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Summary

Marsupials and placentals together comprise the
Theria, the advanced mammals, but they have had long
independent evolutionary histories, with the last common
ancestor occurring more than 125 million years ago.
Although in the past the marsupials were considered to be
metabolically ‘primitive’, the red kangaroo Macropus
rufus has been reported to have an aerobic capacity
(Vo.max) comparable to that of the most ‘athletic’ of
placentals such as dogs. However, kangaroos travel at
moderate speeds with lower relative cost than
quadrupedal placentals. Given the long independent
evolution of the two therian groups, and their unusual
locomotor energetics, do kangaroos achieve their high
aerobic capacity using the same structural and functional
mechanisms used by (athletic) placentals?

Red kangaroo skeletal muscle morphometry matched
closely the general aerobic characteristics of placental
mammals. The relationship between total mitochondrial
volume in skeletal muscle and/o,max during exercise was
identical to that in quadrupedal placentals, and differed
from that in bipedal humans. As for placentals generally,
red kangaroo mitochondrial oxygen consumption at
Vo,max Was 4.7ml O2 min-1ml=! of mitochondria. Also,

35.8+0.7m2 mlI-1 of mitochondria, which is the same as for
placental mammals, and the same pattern of similarity
was seen for capillary densities and volumes.

The overall data for kangaroos was equivalent to that
seen in athletic placentals such as dogs and pronghorns.
Total skeletal muscle mass was high, being around 50% of
body mass, and was concentrated around the pelvis and
lower back. The majority of the muscles sampled had
relatively high mitochondrial volume densities, in the
range 8.8-10.6% in the major locomotor muscles. Again,
capillary densities and capillary blood volumes followed
the pattern seen for mitochondria. Our results indicate
that the red kangaroo, despite its locomotion and
extreme body form, shows fundamental aerobic/muscular
relationships that appear common to both marsupials and
placentals. The evolution of such metabolic relationships
apparently predates the divergence of the therian groups
in the early Cretaceous, and perhaps evolved in the
mammal-like reptiles during the Triassic (220 million
years ago) before the actual evolution of the mammals.
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the inner mitochondrial membrane densities were aerobic capacity.

Introduction

The marsupials (Metatheria) and placentals (Eutheriaindications that the maximum aerobic capacities of the two
together comprise the advanced mammals, the Theria. Thegyoups are at least equivalent, i.e. marsupials have a greater
have had, however, long independent evolutionary historiegerobic scope (Dawson and Dawson, 1982; Hinds et al., 1993).
with the last common ancestor occurring in the EarlyDawson et al. (2003) have further suggested that marsupials,
Cretaceous, more than 125 million years ago (Ji et al., 2002)espite their relatively low BMR, generally have higher
Apart from reproduction, therians have many features imerobic capacities than placentals.
common, but there are other differences such as in their The red kangarodlacropus rufushas the highest aerobic
energetics. Marsupials have a basal metabolism (BMR) son@pacity {o.maxy yet measured for a marsupial (Kram and
70% of that seen in many placentals (Dawson and Hulberawson, 1998). It has¥éo,maxcomparable to that of the most
1970; Withers et al., 2000) and for many years they wer&athletic’ of placentals such as dogs (Kram and Dawson, 1998;
considered to be metabolically ‘primitive’ with respect to theDawson et al., 2003). Given the long independent evolution of
placentals (see Dawson, 1989). However, now there atbe two therian groups, do kangaroos achieve their high aerobic
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capacity using the same structural and functional mechanisrhggh aerobic capacity may be similar to that seen in athletic
as (athletic) placentals? Of note, kangaroos and their relativegacentals. The large heart of the red kangaroo has the same
have unusual locomotory energetics; they travel abovproportionality toVo,max as seen in the athletic dog, and the
moderate speeds with lower relative cost than quadrupedshme is true for the volume of cardiac muscle mitochondria
placentals (Baudinette et al., 1992; Dawson and Taylor, 1978Dawson et al., 2003). The principal aim of this study was to
Kram and Dawson, 1998; Webster and Dawson, 2003). determine whether similar relationships are seen in skeletal
The links between the aerobic capability of an animal andhuscles.
the supporting structural elements in the oxygen cascade fromOur study was also concerned with the potential for
the lungs to the muscles have been a matter of conjecture (seascular energy output throughout the body of the kangaroo.
discussion in Hoppeler et al., 1981a). Studies initiated b¥ylopping is associated with a distinctive body shape, including
Taylor and Weibel (1981) examined the design of thea concentration of muscle mass in the hind limbs and a large
mammalian (placental) respiratory system. Body sizdail. Studies of the functional properties of kangaroo
dependent, or allometric, variations in aerobic capacitiemusculature have generally concentrated on the lower leg,
(Vo,maxy) were correlated with variation in structural and specifically the Achilles tendon and the gastrocnemius muscle,
functional aspects of the cardiorespiratory system such dmecause of considerable interest in the role of energy
pulmonary diffusing capacity and capillary density, and withconservation by elastic recoil (e.g. Dennington and Baldwin,
the densities of mitochondria utilizing oxygen in selectedl988; Bennett and Taylor, 1995). However, we know little
muscles (Gehr et al., 1981; Hoppeler et al., 1981b; Mathieu about the actual sites of power generation and the role of
al., 1981; Taylor et al., 1981). the large tail. An associated question is whether bipedal
Phylogenetic variation in aerobic capacity across vertebratéscomotion and the upright stance at times adopted by
generally appears to follow a similar pattern. Differences in th&angaroos leads to similarities with humans, who diverge from
aerobic potentials of reptiles, mammals and birds are primarilihe usual (placental) relationship between body mass and
associated with the amount of mitochondria in organs an@io,max (Hoppeler, 1990).
skeletal muscle, although some differences in packing density
of the inner mitochondrial cristae membranes occur (Else and ,
Hulbert, 1981, 1983, 1985a; Suarez, 1996). However, within Materials and methods
the mammals no large differences in total mitochondrial Animals
capacity were noted between placental, marsupial and Red kangaroosMacropus rufus Desmarest 1842 are
monotreme species (Else and Hulbert, 1985b). common in inland Australia (Dawson, 1995); those used were
Further studies of placental mammals have shown thabtained from the wild at the University of New South Wales
differences in metabolic capacity may be associated witArid Zone Field Station, Fowlers Gap, in far western New
induced and adaptive variation (Weibel et al., 1987). InduceB8outh Wales. Mature females of medium size were chosen,
variation ofVo,maxis due to training, as seen in man (Hoppelematurity being confirmed by dental and pouch examination.
and Lindstedt, 1985). Adaptive variation results from differenRed kangaroos of this age/size class predominate in wild
evolutionary pressures; ‘athletic’ species may have a two- tpopulations (Dawson, 1995). Red kangaroos are largely
threefold greater oxidative capacity than more ‘sedentarynocturnal feeders so they were taken in the early morning to
species of similar body mass (Taylor et al., 1981). Whernsure that gut fill was consistently high. The kangaroos were
athletic species such as dogs and horses are compared witlied by a shot to the head by an experienced, licensed shooter
more sedentary species like goats and cattle, the athletind transported rapidly (10-24in) to the field laboratory.
species have larger hearts and a bigger mass of muscWhen muscle samples were taken for mitochondrial and
together with higher muscle mitochondrial densities andaapillary analysis this procedure was completed withina?
capillary volumes (Weibel et al., 1991; Hoppeler and Weibeldeath, as recommended by Hoppeler et al. (1981a). Muscle
1998). This quantitative overall match between design andlentification generally followed that of Hopwood (1974,
functional parameters, such as in the pathway for oxygen frot976) and Hopwood and Butterfield (1976, 1990) for the
the lung to the mitochondria in the muscle cells, has beesastern grey kangarddacropus giganteuShaw 1790. We
referred to as ‘symmorphosis’ (Taylor and Weibel, 1981dissected the musculature of the red kangaroo to compare with
Weibel et al., 1991; Weibel, 2000). the eastern grey kangaroo and to familiarize ourselves with
Aspects of the cardiorespiratory system of marsupials areinctional aspects; we noted minor differences between the
not the same as those of placentals. They have resting hespecies.
rates less than half of those of placentals (Kinnear and Brown,
1967; Dawson and Needham, 1981), but hearts that are Muscle sample collection and preparation
generally bigger (Dawson et al., 2003). A similar pattern is also To assess the mitochondrial and capillary characteristics of
seen with breathing, marsupials having very low restinghe skeletal muscle of the whole body we followed a sampling
respiratory rates but large tidal volumes (Dawson angrocedure comparable to that of Hoppeler et al. (1984). The
Needham, 1981; Cooper and Withers, 2003). Despite thekangaroo musculature was divided into seven functional units,
differences, the mechanisms by which the kangaroos achietead and neck, foreleg, trunk, back, upper hindleg, lower
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hindleg and tail (Figl). After being shot the kangaroos were Spurr’s low-viscosity epoxy resin (slow cure) was used to
weighed to +0.0%g and then eviscerated, with the mass of thembed the samples. The blocks were placed in a 1:1
large forestomach and its contents determined by weighing @tetone:resin mixture forH, then refrigerated for 3—4 days in
appropriate calibrated electronic balances. The mass of tlae1:9 mixture. This long infiltration period was selected to
intestines, including caecum and contents, were similarlyeduce tearing of the muscle tissue during sectioning. The
determined. Empty body mass was then calculated. The skimmples were placed in 100% resin fornd@ at 60°C,
was removed and muscle was dissected from one half of tlansferred into embedding moulds filled with fresh resin, and
body and weighed. The dissection was carried out in an agured at 60°C for 48.
conditioned room and evaporation from the muscles was A Reichart-Jung Ultracut ultramicrotome (Vienna, Austria)
contained by towels dampened with physiological saline. Thevas used to section the embedded samples. 5-10 ultra-thin
separation of regions was as follows: head and neck wagctions showing silver (60-9®n) or gold (90-150m)
separated anterior to the first thoracic vertebrae; foreleipterference colours were cut from each block and mounted on
included all muscles attached to foreleg; trunk included the n200mesh copper grids. Orientation of the sections was
erector spinae plus rib and abdominal muscles and ttgenerally transverse or oblique to the muscle fibre axis. Grid-
diaphragm; back musculature comprised the m. multifidmounted sections were stained with 2% uranyl acetate in 50%
lumborum and m. sacrocaudalis dorsalis, which run betweegthanol for 10min and then rinsed in distilled water.
the spinous and mamillary processes; upper hindleg included
all muscles attached; lower hindleg included the m. Mitochondrial volume
gastrocnemius and associated muscles; tail was separatedsrids were viewed using a Hitachi 7000 (Tokyo, Japan)
immediately behind the pelvis. Diagrams of the principatransmission electron microscope (TEM) at a magnification of
muscles of the hindleg and back of the red kangaroo a2 000x. For each sample block, ten grid squares were selected
provided in Fig2A,B. using a systematic random sampling method (Howard and
The mitochondrial and capillary characteristics of theReed, 1998, pp. 25-29) and a digital image was obtained of the
skeletal muscle of the regions and hence the whole body wé&sp left corner of each of the grid squares, using an Olympus
determined by sampling from muscles from each region. F&8Q (Tokyo, Japan) digital camera attached to the TEM and
four animals, one muscle in each body region was selected ByalySIS software. For each animal, 30 images were obtained
the throw of dice, except in the upper hindleg region, wherper muscle (10 images 3 blocks); these were imported into
three muscles were selected (by throw of dice) because of thee image analysis software Adobe Photoshop. A human
large mass of this region. Overall, the muscles sampledperator selected all mitochondria in an image using a selection
represented 31.5% of the total musculature. Data was al$ool, coloured the mitochondria black and filtered the
collected from the diaphragm, so a total of ten muscles wetgackground to plain white. The percentage area covered by
sampled. A concurrent study of the heart was also undertakemtochondria (‘mitochondrial area fraction’) was thus
(Dawson et al., 2003). represented by the area of black in each image, which was
Each muscle was removed and weighed to §0.Three calculated with reference to the total image area {@h2for
sample blocks per muscle (per animal) were cut from randoimages obtained at 10x) using a suite of Photoshop plug-
locations (superficial or deep, and proximal, central or distains (Image Processing Toolkit, Reindeer Graphics, Asheville
again selected by throw of dice). Samples were placeNC, USA). The mitochondrial area fraction is equivalent to the
immediately into a fixative solution of 6.25% glutaraldehydemitochondrial volume fraction or volume densityy(mt,f).
in 0.1moll-! sodium cacodylate buffer (pH4), then The total mitochondrial volum¥(mt,m) for each muscle (in
kept refrigerated at 4°C prior to preparation for electrorcm?®) was calculated from:

MICroscopy. V(mt,m) =Mm x Vi (mt,f) x V(f,m) x o1, (1)

Preparation for electron microscopy whereMm is muscle mass/v(f,m) is the volume fraction of

In total, 30 muscle sample blocks (10 museles blocks)  muscle occupied by muscle fibres, ahi$ the density of the
per animal were prepared for electron microscopy; three blockauscle. A muscle density of 1.ganI-1 was used (Mendez
each from the head/neck, foreleg, back, lower hindleg and tadnd Keys, 1960) and it was assumed YRef,m) was equal to
regions, six blocks from the trunk and nine blocks from thel (Hoppeler et al., 1987).
upper hindleg. Where required, blocks were trimmed into
smaller pieces. Blocks were rinsed in Mall-! sodium Surface density of the inner mitochondrial membranes
cacodylate buffer and left overnight in fresh buffer. Blocks The inner mitochondrial membrane surface density
were post-fixed in a buffered solution of osmium tetroxide fo(S(im,m)) was estimated in the m. multifidi lumborum, one of
4h, rinsed in 2% sodium acetate solution and placed in 2%e larger skeletal muscles. Grid squares were selected as for
uranyl acetate for h. The samples were dehydrated in a seriesnitochondrial density measurements. A mitochondrion at the
of 15min ethanol washes, using solutions from 50% to 100%entre of the field of view (at magnification Q20x) was then
ethanol. After a final 3tnhin wash in 100% ethanol, the viewed at a magnification of 3M0x or 40000x so that the
samples were washed twice for rbn in 100% dry acetone. inner membranes could be seen clearly. Twenty mitochondria
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from each animal were examined. A cycloidal line grid (gridout (Hoppeler, 1990); assuming all oxygen is consumed by
C1; Howard and Reed, 1998, p. 210) was used to estimate thmiscle mitochondria aVo,max overestimates mitochondrial
surface density of inner mitochondrial membranes per undctivity (again of the order of 10%), so that estimates of the
volume of mitochondriaSy(im,mt) in m? cnT3 using equation maximum oxygen consumption rate per volume of muscle
6.4 of Howard and Reed (1998). An overall estimation of thenitochondria will be little affected.
total surface area of inner membranes in each multifidi
lumborum muscle was given by: Statistical methods
. _ : Comparisons between muscles were analysed using one-
Sim,mt) =V(mt,m)x Sy(im,mt). ) way analyses of variance (ANOVAS). A Student-Newman—
Keuls (SNK) multiple-range test was applied when significant
Capillary length and volume differences were indicated by the ANOVA (using
Both transverse and longitudinal sections were sliced frorBtatistica/Mac software). Values are given as means + standard
muscles and were used to estimate the tortuosity fe@d)  error G.EM.). Regression analyses were carried out using
of the capillary network, using the shortcut estimation methodlicrosoft Excel.
of Mathieu et al. (1983). The tortuosity factor was determined
for the diaphragm, m. multifidi lumborum, m. gastrocnenius,
m. vastus lateralis and m. semitendinosus; the mean was Results
¢(K,0)=1.37+0.07 KN=5). Grids were viewed using the TEM at ~ Skeletal muscle comprises 46.8+1.7% of body mass of red
a magnification of 1500 Grid squares were selected using akangaroo females, when the gut is relatively full (TdbleThe
systematic random sampling method. Ten digital images (qfercentage of skeletal muscle when the gut is empty, empty
area approximately equal to one grid square) of transverdmdy mass (57.2+1.6%) is also provided because red
sections were taken and used to estimate the number kdngaroos are herbivores with a large fermentative
capillaries per unit area (numerical capillary dendity(c,f),  forestomach and fill can be variable. Tabldists the
in mnT?. Capillary length densityv(c,f) was calculated from mitochondrial and capillary characteristics of representative
numerical capillary densities according to: muscles from the various regions of the red kangaroo 1ig.
These base data were used for the determination of
(e =o(K,0) x Na(c,h) () mitochondrial and capillary patterns throughout the total
The total capillary lengthl(c) in km per muscle was then skeletal muscle of the body (Tablgs4), in the manner of
calculated from: Hoppeler et al. (1984), Hoppeler (1990) and Hoppeler and
_ Weibel (2000). The principal muscles of the hindleg and
3(©) = dv(e.f) x Min x Viy(f,m) x d~*. ) lumbar region, including most of those muscles sampled for
The cross-sectional area&(c) of capillary profiles in  mitochondria and capillary measurements, are shown ir2Fig.
transverse sections were estimated using the same procedurdlitochondrial volume densityVy(mt,f), varies between
as for mitochondrial area densities, except that the absoluteuscles (Tabl2). Those from the back and trunk, including
area covered by capillaries was obtained (rather than the diaphragm, together with the large m. gluteus medius of
percentage). As in previous studies (Conley et al., 1987), wbe upper hindleg, havey(mt,f) in the range 8.8-10.8%,
assumed that capillary profiles were approximately circulawhich is significantly higher than in the other muscles
and estimated the mean capillary radigifom A(c): measured. On the other hand, muscles in the foreleg and neck
re = [A(C)/T]12 ®) haveVw(mt,f) in the range 3.7-3.8%, significantly lower than
' in other muscles. The area of the inner mitochondrial surface,
The capillary blood volumeV(c) in each muscle was

calculated from: Tablel. Proportion of muscle mass in the body of red

V(c) =r2 x J(c) . (6) kangaroosMacropus rufus
In this study we examine the relationship between muscl Mass (kg)
mitochondrial volume and/o,max in M. rufus To do this  Body mass 28.48+0.48
requires certain assumptions, which have been accepted in fTotal skeletal muscle 13.33+0.27
extensive studies of placental mammals undertaken kForestomach 4.37+0.38
Hoppeler, Weibel, Taylor and coworkers (for a discussion oForestomach contents 3.85+0.37
these assumptions, see Hoppeler, 1990). We have accepted ntestines, including caecum 1.94+0.09
same assumptions for comparative purposes, but also becalntestine contents 1.3120.06
the resultant errors are likely to be small. For exampleEMPY body mass 28.3240.24
assuming that the measured muscle volume consists entirely Total skeletal muscle / body mass (%) 46.8+1.7
muscle fibres results in an overestimation of the muscle fibiTotal skeletal muscle / empty body mass (%) 57.2+1.6

volume of less than 10% (Hoppeler et al., 1987). Furthermort

some assumptions lead to opposite errors and cancel each ot V2lues are meansse.m., N=4.




Aerobic features of red kangaroo muscl2815

Table2. Mitochondrial and capillary characteristics of muscles from regions of the body of red kangaroos

Mm Mm/Mp W (mt,f) Jv(c,f) J(c) V(©)/gMm  V(c)N(mt,m)
Body section Muscle (9) (8g™ (%) (mnT?) (km) (gl (ml ml=%)
Head and neck Trapezius 103+3  4.1+0.3 3.840.Z  1102+5Pc 107+6 16.620.8c 0.47+0.03
Foreleg Triceps 91+12 3.6+0.4 3.7+1.C 790+4F 68+8 11.9¢0.7  0.35+0.04
Trunk Diaphragm 98+173 3.8+0.2 10.8+0.¢ 1320112 123+17 19.3+2.7 0.19+0.02
Trunk Erector spinae 725+348 28.6x4.3 8.8x1.840 1715+169 1171+122 25.9+2.8  0.32+0.02
Back Multifidi lumborum  627+84 24.6x3.6P 10.6+1.9% 1103+63cC 648+3% 16.9+1.%¢ 0.17+0.02
Upper hindleg Vastus lateralis 427448 16.8+2.0 6.7+0.9  785x7C 32146 11.8#1.6  0.19+0.02
Upper hindleg Gluteus medius 542£96 21.4+4P  10.2+1.2 1690+11%F 849+3F 25.5+1.4  0.27+0.08°
Upper hindleg Semitendinosus 319#44 12.5+1.9 7.8+1.2 1021+12&c  302+7e 15.8+1.P¢ 0.21+0.02
Lower hindleg Gastrocnemius 680£1 26.7+3.G 6.4+0.% 755+105% 498+ 2F¢ 11.2+1.8  0.18+0.02
Tall Coccygeus 119+13 4.6+£0.2 5.7+1.2  1192+10P 134+13 18.8+1.4 0.34+0.04

Mm is muscle masdVly is body massyv(mt,f) is mitochondrial volume density(mt,m) is mitochondrial volumely(c,f) is capillary length
density,J(c) is total capillary length in a musch(c)/gMm is capillary volume per gram of muscle avi@t)V(mt,m) is capillary volume per
unit of mitochondrial volume.

Values are meansse.M., N=4.

In columns, values that are significantly different have different superscript |E4€x95%).

Body mass was 25.63+1.%§. Note: values for muscle masses are the total for the body, i.e. both sides where applicable. Capillary diameter
was not significantly different between muscles; mean of mean muscle values wa% 4rétge 4.43—4.51m.

Sy(im,m), was measured for the m. multifidi lumborum andcapillary volume per g of muscle/(c)/gMm, because no
was 35.8+0.7m2 cmd (N=4). significant differences in capillary diameter were seen between
Capillary characteristics also differ between muscles fronrmuscles. The mean capillary diameter was %] with the
different regions (Tablg). The capillary length density, range of muscle means being 4.43—416v. Consequently, the
Jv(c,f), is considered a good estimate of the capillary supplyatio V(c)/V(mt,m) also indicates the capillary blood supply to
to muscles (Conley et al., 1987); it incorporates the tortuositgnitochondria in various muscles. The muscle with highest
factor, ¢(K,0), which in this case was determined for five capillary volume per unit of mitochondria was the m. trapezius
muscles from each animal. However, no significant differencef the neck. This was followed by the m. triceps, m. coccygeus
was found between these muscles and the overall meand the m. erector spinae. Overall there was a significant
tortuosity (1.37£0.07N=5) was used generally. Muscles thatnegative correlationr€0.65, P<0.05) betweerV(c)/\V(mt,m)
have significantly higherdv(c,f) tended to have a high and theVy(mt,f) of various muscles (FigA).
W (mt,f). Large muscles of the upper hindleg, m. gluteus The distribution of muscle in the regions of the body is
medius, and the trunk, the m. erector spinae, Ba(ef) that shown in Tabl@. The upper hindleg had significantly more
are significantly higher than in other muscles. However, thenuscle than other regions, containing 44.3% of the total
pattern is not clearcut. While tlle(c,f) of the m. triceps of skeletal muscle mass. This is followed by the trunk (25.6%),
the foreleg is significantly lower than in most other muscleshack (10.1%) and the lower leg (9.1%). The fore part of the
this is also the case for the m. gastrocnenius and the m. vastusdy was lightly muscled. Notably, the foreleg carried only
lateralis. The pattern idy(c,f) was also reflected in the 3.9% of skeletal muscle. These patterns were also largely
followed in the distribution of mitochondria and capillaries
throughout the skeletal muscles, although the Vimt,f) of
the foreleg and the head and neck resulted in these regions
containing only 1-2% of the total volume of skeletal muscle
mitochondria. With respect to capillary volumes, the trunk
appears to have a highéfc) relative to its muscle mass than
other sections.

Back
Trunk

Discussion

Kangaroos are marsupials that belong to a large group of
cursorial herbivores (Macropodoidea) that fill the ecological
niche in Australia occupied by bovid antelopes in Africa and
cervid deer in Laurasia. However, the locomotion and
Fig. 1. The outline of a red kangaroo showing the delineation of th@ssociated body shape of kangaroos and their relatives are
body regions from which muscle samples were taken. unique for large mammals. How do the kangaroo’s unique

Foreleg

Lower hindleg
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Hoppeler

et al.,

W(mt,f) for
significantly higher (Tabl&). Generally, théA,(mt,f) of red
kangaroo muscles are higher than in comparable muscles of

1981a; Schwerzmann et al.,
Consequently, mitochondrial volume has been used to assess
the aerobic potential of species (Hoppeler, 1990; Hoppeler and
Weibel, 1998, 2000; Kayar et al., 1989). 8im,m) of a red
kangaroo skeletal muscle was the same as in placentals,
35.8+0.7m?2 cnt3, Essentially similar values (35-8& cnt3)
occur in the skeletal muscles of other marsupials (Webster,
2003) and in the heart muscles of the red kangaroos and other
marsupials (Dawson et al., 2003). Assuming the aerobic
capacity per unit of membrane surface area is relatively
constant, the consistel@/(im,m) between the two therian
groups implies that we can use mitochondrial volume to assess
the aerobic potential of kangaroos.
The volume densities of mitochondriéy(mt,f) in the
muscles of red kangaroos are variable, 3.7-10.6%, with the

1989).

the diaphragm (10.8%) generally being

placental mammals (Else and Hulbert, 1985b; Hoppeler et al.,

50 mm — o

1981b; Mathieu et al., 1981) when body size is accounted for
becausevy(mt,f) generally increases with decreasing mass.

There are placental mammals that do have muég(ent,f)

Fig. 2. The principal muscles of (A) the hindleg (superficial) and (B)
the lumbar region of the red kangaroo. Numbers indicate muscles:
biceps femoris (cranial); 2, biceps femoris (caudal); 3, caudofemoral
(caudal); 4, caudofemoralis (cranial); 5, coccygeus; 6, crural muscle
including gastrocnemius; 7, erector spinae; 8, gluteus medius;
gluteus profundus; 10, gluteus superficialis; 11, gracilis; 12, multifd
lumborum; 13, sacrocaudalis dorsalis; 14, sacrocaudalis dorsal
lateralis; 15, sacrocaudalis ventralis; 16, sartorius; 17
semitendinosus; 18, vastus lateralis.

locomotory characteristics relate to muscle distribution ani
aerobic potential? Are the kangaroos essentially different fror
placentals, or do their muscle characteristics simply reflect €
extreme variation on a basic mammalian pattern? Studies «
marsupial hearts indicate that the latter may be the ca:
(Dawson et al., 2003), and this is supported by the results
the present study.

The core unit of metabolic capacity is the area of the inne
mitochondrial surfaceSy(im,m); it has been consistently

correlated with the activity of the terminal respiratory chainFig_& Relationship in

V(e)/V(mt,m) (ml mi=1)

VO/gMm (W g

0.5

0.4

0.3

0.2

0.1

30

20

10

comparable to kangaroos; these are athletic species with a high

A o
y=0.45-0.0%
(r=0.66,P<0.05
5 10 15
B
® o0
o
o 5 o
° Y 4
y=8.80+1.14x
(r=0.58, P<0.1)
5 10 15

V(mtf) (%)

red kangaroo muscles between (A)

enzyme in several vertebrate groups (Else and Hulbert, 198 yitochondrial volume density(mt,f) and the capillary blood supply
In placental mammals th&,(im,m) of muscle mitochondria per ml of mitochondria/(c)\V(mt,m), and (B) mitochondrial volume
appears relatively constant between muscles and acradensity V(mt,f) and the capillary blood supply per g of muscle
species, with a value of ~ 38? cnr3 (Else and Hulbert, 1985; V(c)/gMm. Data for individual muscles are derived from Tahle
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Table3. Distribution of muscle and muscle mitochondria and capillaries in the body of red kangaroos

% Total muscle  V(mt,m) % Total

Body section Mass (g) mass (ml) V(mt,m) V(c) (ml) % TotalV(c)
Head and neck 320+90 2.5+0.H 12+1¢ 1.1+0.B 5.3x0.2 2.1+0.H
Foreleg 508+1% 3.9+0.¢ 19+18 1.7+0.F 6.1+0.H 2.4+0.¢
Trunk 3323+338 25.6+2.% 293+2% 26.9+2.6 86.2+8.F 34.2+2.9
Back 1318+90 10.1+0.7 1409 12.9+0.8 22.3+1.5 8.9+0.7
Upper hindleg 57721260 44.3+1.3 496122 45.7+1.4 102.0+4.6 40.6£1.7
Lower hindleg 1183+88 9.1+0.6 76167 7.0£0.8! 13.3+1.6d 5.3x0.4d
Tall 904+4Fd 7.0£0.44 52+ 4.8+0.3€ 16.2+0.Fd 6.5+0.53.d
Total skeletal muscle 13327+270 1087+24 251.4+5.9

Values are meanss£.M., N=4. In columns, significantly different values have different superscript |efes05).
V(mt,m) andV(c) values for the upper hindleg were derived from the mean densities of mitochondria and capillaries in the three muscles
sampled from this region (Tahk.

aerobic capacity, i.e. a higlo,max. This is reflected in the total African bovids, wildebeest and dik-dik. The amount of
body mitochondrial patterns (see Ta#)ebut also iny(mt,f) mitochondria in a muscle presumably determines its longer
of comparable muscles such as the diaphragm (Hoppeler et @aérm aerobic capacity rather than its total capacity to do work
1987). This pattern of difference between athletic andver short periods. Consequently, variation Wy(mt,f)
sedentary placentals has been clearly demonstrated in sevdratween muscles may reflect the mix of fibre types in muscles.
paired comparisons (Hoppeler and Weibel, 1998; Weibel et alHoppeler et al. (1981a) found that fast-twitch-glycolytic fibres
1991; Weibel, 2000). (type llb) typically had lowMy(mt,f), about 1%, whereas in
Across different regions of the body of red kangaroo®xidative fibres, both slow-twitch-oxidative (type I) and fast-
variation in theViy(mt,f) of muscles is obvious (Tab®. The twitch-oxidative-glycolytic (type lla) hady(mt,f) in the range
muscles from the proximal parts of the body, the neck anB8-15%. Marsupial limb muscles also can express slow and fast
foreleg had a significantly loweMy(mt,f); those with myosin proteins, resulting in fibres of types I, lla, lIx and llb
significantly higherVy(mt,f) were the large muscles of the (Zhong et al., 2001). Dennington and Baldwin (1988) found
back and trunk, the m. multifidi lumborum and m. erectorthat in the m. gastrocnemius of the western grey kangaroo
spinae, together with the m. gluteus medius of the uppdMacropus fuliginosusa large majority of the muscle fibres
hindleg. However, other large muscles of the hindleg, suctvere type lla. The muscles of the trunk, back and hindleg of
as the m. vastus lateralis, m. semitendinosus and nthe red kangaroo which have high&et(mt,f) are similarly deep
gastrocnemius, had intermediate values. Such a variabted in colour and presumably have large proportions of type
pattern was also found by Hoppeler et al. (1981a) in two wildla fibres. Data for the muscles of the foreleg and head and

Table4. Morphometry of total skeletal muscle of red kangaroo, goat, dog and pronghorn

Parameter Unit Red kangaroo Goat Dog Pronghorn
Mb kg 28.5 27.7 28.2 28.4
Mm/Mp % 46.8 26.0 37.0 43.8
Vo,max ml O2 min-1kg1 178 57 137 272
Mitochondria
Vv(mt,f) % 8.2 4.1 8.6 10.6
V(mt,m)Mp ml kg? 38.2 10.0 29.7 46.2
Vo,max Vv(mt,m) ml Oz min~I mi-1 4.7 5.7 4.6 5.9
Capillaries
J(c)Mp km kgt 546 244 453 653
V(c)Mp ml kg? 8.9 3.9 7.2 10.4
Hct % 47.5 29.9 50.3 45.6
V(ec)Mp ml kgt 4.20 1.16 3.63 4.74
Vo,maxdV(ec) mlO2 min~t ml-1 42.4 49.1 37.7 57.4

V(mt,m)My is the mass-specific mitochondrial volume, Hct is haematocrivéet) is the capillary erythrocyte volume. Values are means.

For the red kangaroo, thé,max value is from Kram and Dawson (1998) and Hct value is from Buffenstein et al. (2001); all other data are
from the present study.

All values for placentals are from Weibel (2000).
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neck are lacking, apart from the jaw-closing muscles, whicWalues of 47-52% have been reported previously for red
express a relatively slow cardiac myosin (Hoh, 2002). kangaroos; variability can occur due to variable fill of the large
Because of their fundamental role in aerobic metabolism fioregut (Tablel) and sexual dimorphism (Grand, 1990;
was anticipated that mitochondria in muscles would have BHopwood, 1981; Hopwood and Griffiths, 1984; Tribe and Peel,
matching supply of oxygewia a proportional volume of 1963). A value near 50% places kangaroos among the most
capillaries and that the capillary network of the body wouldnuscular of mammals (Tab#g (Grand, 1990). The muscle
match aerobic capacity, i.&o,max However, while previous mass of the red kangaroo is concentrated around the pelvis,
studies with quadrupedal placental mammals have shown thigrticularly in the upper hindleg (Fidy; Table3). Not only
to be broadly the case, there is much variability (Conley et aldoes the upper hindleg make up 44.3% of all skeletal muscle,
1987; Hoppeler et al., 1981b). A similar pattern also emergeshen the trunk and back, which have their bulk posteriorly
in the red kangaroo (Tab®). The m. erector spinae and m. located (Figl), are included some 80% of skeletal muscle is
gluteus medius have a significantly higher volume ofso positioned. This pattern does not just reflect the energetic
capillaries per g of musclé&/(c)/gMm) but the large aerobic m. needs of a kangaroo’s hopping. During slow-speed
multifidi lumborum of the back has\4c)/gMm similar to the  locomotion, often called pentapedal locomotion because the
m. trapezius. There was only a trend toward a positivéalil is used as a ‘fifth leg’, the hindlegs are moved forward in
correlation betweeN(c)/gMm and Vy(mt,f) for red kangaroo unison when the body is supported by the tail and the forelegs.
muscles 1(=0.58,P=0.1) (Fig.3B), though when expressed as J. M. Donelan, S. Rodoreda, A. Grabowski, R. Kram and T. J.
capillary density the values overlapped closely the data ddawson (unpublished observations) examined pentapedal
Hoppler et al. (1981b), who report a statistically significanfocomotion and showed that the small forelegs act only as a
correlation from a larger data set. brake, while the hindlegs and the tail successively provide the
Per unit volume of muscle mitochondria, the capillarypropulsive forces. Apparently the muscles of the tail and back
supply was on average kf of capillaries, or 0.2l of  provide the propulsive forces during both forms of kangaroo
capillary blood; this was similar to that in muscles of severalocomotion.
placental quadrupeds, the values beindrm4and 0.22nl, The volume of mitochondria in the body regions is primarily
respectively (Conley et al., 1987). However, in both kangarodetermined by regional muscle masses (Tahlélowever, the
muscles and the muscles of the placentals the capillary supphpper hindleg, trunk and back regions also generally have high
is variable. For kangaroos the range was 1km29of Wy (mt,f) and contain 86% of all skeletal muscle mitochondrial
capillaries and 0.17-0.47l of capillary blood per ml of volume. Thus, the majority of the aerobic power output
mitochondria; the equivalent values for placentals beingssociated with locomotion will be generated in this region. By
17-25km and 0.18-0.4/l. In fact, for the kangaroo muscles contrast, the foreleg has only 2% of the total muscle
there was a significant negative correlation betweemitochondrial volume. The lower hindleg, with its large
V(c)NMv(mt,m) andvy(mt,f) (Fig. 3A). The mitochondria in m.  Achilles tendon, has been the focus of interest in relation to the
trapezius had the highest blood supply while that to thelastic conservation of energy during hopping, but it contains
mitochondria in the large muscles of back and hindleg wasnly 7% of muscle mitochondria. The distribution of capillary
significantly lower (Tabl®). Conley et al. (1987) found a blood broadly follows the distribution of muscle mass, with the
tendency for the muscles of aerobic species to have a lowgunk being more endowed with capillaries (TakjeTheV(c)
capillary supply than those of less aerobic species. Theyf the lower hindleg and the foreleg are relatively low.
explain this apparent paradox by the muscles of more aerob@ombining these regional data establishes the overall aerobic
(athletic) species being supplied with blood with a highercharacteristics of the red kangaroo (Tables 3 and 4).
hematocrit, i.e. a higher hemoglobin concentration. This To examine the possible phylogenetic and adaptive
explanation would not seem to apply for the muscles in a singlafluences on muscle morphometry in the red kangaroo, we
species. Does the answer lie in a modulation of the hematocdbompared our data and the,max data of Kram and Dawson
as an animal increases its aerobic metabolism? As if1998) with data from placental species of similar size (Weibel,
placentals, the spleen in marsupials contains a large reserve2®00), both sedentary (goat) and athletic (dog and pronghorn)
erythrocytes (Dawson and Denny, 1968). Could these b@able4). The use of animals of similar size removes effects
metered into the circulation as a mammal increases energetiae to allometry (Weibel et al., 1987). It is obvious that the
output, such that when the large mitochondria-dense locomotararsupial red kangaroo closely resembles the dog and
muscles are fully active they are supplied with hemoglobinpronghorn in itVo,max muscle mass and the morphometry of
rich blood? An explanation based on differential fibre typedts muscle mitochondria and capillaries (Tad)e However,
(Hoppeler et al., 1981a) would not seem to be appropriate the ratio ofVo,maxto Viv(mt,m) is similar for the red kangaroo
the kangaroo locomotor muscles have few type llb (fastand all the placental species, whether athletic or sedentary
glycolytic) fibres. (Table4). The close relationship betweéfw,max and total
How do these data on the mitochondrial and capillaryolume of skeletal muscle mitochondria holds for a broader
characteristics of red kangaroo muscles translate into a picturange of placental mammals, including those of different sizes
of the aerobic capacity of the whole animal? Red kangarofHoppeler et al., 1990), as well as the kangaroo @igrhe
females shot in the field comprised 46.8+1.7% skeletal musclenitochondrial oxygen consumption &b,max calculated for
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300 red kangaroo involves almost its whole musculature to achieve
QuadruEed equatioy=4.8-125 Vo,max during exercise, despite its bipedal posture (#Fig.
—~ 250} Withkargarooy=4.8-126 o In summary, the red kangaroo has characteristics
Ev fundamental to highly aerobic mammals. The heart is large and
T 200} levels of muscle mitochondria, capillaries and hematocrit are
E Redkargaroo essentially the same as those of athletic placental mammals like
S 150} dogs, horses and pronghorn antelope (Weibel, 2000). These
€ features support the symmorphosis model of Taylor and
% 100} Weibel (1981), Weibel et al. (1991) and Weibel (2000). The
O% red kangaroo has considerable muscle mass, about 50% of total
> g5l % * 5 Human body massvlp, which is largely situated around the pelvis and
the upper hindlegs. The locomotor force for both forms of
0 . . . . . locomotion, ‘walking’ and hopping, is provided by this region.

0 10 20 30 40 50 60
V(mt,m)/Mp (ml kg™

Although its predominate gait is bipedal, and its locomotor
characteristics are unusual (Dawson and Taylor, 1973), this
0{narsupial seems to be just an extension of a basic mammalian

skeletal muscle(mt,m)My] and maximum aerobic capacip,max skeletal/muscular energetic pattern. The evolution of such a

in a series of mammalian species. Values for red kangaroo and humﬁﬂttem obviously predates the divergence of the marsupials

are indicated. The values for human and other placental species &ad placentals before 125 million years ago. Of' note, it has
from Hoppeler (1990); value for red kangaroo is from Tdblghe  b€en suggested that the basic mammalian aerobic pattern was

addition of the red kangaroo data to the quadruped data does rigt with the mammal-like reptiles in the Triassic (220 million
significantly change the relationship betwé&enmaxandV(mt,m)M,.  years ago), before the actual evolution of the mammals (Ruben,
1995). Recent findings regarding monotreme evolution
(Musser, 2003) would support this contention, monotremes
having heart and muscle mitochondrial characteristics which
the red kangaroo was 40 Oz min~I ml-1 of mitochondria, are essentially mammalian (Else and Hulbert, 1985b).
which is the same as the average for placentals in general
(Hoppeler, 1990; Hoppeler and Weibel, 1998). This feature is
apparently conserved among therian mammals. Because
Sy(im,mt) is the same in both therian groups (s&ml-1  A(c)
mitochondria), the maximum oxygen consumption per uniBMR
area of inner mitochondrial membrane appears also invarian(K,0)

Fig. 4. The relationship between the total mitochondrial volume

List of symbols and abbreviations
capillary cross-sectional area
basal metabolic rate
tortuosity of the capillary bed

at ~0.13ml Oz min~Im=2 d
The whole body capillary volume of the red kangaroo is alséict

related toVo,max in the manner seen in placental quadrupedsy(c,f)

(Table4). As indicated by Conley et al. (1987), to appreciatel(c)
the full picture of the oxygen supply to muscle mitochondriaMp
the concentration of haemoglobin in the blood has to b#&lm

considered. The difference iW(c)/Mp between sedentary Na(c,f)

species and athletic species (including the kangaroo) is nod

density of muscle

haematocrit

length density of capillaries
capillary length

body mass

muscle mass

numerical density of capillaries
capillary radius

equivalent to the difference iVo,max However, when S(im,m) surface area of inner mitochondrial membranes
hematocrit during exercise is taken into account (Tdpthe  S,(im,mt) surface density of inner mitochondrial membranes
capillary erythrocyte volumé&/(ec)Mp matches the various per volume of mitochondria

levels of Vo,max This is a pattern seen generally in placental(c) capillary volume

mammals (Hoppeler and Weibel, 1998; Jones et al.,, 198%{(c)/gMm capillary volume per unit of muscle mass

Weibel et al., 1991). The heart is intimately involved with theV(ec) capillary erythrocyte volume

flux of oxygen through the body and the red kangaroo’s heaxi(mt,f) mitochondrial volume density

is also matched to a higfo,max in @ manner comparable to V(mt,m) mitochondrial volume

that seen in placental mammals (Dawson et al., 2003). Vo,max maximal rate of oxygen consumption
Bipedal humans diverge most from the relationship betwee¥iy(f,m)  proportion of muscle volume taken up by muscle
Vv (mt,m) andVo,max (Fig. 4). Humans are capable of reaching fibres

Vo,max With a subset of their body musculature. Bergh et alVw(mt,f) mitochondrial volume fraction

(1976) found thaVo,max Obtained by concurrent arm and leg

work did not result in &o,maxhigher than during running, and  Thanks to Dr Joanne Holloway, Enhua Lee and Dr Adam
the Vo,max was lower than would be predicted by addingMunn for help with fieldwork and sample collection. Dr Mel

separately measured arm and 1&gmax Unlike humans, the Dickson of the University of New South Wales Electron
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Microscope Unit provided much instruction on processingsehr, P., Mwangi, D. K., Ammann, A., Maloiy, G. M. O., Taylor, C. R.
samples for electron microscopy and use of the Transmissionand Weibel, E. R.(1981). Design of the mammalian respiratory system. V.

. , : : Scalli hometric pul diffusi ity to bod s wild and
Electron Microscope. Dr S. L. Lindstedt provided important dg;g"sgﬁg‘ Zg?m(;g;s%ﬁf’g&gﬂm' 6“5'33“"“” 0 pody mass: widan

advice in the initial phases of the study. This research wasrand, T. 1. (1990). Body composition and the evolution of the Macropodidae
funded in part by a grant from the Australian Research (Potorous, DendrolagusndMacropus. Anat. Embryol182, 85-92.
Council to T.J.D. (ARC A 19602768, ARC A 199117218).H|nds, D. S., Baudinette, R. V., MacMillen, R. E. and Halpern, E. A.

. s (1993). Maximal metabolism and the aerobic factorial scope of endotherms.
Animals were taken under a licence (A18) from the New J. Exp. Biol.182 41-56.

South Wales National Parks and Wildlife Service. The StUdY‘Ohv J. Y.(2002). ‘Superfast’ or masticatory myosin and the evolution of jaw-

. . - - closing muscles of vertebratel.Exp. Biol 205 2203-2210.
was carried out under approvals given by the University Olt|oppeler, H. (1990). The different relationship oFo.max to muscle

New South Wales Animal Care and Ethics Committee mitochondria in humans and quadrupedal aninRespir. Physiol80, 137-
(project numbers 94/06, 98/99, 00/67). 146.
Hoppeler, H., Kayar, S. R., Classen, H., Uhimann, E. and Karas, R. H.
(1987). Adaptive variation in the mammalian respiratory system in relation
to energetic demand: Ill. Skeletal muscles: setting the demand for oxygen.
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