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ABSTRACT

THE METABOLIC PROFILE OF CARDIAC AND SKELETA MUSCLE TISSUE FROM
CAPTIVE EMUS DROMAIUS NOVAEHOLLANDIAERAISED IN NORTHERN
COLORADO: IMPLICATIONS FOR ASSESSING MUSCLE HEALTH FOR EMUS WITH

SPLAYED-LEG DISORDER

Emus DPromaius novaehollandigeare native Australianflightless birds commonly
farmed in North America for oil and meat. The emu industry has grown in popularity, though
the physiology of farmraised emus has not been studied extensively. Emus are efficient at both
anaerobic sprinting and aerobic, sustdimenning, though it is unclear if they are inherently
predisposed to be terrestrial athletes. Though some wild emu energetic studidsedave
completed, éw studies have been performed on domesticated emu skeletal naumstldnere
have beenno investigitions into the enzymatic profile oflomesticatedratite @roup of
paleognathous flightless bsdhat includes emysardiac tissue

This thesisestablishedthe first ratite cardiac metabolic profile bydetermining the
myoglobin concentration (3.41 + 0.06 mg wet tissue) and activities of citrate synthase (CS
19.4 + 1.2umol min* g* wet tissu ,-hydroxyacyl CoA dehydrogenase (HAD 78.9 + Bréol
min™® g* wet tissug, and lactate dehydrogenase (£239.5 + 8.9umol min™* g* wet tissue) of
domesticated emu cardiac tissuEmus had ~22% higher myoglobinvéds in cardiac tissue
compared to domesticated chickens, and ~89% higher thaof domesticated dogs.

The metabolic potential of emu cardiac tissue appeared more similaattoft active flying

birds, such apigeons and geese. Enzymatic characteristics of the heart illustrate domesticated



emus can be metabolically categorized with other aninctdssified as elite avian and
mammalian athletes.

This studyalsosets a metabolic baseline for three pelinab skeletal muscles (control
limb): M. gastrocnemius mediali€GM) i myoglobin 2.74 + 0.03mg ¢* wet tissue, citrate
synthase (CS) 12.141.21pmol min* g* wet tissuep-hydroxyacyl CoA dehydrogenaseAD)
14.05 + 0.52umol min® g* wet tissuelactate dehydrogenaseH) 905.44 + 67.58mol min*
g*wet tissue M. iliofibularis (IFB) i myoglobin3.04 + 0.08ng g* wet tissue, CS 18.480.85
pmol mint g* wet tissue, HAD 23.04 + 2.28mol min* g* wet tissue, LDH 913.08 + 57.92
pmol mint g wet tissueM. iliofemoralis externug§lFME) i myoglobin4.43 + 0.07mg g* wet
tissue, CS 18.23 0.40pmol min* g* wet tissue, HAD 28.66 + 019umol min™* g™ wet tissue,
LDH 947.65 + 37.70umol min® g wet tissue. Additionally, for future studieson ratite
orthopedic disordersnetabolic profiles of thee pelvic muscles from both limlgsplayed limb
and nonsplayed limh of emus affected by splaydelg disorderwere recorded In general, both
limbs of the splayedeg emus had higher levels of metabolic proteins, and therefore looked mor
athletic than the control limbsThough these emus had an orthopedic degritiwasfound their
muscles increased in aerobic capaciag evidenced by enhanced enzyme activities and

myoglobin levels to offset the additional workload caused by the disorder.
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CHAPTER 1

Introduction

Paleognathous birds are the smallian lineage that includes tinamougitamus
Nothocercus Crypturellus Rhynchotus Nothoprocta Nothurg Taoniscus Eudromig and
Tinamotig, rheas (Rheg, kiwis (Aptery®, ostriches $truthig, emus Dromaiug, and
cassowariesGasuariu3. Due to a similar palate structure, the flighted tinamous are considered
paleognaths, thoughatites are specifically the paleognathous birds that are fullytifiggh
(Kaiser, 2007).Emus Promaius novaehollandigd.atham 1790) arthe second large$45 kg)
ratite specigsnative to Australia, though they were infdl to North America as exotic pets.
Although Australian Aborigines began harvestingemus centsiri ago, 1t was not
when Americans began to notice the marketable value, and began raising®rinestock
animals for oil, meat, leather, eggs, and featlielignaar, 1998) Currently, over one million
emus are ranchethroughout the Uited States for commercial products (American Emu
Association, 2009)Emus can tierate extremes in temperaturgystaining a constant body
temperature of approximately 89 in ambient conditions ranging frofh to 45C (Jones et al.,
1983; Maloney and Daswon, 1994), which is why domesticated populations can persist
throughout the United StatesEmuranches are even found @old regions of northern Europe

and Canada (Minnaar, 1998)Adult emus are usually kept outside year round|uding the

breeding season. For emus from the northern hemisphere, the breeding season occurs November

through April, during the cold winter months (Minnaar, 1998). Emus in their native southern

hemisphere will breed during the rainy winter months of May thindDctober (Minnaar, 1998).
Ratites areunique model organissnfor physiologicaland anatomicaktudies because

theyare exceptional athletes. Ostriches are the fastest terrestrial bird, reaching speddsn of 70

1



hr* (Saunders and Fedde, 1994). Eroassprintup to 50 km Hr( O6 Bri en, 1990)
for long distances without stopping. Though emus and other ratites have unique athletic
potential little cardiac physiolgy has been described in this taxonomic group of bikdgny of
the physiologcal experiments involving emus have focused on exercise responsdsnand
kinematics (®ubb et al., 1983; Maloneyl994; Claessens, 2009). Emus, trained to run on
treadmills, have exhibited an 1ifdld increase in oxygen consumption, -308d increase n
heart rate, and 1-®Id increase in stroke volume from rest to higtensity exercise (Grubb et
al.,, 198). These findings suggesmus have the capacity to be elite athletesugh it is
unknown if their tissue is molecularly predisposed to be tathle

Cardac tissue, bcaise it contracts continuousliglies predominantlyn fat oxidation
and aerobic metabolism (Katz, 2006). However, the magnitudeacdiacaerobic reliance is
dependent upothe enzymes and proteins that make up the tis$ter example, tufted ducks
(Aythya fuligulg are highly athletic migratory birds, and therefore have higher levels of aerobic
proteins in cardiac tissue compared to less active birds (Saunders and Fedde, 1994). Though
untrained, captive tufted ducks have digantly lower levels of citrate synthase (CS; an aerobic
marker protein) in cardiac tissue compared to naturally trained birds, these untrained birds still
have relatively higer activitiesof aerobic enzymesompared to less aerobicakytive bird
spedes, like the domesticated chickélp et al., 1976; Butler and Turner, 1988). It is likely
that there is an inherent componantardiac tissue that contributeselite athleticism in birds.
One of the goalswas to investigate cardiac muscle protefiasdetermine whether emus are
inherently suied for high levels of activity by possessing high cardiac myoglobin and metabolic

enzyme activity.

ar



Historically, avian cardiac physiology was studied in diving birds and small domesticated
farm birds. More reently, migrating bird physiology has become of greater concern. -Long
distance migrating birds are especially interesting to researchers because they have the ability to
sustain higkintensity exercise for extended periods of time. For example, goldarerpl
(Pluvialis dominicd undergo a nosstop migratim 3,800 km long (Henshaw, 191@nd
migratory bartailed godwits Kimosa lapponica baueri have been observed flying for
approximately eight straight days, 10,000 km southward across the Pacific Ocdkbat &G,

2009). Batheaded geesé\ser indicuy not only undergo long migrations, but they do so over
the Himalaya Mountains at about 9,000 m above sea level (Butler, 2010; Swan, 1970). The
cardiac tissue of bereaded geese reflects this athletigligb in having high levels of the
aerobic protein, myoglobin (6.0 mg*gwet tissue), compared to leastive birds, like the
chicken (2.8 mg gwet tissue) (Nishida, 1976; Saunders and Fedde, 1991). Many birds have the
ability to sustain highntensity exercise for an extended period of time. Terrestrial birds are no
exceptioni the ostrich Struthio cameluscan maintain speeds of &fn hr' for over 30 minutes
(Saunders and Fedde, 1994). comparison, humangipmo sapienshave been known to reach
speeds of 40km hr!, though can only sustain such high speeds for less than a minute
(Olympic.org. In addition, itis unknown if metabolic characteristics of cardiac tissue from
flightless birds,like the emu and ostrich, would be physiologicalyilar to those of flying

birds.

Being strictly terrestrial birds, emus rely on different locomotory means than flying birds.
Compared to other terrestrial birds, ratites have greater overall mass in their hindetdls
1988. The hindlimb musclesvhich emus use for propulsion, account for approximately 25%

of the overall weight of the bird (Patak, 1988). The ostri8tiuthio camelus another ratite



species, has hindlimb muscles that contribute about 34% of the overall body mass (Smith et al.,
2006). In contrast, the empergenguin Aptenodytes forstéripelvic limb musculature makes

up only 67% of their overall mass (Ponganis et al., 1997), and the muscles and bones in the
hindlimbs of the domesticated chicke@allus gallus domestichamakeup only 20% of the
overall body mass. Ratites have an even greater percentage of mass in thelingelivigscles
compared to humanslomo sapiens 17-20% (Janssen et al., 2000); a mammal that relies solely
on its hindlimbs for propulsionThe percentage of pelvienb muscle mass of ratitd25%) is

similar to the percent pectoral muscle mass contritoteserall body mass in flyingirds (10i

35%) (Hartman 1961; Patak, 1988; Patak and Baldwin, 1993)

Because ratiteexhibit highspeedrunning,the hindlimb anatomies of emus (Patak and
Baldwin, 1993), ostriches (Smith et al., 2006), and rheas (Piasso, 2010) hawxdeémed and
classified to aid in the understanding of ratite biomechanics. Many of the previous skeletal
muscle studiesiave been conducted on wild Australian emus rather than domesterates
The metabolic profile and fiber typing of a variety of pelNimb skeletal muscles were
determined from emus from Western Victoria, Australia in 1993 (Patak and Baldwin, 1993).
The data collected from these techniques suggested that emulpefvigkeletal muscles were
similar in metabolic makeup (highlgerobic)to pectoral muscles of flyingirds (Patak and
Baldwin, 1993). Although limited data on emu exercise physiology exiat sufficient account
of healthy domesticated emu physiology has never been comgilegl second aim of tretudy
was to set a metabolic baseline for domesticated emu skeletal muscle.

The magnitude of aerobic reliance is dependent on whether an asinmdlerently
predisposed for sprinting (anaerobic) or endurance (aerobic) activity. For example, predatory

animals may depend more upon anaerobic metabolism in order to fuel fast bursts of speed, while



the muscles of prey animals may be fueled more bghé® metabolism lindstedt, 1991,
Williams et al., 199). Although this predatgorey model is a wonderful example, the amount
of aerobic and anaerobioetabolisman animal relies on during exercise may be dependent on
numer ous f act or sonment aoymam andnBohgarss, 1998;vKanatous et al.,
1999) and body mass (Jones and Lindstedt, 1993) can play a major role in influencing the
metabolic profile. Animals can accomplish elite athletic performance regardless of which
metabolic system theyse more for activity. The African cheetahAcinonyx jubatus a fast
terrestrial runner that can reach speeds of up to 103 Kn{Sivarp, 1997), relies mostly on
anaerobic metabolism for sprinting (Williams et al., 1997). In contrast, prongAotitoCapra
americand can reach alleged speeds of 100 kil While relying on aerobic metabolism for
endurance running (Lindstedt, 1991). This study will investigate muscle proteins in
domesticated emus to determine whether specific pdimb skeletal muscles are more
inherently suited for anaerobic or aerobic activityhe metabolic profile of domesticated emu
skeletal muscle had never been identified, and it is necessary for determining a baseline for
healthy animals. The baseline metabolic profile also allow for comparative studies between
healthy and pathologic domesticated emus.

Hindlimb orthopedic disorders (especially traumstated) are fairly common in
domesticated ratites on farms and in zoos (Gnad et al., 1996; Minnaar, 1998hRbtasd
Ruhli, 2007; Cooper et al., 2008), and these disorders have been of interest to emu caretakers. A
specific condition called splayddg disorder is especially prevalent in faraised emus,rad is
a growing concern The cause of splaydedg disader is thought to be multifactorial (Gnad et
al., 1996); low genetic diversity, poor nutrition, lack of exercise, and injuries are thought to be

possible causes for ratite splayled disorder (Gnad et al., 1996; Jenkins, 1996). Although



studies have iddified osteologic disorders in ratites (Rothschild and Ruhli, 2007), it is unknown
whether defective bones cause muscles to become weak, or if defectivesruasde bones to
twist. Additionally, this studymeasurd the metabolic properties in musclesiie from a
splayedleg individual to see if differences exist between it and its healthy counterparts.

To our knowledge, the metabolic profile of cardiac tissue has never been determined
from wild or domesticated ratite§.he metabolic profile from wil emu skeletal muscleas been
determined, though a similar study with domesticated emus had not.objéetive was to
classify the metabolicrpperties of emu cardiac and skeletal mudmlemeasuring myoglobin
concentrations and enzymatic acie® Dda from this study sdiaseline metbolic profiles for
domesticated emus for futustudies. Metabolic data collected from this study also illustrate
where the emu, a strictly terrestrial bird, fits it spectrum of avian athletesThis study will
also allowcomparisons to be made between healthy enansl ones with orthopedic disorders.

Emu ranching is still a popular business in the United States, and as products become more
popular, here is a high demand from emu ranchers and the general pubbotinue raising

healthy birds Understanding the physiological capabilities of healthy emus will further help to
determine how disease and environmental factors affect the growth and development of emus in

North America.
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CHAPTER 2
Hearts of a feaher? Classifying the metabolic profile of cardiac tissue from farnraised

emus Promaius novaehollandiagfrom northern Colorado

Submitted to Avian Biology Research: IN REVIEW 1/11/2012
Introduction

Ratites are the group of paleognathous flightlasds that includes rhea&keg, kiwis

(Apteryy, ostriches $truthig, emus Dromaiug, and cassowarie€asuariu$ (Fig. 2.1). Emus
(Dromaius novaehollandigd.atham 1790) are a large (45 kg) ratite species native to Australia,
though they are commonhaised in North America as livestock animals, mostly for oil, meat,
and leather. Currently, over one million emus are raised in the United States for commercial

products (American Emu Association, 2009).

RATITE SIZE CHART
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Apteryx Rhea Casuarius Dromaius Struthio ADULT HUMAN

Fig. 2.1. Extant ratites (the flightless group of paleognathous birds) include kiwis (Apteryx), rheas (Rhea), cassowaries (Casuarius),
emus (Dromaius), and ostriches (Struthio). Average height of ratites and human expressed in meters (m). (lllustration by Todd L.
Green)

Emus can tolerate extremes in temperature, sustaining a constant body temperature of
approximately 3€C in ambient conditions ranging fro+h to 4%C (Jones et al., 1983; Maloney

and Dawson, 1994), which is why omhesticated populations can persist
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Distribution of American Emu Association (AEA) Emu Ranches in the United States 2011

\.4 2011 Emu Ranch Location

Fig. 2.2. This distribution map of domesticated emu ranches throughout the United States illustrates emus can survive in a variety of climates. Each emu footprint on this map
represents an emu ranch affiliated with the American Emu Association (AEA). However, emus are also found in many other localities in North America. (lllustration by Todd L. Green,
data supplied by the American Emu Association)
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throughaut the United States (Fig. 2.2Emus are even farmad the cold regions of northern
Europe and Canada (vhaar, 1998).

Emus, and other ratites, are strong terrestrial runn&esing strictly terrestrial birds,
emus rely on different locomotory means than flying birds. Compared to other terrestrial birds,
ratites have greater overall mass in their hindm The hindlimb muscles, which emus use for
propulsion, account for approximately 25% of the overall weight of the bird (Patak, 1988). The
ostrich Struthio camelus another ratite species, has hindlimb muscles that contribute about
34% of the overallbody mass (Smith et al., 2006).In contrast, the emperopenguin
(Aptenodytes forsterpelvic musculature makes up only7é6 of their overall mass (Ponganis et
al., 1997), and the muscles and bones in the hindlimbs of the domesticated ckiekan (
gallus domesticysmake up only 20% of the overall body mass. Ratites have an even greater
percentage of mass in their pelvic muscles compared to hurklomo( sapiens 17-20%
(Janssen et al., 2000); a mammal that relies solely on its hindlimbs for propulSioe
percentage of pelvic muscle mass of ratites is similar to the percent pectoral muscle mass
contributes to overall body mass in flighted birds (Hartman, 1961; Patak, 1988; Patak and
Baldwin, 1993).

These muscular hindlimbs allow emus to reapeeds of up to 50 kmh{ O6 Br i e n,
1990), and also to undergo long periods of endurance running. Because emus exksipeddgh
running, past studies have examined pelvic muscles of wild emus and analyzed fiber type,
histochemical properties, and musdlnction (Patak and Baldwin, 1993; Patak and Baldwin,
1998; Main and Biewener, 2007). Many of the physiological experiments involving emus have
focused on exercise responses and kinematics (Grubb et al.,, 1983; Maloney et al., 1994,

Claessens, 2009). R, trained to run on treadmills, have exhibited an-idid}increase in
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oxygen consumption, 3:@ld increase in heart rate, and-tdBd increase in stroke volume from

rest to highintensity exercise (Grubb et al., 1983). These findings suggest thiat leswe the
capacity to be elite athletes, though it is unknown if they are molecularly predisposed to be
athletes. Although limited data on emu exercise physiology exists, a sufficient account of
healthy domesticated emu physiology has never been campifpecifically, little cardiac
physiology has been described in ratites.

Because it contracts continuously, cardiac tissue relies greatly upon aerobic metabolism,
which fat oxidation commonly fuels (Katz, 2006). However, the magnitude of aerdibiccee
is dependent upon whether an animal is inherently predisposed for elite athletic performance.
For example, tufted duck®ythya fuligulg are highly athletic migratory birds, and therefore
have higher levels of aerobic proteins in cardiac tissmepaoed to less active birds (Saunders
and Fedde, 1994). Though untrained, captive tufted ducks have significantly lower levels of
citrate synthase (CS; an aerobic marker protein) in cardiac tissue compared to naturally trained
birds, these untrained birgdsll have relatively higher levels of aerobic proteins compared to less
aerobicallyactive bird species, like the domesticated chick&lp et al., 1976; Butler and
Turner, 1988). It is likely that there is an inherent component to elite athleticisimdg The
goal was to investigate cardiac muscle proteins to determine whether emus are inherently suited
for high levels of activity.

Historically, avian cardiac physiology was studied in diving birds and small domesticated
farm birds. More recentlymigrating bird physiology has become of greater concern. -Long
distance migrating birds are especially interesting to researchers because they have the ability to
sustain higkintensity exercise for extended periods of time. For example, golden plover

(Pluvialis dominicd undergo a noistop migration 3,800 km long (Henshaw, 1910), and

14



migratory bartailed godwits Kimosa lapponica baueri have been observed flying for
approximately eight straight days, 10,000 km southward across the Pacific Ocean &Gjll et
2009). Batheaded geesé\fser indicuynot only undergo long migrations, but they do so over
the Himalaya Mountains at about 9,000 m above sea level (Butler, 2010; Swan, 1970). The
cardiac tissue of bdreaded geese reflects this athletic ability,having high levels of the
aerobic protein, myoglobin (6.0 mg*gwet tissue), compared to leastive birds, like the
chicken (2.8 mg gwet tissue) (Nishida, 1976; Saunders and Fedde, 1991). Many birds have the
ability to sustain highntensity exerise for an extended period of time. Terrestrial birds are no
exceptioni the ostrich Struthio cameluscan maintain speeds of &fn hr' for over 30 minutes
(Saunders and Fedde, 1994). It is unknown if metabolic characteristics of cardiac tissue from
flightless birds, like the emu and ostrich, look similar to those of flighted birds.

To our knowledge, the metabolic profile of cardiac tissue has never been determined
from wild or domesticated ratites. Théjective was to classify the metabolic prostof emu
cardiac tissue by measuring myoglobin concentrations and enzymatic activities. Data from this
study set a baseline cardiac metabolic profile for future ratite studies. Metabolic data collected
from this study also illustrate where the emutrectty terrestrial bird, fits into spectrum of avian
athletes. Based on behavioral data, emus appear t@dzk tgrrestrial athletes, thus it was
expected that emu cardiac tissue would possess similar aerobic potential to other vertebrates that
exhibit Hgh levels of endurance activity. The total population of emus in the United States
continues to grow as products become more popular. There is a high demand from emu ranchers
and the general public to raise healthy birds for quality products. Undgirgjathe
physiological capabilities of healthy emus will further help to determine how disease and

environmental factors affect the growth and development of emus in North America.
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Materials and methods
Study animals

Heart samples were collected from emmaised on two ranches in northern Colorado,
USA. Emus from the Rabbit Creek Emu Raneh4(), in Livermore, Colorado, USA lived in an
outdoor pen at an elevation 2f042m (6,700ft), while emus from the Grin and Barrett Emu
Ranch (=8), in Laporte, Carado, USA lived in an outdoor pen at an elevatiorl 662 m
(5,125ft). Of the 12 emus, 10 were sabults (between-2 years old) and one was a breeding
adult female (>4 years old) (Fig.3). Age classifications used for this study were based upon
physical and behavioral indications of sexual maturity and breeding status of the emus (T. L.
Green, unpublishedesulty. Two of the sukadult birds had a splayddg disorder, an
orthopedic disorder where one limtvists out laterally from the body. #ough the limited
sample size did not allow for statistical analysis on these individuals, we looked for trends in the
data between the splayed and +sphayed birds for future studies. Heart samples were collected
from the left ventricle, after emus froboth sites were butchered by employees at Wind River
Processing Inc. (Thermopolis, WY, USA) on March 15, 2010. These samples were immediately
wrapped in aluminum foil and placed in a charged liquid nitrogen dewar, until they could be
stored in a -80°C freezer at Colorado State University for later analysis of metabolic
characteristics.  Adult Weddell sealefptonychotes weddelliiskeletal muscle samples,
originally collected in October 2006 by S. B. Kanatous méavlurdo Sound, Antarctica. These

readily available samples wetesed as internal controls for all assays.
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Fig. 2.3. Emus are the second largest living bird. During development, most of their mass is gained in the first year. Emus have

been used as modern analogs for theropod dinosaur growth and development. For the present study, emus that were between 1-2

years of age wer eadcullasssoi fafeddy eassu sii sofb age were classified as fAadults
human expressed in meters (m). (lllustration by Todd L. Green)

Myoglobin assays

The concentration of myoglobin, an oxygeimding heme protein, was determined for
the cardiac tissue. For all myoglobin and enzyme assays the cardiac tissue was homogenized
with ahand glass homogenizer. A homogenization buffer was made with 79% PBS (phosphate
buffered saline), 1% Twee20, 20% glycerol, 0.001M DTT (dithiothreitol), and a proteas
inhibitor tablet (1/10 pl). 250 mg ofissue was weighed and homogenized (0°C), tued
original dilution recorded. The resulting homogenates were clarified in a centrifuge at 10,000 x
g for 10 min. The supernatant was collectdjuoted, and stored in-80°C freezer until it was
used for the assaysProtein concentrationgere de¢rmined for all emu cardiac samples by
using Pierce Coomassie Plus Protein Assay Reagent (Pierce Chemicals, Rockford, IL, USA)
before enzymatic assays were performed. Myoglobin assays were performed in accordance with
the Reynafarje (1963) method adapte¢g Kanatous et al., 2002 with the following
modifications: a portion (100 pl) of the homogenate was further diluted with 650 pl of phosphate

buffer (0.04 mol'l*, pH 6.6). The resulting mixture was centrifuged for 50 min at 28,09@atx
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4°C. The superriant was bubbled with 99.9% carbon monoxide for 3 min. Spectrophotometric
absorbance was measured at 538 nm and 568 nm, and the concentration of myoglobiifin mg g
wet mass of muscle was calculated as: §4dbBAbsseg X 5.865 [(1.5/0.5) X (dilution of

sanple)].

Enzyme assays

Enzymatic activity of citrate synthase (CGfgrobic potential), bethydroxyacyl CoA
dehydrogenase (HARerobic, b-oxidation), and lactate dehydrogenase (liRRaerobic
potential) were determined for the cardiac tissue samples. a$say conditions were set
according to previous studies (Reed et al., 1994; Kanatous et al., 2002)e synthas€CsS;
EC 4.1.3.7): 50 mmol t imidazole; 0.25 mmol't 5 , -itbiobis (2nitrobenzoic acid) (DTNBY);
0.4 mmol! acetyl CoA; and 0.5 mmoliox al oacet at e, ApHaM3.6E b-at 37 A
hydroxyacyl CoA dehydrogenagelAD; EC 1.1.1.35): 50 mmol'} imidazole; 1 mmol 't
EDTA; 0.1 mmol 1! acetoacetyl CoA; and 0.15 mmdtINADH, pH 7. Aggat 37A
(4=6.22. Lactate dehydrogenag¢DH; EC 1.1.1.27): 50 mmol1 imidazole; 0.15 mmol't
NADH, pH 7.0 at 37°C; and 1 mmol'lp y r u v Asio, emillimadpr extinction coefficient
U4=6.22. Myoglobin and enzyme assays were determined by using a BioTek Synergy HT
Multi-detection microplateeader (Winooski, VT, USA). Specific enzyme activities (umol'min
1 o' wet mass of muscle) were calculated from the rate of change of the assay absorbance at the
maximal linear slope and normalized to wet tissue weight. The CS:HAD ratio was calculated in

order to estimate the dependence of aerobic metabolism upon lipid oxidation.

Statistical analyses
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All muscle samples were run as triplicates, and each assay was repeated three times.
Skeletal muscle samples from an adult Weddell seal were used adsctmttbe assays. Data
from these two emu ranches were pooled into one data set for the determination of cardiac
profile (Table2.1). The statistical analyses were datee SigmaStat 2.0 (Ashburn, VA, USA).
Analysis of variance (oraay ANOVA) with Tukey posthoc tests were used?(O 0. 05) , an

the results given as means £ S.E.M.

Results
The emus from this study had an average myoglobin concentration of 3.41 + 0.06 mg g

wet tissue (Tabl@.1). Average CS activity in the cardiac tissue was 194£+

Table 2.1. Metabolic Profile of Emu Cardiac Tissue

Organism Cardiac Cardiac Cardiac Cardiac Cardiac
Myoglobin CS HAD CS:HAD LDH
Domesticated Emu 3.41 £ 0.06 194+1.2 789+ 3.6 0.25 239.5+8.9

Cardiac profile of domesticated emus raised in Laporte and Livermore, Colorado. n=12

Myoglobin concentrations are presented as mg g™ wet tissue; enzyme activities (CS=citrate synthase; HAD= b-hydroxyacyl CoA
dehydrogenase; LDH=lactate dehydrogenase) are presented as pmol min™ g™ wet tissue.

Means + S.E.M (Standard error of measurement)

pumol min® g wet tissue, andwverage HAD activity was 78.9 + 318nol min* g* wet tissue
(Table 1) The CS:HAD ratio of the cardiac tissue was approximadedp (Table2.1). An
average LDHactivity of 239.5 + 8.9 pmol mih g wet tissue was present ihese emu
populations (Tabl2.1).

There were no significant differences in myoglobin concentration 2H4\), CS activity
(Fig. 2.4B), or HAD activity (Fig.2.4C) in cardiac tissue between the two emu populations. The
activity of LDH was significantly higher in the Laporte population compared to the Livermore

population (Fig.2.4D). There were no trends in tliata that suggested emus with splalesy
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disorderhave a different myoglobin concentration or enzymatic makeup of the cardiac tissue
compared to non splaydeg emus. All resultsfor the myoglobin and enzymatic assays for the
control Weddell seal skeletal muscle samples were within the range estalilgheprevious

studies Kanatous et al., 2002; Kanatous et al., 2008

Emu Myoglobin Concentration from Left Ventricle A Emu Citrate Synthase Activity from Left Ventricle B
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from Left Ventricle Ventricle
84 350
@ o
g 82 E 300 +
S 80 = 250 |
s :
< 78 « 200 4
o o
= 76 ';_= 150
E 74 - E 400 1
g g
5724 5 50 4
70 0
LAPORTE 1,562 m LIVERMORE 2,042 m LAPORTE 1,562 m LIVERMORE 2,042 m
Emu Population Emu Population

Fig. 2.4. Myoglobin concentration (A), and enzymatic activities of citrate synthase (CS) ( B ) -hydrdxyacyl CoA dehydrogenase
(HAD) (C), and lactate dehydrogenase (LDH) (D) of the left ventricle from the lower elevation (Laporte, 1,562 m, n = 4) and higher
elevation (Livermore, 2,042 m, n=8) emu populations. Myoglobin was measured in mg g™ wet tissue and all enzymatic assays were
measured in pmol min™ g™ wet tissue. All samples were run as triplicates, and each assay was repeated three times. Significant
differences between the two populations are denotedby*. P O 0. 05; meStandard Brrorsof nieasitement).

Discussion
This study was the first to presantoglobin conentration and enzymatic activitift®m
emu cardiac tissue, and the metabolic profile from these Colorado populations provides an

estimate of potential oxygen storage and exercise capacity. The high levels of aerobic proteins in
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emu cardiactissue recognized in this study (Tak?el) supports the hypothesis that even
domesticated emus are, physiologically, elite athletes.
Table 2.2. Metabolic Profile of Emu Cardiac Tissue: Comparisons between Vertebrates. Myoglobin concentrations are

presented as mg g™ wet tissue; enzyme activities (CS=citrate synthase; HAD= b-hydroxyacyl CoA dehydrogenase;
LDH=lactate dehydrogenase) are presented as pmol min™ g™ wet tissue.

Organism Cardiac Cardiac Cardiac Cardiac Cardiac
Myoglobin Cs HAD CS:HAD LDH
Birds
Emu (domesticated) 3.41 + 0.06° 19.4+1.2° 78.9 + 3.6 0.25° 239.5+8.9%
Chicken 2.8° 51.0° - - 1140.0°
(domesticated)
Little penguin 11.0° - - -- -
Pigeon guillemot 16.1' - - - 60.0'
Pigeon 3.1° 127.0° - . 181.3"
Bar-headed goose 6.0 -- - - -
House sparrow -- 120.0° - - -
Tufted duck 7.0 108.0' 23.7 4.7 334.0
Mammals
Human - 16.7" - - -
Dog (domesticated) 1.8 98.6' 24.9 4.0 646.0'
Rat 1.7 193.3 27.7 7.0 1347.0
@ Green et al. (present study); means + S.E.M (Standard error of measurement) -- indicates data not available.

® Nishida (1976).

¢ Alp et al. (1976).

4 Heinova et al. (1999).

¢ Mill and Baldwin (1983).

" Haggblom et al. (1988).

9 Pages and Planas (1983).
" Lumeij et al. (1988).

' Saunders and Fedde (1991)
! Turner and Butler (1988).
¥ Veerkamp et al. (1985).

' Polasek et al. (2006).

Emus also appear to have a similar metabolic adaptation to that of flying birds, in using high
levels of fat oxidation in cardiac tissue to accomplish strenuous aerobic activity gl3ble

The average cardiac myoglobin concentration from the Livermore and Laporte emus was
3.41 + 0.06 mg g wet tissue which is higher than that of a domesticated chickaal(is gallus
domesticu 2.8 mg g wet tissue (Nishida, 1976) (Takel), but muchdwer than the levels of
myoglobin seen in the cardiac tissue of diving birds like the little penguidyptula minoy and
pigeon guillemot Cepphus columbBall.0 mg ¢ wet tissue (Mill and Baldwin, 1983) and 16.1
mg g* wet tissue (Haggblom et al., 198&spectively (Tabl@.1). Diving birds store oxygen in

their bodiesvia myoglobin in skeletal and cardiac tissue in order to undergo long, Hrelth
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dives, while relying on their oxidative metabolisnklying birds also use myoglobin to store
oxygen,though they have the ability to ventilate while exercising, and thus are less reliant on
endogenous stores of oxygen, and generally have less myoglobin in cardiac tissue compared to
diving birds (Saunders and Fedde, 1994). Captive emus have myoglobstleateare more
similar to those of the strortying pigeon Columba livig, 3.1 mg @ (Pages and Planas, 1983)
and highflying barheaded goose\aser indicul 6.0 mg ¢ (Saunders and Fedde, 1991) (Table
2.1). Even though emus in North America aaptive ground birds, they still have similar
myoglobin levels to athletic flying birds. These relatively high myoglobin levels in heart and
skeletal muscle tissue (Patak and Baldwin, 1993) suggest emus rely on myoglobin to enhance
their endurance capahiés. The myoglobin in emu heart tissue, and in cardiac tissue of other
animals, binds oxygen so the tissue has a nearby oxygen supply to supplement the tissue during
long-duration exerciseWittenberg et al., 1995 These emu populations were born asidead at
high elevation, and the relatively high concentrations of myoglobin may also be an adaptation to
living at an elevation with a lower partial pressure of oxygen.

Cardiac CS levels for these famaised emus are lower than the activity seen insbird
with a smaller mass (Saunders and Fedde, 1994), like the house spRass&r(domesticls
which displays a cardiac CS activity of 12@uol min® g* wet tissue(Alp et al., 1976) (Table
2.1). Emus have a large body mass, and therefore a lowerspassgic metabolism, so these
results are expected. However, the emus from the study had a higher activity of CS compared to
an animal of a similar average body mass, an adult huiamdg sapiens which has a CS
activity in cardiac tissue of approximately 16imol min® g* wet tissue (Veerkamp et al., 1985)
(Table 2.1). Although CS cardiac values are rarely collected from healthy humans, skeletal

muscle CS activity from human biopsies also tetadbe lower than that in skeletal muscle of
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emus. For example, untrained humans have an average CS activity gividl.gin™ g wet
tissue in pelviclimb skeletal muscle (Leek et al., 2001), while domesticated emus have an
average CS activity of 16.8mol min® g* wet tissue(T. L. Green, unpublishetesulty. The
exercised pelvitimb skeletal muscle of a trained human has a CS activity ofj#hd@ min* g*
wet tissue(Leek et al., 2001) while pelviemb muscle of wild Australian emus has an ags
CS activity of 72.3umol min™* g wet tissue (Patak and Baldwin, 1993)lormally, mammals
tend to have a higher activity of CS in their cardiac tissue compared to birds of similar mass. For
example, a house sparrow has a cardiac CS activity of d6ud umol min® g* wet tissue
while a laboratory mouse of similar mass has a cardiac CS activity of aboufidd.enin’ g*
wet tissug(Alp et al., 1976) (Tabl2.1). For unknown reasons, birds appear to have lower levels
of CS in their cardiac tis®, but are equally athletic as mammals of parable size. This
supports the view of emumaving high aerobic potential because when compared to mammals of
similar mass, emus are the organism with the higher CS activity.

HAD activity is not often analyad in cardiac tissue, especially in birds. However, in
emus, HAD activity is much higher than in the cardiac tissue of the tufted Ayttkyé fuligula,
23.1 umol min* g wet tissue (Turner and Butler, 1988), d@agis familiari9, 24.9 umol mirt
g™ wet tissue, and raR@ttus norvegicys 27.7 pmol mift g* wet tissue (Polasek et al., 2006)
(Table2.1). This is surprising, because emus have a larger body mass compared to both of these
animals. This illustrates these domesticated emus hadvreldtiy h i g h-oxidationenl s o f
cardiac tissue compared to dogs and rats. The ratio of CS:HAD activity gives an estimate of how
reliant an animal is on lipids for metabolic fuel. In dogs this ratio is approximately 4, and in rats
it is 7 (Polasek etla 2006) (Table2.1). A ratio of 1 indicates the cardiac system is 100% reliant

on fat as a fuel source, and the higher the ratio, the less reliant an animal is on fat. Emus have a

23



CS:HAD ratio of approximately 0.25 in their cardiac tissue (T@dlg indicating emus have the
capacity to rely completely on fat oxidation for a cardiac fuel soutoeorder to fuel long
distance flights, birds are thought to rely heavily upon fat utilization during migrations (Blem,
1980; Dingle, 1996; Guglielmo, 2010).It has been found that whiteroated sparrows
(Zonotrichia albicollig actually upregulate fatty acid transporters in Me pectoralis major
(primary flight muscle) during the migratory season. It is likely an evolutionary adaptation for
flighted birdsto rely on lipid storage and usage for constant exercise during migration, because
fat is a relatively light and energlense fuel source (Jenni and JelBi@rmann, 1998). Flighted

birds cannot afford to put on much extra mass, or it could hinder thatmomgmprocess (Jenni

and JennEiermann, 1998). Although domesticated emus are generally fed a diet that only
includes 5.0% crude fat, it appears that they preferentially use fat as a metabolic fuel during
exercise (or during cold winter months) in a $aniway to flying migrating birds Although the

low CS:HAD ratio in emus is fairly rare for muscle tissue, a comparable ratio has been identified
in Weddell seal skeletal muscle, which is about 0.3 (Kanatous et al., 2002). Weddell seals are
Antarctic diving mammals that consume lipitth prey, and in turn, store lipids in a
subcutaneous fat layer which is used to fuel aerobic metabolism for long foraging dives
(Kooyman and Ponganis, 1998; Burns, 1999; Kanatous et al., 2002). Because emus from this
study were consuming ratite pellets with a relatively low crude fat content, emus must be
metabolically managing their lipids differently than seals. Due to a low CS:HAD ratio and high
levels of myoglobin in skeletal muscle tissue, Weddell seals have theitgafiac high
endurance capabilities (Kanatous et al., 2002). Theserts®d emus have a similar CS:HAD

ratio to Weddell seals, and may therefore rely on a similar mechanism in the cardiac tissue to

support endurance exercise under-lmyygen situations
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The average LDH level of the two populations 89.5 + 8.9 umol miti g* wet tissue
(Table2.1). This again reflects the difference in enzymatic activity in relation to body mass.
Tufted ducks have higher LDH activity, about 334.0 pmol it wet tissue (Turner and
Butler, 1988), compared to the emus from this study, but a lower body mass ZPablelighly
active birds like tufted ducks and pigeon guillemdiaggblom et al., 1988ave much lower
LDH activity in cardiac tissue compared teora sedentary birds like the domesticated chicken;
1140.0 pmol mift g* wet tissue (Heinova et al., 1999) (Tald®). It is possible that more
active birds have higher levels of aerobic proteins, and lower levels of anaerobic proteins.
Because many his, including the tufted duck and pigeon guillemot, are elite endurance athletes,
an inherent predisposition for high levels of aerobic proteins support this type of activity. As
seen with living emus, they have effective anaerobic abity B r i e ) thoudgh3h@ éven
higher aerobic capacity equips emus to be even more impressive endurance athletes.

These assay data indicate that emus have high levels of metabolic proteins in their heart
tissue to support elite activity. In regard to cardiac tistarep-raised emus do not resemble
other domesticated birds like the chicken. Instead, their hearts are biochemically structured more
similarly to those of flighted migrating birds. Emus are impressive athletes that are inherently

predisposed for faburning, aerobic runs, like many other terrestrial prey species.

Perspectives

By determining the metaboliprofile of emu muscle tissue, researcheas begin to
understand how metabolic processes are regulated in emus. This study establishes a baseline for
healthy emu cardiac tissue, and allows for a number of potential projects to be conducted in the

future.
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Factors, such as age and body mass, can affect metabolism greatly. It is unknown
whether large elevation variations can cause metabolic caddfacences in emus. Elevation
differences have been shown to have an effect on other vertebrate groups. In previous studies
with rat myocardium, it was determined that there is a significant change in myoglobin
concentration, CS activity, and LDH actiidue to simulated elevation differences (Esteva et
al., 2009). Hypoxia (lowoxygen environment) has been shown to have an effect on cardiac
processes in emu hatchlings (Shah et al., 2010). Although heart rate was unchanged, there was a
significant difie r e n c -adrenergic fone between emu hatchlings in normoxic and hypoxic
environments (Shah et al., 2010). No major differences were observed in lmepabtein
activity between théwo ranches, despite slight elevation differencdsuture emu card&a
research should focus upon birds raised at sea level to see if significant differences exist between
them (a baseline population) and high elevation populations. Though domesticated emus are
inherently predisposed for relatively high levels of aerobatgins, it is also possible that wild
emus (because they are thought to be more active than domesticated emus) would have even
higher myoglobin content and greater metabolic enzyme activities. It is essential to further
analyze tissue from wild emus intlire studies to understand the effects that domestication and
limited exercise have upon avian physiology.

Investigation of the metabolic profile of skeletal muscle tissue of domesticated emus
could be expanded to make comparisons between entdes varing climate conditions, diets,
activity levels, ages, and disease statddecause hind limb orthopedic disorders are fairly
common in domesticated ratites on farms and in zoos (Gnad et al., 1996; Minnaar, 1998;
Rothschild and Ruhli, 2007; Cooper et al008), these defects have been of interest to emu

caretakers. A specific splaydéeh disorder is especially prevalent in faraised emus, and is a
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growing concern. The cause of splayed disorder in ratites is thought to be multifactorial
(Gnad et al.1996); genetics, nutrition, husbandry, and injuries are thought to be possible causes
for this pathology (Gnad et al., 1996; Jenkins, 1996). The etiology of this disorder is unknown.
It is not understood whether skeletal defects cause muscle atropghyuscular dysfunctions
alter bone formation. Investigating the metabolic properties of skeletal muscle tissue from
captive emus will set a baseline for what healthy emus look like, and will allow comparisons to
be made between these animals, and thtiseted bysplayedleg disorder.

Additionally, the evolutionary history and anatomy of emus make them excellent models
for branching into comparative studies with theropod dinosaurs (Padian and Olsen, 1989;
Castanet et al., 2000; Schweitzer et al., 20@8an, 2006; Breithaupt et al., 2007). Emus
exhibit a fast period of growth after hatching from eggs (Minnaar, 1998; Breithaupt et al., 2007).
The combination between this rapid development, skeletal similarities, and the parental care
exhibited by adul male emus (Minnaar, 1998), make them excellent modern analogs for

paleontologists attempting to reconstruct theropod dinosaur development, growth, and behavior.

Conclusions

Here, the metabolic profile of ratite cardiac tisswaes classifiedor the first time. Due to
high levels of aerobic proteins, it can t@ncludel that even domesticated emus are predisposed
to be elite avian athletesThe data illustrate that emu heart tissiseinherently supported by
myoglobin and metabolic enzymé&s these kghly athletic birds during exercisddomesticated
emu cardiac tissue has similar metabolic characteristics to active, flighted birds (pigeons and
geese) rather than farmaised, sedentary birds (chickens). Emus, and active birds that rely on

aerobic meatbolism have a number of similarities, including high levels of aerobic proteins

27



(myoglobin, citrate synthase, afehydroxyacyl CoA dehydrogenask) cardiac tissue that are

f u el e-akiddlign. This suggests that, although behaviorally emus are fictbre sprinters

and longdistance runners, this species relies more readily upon aerobic metabolism to fuel
activity. Emu ranching in the United States allows a unique opportunity to study the physiology
of these large, terrestrial birds. The knowkedgined from this study can be used to better
understand metabolism and ontogeny of domesticated eniinss study begins to set the

physiological groundwork by identifying a metabolic profile for fanamsed emu cardiac tissue.
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CHAPTER 3
Striding for excellence: Determination of the metabolic profile of specific skeletal muscles
from normally developing and splayedleg emus Dromaius novaehollandiagfrom
Livermore, Colorado
Submitted to Avian Biology Research: IN REVIEW 1/11/2012
Introduction

Paleognathous birds are the small lineage that includes tinafioasnus Nothocercus
Crypturellus RhynchotusNothoprocta Nothurg Taoniscus Eudromig and Tinamotig, rheas
(Rheg, kiwis (Apteryy, ostriches $truthig, emus Dromaiug, and cassowariesCasuariug.
Ratites are specifically the paleognathous birds that are fully flightless (all above except
tinamous). EmusOromaius novaehollandiadatham 1790) are aatite species native to
Australia, though they were imported to North America, and later raised as livestock animals for
oil, meat, leather, eggs, and feathers. Over one million emwsiaentlyraised throughout the
United States for commercial prodsc(American Emu Assadation, 2009; Green et alin
review.

Emus are a unique model organism for physiological studies because they are exceptional
athletes. They can sprintup to 50 kithrOd Br i e n , 1990) and can run
stoppirg. The hindlimb anatomiesf emus (Patak and Baldwin, 1993), ostriches (Smith et al.,
2006), and rheas (Piasso, 2010) haween classified to aid in the understanding of ratite
biomechanics Some pevious studies have investigateskeletal musclegphysiobgy of wild
Australian emus, thougldomesticatedemu tissue has not been extensively studietihe
metabolic profile and fiber typing of a variety of pelNimb skeletal muscles were determined

from emus from Western Victoria, Australia in 1993 (Patak and Baldwin, 1993). The data
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collected from these techniques suggested that emu fiehdcskeletal muscles were similar in
metabolic makeup (highly aerobic) aoomparative in mass to pectoral muscles of flighted birds
(25% in emus; 1B5% in flighted birds) (Hartman, 1961; Patak, 1988; Patak and Baldwin,
1993). This reliance on aerobic metabolism is also demonstrated by the metabolic profile of
domesticated emaardiac tissue, which is more similar to that of flying migratory b{féleen

et al.,in review).

The magnitude of aerobic reliance is dependent on whether an animal is inherently
predisposed for sprinting (anaerobic) or endurance (aerobic) actikiy.example, predatory
animals may depend more upon anaerobic metabolism in order to fuel fast bursts of speed, while
the muscles of prey animals may be fueled more by aerobic metabdlisdstédt, 1991,
Williams et al., 199Y. Although this predateprey model is a wonderful example, the amount
of aerobic and anaerobinetabolisman animal relies on during exercise may be dependent on
numerous factors. RooymannandnPargénis, 1¥9Ranatousoeh ah,e n t (
1999 and body mass (Jones anthdstedt, 1993) can play a major role in influencing the
metabolic profile. Animals can accomplish elite athletic performance regardless of which
metabolic system they use more for activitfhe African cheetahAcinonyx jubatus a fast
terrestrial runer that can reach speeds of up to 103 kih (&harp, 1997), relies mostly on
anaerobic metabolism for sprinting (Williams et al., 1997). In contrast, prongAotitoCapra
americand can reach alleged speeds of 100 knl While relying on aerobic metabism for
endurance running (Lindstedt, 1991). This study will investigate muscle proteins in
domesticated emus to determine whether specific pdimb skeletal muscles are more
inherently suited for anaerobic or aerobic activitjhe metabolic profileof domesticated emu

skeletal muscle had never been identified, and it is necessary for determining a baseline for
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healthy animals. The baseline metabolic profile will also allow for comparative studies between
healthy andpathologic domesticated emuslindlimb orthopedic disorder@specially trauma
related) are fairly common in domesticated ratites on farms and in zoos (Gnad et al., 1996;
Minnaar, 1998; Rothschild and Ruhli, 2Q@0ooper et al., 2008and these disorders have been

of interest to emu catakers. A specific condition called splayed disorder is especially
prevalent in farrraised emus, and is a growing concern (Bid). The cause of splaydeg
disorder is thought to be multifactorial (Gnad et al., 1996); low genetic diversitynperation,

lack of exercise, and injuries are thought to be possible causes for ratite $ptaybsorder
(Gnad et al., 1996; Jenkins, 1996). Although studies have identified ostedisgidersin

ratites (Rothschild and Ruhli, 2007), it is unknowhether defective bones cause muscles to
become weak, or if defective muscles cause bones to twist3(Ejg. Inthis studythe metabolic
propertieswere measuredn muscle tissue from a splaydey individual to determineif
differences exist between it and its healthy counterparts.

Analyzing the metabolic properties of skeletal niestssue from captive emusets a
physiological baseline, angpecific pelviclimb muscles were also analyzed to see whether
specific muscles rely more on aeloc or anaerobic metabolism. It wgwediced that
domesticated emu skeletal muscles will generally be more aerolbaseline metabolic profile
also allovedcomparisons to be made between these animals, and ones with orthopedearslisor
It was unclear whether splayddg birdswould possess skeletal muscle atrophies. If tlegee
atrophies in thehreeanalyzed muscles, it sxpeced thatsplayed andonsplayedlimbs will
have lower activities of metabolic enzymes and myoglaimncentrations #n the normally

developing limbs.
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Fig. 3.1. (A) A normally-developing sub-a d u | t emu. The solid lines illustrate how both |
body. (B) The hindlimb bones (femur, tibiotarsus, fibula, and tarsometatarsus) are untwisted in a normally-developing emu. (C) A

sub-adult emu affected by splayed-leg disorder. The dotted line represents the non-splayed limb, and the dashed line represents

the splayed limb. Splayed-leg disorder causes one limb to point laterally out from the body, making it difficult for the animal to walk

properly. (D) Though the femur (1) is affected minimally by the splayed-leg pathology, the tibiotarsus (including fibula) (2) and

tarsometatarsus (3) both become twisted. (lllustrations and photos by Todd L. Green).
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Materials and methods
Study Animals

Emus from this study (n=4) were raised in an outdoor pen at an elevatiyf4@m
(6,700ft) at Rabbit Creek Emu Ranch, in Livermore, Colorado, USA. Of the four emus, three
were subadults (between-2 years old) and one was a breeding adult female (> 4 years old).
The age classifications used for this study were based upon physical and behavioral indications
of sexual maturity and breeding status of the emus (T. L. Guegblished). One of the sub
adult birds possessed splayled disorder. Three limbstateswvere designated for trenalysis: a
control limb(from emus without any sign of limb disorder), a +sphayed limb (supportive limb
from a splged-leg bird), and @&played limb (splayed limfsom a bird with splayedeg disorder)
(Fig. 3.1). Emus were butcherday workersat Wind River Processing Inc. (Thermopolis, WY,
USA) on March 15, 2010 After the emus were butchered, thmbs were placed in an industrial
cooler for one hoyrbefore keletal muscle samples were collected from the-ipaillly of three
different hindlimb musclesM. gastrocnemius medial{&M - inside drum)M. iliofibularis (IFB
- fan fillet), andM. iliofemoralis externus(IFME - oyster fillet) (Fig.3.2). The small skeletal
muscle samples wethenimmediately wrapped in aluminum foil and placed in a charged liquid
nitrogen dewar, until they could be stoneda -80°C freezerat Colorado State University for
later analysis of metabolic characteristics. Adult Weddell desgdtbnychotesveddelli) skeletal
muscle samples, originally tected in October 2006 by S. BKanatous McMurdo Sound,
Antarctica, were used as an internal control for all ass@lisse sampls were readily available,

and have been tested in a number of studies in our Colorado laboratory.
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Fig. 3.2. (A) The lateral view of a left emu pelvic limb. M. gastrocnemius lateralis (GL); M. fibularis longus (FBL); M. femorotibialis
externus p. proximalis (FTEP); M. iliotrochantericus cranialis (ITRC); M. iliofemoralis cranialis (IFCR); M. flexor cruris lateralis p.
pelvic (FCLP); M. flexor cruris lateralis p. accessoria (FCLA). Some of the more superficial muscles were removed in order to view
M. iliofibularis (IFB - fan fillet) and M. iliofemoralis externus (IFME - oyster fillet), the two upper pelvic limb muscle analyzed for the
study. (B) The medial view of a left emu pelvic limb. M. obturatorius medialis (OBM); M. ambiens (AMB); M. flexor cruris medialis
(FCM); M. iliotrochantericus cranialis (ITRC); M. puboishiofemoralis medialis (PIFM). The white area on the limb is the pelvis bone.
The lower limb muscle analyzed in this study was M. gastrocnemius medialis (GM - inside drum). Dark circles=muscles analyzed in
the current study; light circles=other emu pelvic limb muscles not analyzed in the current study. (Redrawn by Todd L. Green,
adapted from Patak and Baldwin, 1998)

Myoglobin Assays

The concentration of myoglobin, an oxygeimding heme protein, was determined for
the skeletal muscle tissue. Form@lyoglobin and enzyme assa3s0 mg ofskeletal muscle was
homogenized with a hand glass homogenizer. A homogenization buffer was made with 79%
PBS (phosphate buffered saline), 1% Tw268n20% glycerol, 0.001M DTT (dithiothreitol), and
a protease inhibitor tablet (1/10 pl). Tissue was wedyland homogenized (0°C), and the
original dilution recorded. The resulting homogenates were clarified in a centrifuge at 10,000 x
g for 10 min. The supernatant was colleci@gjuoted, and stored in-80°C freezer until it was

used for the assay$rotein concentrationwere determined for all emu skeletal muscle samples
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by using Pierce Coomassie Plus Protein Assay Reagent (Pierce Chemicals, Rockford, IL, USA)
before enzymatic assays were performed. Myoglobin assays were performed in accordance with
the Reynafarje (1963) method adapted by Kanatous et al.,, 2002 with the following
modifications: a portion (100 pl) of the homogenate was further diluted with 650 pl of phosphate
buffer (0.04 mol'l*, pH 6.6). The resulting mixture was centrifuged for 50 at 28,000 >g at

4°C. The supernatant was bubbled with 99.9% carbon monoxide for 3 min. Spectrophotometric
absorbance was measured at 538 nm and 568 nm, and the concentration of myoglobiitin mg g
wet mass of muscle was calculated as: (AdBAbsseg X 5.865 [(1.5/0.5) X (dilution of

sample)].

Enzyme Assays

Enzymatic activity of citrate synthase (Gfrobic potential), betaydroxyacyl CoA
dehydrogenase (HARerobic, b-oxidation), and lactate dehydrogenase (liRRaerobic
potential) were determiefor the skeletal muscle tissue samples. The assay conditions were set
according to previous studieRded et al., 1994&anatous et al., 2002Litrate synthas€CS;
EC 4.1.3.7): 50 mmol t imidazole; 0.25 mmol't 5 , -@ithiobis (2nitrobenzoic acid) (DTNB);
0.4 mmol* acetyl CoA; and 0.5 mmoliox al oacet at e, ApHaM3.6 b-at 37 A
hydroxyacyl CoA dehydrogenagelAD; EC 1.1.1.35): 50 mmol'} imidazole; 1 mmol '
EDTA; 0.1 mmol 1! acetoacetyl CoAand 0.15 mmol't NADH, pH 7. Aggat 37A
(4=6.22. Lactate dehydrogenag¢DH; EC 1.1.1.27): 50 mmol} imidazole; 0.15 mmol't
NADH, pH 7.0 at 37°C; and 1 mmol'lp y r u v Asfo, emillimadpr extinction coefficient
U4=6.22. Myoglobin and eyme assays were determined by using a BioTek Synergy HT

Multi -detection microplate reader (Winooski, VT, USA). Specific enzyme activities (umol min
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1 o't wet mass of muscle) were calculated from the rate of change of the assay absorbance at the
maximal Inear slope and normalized to wet tissue weight. The CS:HAD ratio was calculated in

order to estimate the dependence of aerobic metabolism upon lipid oxidation.

Statistical Analyses

All muscle samples were run as triplicates, and each assay was repeated three times for
the determination of skeletal muscle metabolic profile (Téhlg. Skeletal muscle samples
from an adult Weddell seal were used as controls for the assays. Th#catanalyses were
donevia SigmaStat 2.0 (Ashburn, VA, USA). Analysis of variance (oray ANOVA) with

Tukeyposthoctests wereused®®© 0. 05), and the results given

Table 3.1. Metabolic Profile of Specific Domesticated Emu Skeletal Muscles

Emu Pelvic Healthy Limb Non-splayed Limb Splayed Limb
Limb Muscle (Control) (Splayed-leg emu) (Splayed-leg emu)

M. gastrocenemius medialis (GM)

Mb 2.74 +0.03 5.16 + 0.04 *A 3.34+0.04*

CS 1214+ 1.21 18.27 + 0.31 *A 11.37+0.41

HAD 14.05 + 0.52 32.79 + 1.26 *A 16.25 + 1.06

CS:HAD 0.88 0.55 0.70

LDH 905.44 + 67.58 1254.15 £ 103.10 1451.45 + 142.37 *
M. iliofibularis (IFB)

Mb 3.04 £0.08 4.15 + 0.06 *A 2.80 £0.09

CS 18.43+0.85° 16.52 + 1.36 16.32 £ 0.98

HAD 23.04+2.28° 28.49 + 3.29 19.02 + 0.98

CS:HAD 0.80 0.58 0.86

LDH 913.08 £ 57.92 1029.32 + 28.54 1165.44 + 39.40 *
M. iliofemoralis externus (IFME)

Mb 443+0.07% 6.51 + 0.08 *A 5.87+0.18*

CS 18.23+0.40° 25.26 + 0.69 *A 22.73+£0.71*

HAD 28.66 + 0.91 ® 45.69 + 2.45 *A 35.85+1.26*

CS:HAD 0.64 0.55 0.63

LDH 947.65 + 37.70 1260.27 £ 36.14 * 1307.68 +50.73 *

Skeletal muscle metabolic profile from domesticated emus raised at Rabbit Creek Emu Ranch in Livermore, Colorado.
Myoglobin (Mb) concentrations are presented as mg g™ wet tissue; enzyme activities (CS=citrate synthase;

HAD= b-hydroxyacyl CoA dehydrogenase; LDH=lactate dehydrogenase) are presented as umol min™ g™ wet tissue.
Means + S.E.M (Standard error of measurement)

& Significantly higher than GM
® Significantly higher than IFB

* Significantly higher than control limb
A Significantly higher than splayed limb
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Results
Myoglobin

The myoglobin concentrations in the control (healthy) emu limb muscles were 2.74 +
0.03mg g wet tissue in thé\l. gastromemius mediali$GM), 3.04 + 0.08 maj* wet tissue in
the M. iliofibularis (IFB), and 4.43t 0.07mg g* wet tissueM. iliofemoralis externugIFME)
(Table3.1). For the norsplayed limbgrom a splayedeg bird the myoglobin levels weBel6 +
0.04mg g* wet tissuen the GM, 4.15 + 0.06 mg ‘gwet tissue in the IFB, and 6.1#50.08mg g
! wet tissue IFME (Tabl8.1). The muscles in the splayed lirhiad myoglobin concentrations of
3.34 + 0.04mg g' wet tissue in the GM, 2.80 + 0.09 mg wet tissue in the IFB, ah5.87+
0.18 mg g* wet tissue IFME (Table3.1). In all three pelvicimb muscles, there was a
significantly greater myoglobin coaeatration in the nosplayed limbcompare to the control
and splayed limb(Fig. 3.3). Forthe GM and IFME, the splayednib also had greater
concentrations of myogbin relative to the control limpFig. 3.3). The Weddell seal skeletal
muscle controls were within the range of previously reported vglasatous et al., 2002;

Kanatous et al., 2008

Enzyme activities

The citrate synthase &} activities in the control limvere 12.14+ 1.21umol min® g*
wet tissuein the GM, 18.43t 0.85umol min™* g* wet tissue in the IFB, and 18.23+ 0. 4ol
min™ g* wet tissuein the IFME (Table3.1). For the norsplayed limbh CS activities were 18.27
+ 0.31pumol min* g* wet tissuein the GM, 16.52+ 1.36 umol min™* g wet tissue in the IFB,
and 25.26 + 0.69mol min® g wet tissue in the IFMETable3.1). The CSactivities in the

splayed limbwere 11.3% 0.41pmol min* g*wet tissue in the GM, 16.32 + 0.98nol min* g*
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wet tissue in the IFB, and 22.73 + 0ithol min g* wet tissug(Table3.1). The CS activities
in the GM and IFME were significantly highar the non-splayedlimb compared to the control
limb (Fig. 3.3). The CS activities were also significantly higher in the GM and IFME of the non
splayed limb relative to the splayed limirig. 3.3). The IFME was té only muscle of the
splayed limkthat was significantly higher in CS adty compared to the curol limb (Fig. 3.3).
There were no differences in citrate synthase activity in the IFB bettheethree limbstates
(Fig 3.3).

T h ehydyoxyacyl CoA dehydrogenaseAB) activity in healthy emu limbsvere 14.05
+ 0.52pmol min® g* wet tissue in GM23.04 + 2.28umol min® g wet tissue in the IFB, and
28.66 + 0.9Iumol min* g wet tissue in IFMETable3.1). The HAD ativities in the non
splayed limbwere 32.79 + 1.2@imol min® g wet tissue in GM, 28.49 + 3.38mol min* g wet
tissue in IFBmuscle, and 45.69 + 2.4&mol min® g* wet tissue in the IFMETable3.1). For
the splayed limkthe HAD activities were 16.25 + 1.Qémol min* g* wet tissue in the GM,
19.02 + 0.98umol min* g* wet tissue in the IFB, and 35.85 + 1. @0l min* g* wet tissue in
the IFME(Table3.1). The norsplayed limbhad significantly greater HAD activity compared to
the control limb in both the GM and IFME musclé&sg. 3.3). The norsplayed limbalso had
significantly higher HAD activity in th&cM and IFMEthan the splayed limfFig. 3.3). The
splayedlimb IFME was the only limbmuscle that had greater HAD activity compared to the
control limb (Fig. 3.3). There were no significant differencesliB HAD activity between the
limb stateqFig. 3.3).

In the healthy limh the CS:HAD ratios in the GM, IFB, and IFME were respectively

0.88, 0.80, and 0.6@rable3.1). For the norsplayed limbthe CS:HAD ratios were 0.55 in the
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GM, 0.58 in the IFB, and 0.55 in the IFMEable3.1). The splayed limihad CS:HAD atios of
0.70, 0.86, and 0.63 in the GM, IFB, and IFME, respecti{Elple3.1).

The control limblactate dehydrogenase (LDH) activities were 903:44.58 pmol mift
g* wet tissuen the GM muscle913.08+ 57.92umol min’ g* wet tissue in the IFBand 947.65
+ 37.70umol min* g* wet tissue in the IFMETable3.1). LDH activities of the norsplayed
limb were 1254.15 + 103.140mol min* g wet tissue in the GM, 1029.32 + 28 fithol min™ g*
wet tissue in the IFB, and 1260.27 + 36dMol min* g* wet tissue in the IFME muscl@able
3.1). The LDH activities of the splayed limiere 1451.45 + 142.3Imol min* g* wet tissue in
the GM, 1165.44 + 39.4Amol min* g* wet tissue in the IFB, and 1307.68 + 50}#80l min*
g* wet tissue in the IFHE (Table3.1). The splayed limthad the highest activity of LDH
activity in all three muscleg¢Fig. 3.3). LDH was signifcantly higher in the splayed limb
compared to the control limin the three pelvidimb muscles(Fig 3.3). The norsplayed limb
had significantly higher LDH activity in the IFME compdré the normally developing limb
(Fig. 3.3). All enzymatic data from Weddell seal skeletal muscle controls were consistent with

previous published resultEd&natous et al., 2002; Kanatous et 2008.

Discussion

This study measured the metabolic profile of domesticated emu skeletal muscle for the
first time (Table3.1). All three skeletal muscles had a low CS:HAD rafi®8, 0.80, and 0.64
exhibiting t he-oxidatibnibdubl aerobi¢ metalmokise (Tabbel), Blthough the
CS:HAD ratio was not as low as previously determined in domesticated emu césdiar t
(0.25) (Green et alin review. Specific muscles differedh their amount of aerobic reliance,

andthere was a dtinct difference between the more distal GM compared to the more proximal
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IFB and IFME, in that the GMhad less aerobic potentialhough there are 20% more muscles
in the emu thigh compadédo the lower limb, more power is generated by the lower linfBatak,
1988). Although it wasexpected the splagdeg emus to have lower activities of metabolic
enzymesand myoglobin concentratioim their pelviclimb skeletal musclesgenerallyhigher

amouns$ werepresent.

Control limb

The GM is one of dur bellies of the largest crusiuscle in the emu pelvic limbw
gastrocnemius(Patak and Baldwin, 1998). The emu is the only known ratite to possess four
bellies of theM. gastrocnemiusmost have threeThe GM is the large medial crasuscle that is
respnsible for ankle extension and knee flexion (Smith et al., 2006) 32y. and in many
animals, tls is a highly anaerobic muscl@here were no significant differences in LDH activity
between the three raalesmeasured in the emu lin{fig. 3.3). However, the GM had a lower
myoglobin concentrations and lower activities of CS and HAD compared to the IFB and IFME
(Fig. 3.3), suggesting th&M has less aerobic potentiaCompared to the LDH activity in the
hindlimb of the athletic dogQanis familiarig, 396+ 38 pmol min™* g wet tissue(Kanatous et
al., 2002) the emu GM is over twipld higher. The emu GM has similar aerobic capacity to
that of the domesticated dbdgndlimb muscle the dog having a myoglobin concentration of 3.5
mg g* wet tissueCS activity of 24.8 3.3umol min* g* wet tissueand HAD activity 0f16.6+
2.8pumol min® gt wet tissugKanatous et al., 2002).

The IFB is a muscle that is often analyzed in the hindlimb of birds (Marjoiniemi and
Hohtola, 2000 McVean et al., 1987; Suman et al., 2010). In fact, the IFE was used in obtaining

the amino acid sequence of myoglobin for emu skeletal muscle (Suman et al., 2010). This large
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Fig. 3.3. Myoglobin (Mb) concentration (A), and enzymatic activities of citrate synthase (CS) ( B )-hydrdxyacyl CoA dehydrogenase (HAD) (C), and lactate dehydrogenase (LDH) of
specific pelvic limb skeletal muscles (M. gastrocnemius medialis, M. iliofibularis, and M. iliofemoralis externus). Four emus were included in this study. Three of these emus were
healthy developing birds (control limb), and one emu suffered from a splayed-leg disorder. For the splayed limb individual, both the muscles of the non-splayed limb, and the splayed
limb were analyzed. Myoglobin was measured in mg g™ wet tissue and all enzymatic assays were measured in pmol min™ g™ wet tissue. All samples were run as triplicates, and each
assay was repeated threetimes. (P O 0. 05; means N S. E. M).

* Significantly higher than control limb
A Significantly higher than splayed limb
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muscle is located on the lateral sidetlué thigh (Fig.3.2). In ostriches this muscle is involved
with knee flexion and hip extension (Smith et al., 200@ecause many similarities exist
between ratite skeletal muscle anatonffeatak and Baldwin, 1998), we assume the IFB has the
same function in emus as it daesostriches. Theresults suggest th&B has a similar amount
of aerobic and anaerobic capacityhe IFB has a myoglobin concentration more similar to the
GM (amusclewith less aerobic potentjaland a CS activity that resembkbe IFME (amuscle
with more aerobic potentipl(Fig. 3.3). Also, the IFB has a HAD concentration that falls
betweenhat of the GM and IFME (Fig.3).

The IFME is tle pelviclimb muscle at the most proximplor t i on of t he emud
a tendon inserts this muscle to the lateral side of the femur (Patak and Baldwin, 1998P)Fig.
The IFME is responsible for piadduction and flexion in the ostrich (Smith et al., 2006), and we
assume the same function is performed by this muscle in emus. The IFME was the most aerobic
of the three emumusclesanalyzed, with the highest concentration of myoglobin and highest
actvity of HAD (Fig. 3.3). Once distal limbmuscles like the GM tire, the proximal hindlimb
muscles like the IFME become more important gwustainedlocomotion because of their

enhanced aerobic characteristics.

Non-splayed and splayed limbs

Cooper et al. (2008) mentioned that pelNimb muscles in domesticated ostriches
(Struthio cameluswith bow leg syndrome (a similar orthopedic disortesplayedeg disordey
appeared to be emaciated and pale pibhkvasassumed the emus would haveakened pelvic
limb muscles that looked similar to these ostricheant@ry to theprediction, no emaciation

was noticedin splayedleg emu pelvic muscles a difference in color compared to healthy
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birds. The skeletal musclestbie nonsplayed and dayed limbstended to be as higbr higher,

in myoglobin content and metabolic enzymes activitesipared to emu control limi{3able

3.1). It is possible that bow leg syndrome acts differently upon ratite skeletal muscle than
splayedleg disorder. Als, the bow leg ostrich cases may have been more severe than the emu
splayedleg cases in this study. The splayed emus do not spend much time sitting, unless it is

a particularly severe casé&.(L. Green, unpublished). This continued muscle stimulatiay
explain why theskeletal muscles did not decrease imyoglobin andmetabolic proteins.
Detraining occurs when an animal experiences a steep decline in exercise, and this can cause
decreases in metabolic enzyme actiyijoore et al., 1987). In arttampt to keep up with other
birds, splayedeg emus will work their muscles hardénpugh the limping locomotion iess
efficient. The norsplayed limbbecame much more aerobic deethis orthopedic stress (Fig.

3.3). This nomrsplayed limhs the Imb that supports the majorityofh e e mu s mass.
the musclesppear to work harder, thupregulating aerobic proteins as a compensatory effect.
Also, the CS:HAD ratiois lower in the nossplayed limbcomparedto the control limb
suggestingd i gh er r eokidaton to &uel aecrobicdbmetabolism (Taldd). It is likely

the muscles in a normatyeveloping emu limb will have moteme to relax. The splayed limb
was,overall, more aerobically similar to thaif a normaldeveloping emu lira (Fig. 3.3). The
largest distinction beteen the control and splayed limdas in LDH activity Because all three
splayed limbmuscles were significantly higher in LDH agty compared to the control limb,

the splayed limls significantly more anaerobic (Fi§.3). In a splayedeg individual, this limb

acts much differently than the naeplayed supporting limb. When a spldyeg emu walks, the
splayed limbspends little time on the ground. Similar to a humdonfosapens)with a limp,

this limb moves forward quickly to prevent the animal from falling sideways. The more
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repetitions a pathologic limb endks, the more anaerobic enzyme actiwilf be upregulated in
the skeletal muscle.

The IFME muscle was selectedrfanalyis because of itsole in addudbn of the
hindlimb. It wasassumed that thisuscle in splayeteg emus wouldook significantly different
in metalic profile compared to that aformal developing emus. IFME was the only muscle
that was signittantly higher in myoglobin concentration and all enzymatic erezgctivities in
the splayed limb and nesplayed limb(Fig. 3.3). This illustrates thatof the three muscles
analyzed, the IFME waaffected by splayeteg disorder the most, followed by ti@&M, and

finally the IFB.

Domesticated and wild emus

A study conducted with Australian emu muscle found that wild emus have a slightly
different metabolic profile than the domesticated emus from our study. For our study, the GM
from healthy emus had a@verage myoglobin concentration of 2.74 + 0.03 mgvgt tissue, CS
activity of 12.14 + 1.23umol min* g wet tissue HAD activity of 14.05 + 0.5imol min* g*
wet tissugand LDH activity of 905.44 + 67.58nol min' g* wet tissue (Tabl8.1). Inthe GM,
wild emus had a myoglobin concentration ofi4.3.3 mg @ wet tissue, CS activity of 50.82.8
pmol min® gt wet tissue HAD activity of 3.4 6.8 umol min™ g* wet tissueand LDH activity of
1471 2098 pmol min' g wet tissue (Patak and Baldwit993) Myoglobin, CS, and LDH
were higher in wild emu GM tissue (Patak and Baldwin, 1993), which is expected, because
naturally trained animals tend to have highevels of myoglobin andmetabolic enzyme
activities (Butler and Turner, 1988). HAD aciiy was about Jold higher inthe domesticated

emus compared to the wild emus from Patak and Baldwin (1993). The domesticated emus
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appear to metabolize lipids at a higher rate, though domesticated emus may eat a diet higher in
fats than wild emus.

The general trend with these data illustrate that the splggemus have higher levels
of myoglobin and metabolic enzymes skeletal muscle tissusompared to control limbg=ig.
3.3). Specifically, he nonsplayed limbgenerally had higher activities oé@bic enzymes and
levels myoglobin, and the splayed linfiad relatively higher activities of anaerobic enzymes
compared to the control limfrig. 3.3). Since lhese splayetkg individuals have to workarcer
to keep the animal uprighthe pelvic muscleactually look like those of a more athletic animal.
Which element (bone, muscle, or tendon) of the lithditis defectivecannot yet be determined,
but the significant conclusion is that the pelvitnb muscles in the study were not initially

weakened byhe disorder.

Conclusions

This study was the first to classify metabolic profiles for domesticated skeletal
muscles (control limp(Table3.1). It wasfoundthatthe GM had less aerobic potentiaén the
IFB and IFME, and the IFME had mowerobc potentialthan the GM and IFB (Fig3.3).
Metabolic enzyme activities and myoglobin concentrations in the muscles of a disordered
splayedleg emuwere also measurgaonsplayed and splayed limi§Table3.1). The skeletal
muscles tended to possess kiglevels ofmyoglobin and metabolic enzyme activitigsg. 3.3).
Although the splayeteg emus may walk less overall distance, the skeletal muscles wortohard
keep the bird standing, and the grueling task causes those [wllionuscles to appear to
belong toa more athletic, healthy animal. To compensate for the disorder, musttesnon

splayed limhincreasedn aerobicpotentia] and muscles of thekyed limbincreased glycolytic
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potential Because the nesplayed limbmuscles have to contract more continuously, the
muscles depend more upon oxidatmetabolism. The splayed limdannot support the full
weight of the emu for much time, so it swings forward quickly during each stride, eventually
causing the muscle tissue hbecomamnore glycolytically adapted. It can kbenclude thatemus

in this study had no atrophy in the three muscles analyzed. If muscle atrophy occurs in splayed
leg emus, the condition has likely become severe enough that the animat stgoport itsown

body mass. To our knowledge, this is the first analysis of skeletal rfiswie ratites with an
orthopedic diseaseFurther inquiry as to why splaydelg disorder develops will require more
muscle and bone analysis, though the metabolic profites this study begin to shed light upon

a common avian disorder.

53



References

American Emu Association., 2009. http://www.aau.org

Butler, P.J. Turner, D.L., 1988. Effect of training on maximal oxygen uptake and aerobic
capacity of locomotory muscles in tufted ducksAythya fuligulg. J. Physiok
London 401: 347359.

Cooper, R.G., Mahrose, Kh. M.A,, Shafei, M., 2008. Spesl bow leg syndrome instrich
(Struthio cameluschicks aged 2 to 12 weeks. Brit. Poultry Sci. 49:6, 1

Gnad, D., Jean, G.St.,, Homco, L.D., Honnas, C., 1996. A review of some orthopedic
diseases in ostriches, emus and rheas-pratice 17, 282.

Green, T.L., De Miranda Jr., M.A., Kanatous, S.B., 2H@&artsof a featherlassifying the
metabolic profe of cardac tissue from farmnaised emugDromaius novaehollandige
from northern ColoraddComp. Avian Biol. Resin review.

Hartman, F.A., 1961. Locomotor mechanisms of birds. Smithson. Misc. Collns.-243, 1

Jenkins, J., 1996. Ratite Medicine aBdrgery. In: Rosskopf, Jr., W.J. and Woerpel R.W.
(Eds.), Diseases of Cage and Aviary Birds, pp. 10@®6. Williams and Wilkins,
Baltimore.

Kanatous, S.B., DiMichele, L.V., Cowan, D.F. Davis, R.W., 199@h aerobicapacities irthe
skeletal musclesf pinnipeds: adptations to diving hypoxia. Appl. Physiol. 86: 1247
1256.

Kanatous, S.B., Davis, R.W., Watson, R., Polasek, L., Wiliams, T.M., Ma@astello,

0., 2002. Aerobic capacities in the skeletal muscles of Weddell seals: key to longer div

durations? J. Exp. Biol. 205, 363608.

54



Kanatous, S.B., Hawke, T.J., Trumble, S.J., Pearson, L.E., Watson, R.R., Garry, D.J.,
Williams, T.M. Davis, R.W.2008. The ontogengf aerobic and diving capaciin the
skeletalmuscles of Weddell seald. Exp. Biol.211, 25592565.

Kooyman, G.L. Ponganis, P.J., 1998. The physiological bafsiiving to depth: birdsand
mammals. Annu. Rev. Physiol. 60,-39.

Lindstedt, S.L., Hokanson, J.F., Wells, D.J., Swain, S.D., Hoppler, H., Navarro, V., 1991.
Ruming energetics in the pronghorn antelopat{locapra americang Nature353: 748
750.

Marjoniemi, K., Hohtola, E., 2000. Does cold acclimation induce thermogenesis in
juvenile birds? Experiments with Pekin duckkngnd Japanese quail chicksCamp.
Physiol. B 170: 53543.

McVean, A., Stelling, J., Rowlerson, A., 1987. Musithee types in the external eyauscles of
the pigeonColumba livia J Anat 154: 94101.

Minnaar, M., 1998. Emu farming as a business enterprise. IrETines  F a Hamdboakis
Volume 2. Texas: Nyoni Publishing Co. pl16.

Moore, R.L., Thacker, E.M., Kelley, G.A., Musch, .T $inoway, L.l., Foster, V.LDickenson,

A.L., 1987. Effect of training/dedining on submaximal exercise responses in hundans.
Appl. Physiol. 63(% 756%#7587.

O6Bri en, R. M. , 1990. Family Dromai i dae:

Handbook of Australian, New Zealand, and Antarctic Birds. pp:597 Oxford

University Press, Melbourne.

55

e

mu



Patak, A.E., 1988.Anatomical and metabolic adaptations to locomotion in the emu
(Dromaius novaehollandiag¢Latham)), a giat flightless bird. PhD thesisMonash
University Melbourne.

Patak, A.E., Baldwin, J., 1993. Structural and metaludigracterization of the musclased to
power running in the emufromaius novaehollandigea giant flightlessird. J. Exp.
Biol. 175, 233249.

Patak, A.E., Baldwin, J., 1998. Pelvic limb musculature in the eBwomaius
novaehollandiae (Aves: Struthioniformes: Dromaiidae): adaptais to high speed
running J. Morphol.283, 2337.

Picasso, M.B.J., 2010. The Hindlimb Musclestfea americanéAves, Palaeognathae,
Rheidae). Anat. Histol. Embryol. 39: 46272.

Rothschild, B.M., Rdhli, F.R., 2007. Comparative frequency of osseousrostapic
pathology and first report of gout in captive anddaiaught ratites. J. Vet. Med. 24,
265-269.

Sharp, N.C.C., 1997. Timed running speed of a cheefstingnyx jubatus J. Zool.
(Lond.) 241: 493494,

Smith, N.C., Wilson, A.M., Jespers, X, Payne, R.C., 2006. Muscle architecture and
functional anatomy of the pelvic limb of the ostri@truthio camelus J. Anat.209, 765
779.

Suman, S.P., Joseph, P., Li, S., Beach, C.M., Fontain&tdinke, L., 2010. Amino acid
sequence of myoglobifrom emu Dromaius novaehollandigeskeletal muscleMeat

Sci. 86(3): 62328.

56



Williams, T.M., Dobson, G.P., MathieQostello, O., Morsbach, D., Worley, M.B.,
Phillips, J.A., 1997. Skeletal muscle histology and biochemistry of an elite

sprinter, theAfrican cheetah. J. Comp. Physiol. B 167: 535.

57



CHAPTER 4

Conclusions

Overview

Past studies have investigated emu physioldggrulib et al., 1983Patak, 1988Patak
and Baldwin, 1993; Maloney et al., 19%atak and Baldwin, 1998/lain and Biewener, 2007
Claessens, 200%uman et al., 20)0though most of this research Hasen conducted on wild
emu muscle tissue (Patak, 198&tak and Baldwin, 1993; Patak and Baldwin, 1998; Main and
Biewener, 200y, Because commercial farmindg emus is so common in North America
(Minnaar, 1998;American Emu Assaation, 2009), it is essential to understand how healthy
emus develop, how they are metabolically fueled,tandvestigatethe pathologies and illnesses
that exist. Emus are also aimteresting model organism because they are impressive athletes, a
large avian species, and flightlesalthough the time period paleognathous bilalst the ability
to fly is debatedHoude and Olson, 1981; Houde, 1986; Briggs, 20@8shman et al., 2@, it
is agreed that ratites descended from a flighted reldBvigggs, 2003. Although flightless,
flighted, and divingbirds have different forms of locomotion, many physiological similarities
still exist, including endurance capacity (Saunders andddée 1994). By analyzing the
physiological prperties of emunuscle tissuewe aimedto set a physiologic baseline for farm
raised emu muscle tissue so future studies ditermine if similarities exist betwedarm-
raised, wild, andliseasd emus

This studywas the first to classifthe metabolic profile of ratiteardiac muscle. Idh
concentrations of myoglobin and high activitigfsaerobic proteins suggedbmesticated emus

are predisposed to belite avian athletes. It can bmnclude that emu cardiac tissue is

58






