity in the Aging Process

A local adaptation that would facilitate oxygen uptake by trained muscles has
been attributed to an increase in the number of capillaries per fibre (Beere et al., 1999;
Frontera et al., 1990). Sedentary men, between the ages of 60 and 72 y old, showed a
15% increase in capillaries per fibre of the extensors and flexors of the knee after
undergoing 12 weeks of strength conditioning 3 times per week (Beere et al., 1999;
Frontera et al., 1990).

In addition, Coggan and coworkers (1992b) have shown that

endurafice exercise training in 60 to 70 y old subjects elicited an increase in capillary
supply.

Moreover, the capillary-to-fibre ratio increased by

25% indicating that there

was indeed proliferation of new capillaries. Hepple and coworkers (1997) showed that a
program consisting of 9 weeks of resistance training in conjunction with 9 weeks of
aerobic training and another program consisting of 18 weeks of aerobic training was a
sufflôient stimulus to increase capillary-to-fibre surface interface in the exercising
muscle. However, an 18-week aerobic training program was needed to increase capillary
density in the older subjects. Nevertheless, there was an improved capillary supply to the
skeletal muscle fibres with training, which may operate to increase V02p eakin the older
population.

An enriched capillary network

induced

in trained muscle increases the

muscle's ability to utilize agreater fraction of the 02 delivered (Hudlicka, 1977). The
increase in capillary network would heighten the capacity for 02 diffusion by increasing
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the proportion of the muscle capillary in instantaneous contact with the erythrocytes
(extending capillary transit time of erythrocytes).

11.5.5 Fat Free Mass and Age
Aging is associated with alterations in body composition such that there is an
increase in body fat and a concomitant decrease in lean body mass.

Using

anthropometric measurements on the human forearm and total body potassium levels,
Novak and coworkers (1972) determined that total body potassium levels decreased from
56.1 mEq-kg' to 43.4 mEqkg' in persons aged 18-80 y old respectively. Since muscle
contains approximately 70% of total body potassium, they concluded that total fat free
mass decreases with age.

Furthermore, using computed tomography, Borkan and

colleagues (1983) determined that in 21 young males (46.3 y) and 20 older males (69.4 y)
there was adecrease in cross sectional area of the thigh with aconcomitant increase in
intramuscular fat. This shift in lean body tissue to fat mass favours alower metabolic
rate since the main determinant of energy expenditure is fat free mass (Ravussin et al.,
1986).
There is probably no decline in structure and function more dramatic than the
reduction of lean body mass. In fact, Fleg and Lakatta (1988) found that the variance in
JTO 2max values attributable to age, decreased from 60 to 14% and 50 to 8% in men and
women respectively when f'r02.ax was corrected for muscle mass. This suggests that
much of the age-related decline in

V02.

in healthy, non-endurance trained men and

women is explicable by the selective loss in muscle mass suggesting a quantitative
change in muscle is tied to the reduction in aerobic power. In amore recent study, Proctor
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and Joyner (1997) found that, after correction for differences in leg muscle mass
measured by dual X-ray absorptiometry, VO2p eakremained -43% lower in older (61-64
y) trained men and women compared with younger adults. Therefore, it is the consensus
that a decrease in fat free mass negatively affects VO 2m . However since changes in
VO2max are only attenuated when normalized for muscle mass and not eliminated

suggests that there are other factors intrinsic to skeletal muscle and reductions in cardiac
output seen in the aforementioned studies that contribute to this phenomenon.
regard, we expect to see an age-associated reduction in

V'02max

In this

due to both quantitative

and qualitative alterations of skeletal muscle such as a reduction in muscle mass and
mitochondrial oxidative capacity.

11.5.5.1 Sarcopenia
Sarcopenia, from the Greek word meaning "poverty of flesh", is aterm coined by
Rosenberg (1989) denoting the decline in muscle mass that occurs with age. This ageassociated reduction in muscle mass has been attributed to fibre loss (Lexell, 1993) and to
amore variable extent, fibre size (Coggan etal., 1992a; Frontera etal., 2000). The extent
of the decline in muscle mass depends on the function of the muscle and is summarized
in table 11.1.

It has been reported that upon examination of hindlimb muscles of the

Fischer 344 X Brown Norway (F344BN), Brown & Hasser (1996) showed that, much
like human muscle (Lexell et al., 1983), the locomotor muscles (gastrocnemius and
plantaris) showed the greatest amount of age-related decline in muscle mass. Holloszy et
al. (1991) reached a similar conclusion in that they reported that the soleus (postural
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muscle) (-41%) muscle showed less atrophy than the gastrocnemius (—'32%) and the
plantaris (--'24).
Table 11.1 Summary of the Age-related Changes in Fibre Type of Different Strains
of Rat. FO -fast oxidative, FGfast glycolytic, SO=slow oxidative, NC = no change,
EDL = extensor digitorum longus.
Age

Fibre Type %
vs. Control
FO
FG
SO

Fibre size vs.
Control (%)
FO FG SO
-55
-30
-20 -49 NC
-8
-48
(Brown &
Hasser, 1996)
-3
-42
5

Strain

Gender

Old Control

Muscle

F344 x
BN

Male

36

6

Soleus
Plantaris
Gastrocnemius

Not Examined

P344 x

Male

32

18

Tibialis

Trend for 10%

Anterior

lower in FG

BN
Wistar

Wistar

Wistar

Male

Male

Male

29

9

2024

6

24

10

24

6

Soleus
Plant-deep
Plant-sup

Soleus
Tibialis
Anterior
Soleus
Rectus
Femoris

Fischer
344

Female

Fischer
344

Male

30

9

Soleus

LongEvans

Male

2728

10

Plantaris

Albino

Female

30

18

EDL

+
+
+

NC

-

NC

+

No differences

+
+

+

Plantaris

Soleus

-

+

+

+

-

+

NC

-

Not clear

(Wineinger et
al., 1995)
-38
-14
-29
-33 -20
-27
-29
Klitgaard et
al., 1989)
-51
-23
NC -22
(Larsson &
Edstrom, 1986)
NC
Decrease
(Kovanen &
Suominen,
1987)

+

+

(Arabadjis et
al., 1990)
Not reported
(Eddinger et
al., 1985)
NC -33 -21
(Holloszy et al.,
1991)
Not Reported
(Caccia et al.,
1979)
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The fibre type distribution of the rat hindlimb muscle varies depending on the
type and function of the muscle.

For example, the fibre type distribution of the rat

gastroenemius is predominantly composed of fast glycolytic fibres (FG, type llb, 78%).
The plantaris consists primarily of FG fibres (53%) and fast oxidative glycolytic (FOG)
fibres (40%), with the remaining portion of the muscle containing slow oxidative fibres
(SO, Type I, 7%).

The soleus, on the other hand, is composed of primarily SO fibres

(89%) and the tibialis anterior consist of primarily FOG and FG fibres (Armstrong &
Phelps, 1984). The differences seen in the fibre type distribution and changes with aging
may be explained by the differences in rat strains. For example, Arabadjis et al., (1990)
showed that the plantaris muscle of 24 month old female F344 rats had an increase in FG
fibres compared to their younger counterparts (6 month). On the other hand, Holloszy
and colleagues (1991) did not see any change in the FG composition of the plantaris in
24-26 month old male Long Evans rats. Moreover, there may not only be differences
between strains of rats, but animals in previous experiments may not have been pathogen
free. Therefore, differences between animals may have been due to disease rather than
aging per

se.

Another important difference that may be prevalent is the discrepancy

between the ages of the animals studied. More specifically, some studies may not have
studied rodents that were old enough to have an age-related change. It is important to
utilize an animal model that best mimics the physiological changes seen in humans and
old enough to demonstrate an age-related change.

For example, previous studies

designed to investigate age-related muscle atrophy did not observe whole muscle atrophy
in Sprague-Dawley albino rats (Tomanek & Woo, 1970) and Fischer 344 rats (Eddinger
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et al., 1985),. In contrast, as mentioned previously, the Fischer 344 xBrown Norway Fl
hybrid (F344BN), developed by the National Institute on Aging, undergoes age-related
muscle atrophy. This suggests that perhaps this hybrid better models the age-associated
changes seen in aging human skeletal muscle.

Furthermore, the (F344BN) rat

demonstrates fewer age-related pathologies compared to homozygous rat strains such as
the Fisher 344.

In other words, the changes observed in the older animals are less

confounded by disease (Lipman et al., 1999).

These strain differences may in part be

explained by life spans, such that the lack of age associated muscle atrophy may have
been due to premature death in highly inbred rat genotypes such as the Fischer 344 rats
(Lipman et al., 1999).

Interestingly, upon examining growth curves and survival

characteristics, Turturro and coworkers (1999) discovered that, compared to both parent
strains (Brown Norway, Fig. 11.1 and Fischer 344, Fig 11.2), the F344BN lived the
longest (see Fig. 11.3). Interestingly, the female and male calorically restricted rats for
each strain lived the longest compared to the ad libitum fed animals (Turturro et al,
1999).
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Fig 11.2 Survival (%) versus age (days) of the Brown Norway rat (Turturro et al.,
1999). Survival of ad libitum male and female (AL-M, AL-F) and calorically
restricted male and female (CR-M, CR-F)

AL-41

CR.M
AL-F

0.8

CR.F

05 0.4

0.2

200

400

600

000

1000

1200

1400

Age (days)
Fig 11.3 Survival (%) versus age (days) of the Fischer 344 rat (Turturro etal., 1999).
Survival of ad libitum male and female (AL-M, AL-F) and calorically restricted
male and female (CR-M, CR-F)
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Figure 11.4 Survival (%) versus age (days) of the Fischer 344 xBrown Norway rat.
Survival of ad libitum male and female (AL-M, AL-F) and calorically restricted
male and female (CR-M, CR-F) (Turturro etal., 1999).

The distribution of fibre types with aging in human muscles may potentially be
altered by ashift towards adistribution with ahigher percentage of type Ifibres and a
corresponding decrease in percentage of type II fibres. In across-sectional study Larsson
and colleagues (1978) found that in agroup of sedentary men between the ages of 22 and
65 there was ahigher percentage of type Ifibres of the quadriceps in the older group. In
contrast, Sato et al. (1984) determined the fibre distribution in the pectoralis minor
muscle in 200 Japanese women between the ages of 26 and 80 yand found that the total
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volume of type Imuscle fibres did not change with age. One problem with most studies
examining aging on muscle fibre type in humans is the use of the muscle biopsy
technique. This technique samples only asmall portion of the muscle and could lead to
erroneous conclusions. Lexell and coworkers (1983) overcame this problem by excising
whole vastus lateralis muscle at autopsy, and cut whole muscle cross-sections to measure
muscle fibre type distribution. Using this approach, they found that young (24yr), middle
aged (52 yr), and old men (77yr) had asimilar percentage of type Ifibres (49%, 52%, and
51% respectively) and that the older group had asignificant loss in the cross sectional
area of type II fibres. In amore recent study, upon examining cross-sections of whole
vastus lateralis muscle from 20 men, 19-84 yrs of age, Lexell and Taylor (1991) found
that the cross sectional area of type II fibres were 35% smaller in the older subjects. In a
companion study, Lexell (1993) observed a curvilinear response in the reduction in
muscle cross sectional area and total fibre number of the male vastus lateralis muscle
such that the reduction began as early as 25y and 40% of the muscle area and total fibre
number was lost by the age of 50 y. After the age of 50 y, there was an accelerated loss in
muscle mass, and remarkably, 30 ylater almost half of the muscle area was wasted.

11.5.5.2 Mechanisms Behind Sarcopenia
Interestingly, one of the factors recently identified as playing a role in muscle
fibre loss is mitochondrial DNA damage that leads to reduced mitochondrial viability and
eventually, fibre death (3ua et al., 2002; Lee et al., 1998; Wanagat et al., 2001).
Oxidative damage is thought to accumulate throughout the lifetime of an organism,
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eventually giving rise to physiological and structural changes that are recognized as aging
(Sohal et al., 2002).

Approximately 90% of cellular oxygen is metabolized in

mitochondria, with 1-5% of this being converted to reactive oxygen species as anormal
by-product of the electron transport system complexes (Boveris & Chance, 1973). The
oxidative damage caused by reactive oxygen species may directly disrupt mitochondrial
gene expression or cause mtDNA mutations resulting in mitochondrial dysfunction
leading to abnormalities within the electron transport system and induce muscle fibre
atrophy (Wanagat et al., 2001). Interestingly, alower activity the partially mitochondrialencoded cytochrome c oxidase activity (COX) is the most commonly reported
phenotypic manifestation of abnormal electron transport system function in skeletal
muscle fibres and is observed in conjunction with high, low, or unchanged levels of the
nuclear DNA-encoded enzyme, succinate dehydrogenase (Wanagat

et

al., 2001).

Furthermore, mitochondria have recently been implicated as regulatory centers for
apoptosis (Green & Reed, 1998). For example, it has been proposed that this disruption
in mitochondrial gene expression by oxidative damage could release cytochrome cinto
the cytosol forming an apoptosis-initiating complex leading to an activation of avariety
of caspases. Caspase activation leads to the impairment of DNA replication and repair,
destroys DNA, and the cell disintegrates into apoptotic bodies leading to fibre cell death
(Green & Reed, 1998).
Muscle denervation has also been known to be another mechanism behind the loss
in muscle mass with age. Lexell (1993) suggested that the most likely contributor to the
age-related reduction in muscle fibre volume is alterations within the neurogenic process.
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The changes in the neurogenic process are revealed by areduction in average number of
motor units, in other words there is spontaneous denervation of muscle fibres and this
process occurs normally in ageing muscle (Wineinger et al., 1995). Those muscle fibres
that become denervated are either reinnervated or become progressively smaller and die.
Interestingly, there has been proven to be an increasing size of slow motor units and
decreasing number of fast motor neurons in older animals possibly due to reinnervation
of denervated muscle fibres by means of sprouting of slow motor axons (Sullivan et al.,
1995). However, there is aprogressive impairment of the reinner'vation process with age
and results in an accelerated loss of muscle fibres (Campbell et al., 1973). This existence
of denervated fibres has also been shown to contribute a small portion (1 1%) to the
reduction in specific force (lower force per unit muscle mass) with increasing age
(Urbanehek et al., 2001). Aging, therefore, results in asubstantial alteration in the body
composition with no change in the mean size of type Ifibers and amarked reduction in
the number of both type Iand II and size of type II muscle fibres (Lexell, 1993).

11.5.6 Fat Free Mass and Physical Activity in the Aging Process
The adaptations in aging skeletal muscle to exercise training may attenuate
sarcopenia and enhance the ease of carrying out the activities of daily living. Since the
age-related decline in muscle mass contributes to age-associated changes in aerobic
power (Fleg & Lakatta, 1988; Proctor & Joyner, 1997), strategies for preservation of
muscle mass with advancing age is an important way ,to maintain functional
independence. Evidence is accumulating that indicates physical activity attenuates age-
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related reductions in muscle fibre area in both humans (Sandier et al., 1991) and rats
(Brown et al., 1992), suggesting that some of this age-related decline in muscle mass is
related to areduction in physical activity rather than aging per se. In addition, skeletal
muscle has been shown to hypertrophy with the appropriate training stimulus in older
humans (Frontera et al., 1990; Hepple et al., 1997).

Upon completing a resistance-

training program three times per week for 9weeks, it was shown that when compared to
pre-training, fibre area was increased (7%) (Hepple et al., 1997).

After a 10 week

progressive strength training program, older subjects had an increase in type Iand ha
fibre area (Hakkinen et al., 1998). Since it is known that the reduction in VO 2m a,seen
with age is partially due to selective loss in muscle mass (Proctor & Joyner, 1997; Fleg &
Lakatta, 1988), these results suggest that the capacity of the skeletal muscle to undergo
training-induced hypertrophy in older people may contribute to the increase in VO2m
seen with trained older subjects. It is noteworthy that areduced fibre number was the
primary mechanism identified by Lexell (1993) causing the loss of muscle mass with age.
In this regard, since sarcopenia has been attributed to mitochondrial DNA deletions that
accumulate with age (Bua et al., 2002; Wanagat et al., 2002),

the fibre hypertrophy

induced by increasing physical activity levels may only contribute to the increase in
VO2max to asmall extent.

11.5.7 Oxidative Capacity of Muscle and Age
Both non-invasive and invasive (biopsy) methods have been used to evaluate
mitochondrial function in aging and are summarized in Table 2.

The non-invasive
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method for measuring muscle oxidative capacity has been magnetic resonance
spectroscopy (Kent-Braun & Ng, 2000), which involves different muscle and activity.
After muscle contractions, the resynthesis of phosphocreatine follows a single
exponential time course and is accomplished via oxidative phosphorylation in the
mitochondria (Meyer, 1988). Enzymatic changes observed within aging skeletal muscle
are thought to contribute to the decline in exercise performance of older individuals
(Rogers et al., 1990).

Several studies have examined oxidative capacity and aging

muscle using magnetic resonance spectroscopy.

In this regard, Kent-Braun and Ng

(2000) indicated that there was no age effect on the postexercise recovery time of
phosphocreatine within the tibialis anterior suggesting that there is no decline in skeletal
muscle oxidative capacity. On the other hand, Conley and colleagues (2000a) studied the
kinetics of change in phosphocreatine concentrations during recovery of the vastus
lateralis muscle in human subjects (age range 25-80 yr) and reported an age-related
decline in oxidative capacity in vivo.

Similarly, upon examining VO 2m

in the

quadriceps of adult (38 yr) and elderly ('-'69 yr), Conley and coworkers (2000a) found
that the decline in quadriceps oxidative capacity with age resulted from reductions in
both muscle volume and oxidative capacity per volume in the elderly. This suggests that
the decline in oxidative capacity seen in their study is an important determinant of the
age-related decline in VO2 m . Note, however, that the estimates of oxidative capacity
using magnetic resonance spectroscopy may be confounded by reductions in muscle 02
delivery that occur with aging since Haseler et al. (1999) have previously shown that
phosphocreatine recovery time following plantar flexion exercise could be acutely altered
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by varying inspired 02 concentration. This needs to be kept in mind when evaluating the
studies of Kent-Braun & Ng (2000) and Conley et al. (2000a; 2000b).
In addition,, Meredith et al. (1989) determined that 02 uptake capacity of muscle
measured in vitro was approximately 40% less in older men and women as compared to
the younger subjects. Similarly, Trounce et al. (1989) observed areduction in 02 uptake
in muscle homogenates of older subjects 80 y and over. Interestingly, there may be a
reason why some of the Scandinavian studies do not show any reduction in oxidative
enzymes compared to the studies of Coggan and Meredith.

Since physical inactivity

plays arole in the change in oxidative capacity, it may be that the increased physical
activity habits of older Scandinavians obscured the results found in the early studies,
whereas the studies performed by Coggan and Meredith controlled for the influence of
physical activity by studying truly sedentary individuals.

Therefore, it seems possible

that an age-related reduction in human muscle oxidative capacity could alter the
metabolic response to exercise and as a result contribute to the reduction in Tt0 2m
observed in older subjects (Conley et al., 2000a).
The primary methods of measuring this metabolic capacity of individual muscles
have been the biochemical analysis of muscle biopsies (Coggan et al., 1992a; Costill et
al., 1976; McCully et al., 1993). Moreover, the biochemical measurements have, to a
large extent, focussed on age-related enzymatic changes of the mitochondrial marker
enzyme citrate synthase (CS). Citrate synthase is an enzyme in the Citric Acid Cycle of
the mitochondrial membrane that converts acetyl-CoA and oxaloacetate into citrate. This
particular enzyme plays alarge role in the energy generating system of skeletal muscle
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since it is a regulatory enzyme and the rate-limiting step of the citric acid cycle
(Lehninger, 1982).

There are four pairs of hydrogen atoms that are removed by the

action of specific dehydrogenases within the citric acid cycle. The hydrogen atoms that
are removed during the citric acid cycle donate their electrons to the electron transport
chain via NADH and FADH2 where cytochrome oxidase promotes the transfer of the
electrons to oxygen to generate ATP (Lehninger, 1982). Furthermore, citrate synthase
activity is measured because it is found in direct proportion to muscle mitochondrial
content (Brierley et al., 1998; Howald et al., 1990) and correlates highly with in vivo
oxidative metabolism seen in humans (McCully et al., 1993). It is significant that citrate
synthase is entirely encoded by the nuclear genome (Richter et al., 1988) and thus, would
not reflect alterations in mitochondrial function consequent to oxidative damage of
mtDNA occurring with aging. In this regard, some studies have reported no alteration in
oxidative enzyme activities both in longitudinal (Aniansson et aL, 1981) and cross
sectional studies (Larsson, 1978).

Similarly, (3rimby et al., (1982) found that citrate

synthase activity in the vastus lateralis muscle of men and women between the ages of 78
and 81 yr was no different than the younger subjects (20-48 yr). On the other hand, some
studies have reported adecrease in oxidative enzyme activities (Coggan et al., 1992a).
Essen-Gustaysson & Borges (1986) found that citrate synthase activity of the human
vastus lateralis muscle was approximately 20% higher in 20 to 30 yr olds vs. 60 to 70 yr
old sedentary men and women. More recently, Coggan et al., (1993) found a 13%
reduction in mitochondrial enzymes (CS) in the gastrocnemius of sedentary older
subjects (63 yr). Similarly, Houmard and colleagues (1998) noticed areduction in citrate
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synthase activity (25%) in older men only in the gastrocnemius, however they did not
observe any changes in citrate synthase activity in the vastus lateralis. This suggests that
not all muscles in humans appear to be affected similarly by the aging process, but rather
the decline in mitochondrial capacity in human skeletal muscle may be muscle-group
specific (Houmard et al., 1998).

Table 11.2 Summary of the age-related changes in oxidative enzymes in both
invasive and non-invasive techniques. NC = No change, Y = young, 0 = old, CS=
citrate synthase, PCr = phosphocreatine, M = male, and F = female Values are
expressed relative to young subjects.
.

Study

n

Muscle

Age

Grimby et al.
(1982)

12 M
12 F

Not
measured

18

80

CS

-24%
NC

Not
measured

20
20

70
70

CS

-18%
-26%

Not
measured

63

CS

-13%

-45%

[PCr]

-50%

-43%

[PCr]

NC

-33% M
-23% F

0
78-81

20-48

78-81

Houmard et al.
(1998)

12 Y
100

EssenGustaysson &
Borges, (1986)
Coggan et al.
(1993)
Conley et al.
(2000a)

34 M
31 F
12 M

Gastroc.

25

9Y
400
(M&
F)
19 Y
180

Vastus
Lateralis

25-48

Tibialis
Anterior

27-45

&

Muscle
Oxidative
Capacity
NC
NC

Y
20-48

Vastus
Lateralis
Biceps
Brachii
Gastroc.
Vastus
Lateralis
Vastus
Lateralis

Kent-Braun &
Ng (2000)

Analysis

65-80

69-84

CS

(VO2peak)
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11.5.8 Oxidative Capacity and Physical Activity in the Aging Process
As mentioned previously, oxidative capacity, measured as a function of citrate
synthase activity, decreases with age in sedentary humans (Coggan et al., 1993; Houmard
et al., 1998; Meredith et al., 1989) however it is highly influenced by chronic physical
activity. For example, astudy conducted by Suominen and coworkers (1977b) found that
8weeks of low-intensity endurance training resulted in a9% increase in the oxidative
capacity (malate dehydrogenase) of skeletal muscle of 69 y old men. With a more
rigorous training regime, Suominen and colleagues (1977b) showed that 8 weeks of
endurance training increased the oxidative capacity of the vastus lateralis muscle by
approximately 45% in 56-70 y old sedentary men with a 11% increase in V02..Furthermore, Proctor and coworkers (1995) found that the citrate synthase activity within
the vastus lateralis was 37% higher in trained older subjects (58 yr) compared to their
sedentary counterparts (57 yr). In addition, upon exercising 65 yr old men and women for
10 months, Coggan and coworkers (1992b) showed an increase in the activities of citrate
synthase in the gastrocnemius muscle in both men and women.
In contrast, Orlander and Aniansson (1980), who, upon training 70-75 yr old men
at 70% of their VO2m ax ,showed no increase in citrate synthase activity. Again, it may be
that the Scandanavian subjects in the study conducted by Orlander and Aniansson may
have maintained their physical activity throughout the aging process and as aresult the
enzyme activity may have been preserved. These results suggest that there is arather well
maintained adaptability for increasing physical activity and for training in the elderly
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with respect increasing the activity of citrate synthase. Therefore, part of the observed
reduction in muscle function with age could be caused by inactivity as revealed by the
marker enzyme for physical activity (citrate synthase).

Table 11.3 Summary of the Effects of Endurance Exercise Training on Skeletal
Muscle Oxidative Capacity. NC = no change, SDII = succinate dehydrogenase, CS =
citrate synthase, M = male, and F = female. Values are expressed relative to young
subjects.
Study

n

Gender

Age

Training
stimulus

Suominen et al.
(1977a)
Suominen et al.
(1977b)
Orlander &
Aniansson (1980)

31

M

56-70

26

69

5

M
F
M

Low-intensity
(3-5X/wk)
20mm jogging
3x/wk
12 week
walking
jogging
program (70%

12

M

57-58

Proctor et al.
(1995)

Coggan et al.
(1992b)

23

M
F

70-75

60-70

of fr02m ax
Previously
trained (older
subjects with

VO 2max >45
ml/min/kg
Walked/jogged

Muscle
Oxidative
Capacity vs.
Old sedentary
+10-15%
(SDH)
+45%
(Malate,SDH)
NC

+ 37%

(CS)

+29% (CS)

'-'2max

+9%
+11%
+ 20%

+39%

+23%

at 80% VO 2max
for 10 min.

11.5.9 Oxidative Phosphorylation (Electron Transport Chain) and Aging
The role of the citric acid cycle is to provide reducing equivalents to the electron
transport chain, the third stage of respiration. The electron transport chain is located on
the mitochondrial inner membrane where the electrons donated from the citric acid cycle
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are transported along achain of electron-carrying molecules until they reach oxygen, the
final electron acceptor. More specifically, the function of the electron transport chain is to
reduce equivalents containing ahigh-energy hydrogen and electron pair and transfers the
hydrogen and

electron from

areas

electropositivity (Wallace, 1992).

of high electronegativity towards

areas

of

Moreover, complexes I-TV receive electrons from

NADH + W and FADH2 and uses oxygen as aterminal electron acceptor to generate
ATP. In particular, Complex I, ifi, and IV of the electron transport chain, pump protons
out of the mitochondrial matrix across the mitochondrial inner membrane creating an
electrochemical gradient that is utilized by ATP synthase, ultimately generating ATP
from ADP + Pi (Wallace, 1992) (Fig. 1.1).
Like the causes of sarcopenia, the reduction in mitochondrial function with age
has been reported to occur as a result of mtDNA mutations (3rierley et al., 1998),
oxidative damage by reactive oxygen species (Sohal et al., 2002), and reduced synthesis
of mitochondrial proteins (Wanagat et al., 2001).

As mentioned previously, oxidative

damage is thought to accumulate throughout the lifetime of an organism eventually
giving rise to physiological and structural changes that are recognized as aging (Sohal et
al., 2002).

Moreover, abnormalities of mitochondrial electron transport system

enzymatic activities have been identified in aged human muscle (Muller-Hocker, 1990).
The age-related decline in oxidative phosporylation is associated with the progressive
enrichment of deleted mtDNAs since the mitochondrial genome is more prone to
oxidative damage (Richter et al., 1988). As aresult, enzyme activities of complex I-TV
decline progressively with age in human skeletal muscle (Trounce et al., 1989).

It is
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noteworthy that reactive oxygen species are generated at complex Iand III with NADH
dehydrogenase being the most important dehydrogenase in this process (complex I) (Fig
1.1). Therefore, as age progresses oxidative phosphorylation decreases (Trounce et al.,
1989) and reflects the influence of both an accumulation of oxygen free radical damage
to the mitochondrial DNA and areduction in physical activity.

11.5.10 Oxidative Phosphorylation and Physical Activity in the Aging Process
It is well established that the increase in metabolic rate in skeletal muscle during
contractile activity results in an increased production of oxidants (Powers et al., 1999).
Failure to remove these oxidants during exercise can result in significant oxidative
damage of cellular biomolecules.

Fortunately, regular endurance exercise results in

adaptations in the skeletal muscle antioxidant capacity, whiôh protects myocytes against
the deleterious effects of oxidants and prevents extensive cellular damage (Higuchi et al.,
1985). However, exercise training, although increasing selective antioxidant enzymes in
the young rats, does not offer additional protection against oxidative stress in the
senescent muscle of aged rats (Leeuwenburgh et al., 1994). Therefore, measuring
complex 1-ifi activity in conjunction with citrate synthase, amarker of physical activity,
can assist one in distinguishing reductions in oxidative capacity that are due to changes in
physical inactivity versus those due to the aging process. For example, alterations that
occur due to age rather than physical inactivity would result in a greater reduction in
complex I-Ill enzyme activity than citrate synthase. We expect to see areduction in
02max that

V

can be partially attributed to both reductions in physical activity and age-
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related mitochondrial dysfunction manifested as areduction in the ratio of the flux
through complex I-Ill to citrate synthase activity.
The reduced aerobic power of skeletal muscle may be caused by areduction in
skeletal muscle oxidative capacity. However, since muscle convective 02 delivery was
not controlled in previous studies our ability to detect potential declines in aerobic power
of skeletal muscle is confounded by the reductions in 02 delivery. Therefore, research is
needed to examine the age-associated alterations in skeletal muscle independent of
convective 02 delivery.

Furthermore, the measurement of citrate synthase in

conjunction with complex 1-111 activity will give a better representation of the
contribution of both aging and reductions in physical activity to the decline in
aerobic power.
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CHAPTER III

METHODOLOGY
111.1 Animals
All procedures were carried out with the approval of the University of Calgary
Animal Care Committee. Twelve young adult (8 month old), fourteen late middle-aged
(28-30 month old), and nine senescent (36 month old) Fisher 344 X Brown Norway Fl
Hybrid (F344BN) rats were obtained from the National Institute on Aging (NIA). The 8,
28-30, and 36 month old rats correspond to young adult, late middle aged, and senescent
respectively, based on their respective mortality rates (Turturro et al., 1999). They were
housed one per cage in specific pathogen-free conditions at 22°C in the Health Science
Centre vivarium at the University of Calgary, and provided sterilized NIH 31 food and
water ad libitum prior to experiments. Necropsies were performed post-experiment to
detect any abnormalities or lesions within the animal (Miller & Nadon, 2000). Each
necropsy involved an external and internal examination. The internal assessment
involved an examination of the internal organs and tissue looking for specific identifiable
lesions. In addition to this generalized approach, since it has been determined that the
only lesion, which is more prevalent in the F344BN than either the Fisher 344 or Brown
Norway, was lymphoid nodules on the kidney (Lipman et al., 1999), we placed additional
emphasis on identifying these types of lesions. To prevent contamination of our data set
by the presence of disease, animals demonstrating tissue lesions were excluded as per
NIA guidelines (Miller & Nadon, 2000).
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ffl.2 Physical Activity
Physical activity in the animals was examined using an instrumented cage for 72
hours, however, upon moving the cage, the animals were hyperactive within the first two
hours, and therefore data was only analyzed for 70 hours (exclusion of the first two
hours). This was consistent with findings of Simonini et al. (1996) who noticed that the
animals revealed significantly greater locomotor activity in the initial 2hours compared
with subsequent periods, representing a period of familiarization with the new
environment. The instrumented platform was prepared at the University of Calgary
Human Performance lab (fig. ffl.1) and was designed to measure voluntary locomotion.
The platform consisted of two metal hinges that supported the cage. The metal hinges
were connected to an elastic element which upon movement of the rat caused the element
to deflect. This deflection was then sensed by atransformer (gain 3.6 x 1000; AC in;
filter 10K) that converted it into a measurable output that was detected on DATAQ
(D1700, Dataq Instruments). The sample rate was set at 30.51 hertz with the input range
from 10 to —10 volts. In this regard, the baseline was set at 0volts and as the rat moved
around the cage the signal was either above or below the baseline and as the rat stopped
moving the signal would reset itself back to 0 volts. In addition, the rat was visually
monitored over the course of two hours to make a distinction between voluntary
locomotion and posture adjustments (i.e., head movements and shifting of body weight).
The absolute data were analyzed on Matlab version 6.5 using aprogram that filtered out
occurrences where the animal was not moving and/or shifted body weight and resulted in

44
a total time the animals were undergoing voluntary locomotion (see appendix B). For
example, if the rat shifted its body weight and was detected on DATAQ as +0.075 volts
above baseline, the filter would be set at 0-0.075 so that any measurement within this
range would not be included in the total movement time. The filter within the program
was adjusted for each rat so that a valid representation of total movement time was
established.

Dataq acquisition

Transformer

Figure III.!. Instrumented cage for locomotion. Period of activity for each rat
during a 70 hour period was detected by a transformer generating a measureable
output on Dataq and analyzed on Matlab version 6.1.

111.3 Perfusion Medium
Bovine blood was collected each week from alocal abattoir (XL Beef, Calgary,
Ab). Blood was dispensed into four l000ml centrifuge bottles through gauze (to filter
large debris within the blood) and centrifuged at 5000 G for 10 minutes three times in
Krebs-Henseleit buffer containing sodium bicarbonate to wash the cells and separate the

erythrocytes.
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The buffy coat was aspirated after each consecutive centrifugation, and

5mM glucose added before being stored in afudge (4°C) for amaximum of three days
before use. On the day of experiments, the erythrocytes were washed afinal time and
reconstituted in aKrebs-Henseleit buffer containing 4% bovine serum albumin, bovine
erythrocytes (hematocrit 43%), 5mM glucose, insulin 100 mU xmF', heparin 1000 mU
x m1', and 0.15mM pyruvate (Hood et al., 1986).

Hematocrit was verified by direct

observation in centrifuged capillary tubes and hemeglobin concentration was measured
using ablood gas analyzer (Stat Profile M3, Nova Biomedical).

111.4 Surgical Procedure
Prior to the experiment, each animal was placed on abalance scale to accurately
determine the weight of each animal. The rat hindlimb was prepared for perfusion as
described previously (Hepple et ai, 2002). Animals were anaesthetized with sodium
pentobarbital (75 mg

kg' i.p.). Prior to isolation of the left hindlimb vasculature, the

right iliac artery and vein were ligated and the right gastrocnemius-plantaris-soleus
muscle complex removed, with individual muscles separated from one another, trimmed
of fat and connective tissue and weighed. The hamstrings, quadriceps, and tibialis
anterior were removed and weighed for the inclusion of muscle mass for the
determination of resting V0 2 and lactate efflux (see section 111.7). The plantaris was then
frozen in liquid nitrogen and stored at —70 °C for further biochemical analysis. The skin
was then removed from the entire left hindlimb, and the sciatic nerve was isolated and cut
proximally for electrical stimulation. Since it has been confirmed that blood flow to the
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hindlimb muscles include all of the muscles except the gluteal muscles (Gorski et al.,
1986; Hepple et al., 2003) the gluteal nerve was cut to prevent stimulation of the gluteal
musculature.

The

Achilles

tendon

was

severed

from

the

calcaneous

and

the

gastrocnemius-plantaris-soleus muscle group secured by low-compliant size #1 silk
thread (Ethicon) to aforce transducer (FT-b, Grass Instruments). The abdominal aorta,
inferior vena cava and the femoral artery/vein were isolated in preparation for
catheterization. Following surgery, the animal was placed on aheating pad and ametal
clamp attached around the proximal femur and another clamp attached to the ankle and
connected to abase plate to immobilize the limb during force measurements. Catheters
(22 gauge in the artery, 20 gauge in the vein) were inserted into the iliac artery and vein
and advanced into the respective femoral artery and vein to initiate flow to the hindlimb.
After catheterization, the animal was euthanized with an intracardiac injection of 25 mg
sodium pentobarbital. The hindlimb was wrapped in saline soaked gauze, saran wrap
(encompassing a thermistor probe connected to a heat lamp), and aluminium foil to
maintain muscle temperature at 37'C.

ffl.5 Perfusion Procedures

Before entering the hindlimb, the perfusion medium was gassed with 95% 02 and
5% CO2 using an oxygenator (4 L flask containing 7 m of silastic tubing). Flow was
achieved by the use of aperistaltic pump (Gilson minipuls 3) and flow was verified after
each experiment by timed blood collection through the arterial catheter. A pressure
transducer (PT-300, Grass Instruments) was placed at the height of the hindlimb for
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determination of total perfusion pressure during perfusion conditions. Perfusion pressure
was recorded on Dataq at afrequency of 250 hertz. After initiating perfusion, flow was
incrementally increased (allowing pressure to stabilize prior to further increasing flow) to
elicit a flow-induced vasodilatory response until the desired rate of perfusion was
achieved (-'30 mm). Prior to contractions, resting arterial and venous blood samples were
taken and analyzed for P02,PCO2,pH, oxygen saturation (%), glucose concentrations,"
and lactate concentrations by ablood gas analyzer (Stat Profile M3, Nova Biomedical) to
ensure that the blood was at

equilibrium.

It is noteworthy that the venous blood during

rest from the femoral vein in this preparation comes from both the contracting and
noncontracting muscles (Gorski et al., 1986).
The perfusion rate was then held constant for the remainder of each experiment
(i.e., during contractions). The desired blood flow for each animal was estimated on the
basis of the mass of the contralateral gastrocnemius-plantaris-soleus muscle group
(weighed before initiating perfusion) and prior results showing that --'15% of total
hindlimb blood flow is distributed to the gastrocnemius-plantaris-soleus muscle group,
calculated as follows; blood flow

=

gastrocnemius-plantaris-soleus muscle complex

blood flow (--'65 ml.min 1.100g'; determined previously) x mass of gastrocnemiusplantaris-soleus muscle complex divided by the 15% blood flow distribution (Hepple et
al., 2002). During experiments, the erythrocyte-containing perfusion medium (volume
-'400m1) was recirculated after discarding the first 50 ml of venous effluent. After the
experiment, the pressure drop in the tubing was determined by removing the arterial
catheter from the hindlimb and placing it at the height of the pressure transducer.
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Therefore, the net perfusion pressure of the animal was determined by the difference
between the total perfusion pressure and the pressure drop within the lines of the
perfusion system.

1.57mm ID
2.41 mm OD

2.1 mm ID
4.0 mm OD
1.9 mm wall

1

etrap
3.2 mm ID
4.8 mm OD
1.6 mm wall

Gas
oxygenator

Force
transducer

3.16 mm
tubing

/

Pump

From blood
reservoir

3.2 mm ID
6.4 mm OD
3.2 mm wall

Blood gas analysis

Pressure
transducer

Sampling manifold

Venous effluent

Figure 111.2. Perfused rat hindlimb preparation (Schematic provided courtesy of Dr.
Russell T. Hepple. Tubing size, IDinner diameter, OD=outer diameter, wall=wall
thickness.

111.6 Muscle Contractions and Blood Analysis
Tetanic stimulation, elicited by square wave pulses (200ms trains at 100 pulses.
s ', each

0.2 ms in duration), were used to elicit muscle contractions at afrequency of 60

tetani•min' for 4 mm. This stimulation protocol is known to elicit the highest maximal
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oxygen consumption achievable across the hindlimb (Hood et al., 1986), as verified by
Hepple et al., (2003). Muscle length and voltage ('7 volts) were adjusted to yield
maximum tension. Muscle contractions were recorded using Dataq at asample rate of
250 hertz. Blood samples were drawn anaerobically every 30 sduring contractions from
the venous effluent and were analyzed for Pv02,PvCO2,pH, Sv02%, glucose and
hemoglobin concentrations, and lactate concentrations by a blood gas analyzer (Stat
Profile M3, Nova Biomedical). Arterial and venous oxygen content was calculated as
hemoglobin concentration (g-d1 1)x 1.39 (ml 02.gHb 1)xmeasured 02 saturation

(%)

0.003 (ml 02•100 ml-1mm Hg-) xmeasured P0 2 (mm Hg) (Hepple et al., 2002).

+

Vo2

across the hindlimb was determined from the product of blood flow and the arteriovenous
02 content difference, with

V02ma,

taken as the sample having the lowest venous % 02

saturation (arterial 02 content and blood flow were held constant) (Hepple et al., 2002).
Blood samples were also drawn every 30 sfor 4 min after contractions to monitor the
decline in lactate efflux in recovery. Lactate efflux, during and after contractions, was
calculated as the product of total hindlimb blood flow and the arteriovenous lactate
concentration difference. The 02 cost of the contractions was estimated by taking the
quotient of

fr02.ax

and force after excluding resting V02.It is noteworthy that there was

atime delay in erythrocyte transit from the hindlimb vasculature to the venous sampling
port and, was accounted for when determining the time xforce integral at V02max .This
was calculated as the product of the blood flow (ml.min 1)and the volume of our system
from the hindlimb to the venous sampling port
data for force were time-aligned with that of

(-P3

f'r02ma,

ml). Once this was determined, the
such that the force production of the
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five contractions during VO2 m

could be summed (subtracting baseline tensions) and

averaged over aone second interval to yield units of N xs.
Total ATP generated anaerobically was calculated as 1.5
1;

mol ATP•mo1 lactate-

(Hood et al., 1986)) xby the lactate release (j.tmol•inin'.g) that was calculated every

30s during the contraction bout of 4 mm. The total ATP generated aerobically was
calculated as the energy equivalent from 02 (6.0 !lmol ATP•tmo1
1986)) x by the oxygen consumption (tmol.

02';

(Hood et al.,

n'.g 1)that was calculated every 30s

during the contraction bout of 4mill. Total ATP production was calculated as the sum of
the ATP generated anaerobically and aerobically. The anaerobic and aerobic energy
contribution

(%) was calculated as the total ATP generated anaerobically and aerobically

respectively, divided by total ATP production x 100.

111.7 Normalization Procedures
Similar to the findings of Gorski et al. (1986), total perfused mass in the hindlimb
in this preparation includes all of the muscles (hamstrings, quadriceps, gastrconemius,
plantaris, soleus, tibialis anterior and remaining tibial muscles) except the gluteal muscles
(C.C. Jackson and R.T. Hepple, unpublished observations). Total contracting muscle
mass in the current experiments includes the gastrocnemius-plantaris-soleus muscle
group, tibialis anterior, and remaining tibial muscles. Total non-contracting muscle mass
was determined by the difference between the total perfused mass excluding the total
contracting muscle mass and compromises -73%, 71%, and 80% of the total perfused
mass in the 8, 28-30, and 36 month old animals. Since most of the V0 2 measured at rest
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is contributed by these non-contracting tissues, V0 2 and lactate efflux during exercise
were normalized to the mass of the contracting muscles after subtracting the V0 2 and
lactate efflux contributed by non-contracting tissues (calculated based upon values
observed at rest).

111.8 Blood Flow Distribution
Following the contraction bout, coloured microspheres (15.5 p.M diameter, Dye
Talc, Triton Technology) were drawn from aknown concentration (1 ml of microspheres
and diluted into lOmi of saline) and injected slowly (while reducing the flow; 3ml.min)
on the perfusion pump to minimize changes in perfusion pressure) into aside aim port
situated proximal to the arterial catheter at arate of 3 ml-min' using a syringe pump
(Harvard Apparatus, Pump 33. Another syringe (6 ml) of saline was placed in the syringe
pump and was slowly infused immediately after the microspheres were introduced to
ensure that all microspheres were injected into the hindlimb. The number of microspheres
injected was calculated based on regression equation provided by the lot manufacturer
(2103 x absorbance of the reference x 10). However, there remained asmall portion of
microspheres at the tip of the syringe (0.05 ml) and this was subtracted from the total
number of microspheres injected. The gastrocnemius, plantaris, and soleus muscles were
excised, trimmed of fat and connective tissue, and heated in a water bath (60 °C) in
centrifuge tubes containing 4M KOH until each muscle was digested. The content of each
centrifuge tube along with areference sample of microspheres (l0Op.1 of stock solution)
was filtered through 8-p.m membranes (Whatman Nucleopore) to trap the microspheres.
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The membranes were placed in amicrocentrifuge tube containing 1ml of N, N Dimethyl
Formamide to release the colour of the microspheres. Absorbance of the contents was
measured using aspectrophotometer (Biochrom Ultrospec 2100 Pro) at awavelength of
448nm (wavelength for yellow microspheres). The number of microspheres trapped in
each muscle sample was calculated from the regression equation provided by the lot
manufacturer (#of spheres= 2103 xabsorbance).
The blood flow to the gastrocnemius-plantaris-soleus muscle group was
determined as the product of total hindlimb blood flow and the proportion of
microspheres found in the gastrocnemius-plantaris-soleus complex. Similarly, muscle
convective 02 delivery was calculated as the product of blood flow to the gastrocnemiusplantaris-soleus complex and the arterial 02 content. The convective 02 delivery in the
gastrocnemius-plantaris-soleus are representative of the total contracting muscle mass
(Gorski et al., 1986). Thus 02 extraction across the muscle was estimated as the quotient
of the mass specific

1T02ma,

and blood flow to the gastrocnemius-plantaris-soleus muscle

group.

111.9 Biochemical Measurements
Activities of the cytochrome-c reductase complex (complex 1-ifi pathway) and
citrate synthase were determined using spectrophotometric methods. A homogenate of
the gastrocnemius, plantaris, and soleus were prepared for use in both assays. Muscles
were thawed on ice, placed in aglass homogenizer at 4°C in phosphate buffer containing
300mM sucrose, 50mM Tris HCl, and double distilled water (pH 7.0), and stored at
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—70°C until assayed. The activity of the complex 1-ifi assay was measured by the
reduction of cytochrome-c by NADH. This particular assay was completed by thawing
the homogenate on ice and, in acuvette, adding to 20jtl of homogenate, 1.OM phosphate
buffer (pH 8.0), 0.1 M NaN3, 1% aqueous cytochrome-c, 0.01 M NADH, and H20 to
bring the total volume to 1ml. The reduction of cyto chrome-c by NADH was measured
in aspectrophotometer at an absorbance of 550nm every 15s for 90s, in triplicate. The
average activity over the linear portion of the absorbance versus time relationship was
used to represent the activity of the complex 1-ifi activity. The flux through complex 1-ifi
was

calculated

as

follows:(slope

of

the

absorbance,

abs-5').(l/mg

protein)•(1/18.5)•(60s)•(1000), where mg protein represents the total protein content in
the homogenate determined by the Biuret method and 18.5 represents the molar
extinction coefficient for cytochrome c.
The average activity of citrate synthase was measured on aspectrophotometer by
recording the rate of production of the Mercaptide ion over time. The homogenizing
medium used in this assay was the same medium prepared for the measurement of
complex 1-ifi prepared as above and was found to yield the highest enzyme activity (C.
Wyrostock and R.T. Hepple, unpublished observations). The homogenate was thawed on
ice and then spun at 600G for 3 minutes. 50 Itl of the homogenized tissue was then
combined with 50 pi of the homogenizing medium (1:22 dilution). The sample was then
vortexed for 20 s, sonicated in an ice bath for 10 mm, and frozen at —20°C; this was
repeated 3 times. The final dilution was then performed by adding 1.9 ml of
homogenizing medium to the 0.1 ml sample to yield adilution of 1:440. The assay was
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completed by adding 20 p1 of the homogenate to 3mM Acetyl CoA, 100mM Tris buffer
(pH 8.0), 1mM DTNB (mercaptide ion production), and 5mM Oxaloacetate. The
reduction of citrate synthase was measured in a spectrophotometer at an absorbance
412nm every 20s for 180s, in triplicate. The rate of absorbance change was calculated
and the enzyme activity was calculated as follows: (slope of absorbance, abs.$)'(l/mg
protein)-(1/13.6)-(60s)-(1000), where mg protein represents the total protein content in
the homogenate determined by the Biuret method and 13.6 represents the molar
extinction coefficient for the mercaptide ion.
Protein content in each plantaris musclç was determined by the biuret method so
that the flux through complex I-rn and citrate synthase activity could be expressed
relative to total muscle protein. This was done in triplicate by adding lOOi.tl of
homogenate to 5ml of biuret reagent in one test tube and adding 100 p1 of water to 5ml
of biuret reagent in another test tube. The contents were vortexed and placed in awarm
water bath (25 °C) for 30 minutes. Contents were transferred into acuvette (having a1cm
path length) and measured in a spectrophotometer at an absorbance of 540 urn. A
standard curve was run using aknown concentration of bovine serum albumin and the
protein concentration of the homogenate was interpolated from the standard curve.

111.10 Statistics
Values are reported as means

±

SE. Differences between 8, 28-30, and 36 month

old animals were assessed by aStudents t-test (ratio of flux through complex I-rn and
citrate synthase enzyme activity), one-way ANOVA (animal characteristics, physical
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activity, perfusion conditions, arterial blood profile, blood flow distribution, contractile
and metabolic responses), or atwo way ANOVA (V0 2 versus time, lactate efflux versus
time, force development over time, ATP production, anaerobic and aerobic contribution,
and oxygen cost of contractions) with aBonferoni post-hoc test. The awas set at 0.05.
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CHAPTER IV

RESULTS

IV.1 Animal Characteristics. The descriptive data of the animals are found in Table
IV. 1. Upon conducting the postexperiment necropsy, one of the 28-30 month old animals
had aconsiderable sized tumour on the right testicle and this animal was excluded from
the dataset. In addition, one 36 month old animal had a prolapsed penis, atesticular
tumour, and alung tumour and this animal was also excluded from the study. Two other
36 month old animals had large tumours situated underneath the skin and as aresult were
excluded from the study. One 8 month and three 28-30 month old animals were also
excluded from the study due to problems matching the convective oxygen delivery. Thus
data for the animal characteristics and perfusion conditions are based on eleven 8month,
ten 28-30 month, and six 36 month old animals. Furthermore, one 36 month old animal
was deemed to be an outlier based upon metabolic cost of contractions (Fig. IV. 11), and
as aresult it was excluded from the metabolic data and is discussed in section IV.5. The
specific data regarding the number of rats for each measurement is presented in appendix
A.
Despite agreater body mass, muscle mass was reduced in the 28-30 month and 36
month old animals versus the 8month old animals. Muscle atrophy was greater in the
muscles with ahigher proportion of fast twitch fibres such that the gastrodnemius (25%
and 60% smaller in the 28-30 month and 36 month old animals, respectively) and
plantaris (18% and 52% smaller in the 28-30 month and 36 month old animals,
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respectively) showed agreater reduction in mass compared to the soleus (10% and 39%
smaller in the 28-30 month and 36 month old animals, respectively) versus the 8month
old animals (Table IV. 1). As aresult, the proportion of the total contracting muscle mass
relative to the whole body mass in the 28-30 (0.40 ± 0.02%) and 36 month (0.23 ±
0.02%) was significantly lower than the younger adult animals (0.63 ± 0.04%).

Table IV.1: Body mass (g) and muscle mass (mg) of the 8, 28-30 and 36 month old
animals.
Age
Group
(months)

Body
Mass
(g)

Gastrocnemius
mass (mg)

Plantaris
mass
(mg)

Soleus
mass
(mg)

Total
contracting
mass (mg)

Total
perfused
mass (g)

8(n11)

429±8

2143 ±39

394±8

165±4

4722± 82

18 ±0.3

150±4

3924± 123

14±0.4*

100±7

2236±223

11±0.4*

*

*

*

28-30
(n10)

480± 14

1615±35*

324±7*

36(n=6)

504±20

854±104*

191±9*

*

P< 0.05 versus other groups; Values are mean ± SE.

P7.2 Physical Activity. To take account of variation in voluntary physical activity as a
function of increasing age, anumber of animals (8 month n=4; 28-30 month n4; 36
month n=6) were monitored over a72-hour period in an instrumented cage. The physical
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activity levels were progressively reduced as afunction of age (8 month >28-30 month
>36 month) (Fig. IV.!).

8rio

28 mo

36mo

Age (months)

Figure IV.! The total activity for each group during a 70 hour period. Values are
means ± SE, * p<O.OS versus other groups.

IV.3 Muscle Blood Flow and Oxygen Delivery. The net perfusion pressure (difference
between total perfusion pressure and the pressure loss within the lines of the perfusion
system) and system pressure were not significantly different between the 28-30 month
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versus the 8month old group, but were reduced in the 36 month old versus the 8month
old group (Table IV.2). As aresult, the total perfusion pressure was progressively lower
(8 month>28-30 month> 36 month) in the older animals compared to the 8month old
animals. However, vascular conductance and vascular resistance were not different
between groups indicating that the resistance of the blood flow through the vessels for a
given pressure difference was not different. During muscle perfusion, amodest amount of
edema formed within the muscle during contractions, but was not significantly different
between groups (Table IV.2).
The arterial blood profile characteristics are presented in table IV.3. Since the
estimated total perfused muscle mass was lower in the 36 month (11 ± 0.5 g) and 28-30
month (14 ± 0.4 g) old animals compared to the 8 month (18 ± 0.3) old animals,
convective 02 delivery to the whole hincilimb was less in the 28-30 (79 ± 1i.tmol xmiri')
and 36 month (56 ± 5prnol xmin-) old animals compared to their younger counterparts
(98 ± 3 j.tmol x min'). However due to the smaller muscle mass of the gastrocnemiusplantaris-soleus complex in the older animals (table IV. 1), mass specific blood flow (Fig.
IV.2) and convective 02 delivery was not different between groups (Table IV.4, Fig.
IV.5), demonstrating that muscle convective 02 delivery was well matched between
groups. Furthermore, blood flow distribution between the gastrocnemius, plantaris, and
soleus was not different between groups (Fig.IV.2) There was no difference between
hemoglobin concentration, partial pressure of oxygen (mniHg), and saturation (%);
however the arterial 02 content was progressively lower (8 month>28-30 month>36
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month) in the 28-30 month and 36 month old groups compared to the 8 month old
animals.

Table IV.2: Perfusion conditions.
Group

Net
Pressure
(mmHg)

Total hindlimb
blood flow (mlmin-1)

Vascular
conductance
(mmHg.mF
1.min')

Vascular
resistance
(mmHg-ml 1
.min')

Edema
(%)

8month
(n11)

93±4

11.5±0.3

0.13 ± 0.009

8.2±0.5

22±1

28-30
month
(n10)
36 month
(n=6)

81±3

9.9±0.2*

0.12 ± 0.008

8.3±0.4

25±3

7.4± 0.6

0.10 ±0.010

10.4±1.0

23±4

*

75± 8

*

*

p< 0.05 vs. 8month; Values are mean ± SE.

Table 1V. 3Arterial blood profile
Group

Hemoglobin
concentration
(g-di')

8month
(n1 1)
28-30 month
(n=10)
36 month
(n=6)
*

Arterial
oxygen
saturation (%)

Arterial
oxygen content
(Vol %)

15±0.2

Partial
pressure of
oxygen
(mmHg)
285 :L 24

99.8 :h 0.05

21.6± 0.3

14±0.1

299±24

99.9 ± 0.03

20.3 ± 0.1

14±0.3

248 ± 14

99.8 ± 0.06

20.0 ± 0.4

p< 0.05 versus all groups; Values are mean ± SE.

*
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Figure IV.2: Blood flow distribution to the gastrocnemius (GAS), plantaris (PLA),
soleus (SOL), and combined gastronemius-plantaris-soleus complex (GPS) of the 8,
28-30, and 36 month old animals. Values are means ± SE.

IV.4 Metabolic and Contractile Responses. Data for force production during the
contraction bout is presented in figure IV.3. Note that force production data were not
presented for six 8month and four 28 month old animals because force production was
not maximal for these rats. This occurred due to insufficient baseline tension placed upon
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the muscle prior to contractions. As more animals were studied we realized that muscle
length could be increased further without muscle damage and as aresult force production
increased to an apparent maximum (recognized as a stable force where upon further
increasing baseline tension no longer increased force production). Notwithstanding this
point, the V02 response was unaffected by this error since the V0 2 of those animals with
the lowest force development was not different from those with the highest force
development (8 month; 441 ± 19 prnol.min 1.loOg)' low force development V02.;
437 ± 30 high force development VO2m);(28 month; 340 ± 20 jimol'min 1'loog)' low
force development TtO 2m ;387 ± 31 high force development

VO2 m

).

As such we

believe that those animals with the maximal force production are representative of the
group as a whole, and the force data of those animals with suboptimal preload were
excluded from the data set. Based upon data from the optimally loaded muscles, peak
force produced during the contraction bout was progressively reduced with age (8
month> 28-30 month> 36 month) in the older animals compared to the 8month old group
(Table IV.4, Fig. IV.3). Note also that the lower force development in the 28-30 month
and 36 month old animals remained when expressed relative to the mass of the
gastrocnemius-plantaris-soleus muscle group (Fig. P1.4), indicating that there was a
reduced specific force in the muscles of the older animals. The absolute force at V02max
was progressively lower (8 month> 28-30 month> 36 month) in the 28-30 month and 36
month old animals compared to the 8month old animals, whereas the specific force at
VO2max

was lower in the 28-30 month (4.0 ± 0.4 N-g') and 36 month (4.3 ± 0.1 N-g')

animals compared to the 8month (5.8 ± 0.5 N-g) old animals. The percent decline in
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force was significantly higher in the 28 month old animals and lower in the 36 month old
animals versus the 8month old animals (Table IV.4).

Table IV.4. Contractile and Metabolic Responses.
Smonth
N

41 ±2

28-30
month
23 ±2*

Peak Force

N•g 1

(n=5)
14.6±0.8

(n=6)
10.9±0.9*

(n=5)

(n=6)

Force at V0 2max

N

16.2 ± 1.1
(n=5)

8.7 ± 0.8
(n=6)

Force at V0 2max

N•g'

5.8 ±Ø5*
(n=5)
67±2
(n=5)

4.0 ±0.4
(n=6)
71±2*
(n=6)

4.3 ± 0.1
(n=4)
58±3*
(n=4)

6.0 ±0.4
(n11)

5.9 ± 0.4
(n10)

3.5 ±0.5
(n=5)

Peak Force

Decline in force
(over 4mm)
Hindlimb resting

TtO2

pmol.min'

36 month

(n=4)
9.0±0.8*

11±2

36 month
outlier
17

*

11.9

(n=4)
*

4.7 ± 0.5
(n=4)

*

54
3.7
73

*

4.6

Hindlimb resting

tmo1•min 1•

35 ±2

42±3

32±5

Vo 2

100g 1

(n=11)

(n10)

(n5)

Convective 02
delivery

pmol'min 1•
lOOg 1

553 ±38
(n11)

532 ±40
(n10)

562±65
(n=5)

719

VO2max

ptmo1•min

21 ± 1
n11)

14 ± 1*
n10)

4± 1*
(n=5)

15

V O2max

tmol•min 1•
100g'

439 ± 16
(n=11)

372 ±20*
(n=10)

211 ±38*
(n5)

512

Peak 02
extraction

%

84±7
(n=11)

73±7
(n10)

37±5*
(n=5)

96

Peak Lactate

imo1•miii'•

932 ± 63

770 ± 42*

436 ± 80*

699

(n10)

(n10)

(n=5)

Efflux
*

lOOg'

1

p<cO.05 versus other groups; jp<0.05 vs. 36 month, Values are mean ± SE.
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Figure IV.3: The force during the contraction bout (N) for the 8, 28-30, and 36
month old animals, * p< 0.05 versus other groups. Values are means ± SE.
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Figure IV.4: The specific force during the contraction bout for the 8, 28-30, and 36
month old animals. * P<0.05 versus other groups, j P<0.05 versus 36 month,
P<0.05 versus 28 month. Values are means ± SE.

When expressed in absolute terms, the total hindlimb resting V0 2 in the 36
month old animals was lower compared to the 8 and 28-30 month old animals (Table
IV.4). However, when expressed relative to the total estimated perfused muscle mass the
resting f
702 was not different between groups (Table IV.4).

Whether expressed in

absolute terms or normalized to the contracting hindlimb, 1
702n

in the 28-30 month and

36 month old animals was significantly less than the 8 month old animals at matched
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rates of convective 02 delivery (Fig. IV.5, IV,6). Examination of the

Vo 2 response

during the contraction bout revealed asignificant main effect between the
(Fig.

P1.7).

The

estimated

gastrocnemius-plantaris-soleus

muscle

ITo2

group

and age
oxygen

extraction at V02m ax was not significantly different between the 28-30 month old and 8
month old groups; however, it was significantly lower in the 36 month old versus the 2830 and 8month old animals (Table P1.4). The 02 cost per gof tetanic force produced at
VO2 max of the 36 month (1.2 ± 0.2) was lower than the 8month (1.4 ± 0.1) and 28-30
month (1.8 ± 0.2 jmol•min'•N) old animals. Furthermore, the 36 month old animals
demonstrated asignificant reduction in
month old animals (Fig P1.8).

Vo 2•(time-force) -'compared to the 8and 28-30
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Figure IV.5: Convective oxygen delivery (Q02) and maximal oxygen consumption
(VO2 max )in the 8,28-30, and 36 month old animals, values are means ± SE.
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Figure IV.6: Absolute and mass specific maximal oxygen consumption in the 8, 2830,36, and 36 month (outlier) old animals, * p<O.05 versus other groups. Values are
means ± SE.
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Figure IV.7 Vo 2during rest and the 4min contraction bout for the 8, 28-30, 36, and
36 month outlier. Values are means ± SE.
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Figure IV.8: Oxidative cost of generating force at VO2 max for the 8, 28-30, 36, and
36 month (outlier) old animals, *p<0•05 versus other groups. Values are means ±
SE.

Data for muscle lactate efflux during the contraction bout is presented in figure
IV.9 and Table IV.4. Note that the lactate data were not available for one of the 8month
old animals because of aproblem with the lactate probe on the blood gas analyzer for this
experiment. Lactate efflux during contractions was progressively reduced with age (8
month> 28-30 month> 36 month) (Fig. IV.9). To help distinguish whether this reduction
in lactate efflux represented reduced lactate production versus impaired removal of
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lactate from muscle via metabolism during contractions in the older animals, the lactate
efflux in anumber of animals was followed for an additional 4min after the contractions.
As seen in figure 1V.9, lactate efflux tended to fall more rapidly in the 28-30 month old
animals, whereas it followed asimilar more gradual rate of fall in the 8month and 36
month old animals, suggesting modest differences in lactate clearance during recovery
between groups. However the difference in the mean values among all groups over the
different levels of time was significantly different (p

=

0.31). Furthermore, integration of

the total lactate efflux over the 4 nun contraction bout and 4 min recovery period
revealed aprogressively reduced lactate production in the 36 month (2.4
n=5) and 28-30 (7.1

±

1.4 x i0

mol; n=4) versus the 8month (9.3

± 4.2

±

x 10

mol;

1.7 x i0

mol;

n=4) animals (P0.001).
Whether expressed in absolute terms or relative to muscle mass, the total ATP
generated was progressively lower in the 28-30 and 36 month old animals compared to
the 8month old animals (8 month> 28-30 month> 36 month) (Fig. IV.10). The anaerobic
and aerobic contributions to the total amount of ATP generated over the contraction bout
in the 36 month old animals was lower and higher, respectively, compared to the 28-30
and 8month old animals (Fig. IV. 11). Upon normalizing the ATP production to force
produced at each time point during the contraction bout (ATP-N-1), there was adifference
among groups such that 28 month> 8month> 36 month animals (Fig. [V.12).
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Figure IV.9: The lactate efflux during the 4 min contraction bout and 4 mm
recovery period for the 8, 28-30, 36, and 36 month (outlier) animals, * p <0.05 28
month versus 8 month, tp <0.05 36 month versus 8 month, t p <0.05 28 month
versus 36 month. Values are means ± SE.
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Figure IV.1O: The total ATP production (panel A, absolute) (panel B, relative to
muscle mass) during the 4 min contraction bout for the 8, 28-30, 36, and 36 month
(outlier) animals. * p<O.05 versus other groups, tP<0.05 versus 36 month. Values
are means ± SE.
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Figure IV.11: The anaerobic (panel A) and aerobic (panel B) contribution to total
ATP production during the 4 min contraction bout for the 8, 28-30, and 36 month
animals, * p-<O.05 versus all groups, tp<O.OS versus 36 month. Values are means ±
SE.
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Figure IV.12: The estimated ATP cost of generating force during the 4 mm
contraction bout for the 8, 28-30, and 36 month animals, * P<0.05 versus all groups,
tP<O.05 versus 36 month. Values are means ± SE. ATP comes from anaerobic and
aerobic contributions.

IV.5 36 month Outlier: One 36 month old animal had alarger convective 02 delivery to
the gastrocnemius-plantaris-soleus compared to the other 36 month old animals, however,
it was not the highest of all the animals and as such, was not treated as an outlier on this
basis. However, as seen in figure IV.5, IV.6, table IV.4, this same animal had adistinctly
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larger VO2m , expressed either as absolute or normalized relative to muscle mass,
compared to the rest of the 36 month old group. It also had ahigher mass-specific V0 2
response during the contraction bout than any other rat regardless of age. The force
development of this animal was higher than the other 36 month old animals and closer to
the force development seen in the 28 month old animals (table IIV.4), such that the
estimated ATP cost of contractions (Fig. IV.8) data for this particular animal was larger
than all three groups. The lactate efflux of the 36 month outlier during contractions and
recovery was similar to the 28-30 month old animals but was larger than any other rat in
the 36 month old group.
The net result of the very high mass-specific V02 and lactate efflux values
coupled with only modestly higher force development than the other 36 month old
animals was an extremely high estimated ATP cost per N of developed force. In fact, this
energetic cost of contractions was more than 2standard deviations greater than the mean
value observed in the 8and 36 month old groups, and on this basis it seems likely that a
portion of the upper hindlimb muscles may have been stimulated in this animal. This
could have occurred if the gluteal nerve was not cut, fault in the insulation of the
electrode, or slippage of the parafilm causing direct muscle stimulation of the upper
hindlimb. In support of this interpretation, the VO2max of this animal was reduced (205
pmol.min 1.l00g') closer to the values of the other 36 month old animals (211 ± 38
jimol'min 1.100g) upon normalizing the V0 2 response to contracting muscle mass that
included of the upper hindlimb. Furthermore, it would require approximately 3100 mg
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(equivalent to the weight of the upper hindlimb) of extra muscle to yield an ATP cost of
contractions within the range observed for the 36 month old animals.

V.6 Muscle Oxidative Capacity: There was aprogressive reduction (8 month> 28-30
month> 36 month) in the flux through complex I-Ill with increasing age (fig. IV. 13). The
36 month old animals were pooled with the 28-30 month old animals for the
determination of the ratio of the flux through complex 1-ifi to citrate synthase because the
number of animals in the 36 month old group was not large enough to yield sufficient
statistical power and there were no significant differences between these two groups. The
flux through complex I-Ill was reduced to agreater extent than citrate synthase activity in
the older animals (Fig JV.13) such that the ratio of the two (complex I-ffl:Cifrate
synthase) was lower (33%) in homogenates prepared from the plantaris muscle group of
the old (28-30 and 36 month old, 2.75 ± 0.35) animals compared to the young (8 month,
4.04 ± 0.65) animals (Fig. W.14).
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Fig. IV.13: The flux through complex 1-111 and citrate synthase activity in the
platnaris muscle of the 8, 28-30, and 36 month animals, * p<O.OS versus other
groups. Values are means ± SE
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CHAPTER V

DISCUSSION

In aprogression from the work done by Dehn and Bruce (Dehn & Bruce, 1972),
subsequent studies have confirmed that there is areduction in VO2 m

with advancing

age (Fleg & Lakatta, 1988; Toth et al., 1994). It is significant that during whole body
exercise, blood flow (Irion et al., 1987; Proctor et al., 1998b) and therefore, oxygen
delivery to the working muscles declines from adulthood to old age, and that this alone
can compromise aerobic performance.

As such, reductions in JT0 2m

as a result of

alterations in skeletal muscle properties become difficult to identify during whole body
exercise. To overcome this difficulty, we employed an in situ pump-perfused hindlimb
preparation (Hood et al., 1986) so that convective 02 delivery would be similar between
the young adult (8 month), late middle aged (28-30 month), and senescent (36 month) old
Fischer 344 X Brown Norway (F344BN) rats. Effective matching of convective oxygen
delivery among groups allowed us to identify the influence that alterations in factors
intrinsic to skeletal muscle contribute to the age-associated reduction in JTO 2m . The
major findings in the present study were that 1) V'02ma, declines with age independent of
convective 02 delivery and 2) this decline in V02.,, can be attributed in part to
mitochondrial dysfunction, manifested by alower ratio of the flux through complex 1-ifi
to citrate synthase activity, that occurs with increasing age. Since mitochondrial
dysfunction has been implicated in the decline of muscle mass with aging (sarcopenia),
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our results identify an important causal link between sarcopenia and reduced skeletal
muscle aerobic function with aging.
A reduction in mass specific

V02.

prevailed, showing that factors distal to

central circulatory function play arole in the age-associated reduction in VO2m . It is
noteworthy that this result does not preclude an influence of age-related changes at the
microvascular level, such as areduction in anatomical capillary surface area. However, it
has been shown recently that capillary per fibre number was preserved despite muscle
atrophy in the soleus and extensor digitorum longus of 24 and 35 month old Fischer 344
x Brown Norway rats (0. Mathieu-Costello, Ju, Trejo-Morlaes, and Cui, FASEB 2003
abstract). Similarly, we saw maintenance of capillarity in the soleus and gastrocnemius of
older Fischer 344 x Brown Norway rats, such that neither the number of capillaries
surrounding each fibre nor the individual capillary-to-fibre ratio was different between 8,
and 28 month old animals (R.T Hepple and J. Vogell, personal communication). As such,
the lower mass-specific VO2 max observed with aging in the current study reflects the
influence of age-associated alterations within the myocytes (e.g., mitochondria).

V.1 Experimental model The age-related reduction in T
7 02m. approaches 10% per
decade in sedentary individuals (Dehn & Bruce, 1972; Toth et al., 1994) and is due to
alterations in central and peripheral function. It is known that changing 02 delivery in
humans (Richardson et al., 1999; Knight et al., 1993) and in animal models (King et al.,
1987), including rats (Repple et al., 2002), yields relatively proportional changes in
aerobic power. Furthermore, it is well known that as age progresses there is areduction

82
in blood flow to skeletal muscle during exercise in humans (Proctor et al., 1998b;
Stratton et al., 1994), and hence areduction in convective 02 delivery (blood flow x
arterial oxygen content). This also appears to be true of aging in the rat because during
contractions in aself-perfused anaesthetized rat hindlimb preparation, Irion et al. (1987)
revealed areduction in blood flow to the gastrocnemius-plantaris-soleus muscle group of
24 month old anaesthetized Fischer 344 rats compared to their younger 12 month old
counterparts.

Additionally, alower stroke volume, and hence, blood flow at maximal

exercise has been thought to contribute to the reduction in V02.

seen in aged male and

female human subjects (Ogawa et al., 1992). In this regard, the reduction in blood flow,
and thus 02 delivery, seen in animal models and in humans likely contributes to the
reduction in

f'rOUax

seen with age. As such, we sought to examine if the age-related

changes within skeletal muscle contributed to the reduction in aerobic power independent
of convective 02 delivery by using apump-perfused rat hindlimb model as described in
previous studies (Hepple et al., 2002). The pump-perfused rat hindlimb model was used
in the current study due to the inability to control 02 delivery in human studies and was
suitable for various reasons.
First, the pump-perfused hindlimb consists largely of skeletal muscle with very
little adipose tissue (Gorski et al., 1986). This favourable characteristic is imperative
since the purpose of our study was to examine the contribution of alterations within
skeletal muscle to the reduction in JT0 2max with age. The total perfused muscle mass of
the young adult animals in the current study (18 g) was consistent with that seen in male
Sprague-Dawley rats of a similar body mass in an earlier study, -18 g excluding the
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unperfused gluteus muscles (Gorski et al., 1986). It has been reported that the total
contracting muscle represents 30-50% of the total perfused hindquarter muscle mass
(Ruderman et al., 1971). More recently, in amore closely related hindlimb model to that
used in our study, it was found that the contracting muscle mass occupied approximately
30% of the total hindlimb mass (Hood et al., 1986). Based on the data from Hood et al.
(1986) showing that the contracting muscle mass in this model includes all of the distal
hindlimb muscles (i.e., gastrocnemius-plantaris-soleus muscle group, tibialis anterior and
remaining deep tibial muscles), the total contracting muscle mass of the young adult
animals in the present study accounted for -25-30% of the total hindlimb mass. Since
there is asmall muscle mass being perfused, arelatively high muscle blood flow in this
preparation can be achieved at arelatively constant low perfusion flow. Furthermore, the
large fraction of contracting mass occupying the total hindlimb, relative to previous
perfused rat preparations (Hood et al., 1986), makes the ability to discern changes in
metabolic responses more favorable.
Another benefit to the rat hindlimb preparation is that all of the components of the
perfusion medium can be controlled and manipulated. These components include blood
gases,

electrolytes,

hemoglobin

(Hb)

concentration,

hematocrit

(Hct),

and

the

concentrations of energy substrates and metabolites. It has been demonstrated previously
that there was an inadequate maintenance of tissue oxygenation during stimulation with
the use of aged human erythrocytes (Rennie & Holloszy, 1977). Furthermore,- large
volumes of blood were required for constant perfusion of the rat hindlimb. As such, like
most studies using this preparation (Hepple et al., 2002) we used bovine erythrocytes.
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Additionally, the volume of bovine erythrocytes is 5011m and, unlike humans (90 pm3),
closely matches the erythrocytes of rats (60 pm3)(Altman & Dittiiier, 1973).
The arterial oxygen content, hemoglobin concentration, and metabolites of the
perfusion medium in our study are similar to other studies using the same preparation and
closely match the characteristics of human blood necessary for maintaining physiological
conditions (Gorski et al., 1986; Hood et al., 1986; Spriet et al., 1985).
hemoglobin concentration (15 gx 100

For example,

ml-)and hematocrit (43%) in the present study

were similar to other studies using the same pump-perfused rat hindlimb model,
(hemoglobin 14-15 gx 100

ml-1 and hematocrit 40-41%) (Hood et al., 1986; Hepple et

al., 2002). Furthermore, the resting metabolite concentrations of sodium (148-150 mM•1
1)

and potassium (5.0-6.0 mM-1-1)were similar to that seen in aprevious study (Na, 148

±

Imm-r'; K, 5.8 ± 0.1 mM'l) (Spriet etal., 1985) and remained stable throughout the

contraction bout. In addition, the concentration of glucose (5.5 mM) at rest was also
comparable to that seen in previous studies (5 mM) (Hood et al., 1986; Spriet et al.,
1985).
The ability to control the components of the perfusion medium is essential to
permit the matching of skeletal muscle convective 02 delivery between groups. In
particular, the perfusion medium in the present study was gassed (95%

02)

and arterial

oxygen content was monitored. Moreover, to more closely approximate in vivo
conditions, the equilibrator gas in the artificial lung contained 5% CO2 yielding PaCO2
values of 48 ± 2mmHg, similar to that seen in humans (41 ± 2mmHg) (Richardson et
al., 1999). This, in conjunction with manipulation of blood flow to the muscles, ensured

that 02 delivery was appropriately matched between groups.
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We started hindlimb

perfusion at a rate of 1 ml-min' and progressively increased the rate, which in turn
induced a vasodilatory response. The total perfusion flow of the young adult animals
(11.5 ± 0.3 ml x min 1)was similar to that seen in aprevious study conducted by Hood
and colleagues (12.5 ± 0.5 ml x mid) (Hood et al., 1986). It is noteworthy that normal
autoregulation of blood flow was altered such that contractions did not cause areduction
in pressure, similar to what has been seen in previous studies with this model (Hepple et
al., 2002; Gorski etal., 1986; Hood et al., 1986).
Blood flow to the hindlimb muscles in male Sprague-Dawley rats was found
previously to increase proportionally with total perfusion flow (Gorski et al., 1986). The
blood flow distribution to the gastrocnemius-plantaris-soleus muscle group (48 ± 3, 120 ±
15, 165 ± 18 (ml-mid'-100g-) respectively) of the 8month old animals was similar to
that seen in previous studies (40-90, 100-160, 180-200 ml'miif 1.100g 1,respectively)
(Gorski et al., 1986; Hood et al., 1986; McAllister & Terjung, 1990; McAllister et al.,
1990).

Approximately 15% of the total hindlimb blood flow was distributed to the

gastrocnemius-plantaris-soleus complex. Similarly, previous studies showed that 14-17%
of the total hindlimb blood flow is distributed to the gastrocnemius-plantaris-soleus
muscle group (Hepple et al., 2002; Gorski etal., 1986; McAllister etal., 1990). However,
in contrast to pump-perfused rat hindlimb preparations, the contracting dog flexor
digitorum superficialis muscle complex receives ahigher proportion of the total blood
flow (Hogan et al., 1989). This results in ahigher 02 extraction (71%) across the total
mass of the canine gastrocnemius preparation than the extraction seen in our young adult
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rats (26 ± 1%). The reason for this is that in the studies cited here the isolated dog
gastrocnemius was perfused directly from the popliteal artery and as aresult received all
of the blood flow. Therefore, when blood flow distribution to the contracting muscles is
accounted for in the current study, 02 extraction across the contracting muscles is similar
to the dog gastrocnemius (approximately 84% in the young adult animals).

Likewise,

maximal 02 extractions, measured directly from the femoral artery and vein, have ranged
from 80-90% in human studies (Richardson et al., 1995a; Richardson et al., 1995b;
Proctor et al., 1998b).
It has been observed that muscle blood flows in vivo are higher than those found
in isolated, in situ preparations (Armstrong & Laughlin, 1984). More specifically, the
blood flow in the plantaris muscle of male Sprague-Dawley rats reached as high as -230
ml x miif'x 100g' during high intensity treadmill running (Armstrong & Laughlin,
1984), whereas in the current study, and others utilizing apump-perfused rat hindlimb
preparation (100-160 ml x min' x 100g) (Gorski et al., 1986), blood flow to the
plantaris was much lower (119 ml xmin

1x 100g').

The cause of this discrepancy is not

known, but may reflect the absence of normal hormonal and nervous regulation of the
micro circulation, and hemodynamic differences between voluntary versus electrically
stimulated muscle contractions. Since it has been found in our lab that the muscle blood
flow is similar under the same contraction protocol in a self-perfused hindlimb
preparation (C.C. Jackson and R.T. Hepple, personal communication), it is more likely
that the difference in blood flow distribution between in vivo and in situ pump-perfusion
is due to hemodynamic differences between voluntary versus electrically stimulated
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contractions. It should be noted that the in situ values for blood flow are the highest rates
of perfusion that can be sustained without causing excessive muscle edema in this
preparation (Hepple et al., 2002).
This model also allows simultaneous sampling of arterial and venous effluents,
permitting the assessment of oxygen uptake. Hood et al. (1986) demonstrated that resting
V0 2 across the hindlimb was approximately 36 p.mol O2•mirf'.100g' in Sprague
Dawley rats. Similarly, the resting V02 of young adult F344BN rats in our study was 35
tmol 02•min 1•100g 1.In comparison to other perfused rat hindlimb preparation studies
(VO2 max,23 ± 0.7 pmol•min

1 (Spriet

et aL, 1985); 22 ± 1.3 pmol•min' (Hepple et al.,

2002), the maximal oxygen consumption of the young adult group was similar in the
present study (25 ± 1 j.tmol.min"').

Notably, compared to our study, the stimulation

protocol was different in the study conducted by Spriet et al. (1985) given that the gluteal
nerve was not cut and the distal hindlimb was stimulated at 30 tetani xmm"' versus 60
tetani xmin' in the current study. According to Gorski et al. (1986), the upper hindlimb
musculature does not receive as high a blood flow as does the lower limb in this rat
pump-perfused model. Therefore, upon verification that the gluteal muscles did not
receive blood flow (C.C. Jackson, unpublished observations), the gluteal nerve was
severed so that they would not be electrically stimulated. The tetanic stimulation protocol
used in the current study (60 tetani.min1) was based upon previous results showing that
this contraction frequency produced the largest V0 2 response (Hood et al., 1986). Note
that the fatigue observed during hindlimb stimulation at 60 tetani x mill_ i does not
adversely affect

JtO2,

since it was observed that asequential stimulation protocol in the
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following order 7.5, 15, 30, 60, and 90 tetani min' did not produce ahigher TTO2m ax than
beginning contractions at 60 tetani xmind from the outset of stimulation (Hepple et al.,
2003).

V.2 Human Comparison It was essential that the strain of rat chosen for this study
would closely mirror the age-related changes seen in humans. Interestingly, the National
Institute on Aging has developed the F344BN rat as amodel for the purpose of agerelated studies. In the current study the 8month, 28-30 month, and 36 month correspond
to <1%, 20%, and 70% mortality rates (Turturro et al., 1999) Therefore, based upon the
survival characteristics of humans, the 8month, 28-30 month, and 36 month old animals
correspond to young adult (-.'20y), late middle age ('-6Oy), and senescence ('-.86y),
respectively (Masoro & Austad, 2001).

This strain develops fewer age-related

pathologies and lives considerably longer compared to homozygous rat strains such as the
Fischer 344 (Lipman et aL, 1999). The only lesion, of 141 total lesions observed, for
which the prevalence was significantly greater in the male F344BN rats than in either
parental strain (F344 and BN) was the lymphoid nodules in the kidney (Lipman et al.,
1999). Additionally, in contrast to homozygous strains, this particular strain undergoes
age-related muscle atrophy (Brown & Hasser, 1996; Thompson et al., 1998) (current
results), unlike Sprague-Dawley albino rats (Tomanek & Woo, 1970) and Fischer 344
rats (Eddinger et al., 1985). It is apparent in the current study that there was aprogressive
reduction in the mass of the gastrodnemius, plantaris, and soleus. As such, the results
observed in the older F344BN animals suggests it is auseful model to examine the
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potential role that age-associated muscle atrophy plays in the reduction in 'V02 ax with
aging.
It should be noted that in contrast to human muscle, rat skeletal muscle contains
regions with predominance of one particular fibre type (Armstrong & Phelps, 1984),
whereas human muscles express varied combinations of both fast and slow muscle fibres
and the predominance of one fibre type is more subtle (Lexell et al., 1983). For example,
the gastrocnemius within the rat hindquarter, unlike humans, contains distinct portions of
fast and slow fibres (Armstrong & Phelps, 1984). Furthermore, type JIb fibres (myosin
heavy chain llb), that are found in rats, are not found in humans, although its gene is still
present (Weiss et al., 1999). In humans, the gene and protein for myosin heavy chain llx
has been identified (Schiafflno & Reggiani, 1994) and the difference between type llb
and lix is quite minimal such that traditional approaches have, in the past, mistaken lix
for JIb.

V.2.1 Muscle Mass Another comparison between humans and older animals may be
made with respect to the rate of decline in muscle mass. In the present study the
magnitude of the age-related reduction in muscle mass between the ages of 8and 28-30
month old animals was approximately 17%. Interestingly, after the age of 28-30 month
there was alarger reduction in muscle mass such that the difference between the 8month
and 36 month old animals was approximately 57%, indicating an accelerated decline
during this time period. The accelerated loss in muscle mass between the ages of 28
month and 36 month old animals has been reported previously (Brown & Hasser, 1996).
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Humans also undergo a significant reduction in muscle mass with age, known as
sarcopenia (Rosenberg, 1989). This reduction in muscle mass has been attributed to fibre
loss (Lexell, 1993) and to a more variable extent, reduced fibre size (Coggan et al.,
1992a; Frontera et al., 2000). The reduction in muscle mass seen in the 28-30 month
(17%) is similar to that seen in humans in previous studies at similar relative ages (Fleg
& Lakatta, 1988), based upon their respective mortality rates (Masoro & Austad, 2001;
Turturro et al., 1999). More specifically, between the ages of 30 and 70 yof age, Fleg
and Lakatta (1988) observed a23% reduction in muscle mass based on data calculated
from average urinary creatine levels. Similarly, Meredith et al. (1989) observed a25%
reduction in muscle mass between the ages of 24 to 65 y. Interestingly, the accelerated
decline in muscle mass of humans after the age of 70 yis not as predominant (Fleg &
Lakatta, 1988; Lexell & Taylor, 1991; Meredith et al., 1989) as the loss observed in the
36 month old animals (Fig. V.1). This may be due to the fact that those humans that
participate in aging studies may not be a representative sample of the whole aging
population. For example, those individuals with extreme losses in muscle mass may not
be able to partake in intensive studies due to their low functional capacity, and as aresult
are not accounted for in some aging studies.
On the other hand, a longitudinal study conducted by Frontera and colleagues
(2000), using computerized tomography, observed a 15% reduction in cross sectional
area of all thigh muscles of 12 men 12 years after the initial measurement (intial; 65 ± 4
y). This is significant because the changes that occurred with aging were measured in the
same subjects and as such are more representative than cross-sectional studies. In
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addition, muscle fibre number was examined in the whole medium vastus lateralis from
the right leg of individuals who suffered accidental deaths from the ages of 15-83 and as
a result may better represent age-related changes seen in humans (Lexell, 1993). The
graph of total fibre number and muscle area versus age exhibited an accelerated loss in
fibre number and muscle area with age. It was found that the total number of fibres was
reduced in the late middle age subjects (6Oy; 22%) and to agreater extent in the senescent
subjects (86y; 51%) compared to their younger counterparts (20 y).

In addition,

compared to the young subjects (2Oy), the total muscle area, compared to young adult
subjects, was lower in the senescent subjects (86y; 44%) versus the late middle age
subjects (60y; 13%) Lexel1, 1993). Therefore, consistent with what is seen in humans,
the F344BN rats in the current study also experience an accelerated loss in muscle mass
with age.
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young adult

late middle age

senescence

Relative Age

Figure V.1: Comparison of the reduction in muscle mass (% maximum) seen in
humans and rats for the young adult (8 month animal, 20 y human), late middle age
(28-30 month animal, 6Oy human), and senescent (36 month animal, 86 y human)
groups. Data based on current results (F344BN rats) and Lexell (humans; (Lexell,
1993).

V.2.2 Physical Activity Evidence is accumulating that indicates maintaining physical
activity attenuates age-related reductions in muscle fibre area in both humans (Sandier et
al., 1991) and rats (Brown et al., 1992), suggesting that some of the age-related decline in
muscle mass is related to a reduction in physical activity rather than aging per se.
However, even master athletes undergo muscle atrophy despite being very physically
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active and performing at levels well above those of sedentary adults (Pollock et al.,
1987).
The rats in the present study demonstrated significant reductions in physical
activity (Fig. P1.1). The change in physical activity in the late middle age (28-30 month)
animals was more severe than seen in late middle-aged humans (4%) (Statistics Canada).
However, the change in physical activity seen in the senescent animals (66%) was similar
to humans of comparable ages (73%) (Statistics Canada).

V.2.3 VO2 max Based upon the regression analysis of the maximal oxygen consumption
per kilogram body weight as afunction of age, Fleg and Lakatta (1988) found that the
age-associated decrement in V'02,nax was 24% in male subjects between the ages of 20
and 60 years. The reduction in V02.

normalized to body weight seen in our late-middle

aged animals was slightly higher (37%). Similarly, the reduction in aerobic power in the
senescent animals (81%) compared to the young adult animals was higher than humans
approximately 86 yrs of age (46%) (Fleg & Lakatta, 1988) (Fig. V.2). Since measuring
VO2max is a maximal test, obtaining JTO2m

values from older humans who are

representative of the general population becomes more difficult. Therefore, the smaller
reduction in VO2 m

with aging seen in humans may be due to the absence of those

subjects who are too frail or diseased to perform the test.

Mass Specific

VO2max

(% maximum)
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Relative Age

Figure V.2: Comparison of the reduction in VO2 max normalized to body weight (%
maximum) seen in humans and animals for the young adult (8 month animal, 20 y
human), late middle age (28-30 month animal, 6Oy human), and senescent (36 month
animal, 86 y human) groups. Data based on current results (F344BN rats) and Fleg
and Lakatta (Fleg & Lakatta, 1988).

V.2.4 Oxidative Capacity The effect of aging on the energy-generating systems in
human skeletal muscle is controversial. Previous studies have reported no alterations in
oxidative enzymes (Aniansson et aL, 1981; Grimby et al., 1982) whereas others have
reported significant reductions (Coggan et al., 1992a; Meredith et al., 1989). In this
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study, the 28-30 month old animals showed no reduction in citrate synthase activity;
however, the senescent animals demonstrated asignificant reduction in citrate synthase
activity (49%). These results can be compared with those of Coggan et al. (1992a) and
Meredith et al. (1989) who controlled for the influence of physical activity by studying
truly sedentary individuals and noticed a13% (citrate synthase) and 40% (V02 in whole
muscle homogenates) reduction in oxidative capacity, respectively, from ages of 23 to 65
yr. It is noteworthy that alterations in nuclear-encoded enzymes, such as citrate synthase,
might be inflated in compensation for reductions in electron transport system dysfunction
secondary to mtDNA damage (see section V.5).

V.3 Contractile Response and Economy A well known consequence of skeletal muscle
atrophy with aging is the reduction in muscle strength that has been seen in both rats
(Thompson & Brown, 1999) and humans (Frontera et al., 2000). In comparison to other
pump perfused rat hindlimb preparations, there was asimilar reduction in isometric force
generated by the gastrocnemius-plantaris-soleus complex during the 4 min stimulation
protocol in the present study (flepple et al., 2002; Hepple et al., 2003). Although the
stimulation protocol was different in the study conducted by Hood et al. (1986)
(progressive stimulation consisting of train frequencies of 7.5, 15, 30, 45, 60, 75, and 90
tetani x min-), the initial force generated by the gastrocnemius-plantaris-soleus muscle
group was 41 N and declined thereafter upon stimulation to similar (75%) levels at a
frequency of 60 tetani x mhf'. Likewise, the initial force generated by the young adult
animals in the present study was approximately 41 N and was reduced by 67% by the end
of the contraction bout. Interestingly, it is evident that the senescent animals experienced
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less fatigue during the four-minute contraction bout compared to both the young adult
and middle-aged animals. Type Ifibres are comparatively resistant to fatigue versus the
type II fibres (Rail, 1985). In this regard, it has been shown that the muscles of elderly
humans contain higher content of myosin heavy chain Iand alower content of myosin
heavy chain 11(27%) (Klitgaard et al., 1990). It may be that there is ahigher proportion
of type Imyosin heavy chain relative to type II myosin heavy chain in the 36 month old
animals compared to the 28-30 month group due to the accelerated loss in muscle mass
after the age of 28-30 month. Consistent with this interpretation, Wanagat et al. (2001)
found that 38 month (12%) old F344BN animals had alarger proportion of type Ifibres
than the 18 month (3%) old animals. In this respect, the older animals in the current study
may contain alarger portion of fatigue-resistant fibres such that they display asmaller
amount of fatigue compared to the 28-30 month and 8month old animals.
Although the difference in initial force between groups was attenuated when
normalized to muscle mass, there still existed alower mass-specific force in the older
animals (Fig. IV.4). Note that the initial specific force in the young adult animals (14.6 ±
0.8 N x g) was similar to that seen in previous studies (12-14 N x g) (McAllister &
Terjung, 1990; Campbell et aL, 1991). It has been shown that humans also demonstrate a
reduction in mass specific force with age. For example, elderly controls had a20 and
15% lower specific force of medial quadriceps femoris and elbow flexors, respectively,
compared to young adult subjects (K1itgaird et al., 1990; Kent-Braun & Ng, 2000).
Eddinger et al. (1986) suggested that the reduced contractile force xmuscle' area seen in
older rats at the whole muscle level was due to factors other than cross-bridge mechanics,
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perhaps involving changes at the neuromuscular junction or possibly in the excitationcontraction coupling process.

The loss of specific force may also be a result of

spontaneous denervation that occurs normally in aging muscle due to motor unit
remodelling (Larsson, 1995; Wineinger et al., 1995). However, aprevious study found
that denervated fibres per se could only account for a small fraction of the reduced
specific force (11.3%) (Urbanchek et al., 2001). Similarly, results from the older animals
of this of this study show that the proportion of denervated fibres in the soleus and
gastrocnemius are 9% and 7%, respectively (R.T. Hepple, personal communication),
suggesting only asmall portion of the reduced specific force is due to denervation per se.
In addition, lactate efflux during contractions was significantly lower in the 28-30
and 36 month old animals compared to the 8month old animals during the contraction
bout (Fig. IV.9). This was in contrast to astudy conducted by Fitts et al. (1984) who
showed, upon stimulating the soleus at atrain rate of 110 per min for 30 minutes, that the
soleus of 28 month old Long Evans rats produced more lactate compared to the 9month
old rats. However, the rats did not demonstrate any age-related changes in muscle weight
and muscle xbody-'ratio and therefore the elevation in lactate may not be adepiction of
the aging process in atrophying muscles. The marked reduction in lactate efflux in both
groups of the older animals of the current study suggests that the reduced aerobic
generation of ATP (Fig. IV. 11) was not offset by a greater anaerobic glycolytic flux.
Consistent with this interpretation, the 36 month old animals had asignificantly smaller
anaerobic contribution to the total ATP production than the 28-30 month and 8month old
animals (Fig. IV. 11) further suggesting that the older animals did not compensate for a
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lower total ATP production by generating more energy through the glycolytic pathway.
Type Ifibres have alower ability to produce lactate versus type II muscles (Baldwin et
al., 1972). Therefore, an increase in type Ifibres at the expense of type II fibres with age
(Larsson & Karisson, 1978; Lexell et al., 1983; Lexell & Taylor, 1991) could help
explain the reduced ability to generate lactate through the glycolytic pathway. However,
our observations might also represent a down-regulation of glycolytic capacity
consequent to areduced aerobic metabolic capacity. For example, maintaining glycolytic
flux capacity in the context of reduced mitochondrial capacity to utilize pyruvate could
exacerbate fatigue. In support of this view, there was avery tight correlation observed
(r2 0.88) between VO2 m

and peak lactate efflux (Fig. V.3).
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Figure V.3: The correlation between peak lactate efflux and VO2 max for 8 month,
28-30 month, and 36 month old animals.

It has also been shown that adecreased tetanic force production in older Fischer
344 rats (25 month) was associated with adecreased anaerobic energy production in the
fast glycolytic fibres (Campbell et al., 1991). They concluded that the ATP provision did
not appear to be responsible for the reduced force development but rather was a
consequence of reduced ATP demand based on the reduced high-energy phosphate use
and a greater charge potential after stimulation in the older animals. In this regard, the
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older animals in the current study did produce less lactate and had a lower anaerobic
energy contribution than the 8month old animals and this corresponded to areduction in
TTO 2max . Therefore, it is possible that the reduction in VO2m

seen in our animals may

be partially explained by the reduced demand for ATP evident in the reduced specific
force.
In considering potential changes in contractile economy with aging, the senescent
animals required alower amount of ATP per N force produced during contractions versus
the young adult animals. In contrast, the 28-30 month old animals produced less
economical contractions given that they had an elevation of ATP production per N force.
In seeking to explain the observations in the 28-30 month old animals, it has been
demonstrated that whereas aging is associated with increased proton leakage by the
mitochondria, caloric restriction in aged animals reduces the amount of proton leakage
occurring within the mitochondria (Lal et al., 2001). Similarly, Harper et al. (1998)
noticed that aged hepatocytes in 30 month old CS7BL/6J mice had an elevation in
mitochondrial proton leakage compared to their younger counterparts (3 month). On the
basis of the overall kinetics of the mitochondrial proton leak there was an increased rate
of oxygen consumed to balance the rate of the proton leak (Harper et al., 1998). As such,
the higher cost of generating force seen in the 28-30 month old animals could be due to a
reduced ATP yield per Itmol of oxygen consumption, rather than ahigher ATP cost per
cross-bridge. This would suggest that the 28-30 month old animals required more oxygen
to balance the rate of proton leak. On the other hand, compared to the 8 month old
animals, the 36 month old group produced more economical contractions. In a study

101
conducted by Sullivan et al. (1995), it was found that aging resulted in areduction in type
Jib myosin heavy chains and an increase in type ha myosin heavy chain of the
gastrocnemius and plantaris. Furthermore, aging also resulted in an increase in type I
myosin heavy chains in the soleus of F344 rats (22 month).

Type Ifibres are more

energy efficient, because they can produce more force during dynamic contraction for the
quantity of energy used (Rail, 1985). Similarly, Han et al. (2003) recently showed
substantial differences in ATP cost per unit force development associated with different
myosin heavy chain composition in single permeabilized diaphragm muscle fibres.
Specifically, they observed that type Jib fibres had the highest ATP cost per cross bridge,
followed by type lila (intermediate) and type I(lowest).

As such, it may be that the

proportion of type Iand Ha myosin heavy chains relative to type llb are greater in the 36
month old versus the 28-30 and 8month old animals such that the mitochondrial proton
leak due to mitochondrial oxidative damage with aging is counteracted by lower ATP
requirements per cross-bridge, resulting in alower amount of ATP per N force versus the
8month old group.

V.4 Decline in aerobic power and muscle mass with age It has been reported that the
age-related loss in muscle mass is associated with mitochondrial DNA deletions
(Wanagat et al., 2001). The accumulation of mitochondrial deletions due to oxidative
damage to the mitochondrial genome has been linked to adecreased electron transport
system function. Moreover, Wanagat et al. (2001) examined 82, 713 rectus femoris
muscle fibres of F344BN and found those fibres harboring segmental electron transport
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system abnormalities were significantly more likely to demonstrate focal fibre atrophy
and splitting. Furthermore, Bua et al. (2002), found that muscles with ahigher proportion
of type II fibres accumulate higher levels of electron transport system abnormalities
during normal aging, and these abnormalities coincided with senescent muscle atrophy
and fibre loss.
Again, it is apparent in this study, despite the increase in body mass, there was a
loss in muscle mass of the gastrocnemius-plantaris-soleus muscle group with aging and
that there was alarger reduction in muscle mass between 28-30 and 36 month animals,
indicating an accelerated decline at this time period. Interestingly, Fleg and Lakatta
(1988) found that the age-related reduction in absolute

V02.

values in men and women

were attenuated when normalized to muscle mass. They suggested that at least half of the
age-related decline in r
t02mm, in healthy normally active men and women is explicable
by this quantitative loss in muscle mass.

Similarly, Proctor and Joyner (Proctor &

Joyner, 1997), using dual X-ray absorpitometry, suggested that atrophy of skeletal muscle
contributed to the reduction in VO2 ma,with age. Although it is clear that aquantitative
change in muscle mass is intimately tied to the age-related reduction in aerobic power,
despite the normalization of VO2 ma,to skeletal muscle mass areduction in mass specific
VO2 max was still evident in these previous studies suggesting that qualitative alterations

in skeletal muscle might also contribute to this reduction in VO2m

with age. Given that

alterations in mitochondrial oxidative capacity can influence V02.

(Hepple et al., 2002;

McAllister & Terjung,

1990), it is likely that mitochondrial dysfunction, which

contributes to sarcopenia, also contributes to the reduction in

V'02ma,

with aging

103
(Fig.V.4). Moreover, the accelerated loss in muscle mass between late middle age and
senescence also coincided with the accelerated loss in aerobic power in our study, further
suggesting that the same mechanisms behind the loss in muscle mass contribute to the
loss in aerobic power. Consistent with this interpretation, as seen in figure V.4, 42% of
the variance of the reduction in

Vr02nn x was

explained by the reduction in muscle mass.

As such, one may surmise that mitochondrial dysfunction causing sarcopenia is involved
in the reduction in V02niax seen in the 28-30 and 36 month old animals compared to the 8
month old group (Fig.V.3).
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Figure V.4: Plot of gastrocnemius-plantaris-soleus muscle mass complex and mass
specific VO2 max for the young adult (8 month), late middle age (28-30 month), and
senescent (36 month) animals. Regression is based on raw data (r2 = 0.42, P<0.05).

V.5 Mitochondrial dysfunction and physical inactivity.
has been shown that the reduction in

iTO2m

As mentioned previously, it

approaches 10% per decade; however, with

regular exercise this reduction is reduced by half (Heath et al., 1981; Toth et al., 1994).
Evidence is also accumulating which indicates that physical activity attenuates the agerelated decline in skeletal muscle fibre area and strength in both humans (Sandier et al.,
1991) and rats (Klitgaard et al., 1989).

It has been thought that physical activity and

increased fat mass with age may account for as much as 50% of the age-associated
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reduction in VO2 m

in men (Toth et al., 1994).

Upon examination of female Long

Evans rats, Brown et al. (Brown et al., 1992) discovered that the average distance (miles)
that rats voluntarily ran per day when given access to arunning wheel was reduced in the
older animals. In this regard, the reduction in physical activity seen in the older animals
within the current study likely contributes to some of the reduction in VO2m ax .Although
body mass in the older animals is greater than the young adult animals, there exhibited a
postive relationship between V0 2,
1
, normalized to total body mass and physical activity
(fig. V.5). It was apparent that the reduction in physical activity might have played arole
in the age-associated reduction in V02ma, seen in the current study. However, it has been
found that there still exists amarked reduction in aerobic power despite the benefits of
continued training in older individuals (Trappe et al., 1996), indicating that biological
aging also contributes to the reduction in VO2m.
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Figure V.5: The plot between physical activity and VO2m axnormalized to body mass
for 8, 28-30, and 36 month old animals. Values are means ± SE.

As noted earlier, it has been suggested that diminution of mitochondrial function
may be central to the process, or a strong contributor, influencing the timing and the
severity of the overall deterioration of muscle mass with age (Brierley et al., 1998; Bua et
al., 2002; Sohal et al., 2002; Wanagat el al., 2001). Similarly, mitochondrial dysfunction
would be astrong contributor to the reduction in aerobic power with age. This biological
aging process would be evident, as mentioned previously, with a marked reduction in
electron transport function. In this respect, we observed that there was areduction in the
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ratio of complex I-Ill to citrate synthase activity in homogenates prepared from the
plantaris muscle in older animals (28-30 and 36 month old animals combined). The
activity of citrate synthase measured in the plantaris muscle of the young adult animals in
the current study

('-'

13 j.tmol .min"g') was found to be in range of previous studies -42

ILmol -min'-g' in mixed gastrocnemius, Howlett et al., 2003; —21 imo1 'min 1•g
soleus and plantaris, Delp et al., 1998; --'26 pmol -min'-g

1 in

1 in

gastrodnemius, Cartee &

Farrar, 1987. Unlike the electron transport chain, citrate synthase is entirely encoded by
the nuclear DNA. This is noteworthy since mitochondrial DNA is more susceptible to
damage induced by the accumulation of reactive

oxygen

species (Richter et al., 1988). As

aresult, there is an increase in mitochondrial DNA deletions which have been proposed
to contribute to the aging process (Linnane et al., 1989; Sohal & Weindruch, 1996;
Wallace, 1992). The electron transport system is susceptible to both damage as afunction
of aging and adecline with physical inactivity, and as aresult the capability to generate
ATP aerobically is compromised by disrupting flow of electrons through the electron
transport system. Citrate synthase activity of the plantaris muscle in the 28-30 month old
animals was relatively maintained in relation to the 8 month old animals; however, it
decreased in the 36 month old animals. Several groups (Wanagat etal., 2001; Brierley et
al., 1998; Lee et al., 1998) have observed acompensatory action of the expression of
nuclear encoded mitochondrial proteins (e.g., SDH) in the presence of electron transport
system dysfunction. Therefore, it may be that the 28-30 month old animals exhibited a
relative increase in citrate synthase activity due to dysfunction of the electron transport
chain.

However, as age progresses, it is possible that the capacity to up-regulate the
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nuclear encoded mitochondrial genes (e.g. citrate synthase) becomes compromised such
that there is anoticeable reduction in citrate synthase activity.

It may also be that those

fibres exhibiting citrate synthase hyper-reactivity in the 28 month old animals may be so
extensively damaged that by 36 month the fibres experience aloss of mitochondria as a
more proportional reduction in both CS and complex 1-ifi activity. Notwithstanding this
point, the findings in our study support a role for mitochondrial dysfunction in the
decreased muscle

Vo 2

seen in the older animals.

V.6 Study Limitations A limitation of this study is that all motor units within the
gastrocnemius-plantaris-soleus complex were stimulated simultaneously, which is unlike
normal physiological conditions since motor units are recruited according to their size
(Baratta et

al...

1989). Although employing a stimulation protocol that would recruit

motor units according to their size would be more favorable to physiological conditions,
the stimulation protocol was maximal and identical for each group and has been used in
previous studies (Hepple et al., 2002; Hepple et al., 2003; Gorski et al., 1986; Hood et
al., 1986).

V.7 Future Directions. Given the results of the current study, it is clear that aged skeletal
muscle does not possess the same aerobic power as young adult muscle due to both
mitochondrial dysfunction caused by oxidative damage and a reduction in physical
activity. Therefore, it would seem likely that lowering the age-associated mitochondrial
dysfunction by reducing the oxidative stress would improve functional capacity in the
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aged population. Interestingly, it has been shown that caloric restriction decreases
mitochondrial free radical generation and lowers oxidative damage to mitochondrial
DNA (Gredilla et al., 2001; Sohal & Weindruch, 1996). It would seem reasonable that
the reduction in free radical generation via caloric restriction would attenuate the
diminution in muscle mass and better maintain metabolic function in the aging
population. Indeed, amaintenance of muscle fibre number has been reported with long
term caloric restriction in rats (Aspnes et al., 1997; Lee et al., 1998). Acetyl-L-carnitine
(ALCAR) is anormal component of the inner mitochondrial membrane that serves as a
precursor for acetyl-CoA as well as acetylcholine (Shigenaga et al,, 1994). ALCAR
supplementation was shown to reverse the age-associated decline in many indices of
mitochondrial function, such as stabilizing the inner mitochondrial membrane (Hagen et
al., 1998), and heightened electron flow through the electron transport system (Hagen et
al., 2002). However, as aresult, the formation of reactive oxygen species is also elevated.
Interestingly, feeding ALCAR and lipoic acid to 24-28 month old Fischer 344 rats
significantly decreased oxidative stress to the mitochondria and as a result improved
metabolic function (Hagen et al., 2002). In this respect, lipoic acid and ALCAR was
shown to act synergistically to improve energy production while attenuating the oxidative
stress placed on the mitochondria (Hagen et al..
,2002). It would be valuable to examine
the effect of caloric restriction and nutritional interventions (ALCAR and lipoic acid) via
the same experimental model used in the present study. It would be likely that these
interventions would lower oxidative stress and increase metabolic potential such that
there would be an attenuated reduction in aerobic power and muscle mass in the aged
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caloric restricted animals and those treated with acetyl-L-camatine and lipoic acid
compared to their aged counterparts.

V.8 Summary The novelty of our study is that convective 02 delivery was
successfully matched between groups, making it possible to examine the age-related
changes in

f'r02max

without the influence of the age-associated reduction in convective 02

delivery. Our results demonstrated an age-related reduction in f'rOlnax independent of
convective 02 delivery, signifying that alterations in skeletal muscle contribute to this
reduction. In particular, our findings suggest that areduced in electron transport chain
enzyme activity, due in part to selective dysfunction of the electron transport system
complexes containing mtDNA encoded peptides, contributes to the decline in VO2m
seen in the older animals.
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VII. APPENDIX A

Table VI.I The number of animals studied for each measurement.
Age

Rat
ID

Physical
activity

(mo)

8

189

8
8

190
191

8
8

192
193
203

8

Vo 2

Lactate

ATP

(N)

0210

0210

0210

(N/g)

210480

210480

ATP/N
210480

If

Enzyme
Activity
CS

IIII

iI
II

324

8
8
8

356'4

8

369'4

8

Force

327.4

377'4
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28172
28
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28
323
28
28

326

354sf

28357.4
28370.4
28
378.4
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36
379 -4
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36383.4
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•'1'4

J'4

.4.4.4

'Sf'Sf

1

"1

1 "1

•'1

1

"1
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VIII. APPENDIX B
MatLab version 6.1 program to filter out occurrences that the animal was not
moving and resulted in a total time the animals were undergoing voluntary
locomotion.

%main
[filename, pathname] = ui
getfil e('*.*', 'Pick afile');
data = getdata(pathname, filename);
absdata = abs(data);
sortd = sort(absdata);
[B,A] =butter(3,O.5);
[filtered] = filtfilt(B,A,sortd);
md = max(fmd(filtered < 0.075));
Tawake = (size(flltered, 1)-ind)/30.5 175781

