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Adult chickens employ endothermy – internal generation of heat that maintains a 

constant body temperature (Tb). Prior to hatching, chicken embryos are ectothermic - 

controlling Tb by external heat sources. Upon hatching, the hatchling transitions from an 

ectotherm to an endotherm that has been shown to be delayed by hypoxia.  In this 

study, whole animal oxygen consumption ( ) and liver, heart, and skeletal muscle 

citrate synthase activity (CSA) and were measured during this transition to endothermy 

in chickens incubated in normoxia and hypoxia (15% O2).  The only significant 

differences in  occurred in 48 hour old hatchlings where  was lower in normoxic 

hatchlings.  There were no differences in CS activity between age and incubation 

oxygen levels. Additionally, preliminary 2-D protein gels of embryo and hatchling liver 

show changes in the proteome upon hatching.   Results suggest that hypoxia had no 

significant effect on CSA and a minimal effect on . 
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CHAPTER 1 

INTRODUCTION 

Thermoregulation is an organism’s ability to regulate its body temperature. 

Animals typically exhibit one of several modes of thermoregulation.  An animal, such as 

a typical lizard, is ectothermic where body temperature is regulated via external heat 

production and is dependent upon the environment.  An animal is considered 

endothermic when body temperature is regulated via internal heat production and the 

animal’s body temperature is held relatively constant, independent of ambient 

temperature variation.  Adult mammals and birds are both endothermic.  However, at 

the onset of development, all animals exhibit an ectothermic mode of thermoregulation 

as they develop from a fertilized zygote to their juvenile juncture.  The majority of 

animals remain ectothermic throughout maturity with most birds and mammals 

becoming endothermic.  Studies comparing adult ectotherms with adult endotherms 

have uncovered significant physiological divergence regarding the ability to generate 

heat at the cellular level with endotherms possessing a stronger cellular furnace (Else 

and Hubert, 1981). For birds, the majority of the cellular furnace is located in the 

kidneys, heart, brain, liver and skeletal muscles. It is in the skeletal muscles that heat is 

produced via shivering thermogenesis (Marjoniemi and Hohtola, 1999).  Endothermic 

organisms characteristically have tissues that are high in mass and mitochondria 

concentration.  Since endotherms possess more mitochondria (Else and Hubert, 1981), 

they have a higher level of electron transport chain activity and an increased production 

of ATP and heat.  Endotherms possess leakier cell membranes in comparison to those 

of ectotherms and thus must expend more energy to maintain ion concentration 

gradients.   Additionally, endothermic organisms possess higher concentrations of 
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Na⁺/K⁺ ATPase and Ca2+ ATPase thereby supplementing heat production.  

Consequently, endotherms are far more productive than their ectothermic counterparts 

with regard to internal production of ATP and heat. 

Complimentary to the leakiness of the endotherm’s cellular membrane and the 

consumption of energy, is the internal production of heat.  Metabolic pathways are 

highly conserved among all vertebrates (Smith and Morowitz, 2004). The aerobic 

metabolic pathway relies heavily on the Krebs cycle, which also contributes to additional 

heat as a byproduct of inefficient biochemical reactions. In the Krebs cycle, pyruvic acid, 

a product of glycolysis, enters the cycle and is oxidized in the mitochondria by a 

succession of enzymatically catalyzed reactions generating CO2, NADH and heat.  

In contrast, ectothermic organisms possess less metabolic machinery, less 

Na⁺/K⁺ ATPase, and less Ca2+ ATPase, and thus produce less ATP and heat (Else and 

Hubert, 1981).   It is expected that the avian embryo will exhibit ectothermic 

characteristics prior to hatching and will develop of endothermy upon hatching.  

These collective internal productions of ATP and heat are indicative of the 

abundance as well as an up regulation of regulatory metabolic enzyme activity.  

However, the disparity between endothermic and ectothermic organism types; in this 

regard, lies in the amount of metabolic machinery possessed with endotherms having 

higher amounts.   Else and Hulbert (1981) studied the various metabolic forms 

possessed by endothermic homeotherms and ectothermic heterotherms at the cellular 

as well as the organismal level. They accomplished this by utilizing the rate of oxygen 

consumption as a measurement of whole animal metabolism.  The rate of oxygen 

consumption is directly correlative to aerobic metabolism due to the fact that oxygen is 
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the final substrate in the electron transport chain.  Else and Hulbert measured oxygen 

consumption in an endothermic mammal and an ectothermic reptile utilizing liver, kidney 

and brain tissue samples (Else and Hulbert, 1981).  They uncovered that mammals 

possessed tissue metabolism that was 2 to 5 times greater than that of the reptile.    

In comparison to their ectothermic counterparts, adult mammals and birds 

possess resting metabolic rates that are 5-8 times higher.  This implies that at rest; in 

birds and mammals, there is higher occurrence of metabolic pathways and correlatively 

higher regulatory enzyme activity and heat production.  

  

1.1  Development of Endothermy 

As development and growth progresses in the chicken, there occurs a 

complimentary improvement of thermogenic capacity as well as increasing functional 

maturity of skeletal muscles (Choi et al., 1993).  The ontogeny of thermoregulation in 

precocial birds is categorized by three stages with varying levels of competence.  These 

are, the prenatal phase, early postnatal phase (ending at approximately 10 post hatch 

life) and the phase of full blown homeothermy (commencing at 10 days post hatch life) 

in precocial birds (Nichelmann et al., 2001). 

In the embryos of precocial birds such as the chicken, a highly efficient 

thermoregulatory capacity is unnecessary due to warmth provided by incubating 

parents.  Prior to hatching, chicken embryos exhibit a transitory ability to produce heat 

internally via cellular respiration (Tazawa et al.,1988; Freeman,1966).  This transient 

thermoregulatory response lacks the efficiency of shivering thermogenesis and is limited 

by the oxygen conductance of the shell.  Hence, embryos are incapable of producing 
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sufficient heat internally via cellular respiration for the maintenance of a high constant 

body temperature.                    

Upon hatching, precocial birds become capable of increasing heat production 

when exposed to lower ambient temperatures.  Hohtola and Visser (1998) noted that 

shivering is the first facultative means of thermogenesis employed by avian neonates. 

Heat production increases with age in step with the advancement of other 

thermoregulatory features; i.e. evaporative heat loss, change in cutaneous blood flow, 

and increase in the zone of homeothermy.  These thermoregulative advancements 

provide full maturity and efficiency by day ten in the chicken.  At 10 days of post hatch 

life, complete homeothermy is achieved (Nichelmann et al., 2001). 

The embryo’s phenotype, relative to thermoregulatory capacity, is ectothermic 

and hence analogous to those of adult amphibians and non-avian reptiles. Birds and 

mammals are at variance with the predominant pattern of remaining ectothermic 

throughout their lives and instead develop an endothermic rejoinder to ambient variation 

at some point post hatching or birth.   Upon hatching, young chicks are still unable to 

optimally thermoregulate when thermally challenged (Whittow & Tazawa, 1991; Visser, 

1998; Romijin, 1954; Freeman, 1964,1967) as this ability is subject to further maturation 

and enhancement over the first few days of post hatch-life.    

Internal heat production progressively increases with the development of other 

thermoregulatory elements (Nichelmann and Tzschentke, 2001); thus, the zone of 

homeothermy also increases with age.  The zone of homeothermy had been compared 

(Nichelmann and Tzschentke, 2001) in 1 day old Muscovy ducklings with 10 day old 

ducklings.  The Muscovy duckling’s zone of homeothermy was from 15 to 35 ˚C.  In 



 5  

contrast, 10 day old birds had a zone of homeothermy between 10 and 30 °C. 

Nichelmann (2001) stated that the phase of fully functioning homeothermy typically 

commenced at approximately 10 days of post hatch life. 

 Whole animal metabolism occurs at considerably higher rates in juvenile and 

adult birds and mammals than during the ectotherm embryonic stage.  Moreover in 

endotherms, metabolism tends to increase inversely with ambient temperature.  

Essential to an endothermic phenotype is a metabolic thermostat that causes internal 

sources of heat to be employed subsequent of environmental temperature decline.   

Divergently; in ectotherms, the occurrence of metabolic pathways and cellular 

processes correlate positively with ambient temperatures. 

As development progresses, the avian embryo changes its means of 

temperature regulation from ectothermy to endothermy.    As the neonate’s 

development progresses towards the juvenile juncture there is an eventual 

enhancement in metabolic capacity and activity at approximately ten days post hatching 

(Nichellmann and Tzschentke, 2001).  This augmentation of the organism’s metabolic 

disposition is subsequent of equally augmented metabolic machinery.  Thus, the 

ontogeny of endothermy is subsequent of the animal undergoing a thermoregulatory 

transition encompassing a progressive development from an ectothermic heterotherm to 

an endothermic homeotherm.   

 

1.2  Enzyme Function 

Changes in metabolic capacity during development of endothermy may be 

directly attributed to changes in activity of regulatory and metabolic pathway enzymes; 
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be it up or down-regulation. Like the developing neonates, adult birds generate heat via 

their skeletal muscles used for thermoregulation.  The muscles that are primarily related 

to shivering thermogenesis vary with regard to species and are predominately the leg 

and flight muscles (Olson, 1994; Hohtola and Stevens, 1968; Marjoniemi and Hohtola, 

1999).  Over the course of development, the catabolic properties of the skeletal muscles 

increase significantly.  As this occurs, the organism becomes more efficient in 

thermoregulation, thus acquiring the ability to control its temperature despite ambient 

variation. 

Complimentary to morphological progression and growth is the biochemical 

maturation of the flight and leg muscles; which in concert underwrites shivering 

thermogenesis. Additionally, an increase in metabolic capacity may be a consequent of 

increased activity of regulatory and metabolic enzymes (Seebacher et al., 2006).   

Maturation of key metabolic enzymes should play a vital role in the subsequent onset of 

endothermy in the developing chicken.  For example, endotherms typically possess a 

larger inner mitochondrial membrane surface area and thus have more cytochrome 

oxidase activity in comparison to a similar sized ectotherm (Else and Hulbert, 1985).  

Accordingly, there exists a high correlation between morphology and physiology of 

mitochondria and an animal’s metabolic rate. This conversion of metabolic machinery is 

suspected to be attributable and complimentary to the up regulation of metabolic 

enzyme activity.  An increase in enzyme activity relative to oxidative metabolic 

pathways will play a significant role in the ontogeny of endothermy in birds (Seebacher 

et al., 2006).  An increase in enzyme activity complements the progression of growth 
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and development with strong correlation with age and with regard to concentration 

resulting in the eventual onset of endothermy.   

 Citrate synthase is the rate determining enzyme in the first step of the Krebs 

cycle, hence it is referred to as a pace-maker enzyme. Citrate synthase is localized in 

the mitochondrial matrix, but is encoded in the nuclear region.  It is synthesized on 

cytoplasmic ribosomes and transported into the mitochondrial matrix.  

 Increases in metabolic capacity occur subsequent of increases in the activity of 

regulatory enzymes (Seebacher et al., 2006).  Seebacher et al. (2006) investigated the 

transition from ectothermy to endothermy in chickens and targeted CS as an indicator 

for the ontogeny of aerobic capacity (Seebacher et al., 2006). They observed CS 

activity increased after 22 days of development and remained elevated into and 

throughout adulthood.  In another study, citrate synthase activity increased significantly 

after hatching when compared with earlier stages of development (Walter and 

Seebacher, 2007). Upon exposure to colder ambient temperatures, there were marked 

increases in CS activity of 8 day old chicks (Walter and Seebacher, 2007).  In 2009, 

Mujahid examined acute cold-induced thermogenesis in neonatal chicks and found that 

CS activity was affected by environmental temperatures in the heart and gastrocnemius 

muscle (Mujahid, 2009).   Citrate synthase (CS) is the major enzyme of interest in this 

study because of its strong involvement in ATP production.   

 

1.3  Development in Hypoxia 

Hypoxia is described as a condition where there is insufficient supply of oxygen 

to facilitate normal development.  At sea level, oxygen levels of 20.94% are considered 
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normoxic.  Hypoxic incubation at 15% oxygen has been shown to depress development 

and growth of chickens (Chan and Burggren, 2005).   When incubated under sustained 

hypoxic conditions, chicken embryos were found to have lower body weight throughout 

incubation in addition to a delay in hatching (Azzam et al., 2007). The ontogeny of 

thermogenesis is no exception to the influence of oxygen as onset of endothermic 

capacity is markedly delayed about 10 hours  in response to chronic hypoxia exposure 

(Azzam et al., 2007). Hypoxia also lowers a chicken hatchling’s preferred ambient 

temperature and elicits a marked decline in the metabolism of chicken hatchlings which 

may be a compensatory means of energy conservation due to the consequential 

reduction in fetal growth.  Azzam et al. (2007) suggests that hypoxic incubation stalls 

physiological processes that elicit normal thermogenic responses. Thus, there is a 

correlative delay with regard to the establishment of endothermic capacity and hypoxic 

incubation. I hypothesized that incubation under hypoxic conditions would depress the 

increase in key metabolic enzyme activity seen with the development and progression 

towards endothermy. 

 

1.4  Proteomics 

Proteomics is an investigative tool that allows for efficient examination of two vital 

intracellular processes: protein synthesis and protein degradation.  This is 

advantageous when observing metabolic tissue conversion and muscle enlargement 

which may contribute to increased internal heat production and thus increased 

metabolic rate with the development of endothermy.  Proteomics using 2-dimensional-

gel electrophoresis permits the scrutiny and analysis of the rates of intracellular 
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processes throughout the chicken’s embryonic development and early neonatal juncture 

by examining the levels of protein expression. 

In 2005, Garcillan et al. detected in stage-29 chicken whole embryos, 

approximately 2100 protein spots using 2- dimensional – gel electrophoresis (2-DE).  

They identified 63 different proteins; 16 of which were determined via cross species 

identification due to the incomplete genome sequence and EST of the chicken.  Thirty-

five of the proteins identified were associated with normal chicken embryonic 

development; involved in apoptosis prevention, axial development, germ cell 

development and maturation (Garcillan et al., 2005).  Garcillan et al. also successfully 

identified proteins that were implicated in the formation of organs and voltage 

dependent ion channels.  

 Proteomics allows one to observe tissue reprogramming events and 

developmental shifts as they occur embryonically as well as post hatching (Doherty et 

al., 2004). Doherty et al. quantified and monitored expression patterns in chicken 

pectoralis muscle during development.  Expression of actin, myosin light chain, cofilin 

and many others, were assessed and characterized relative to their appearance and 

compartmentalization into the myofibrillar structure (Doherty et al., 2004). They also 

identified proteins that were localized and specific to the Vitelline membrane (VM); that 

is these proteins were not found in any other compartments.   

 In addition to tissue conversion and enzyme expression, the regulative 

expression of metabolically important proteins may play an integral role in the onset of 

endothermy, thus preliminary assessments of protein expression from liver tissue were 

performed.   To effectively address and monitor expression levels as well as 
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developmental changes of essential proteins 2 dimensional – gel electrophoresis (2-DE) 

was employed.  

 

1.5  Hypotheses 

This study investigated the influence of hypoxia on the development of 

endothermy in chickens (Gallus gallus) by examining whole animal respiration and 

citrate synthase activity, thereby giving rise to the following hypotheses: 
Hypothesis I: The activity of citrate synthase in skeletal muscle, heart, and liver 
will correlate to development and maturation of endothermy. 

Hypothesis II:  Development under chronic hypoxia will affect the activity of 
citrate synthase seen with the development and progression towards endotherm 

Hypothesis III: Proteomic profile of the liver will change with the development of 
endothermy. 
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CHAPTER 2 

METHODS AND MATERIALS 

2.1.  Source and Incubation of Eggs 

White leghorn chicken eggs (Gallus gallus) were purchased from the Texas A&M 

University Department of Poultry Science in College Station Texas.  Normoxic 

incubated eggs were housed in a circulated air incubator (model 1502); while hypoxia 

incubated eggs were housed in a Hova-Bator Incubator (model 1602N).  All eggs were 

turned every 4 hours   Relative humidity was maintained at 70% and temperature was 

kept at 37.5°C.  Normoxic conditions were achieved by supplying the incubated chicken 

eggs with 20.94% oxygen over the entire course of development.  For hypoxic 

incubation, eggs were supplied with 15% oxygen throughout development. Oxygen level 

in the hypoxic incubator was controlled by a Roxy-4 Channel Gas Regulator (Sable 

Systems).  Hatchlings were maintained at their incubation oxygen levels. 

 

2.2. �̇�𝑜2 Measurements 

Metabolic rate was measured on Day 18 and internally pipped (IP) embryos and 

hatchlings at 24 hours and 48 hours post hatching.  Measurements were made on 

eggs/hatchlings that were incubated under two treatments: normoxia and hypoxia.  An 

egg or hatchling of the desired age was placed into a metabolic chamber partially 

submerged into a water bath maintained at 35 °C.  Sample sizes were 6 animals for 

each age group in both oxygen incubation conditions.  Using the Fox Field Oxygen 

Analyzer (Sable Systems) inflow and outflow oxygen levels were recorded with Chart 5 

software and Power Lab 8 hardware (ADInstruments).  Animals were allowed to 
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acclimate in the chambers for one hour and then oxygen measurements were made 

over an hour at intervals of 15 minutes.  After completion of the initial measurements at 

35°C, the embryo/hatchling was cooled to simulate a colder environment.  For the lower 

temperature, water bath temperature was rapidly decreased and maintained at a 

temperature of 25°C.  The animals were allowed an acclimation for a period of an hour 

and then measurements of oxygen consumption were again made.  The influence of 

metabolically inactive tissue (yolk) was not taken into account at either temperature. A 

desiccant, drierite, was used to remove water from outflow gases to be measured.   

Carbon dioxide was removed by passing the gas over soda lime.  The flow rate of the 

inflow gas to each chamber was measured with a Sable Systems flow meter. Oxygen 

consumption and of embryos and hatchlings were calculated using the following 

equation: 

�̇�𝑜2 = VI · {FIO2 – [FEO2 * (1-FIO2)]  / (1-FEO2)} 

where, �̇�𝑜2= oxygen consumption (ml/min); VI= inlet flow rate (ml/min); FIO2 = inlet 

fractional concentration of O2; and FEO2= outflow fractional concentration of O2. 

 

2.3.  Dissections 

 After measuring metabolic response to temperature, the animals were sacrificed 

by inhalation of isoflourene and tissues were collected from the animal.  Tissues of 

interest were the pectoralis (breast) and gastrocnemius (thigh) muscle involved in 

shivering thermogenesis and the liver and the heart. The masses of the animals and 

there tissues was not recorded in this study. Pectoralis, gastrocnemius, heart and liver 

were removed and flash frozen in liquid nitrogen and stored at -80° C.  Tissues were 
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homogenized in extraction buffer using 9x the volume of the tissue; for example, if 

tissue sample volume was 50µl then 450µl of extraction buffer was added.  Extraction 

buffer was comprised of 50mM Tris, 2mM EDTA and 0.5% Triton X 100 at pH 8.1.  The 

homogenate was centrifuged at 10,000g for 10 minutes and supernatant used in the CS 

assay.  

 

2.4. Citrate Synthase Assay 

  Changes in citrate synthase in heart, liver and skeletal muscle were measured 

during this period of endothermic development. Buffers were prepared either monthly or 

daily.  Monthly buffers included: 1.0M Tris –HCL buffer (pH 8.1), 0.5M triethanolamine-

HCL buffer containing 5mM EDTA (pH 8.0), and a 10% solution of Triton X-100; all of 

which were stored at 4⁰C. A 12.2 mM solution of acetylcholine-A (Acetyl-Coa)  was 

made and aliquoted into 250μl aliquotes and stored at -20⁰C.  Daily preparations 

comprised of 0.1M triethanolamine-HCl buffer, 10mM oxalacetate and 1.01 mM DTMB. 

Incubation buffer was also prepared; in stock, as it provides the substrate for 

citrate synthase.  The mixture was comprised of DI water (15,800 μl) DTNB (2000 μl), 

10% Triton X (500 μl), oxaloacetate (1000 μl) and acetyl CoA (500 μl) and pre-

incubated at 30⁰C in a water bath. A CS standard was prepared as a 1:500 dilution in 

0.1M Tris-HCl buffer (pH 7.0).  Next, 2μl of CS standard was added to 998μl of 

incubation buffer yielding a protein concentration of 0.00172 mg.cmˉ³. Ten μl of this 

mixture was taken and added it to a volume 990μl of incubation buffer.  

Ten μl of homogenized sample was then added to a cuvette containing a volume 

of 990μl of incubation buffer, the cuvette was place into the spectrophotometer for 
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reading.  Readings were performed over a duration of 340s and changes were recorded 

over 10s increments.   Prior to sample and standard readings, a blank measurement 

was performed using the incubation medium. A relative wave length of 412nm was used 

to perform spectrophotometric measurements on a Shimadzu UV spectrophotometer 

(model UV-1800).  

 Upon the generation of activity curves, the specific enzyme activity was 

calculated using the following formula (Kuznetsov et al., 2003):    

Specific Activity:   v =    (rA / (l x εB x vB)) x (Vcuvette /V sample x r) 

where v = CS activity (IU/mg protein; IU = µmol/min); rA= rate of absorbance change 

(min-1); l = optical path length (1cm); εB = extinction coefficient of DTNB at 412nm and 

pH 8.1 (13.6mM-1·cm-1); VB = stoichiometric number of DTNB in the reaction (1); Vcuvette 

= volume of solution in cuvette (1000µl); Vsample = volume of sample added to cuvette 

(5µl); and ρ = mg protein. 

 

2.5. Protein Concentration- Bradford Protein Assay 

 A Bradford Protein Assay (BioRad) was performed to determine the protein 

concentration. First, 1x Bradford dye reagent (Catalog #500-0205 BioRad) was 

removed from the 4°C storage and warmed to ambient temperature. Twenty µl of each 

sample was pipetted into separate cuvettes. A standard curve was created adding 5 ul 

of protein standard into cuvettes (ranging from 0.125 to 2 mg/ml, BioRad).  One ml of 

dye reagent was added to each sample and standard.  Absorbance was measured with 

a Shimadzu UV spectrophotometer (model UV-1800) at a wavelength of 595nm.   
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2.6. 2-D Gel Electrophoresis 

2.6.1. Sample Preparation 

The liver was removed from a Day 19 embryo and a Day 1 hatchling and 

homogenized in 10 volumes of phosphate buffer containing protease inhibitors.  The 

homogenate was centrifuged at 4°C, 15,000 x g for 45 minutes and the supernatant 

used further examination. 

 

2.6.2. Day 1  

 Immobilized pH gradient (IPG; pH 3-10) strips were thawed for approximately 15 

minutes.  The samples were then loaded into the PROTEAN IEF (BioRad) tray ensuring 

even distribution.  The thawed strip was placed gel face down into the lane of the tray to 

force out bubbles and the samples are run for an hour.  Two ml of mineral oil was then 

added to each lane to cover the whole IPG strip.  Samples were run overnight to permit 

passive rehydration for 12 hours. 

 

2.6.3. Day 2 

Electrophoresis was run wtih 1X Tris Buffer and rehydrated Buffer I and Buffer II.  

The PROTEAN IEF tray was removed from the pH machine and the IPG strips from the 

tray. The IPG strip was placed on a square blotting paper with the gel side up.  A wet 

piece of blotting paper was placed on top of the gel strip and excess mineral oil was 

removed by gently running a finger over the gels surface.  The IPG strip was then laid 

gel side up in a rehydration/equilibrium tray.  Two ml of Buffer I was added to the tray 

wells and the tray was placed onto a rocker for 15 minutes.  The gel wells were then 
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filled with 1X Tris Buffer up to approximately 3mm from the top of the chamber.  After 

covering the chamber, the electrophoresis  machine was run at 200V until the blue dye 

line was approximately 5mm from the bottom of the gel; i.e. ~60 minutes.  At the end of 

the run, the IPG strip was removed from the gel and disposed.  The gel was then 

removed and placed into fixation buffer and rocked for 30-45 minutes.  The gel was then 

rinsed with dH20 in 3-4 washes to remove solutions on gel.  The gel was placed in 

SYPRO Ruby Red staining and allowed to rock overnight . 

 

2.6.4. Day 3  

The SYPRO Ruby Red Stain was decanted and the gel was rinsed 3 times with 

dH2O.  The gel was positioned into a tray of fixation buffer and rocked for 30 minutes 

after which it was rinsed 3 times with dH2O.  The gels were scanned via PD Quest 

software at a resolution of 100micrometers. 

 

2.7. Statistics 

 Citrate synthase activity data was analyzed by two-way repeated measures 

ANOVA followed by Holm-Sidak post-hoc test.  The 35 oC and 25 oC oxygen 

consumption data was analyzed first using a one way ANOVA for each incubation 

treatment to examine the influence of age on oxygen consumption within a treatment 

and was followed by Holm-Sidak post-hoc test.  A two-way ANOVA was then used to 

examine interactions between age and oxygen consumption, followed by Holm-Sidak 

post-hoc test.  Significance was taken at P < 0.05. Statistics were done in SigmaPlot 

11.0. 
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CHAPTER 3 

RESULTS 

3.1. Oxygen Consumption: 35° C 

There was a significant effect of age on �̇�𝑜2in normoxic incubated animals  

(F3,20 = 16.9, p < 0.001).  There was a significant increase in �̇�𝑜2 between Day 18 

embryos and 48 hours old hatchlings (Figure 1). The �̇�𝑜2 of Day 18 and internally pipped 

embryos was low and did not differ.  The �̇�𝑜2 of normoxia incubated 24 hours old 

hatchlings increased significantly compared with that of Day 18 and IP embryos.  

Oxygen consumption again increased significantly when comparing 24 hours and 48 

hours normoxic hatchlings, with the 48 hours old chicks possessing a higher �̇�𝑜2. Among 

the hypoxic incubated animals, an increase in oxygen consumption was seen with the 

progression of development (F3,20 = 129.2, p < 0.001).  There were no differences in 

�̇�𝑜2 between IP and Day 18 embryos.   In the hypoxic animals there were no significant 

differences in �̇�𝑜2 at 35°C between 24 and 48 hour old chicks.  Hypoxic Day 18 and IP 

embryos had a significantly lower   than hypoxic 24 and 48 hours old hatchlings. 

Among the hypoxic incubated animals, an increase in oxygen consumption was 

seen with the progression of development (F3,20 = 129.2, p < 0.001).  There were no 

differences in �̇�𝑜2 between IP and Day 18 embryos.   In the hypoxic animals there were 

no significant differences in �̇�𝑜2 at 35°C between 24 and 48 hour old chicks.  Hypoxic 

Day 18 and IP embryos had a significantly lower �̇�𝑜2 than hypoxic 24 and 48 hours old 

hatchlings. 
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The only significant difference in �̇�𝑜2 between normoxic and hypoxic incubated 

animals was seen at 48 hours (p = 0.013). 

 

3.2. Oxygen Consumption:  25° C 

At 25° C, normoxia-treated animals showed a significant increase in �̇�𝑜2 with 

growth towards neonatal juncture (F3,20 = 53.7, p < 0.001).  Differences were recorded 

when comparing Day 18 embryos to 24 and 48 hours old hatchlings with significant 

increases in �̇�𝑜2 in the latter.  When comparing internally pipped embryos with 24 and 48 

hours old hatchlings there was a significant increase in �̇�𝑜2 in the 24 and 48 hours old 

chicks.  There were no differences in �̇�𝑜2 between 24 and 48 hours old hatchling or 

between Day 18 and internally pipped embryos. 

Hypoxia treated animals showed a significant increase in �̇�𝑜2 at 25 °C that 

occurred with development (F3,20 = 321.1, p < 0.001).  At 24 hours old, �̇�𝑜2 reached a 

plateau as there was no subsequent change from 24 hours to 48 hours post hatch life.  

When comparing hypoxia incubated Day 18 embryos and 24 hours old hatchlings there 

was a significant increase in �̇�𝑜2 with hatchlings possessing a higher �̇�𝑜2.  There were 

also differences between the Day 18 embryos and 48 hours old hatchlings with embryos 

possessing a lower �̇�𝑜2 than the hatchlings. The internally pipped embryos when 

compared to 24 and 48 hours old hatchlings had significantly lower �̇�𝑜2 that increased 

markedly in the hatchlings.  When comparing day18 and internally pipped embryos, 

there were no differences.  There were no differences between 24 and 48 hours hypoxic 

incubated hatchlings. 
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3.3. Oxygen Consumption: Difference between 35 °C and 25 °C 

 There was a significant interaction between the age and incubation treatment 

(F3,40 = 3.4, p = 0.026).  When examining the difference in oxygen consumption upon 

cooling, there was a significant difference between hypoxic and normoxic 48 hour old 

chicks.  The normoxic incubated animals exhibited a smaller change in �̇�𝑜2 upon cooling 

than their hypoxic counterparts (Figure 1).  The change in oxygen consumption was not 

significant between hypoxia and normoxia-incubated Day 18 embryos and IP embryos.  

At these two ages, �̇�𝑜2 decreased upon cooling, there were differences between 

normoxia and hypoxia incubated 48 hours old hatchlings relative to the change in �̇�𝑜2 

upon cooling.   The change in �̇�𝑜2 of hypoxic 48 hour hatchlings was significantly greater 

than observed in normoxic animals at 48 hours post hatch.  

 

3.4. Assessment of Citrate Synthase Activity 

Citrate synthase activity did not differ significantly in any of the tissues examined 

(skeletal, heart and liver) relative to the interaction between age and oxygen treatment 

(p > 0.252 for all; Figure 2).  The only significant difference observed occurred when 

grouping all hypoxic and all normoxic samples together, the hypoxia incubated breast 

and liver tissues possessed significantly higher citrate synthase activity than that of 

breast and liver tissues incubated under normoxic conditions (Figure 2).  For all of the 

tissues, there were no significant interactions between age and treatment. 
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Fig. 1.   (A) Metabolic rates (�̇�𝑜2; ml/min) of Day 18 and IP embryos, and 24 and 48 
hours old hatchlings measured at 35°C, (B) Metabolic rates (�̇�𝑜2; ml/min) of Day 18 and 
IP embryos, and 24 and 48 hours old hatchlings measured at 25°C, (C) the differences 
in metabolic rate of Day 18 and IP embryos, and 24 and 48 hours old hatchlings at 35°C 
and 25°C. Numbers and letters denote differences between response by age group and  
* denotes a significant difference relative to response to treatment.  Sample size = 6 
animals.  
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Fig.  2.  (A) Citrate synthase activity (IU/ mg protein, where an IU is µmol/min) in breast 
muscle of Day 18 and Internally pipped (IP) embryos, 24 and 48 hours old hatchlings; 
incubated under hypoxic and normoxic conditions, (B)  Citrate synthase activity in thigh 
muscle of Day 18 and Internally pipped (IP) embryos, 24 and 48 hours old hatchlings; 
incubated under hypoxic and normoxic conditions,  (C) Citrate synthase activity in liver 
tissue of Day 18 and Internally pipped (IP) embryos, 24 and 48 hours old hatchlings; 
incubated under hypoxic and normoxic conditions, (D) Citrate synthase activity in heart 
tissue of Day 18 and Internally pipped (IP) embryos, 24 and 48 hours old hatchlings; 
incubated under hypoxic and normoxic conditions.  Sample sizes = 5 to 6 per group. 
 

3.5.  Assessment of Proteomics- A Prospective Study 

When evaluating protein profiles of liver samples from the Day 19 and Day 1 
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hatchling 2-D gels, there are clear differences in protein expression (Figure 3).  In the 

highlighted regions, proteins found in Day 1 hatchlings were absent in Day 19 livers. 

(Figure 3).  The composite of both gels clearly displays a disparity indicative that with 

developmental progression there are changes in liver protein expression that may 

contribute to tissue conversion or enzyme expression and activity associated with 

increased metabolic demand.  

 

Fig. 3. Protein expression in Day 19 embryo liver comparatively assessed with protein 
concentration from Day 1 old hatchling.  Composite is an aggregate of both gels.  
Highlighted regions on the top two gels denote differences in protein expression due to 
age.  Circles on lower composite gel show proteins found in Day 1 hatchlings and not 
Day 19 embryos while the squares are those found only on Day 19.
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CHAPTER 4 

DISCUSSION 

At both temperatures; 35 and 25 °C,  �̇�𝑜2 increased with hatching in both 

incubation oxygen levels.  The only significant differences in �̇�𝑜2 occurred in 48 hour old 

hatchlings, where �̇�𝑜2 was higher in hypoxic hatchlings than it was in their normoxic 

counterparts.  Thus, there was little difference between whole animal metabolism in 

response to hypoxic incubation.  There were no significant interactions between age 

and incubation oxygen levels relative to CS activity.  Clear differences did occur in the 

protein profiles of livers from Day 19 embryos when compared with Day 1 hatchlings. 

 

4.1  Citrate Synthase Activity 

There is a phylogenetic- physiological divergence that occurs relative to thermo-

regulative capacity; that is the ability to produce heat at the cellular level. (Else and 

Hubert, 1981). The thermoregulatory ability of many organisms will fall along a 

thermoregulatory gradient from endothermy to ectothermy.  Endotherms possess 

stronger cellular furnaces than do their ectotherm cohorts (Else and Hubert, 1981). In 

birds skeletal muscles, kidney, heart and liver tissues serve as cellular furnaces; i.e 

locations for internal heat production, and generate far more heat in endotherms than in 

ectotherms.  In skeletal muscles, heat production is attributed to shivering 

thermogenesis while biochemical reactions in heart, kidney and liver tissue are 

responsible for other intrinsic heat generation. Tissue conversion; such as increases in 

mass and mitochondria concentration, occurs throughout development and thus permits 

endothermic maturity (Marjoniemi and Hohtola, 1999). 
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Increases in mitochondria elicit an increase of electron transport chain activity 

thereby an increase in ATP and heat production.  A correlative inference can be made 

about mitochondria concentration by the level of citrate synthase activity and 

expression.  Citrate synthase catalyzes condensation of acetyl-CoA and oxaloacetate 

so as to produce citrate in the Kreb’s cycle (Hochachka et al., 1977) and is an indicator 

of tissue oxidative capacity. 

Marsh and Wickler (1982), found that citrate synthase in the breast muscle of 

nestling bank swallows (Riparia riparia) increased 8 fold during development while 

activity in leg muscles increased modestly in comparison.  Olson (2001), detected 

significant increases in citrate synthase activity of Red-winged Blackbirds (Agelaius 

phoeniceus) skeletal muscles over the first 10 days of post hatch- life and saw a 7 fold 

increase in the activity of breast muscle in neonates.  In 2009, Mujahid found in the 

heart that age was not an influential factor relative to CS activity but ambient 

temperature was. He also observed a significant interaction between chicks’ age and 

environmental temperature in the heart and leg muscle.  Sebacher et al. (2005) noted 

that CS activity significantly increased after 24 hours post-hatch life and high levels of 

activity was sustained in adults.  In the present study, however, there were no 

significant differences in CS activity relative to age or oxygen treatment.  General 

increasing trends in CS activity were seen in normoxic liver and thigh, but they were not 

significant. 

There are no studies examining changes in citrate synthase activity in response 

to hypoxic incubation.  The only differences note here where when assessing the liver 

and breast as a group the hypoxic incubated animals had higher citrate synthase 
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activity in these tissues than did the normoxic incubated animals.    Further investigation 

is needed to fully determine the response of the metabolic pathways in response to 

hypoxic incubation. 

 

4.2  Whole Animal Metabolism 

Mujahid  (2009) noted that  �̇�𝑜2 and heat production both increase significantly 

with age and cold exposure in chickens which is a strong index for a significant 

interaction between age and environment.  Olson (1991) found that 48 hour old Red-

winged Blackbird (Agelaius phoeniceus) hatchlings could not increase oxygen 

consumption in response to cold challenges during cooling experiments. He saw there 

were no significant changes in oxygen consumption in neonates over the first four days 

post hatch-life, due to the altricial nature of the hatchlings.  The findings in this study 

support this premise in chickens as the embryos possessed lower oxygen consumption 

levels than did the hatchlings.  Embryos were ectothermic with  �̇�𝑜2 being higher at 35°C 

than at 25°C.  By 24 hours post hatching, the animals �̇�𝑜2  had an endothermic response 

with �̇�𝑜2 being higher at 25°C than at 35°C.   

 Azzam et al. (2007) investigated the effects of hypoxic incubation on the 

development of thermogenesis in chicken embryos and hatchlings.  He found that 

hypoxia had a negative effect on the development of endothermy and noted that it 

affected body mass throughout development.  Hypoxic embryos weighed less than their 

normoxic counterparts; a trend that persisted throughout embryonic development and 

has been seen in numerous other studies (Chan and Burggren, 2005; Dzialowski et al., 

2002).  However, Azzam et al. (2007) found in 1 day old hatchlings, that body mass 
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between hypoxic and normoxic groups were similar.   Masses were not measured in the 

current study but were expected to follow the trend seen in Azzam et al (2007).   Azzam 

et al. (2007) also found a 10 hour delay relative to hatching time of hypoxic chickens 

compared with normoxic chickens.  Azzam et al. (2007) used, hypoxia static 

temperature oxygen consumption (T-�̇�𝑜2) and Q10 responses were used as an index of 

thermogenic response onset and determined that at Embryonic Day 11, hypoxic and 

normoxic embryos displayed similar ectothermic static temperature oxygen 

consumption.  Towards the end of incubation (Embryonic Day 20), Q10 was again 

assessed and indicated that the initial onset of thermogenesis in normoxic animals and 

that the hypoxic animals response was delayed in comparison.  Azzam et al. (2007) 

observed that neonates and 8-hour-olds exhibited an endothermic capacity with the 

hypoxic subjects significantly lagging behind normoxic subjects at both ages.  Azzam et 

al. (2007) concluded that hypoxic incubation blunts development of thermogenesis.  In 

comparison, there were no differences in the embryonic �̇�𝑜2 response to hypoxic 

incubation in the current study.  The reason for these differences between studies is 

unclear. 

 Hypoxic incubation may be triggering the suppression of the activity and 

expression of key metabolic enzymes as well as the expression of other metabolically 

important proteins thereby eliciting a necessary regulatory system that allows for an 

eventual onset of endothermic capacity.  Relative to this study, the effects of hypoxia 

can be assessed with regard to intracellular processes and ultimately the animal’s ability 

to generate heat internally due to the rate of metabolic tissue conversion and protein 

expression in muscles. 
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4.3.  Preliminary Liver Proteomics 

There are many contributing factors that prompt the ontogeny of endothermic 

capacity.  One underlying element may be regulated protein expression of metabolically 

important proteins.  Proteins that may be specific to energy expenditure for 

thermogenesis may be subject to regulative expression as development progresses and 

this expression may permit the onset of thermogenesis and its persistence.  Proteins 

regulated at the molecular level may give rise to tissue conversion events and increases 

in metabolic machinery thereby eliciting the physiological response; thermogenesis.  

The changes in protein expression from Embryonic Day 19 to Hatching Day 1 may be 

important as the animal is utilizing ectothermic means of thermoregulation (Figure 3). 

 Proteomics will allow for efficient measurement of the rate and frequency that 

intracellular processes; namely protein degradation and protein synthesis.  Using this 

tool, one is able to monitor protein expression that will lead to tissue conversion as well 

as expression patterns in muscles that will contribute to internal heat production.  Clear 

differences in protein expression were found between Day 19 embryos and Day 1 

hatchlings.  Further investigation into the identify of these proteins is required to 

determine their relevance to the development of endothermy 

 

4.4.  Conclusions 

This study has focused on furthering the understanding of thermogenesis 

throughout embryonic development and into early neonatal phase and the potential 

influence of hypoxia on the physiological and biochemical variables that elicit its onset.    
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There was little interaction between hypoxic incubation and CS activity or �̇�𝑜2. The 

proteomic profiles suggest an exciting avenue for future study. 
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