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 How temperature affects physiological development in the chicken embryo is 

unknown. Embryos incubated at 38°C or 35°C showed no difference in growth or 

survival.  The time to hatching was longer in 35°C than 38°C embryos (23.7 vs. 20.6 

days), but unaffected was the relative timing of appearance of developmental landmarks 

(internal, external pipping).  At stage 43-44, 38°C embryos maintained oxygen 

consumption around 1 mL/g/h despite acute temperature reduction (suggesting 

thermoregulatory maturation), unlike 35°C embryos.  In 35°C embryos the lower oxygen-

carrying capacity and temperature insensitive blood O2 affinity (P50 about 30 mmHg) 

may restrict O2 delivery to tissues, limiting metabolism during decreased ambient 

temperature. Reduced incubation temperature retards normal hematological and 

thermoregulatory development.  
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

The Timeline of Development 

 As early as 384 BC, great minds understood the importance of studying the 

complex process of animal development. Aristotle believed that each organism has its 

own end, an ultimate form that the process of development was to achieve (Britannica, 

2001). Each animal begins as a single cell that divides, differentiates, grows, and matures 

to the ultimate form of a functional adult. At one end there is a cell, a single cell 

programmed with an ultimate goal. At the opposite end there is the end form, the 

realization of the ultimate goal in the functioning adult. Between these two points is a 

developmental timeline that is marked with events such as the appearance of anatomical 

structures and the onset of organ function, just as important historical dates mark the 

timeline of human civilization.  

 Each cell at the beginning of the developmental timeline contains a unique set of 

instructions in the form of deoxyribonucleic acid (DNA). The DNA encodes both 

species-specific characteristics and individual variation that guide the cell through 

development. Although precisely regulated by DNA, developmental time and the 

placement of landmarks on the timeline are sensitive to interactions with the 

environment. Each individual encounters a different environment through development, 
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an experience that can alter the developmental timeline and, potentially, the physiology 

and anatomy of the ultimate adult form (Pelster, 1997; Lee and Peterson, 2002).  

 Embryologists have long understood that the developing embryo is not simply a 

small adult, but a unique organism (see Burggren and Crossley, 2002). When compared 

to an adult, the embryo is restricted by the incubation environment and developing 

physiological systems that have not yet reached functional maturity, factors that limit its 

ability to respond to environmental challenges. For example, the chicken embryo is 

contained in a calcareous shell with a fixed gas conductance. As the embryo approaches 

hatching its oxygen requirement exceeds the rate of oxygen diffusion across the shell, and 

a hypoxic environment is established in the egg (Wagensteen and Rahn, 1970; Rahn et 

al., 1974; Ar et al., 1980; Tazawa, 1980; Reeves, 1984). To deal with the constraints 

imposed by the egg and the hypoxic environment that ensues, the chicken embryo is 

physiologically different from the adult that never experiences such challenges. 

Researchers studying the physiology of developing embryos have used environmental 

stresses, such as hypoxia and temperature, as tools to determine when the embryo is able 

to physiologically respond to the environment, what type of response the embryo is able 

to implement in reaction to the stress, and if exposure to environmental stress alters the 

phenotype of the animal as it matures.  

 

Temperature and the Developmental Timeline 

 At the beginning of development, the single cell consumes oxygen to generate the 

energy required to divide, reorganize, and differentiate. As the embryo continues to grow 
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and mature, its metabolic rate increases to support a larger mass, continued growth, 

functioning organ systems, and movements. At these early stages of development all 

embryos are poikilotherms and are unable to regulate their body temperature independent 

of ambient temperature (Whittow and Tazawa, 1991). As a characteristic of 

poikilotherms, fluctuations in body temperature lead to fluctuations in physiological 

rates, including oxygen consumption and, as a result, the rate of growth and maturation. 

This phenomenon has been demonstrated in the chicken embryo (Gallus domesticus) in 

several studies that focused on the effects of low incubation temperature (35°C, 

compared to the optimum temperature of 38°C) on embryonic weight, length of 

incubation, and oxygen transportation (Tazawa, 1972; Tazawa, 1978). Results confirmed 

that, when compared at each day of incubation, the embryonic weight of the 35°C 

embryos was lower and the development of oxygen carrying capacity and blood gas 

characteristics were retarded relative to the 38°C embryos. In addition, the embryos 

incubated at 35°C failed to hatch on day 21, the normal finish of the 38°C incubation 

period, but remained in the egg for 25 to 26 days before hatching.  

 When exposed to a hypothermic temperature (35°C) for the duration of 

incubation, the developmental timeline for the chicken embryo is lengthened, but no one 

has determined if the relative placement of developmental landmarks along the timeline 

is altered during chronic hypothermia. When we alter the temperature of the incubation 

environment, are we simply stretching out the developmental timeline, leaving all the 

physiological and anatomical marks in the same relative location, or are we inducing the 

expression of a distinct phenotype by changing the relative location of the landmarks 
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along the developmental timeline? The enormity of this question is such that it could 

form the basis for a lifetime of research, so the answer in its ultimate form is not the goal 

of my masters thesis. Instead I focused on the general hypothesis that chronic incubation 

in hypothermia alters the relative location of cardiovascular and respiratory marks along 

the late stages of the developmental timeline, producing phenotypically distinct embryos 

that respond differently to acute decreases in ambient temperature.  

 Incubation of the developing chicken embryo (Gallus domesticus) at temperatures 

of 38°C and 35°C forms the basic experimental design to address the above hypothesis. 

The temperature quotient (Q10) summarizes the sensitivity of a biological system over a 

range of temperatures. Although a Q10 of 2 is accepted as a typical value for most 

physiological rates, each process is affected differently by changes in temperature and 

has a unique Q10 (Randall et al., 2002). In addition, the Q10 for a single process can 

change through development as organ systems mature and regulation is fine-tuned. 

Incubation at 35°C may change the Q10 for each system, but may also alter the how the 

Q10 changes throughout development.  

There are several important characteristics of chicken development that make the 

chicken embryo an excellent choice as a model for these experiments. As a self-contained 

embryo, the developmental progress of the egg is not directly influenced by the maternal 

condition, so responses to environmental changes mediated solely by the embryo are 

easily examined. Placental embryos develop in an environment precisely controlled by 

the mother, so not only is it problematic to alter the ambient temperature, it is also 
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difficult to distinguish between the physiological responses initiated by the embryo and 

by the mother.  

 

Thermoregulation 

While incubating in the egg, the thermal environment of the developing chicken 

embryo is kept relatively constant by the conductance of heat from the incubating parent 

(Whittow and Tazawa, 1991). At hatching, which I will consider the end of the 

developmental timeline for the purposes of this research, precocial species such as the 

chicken have a full plume of feathers and receive little, if any parental care. No longer 

able to rely on conductive incubation heat, the survival of the hatchling depends on its 

ability to produce endogenous heat and limit heat loss to maintain a stable body 

temperature (Whittow and Tazawa, 1991). These two components of thermoregulation 

are accomplished by the integration of cardiovascular and respiratory physiologies that 

begin to reach functional maturity in the late stages of embryonic development.  

In support of the idea that embryos are not simply miniature versions of the adult, 

the mechanisms of endogenous heat production are distinctly different between chicken 

embryos and adults. There are two primary physiological pathways for endogenous heat 

production in vertebrate species. The first, shivering thermogenesis, is accomplished 

through involuntary rhythmic contractions of skeletal muscle and occurs in birds, 

monotremes, marsupials, and placental mammals. In contrast, non-shivering 

thermogenesis is the result of an increase in metabolic rate and the heat generated as a by-

product of metabolic reactions (Horwitz, 1996).  
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Adult birds rely on shivering thermogenesis to increase endogenous heat 

production during exposure to low ambient temperatures. Rhythmic contractions of the 

large pectoralis and leg muscles, combined with insulation provided by subcutaneous fat 

and feathers, are sufficient in most cases to maintain core temperature during cold 

exposure (Horwitz, 1996; Roberts, 1996). In contrast, increased metabolic heat 

production is the main component of cold-induced thermogenesis in chicken hatchlings 

(Freeman, 1970; Whittow and Tazawa, 1991; Horwitz, 1996). Freeman (1964) 

demonstrated that late stage unpipped and externally pipped chicken eggs were able to 

transiently increase metabolic rate in response to declining ambient temperature. Neonate 

chicks exposed to cold had a significant increase in plasma free fatty acids, suggesting 

that lipid catabolism is an important non-shivering thermogenic response to low ambient 

temperatures (Freeman, 1967). More recently, Duchamp et al. (2002) report that king 

penguin hatchlings respond to cold exposure with a 21% rise in metabolic rate.  These 

studies suggest that the thermoregulatory mechanisms of young birds are distinctly 

different from adults, and that the respiratory and cardiovascular physiologies involved in 

non-shivering thermogenesis begin to develop in the late stage embryo prior to hatching.  

  

Developmental Timeline of the Chicken Embryo 

 Unfortunately, there is no single landmark on the developmental timeline that 

delineates the onset of thermoregulation in the chicken embryo. The ability to respond to 

changes in ambient temperature involves the complex integration of the respiratory 

system, the cardiovascular system, and the constraints imposed by the environment 
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within the egg. In order to assimilate the results of each of the following experiments and 

the ideas generated in this introduction, I will describe the structure of the developmental 

timeline as it relates to the late stages of incubation and the ability of the embryo to 

respond to decreases in ambient temperature (Figure 1.1). Because the constraints 

imposed by the egg govern, to a large extent, the progression of embryonic development, 

it seems fitting that the first marks I place on the timeline should describe the changes in 

the egg environment throughout incubation.  

 At the beginning of development there is a single fertilized cell, a large yolk mass, 

and albumin contained within egg membranes and a calcareous shell (Whittow, 2000). 

The diffusive properties of the shell and egg membranes remain constant throughout 

incubation, limiting the rate of oxygen and carbon dioxide exchange between the 

developing embryo and the environment outside the egg (Seymour and Visschedijk, 

1988; West, 1977). The respiratory constraints imposed by the egg are eased only in the 

latest stages along the timeline. At approximately 90% of incubation (19 days), the 

chicken embryo pierces the egg membranes to access the air in the air cell, an event 

known as internal pipping. Within 24 hours of internal pipping the embryo takes the next 

step in the hatching process and externally pips by piercing the calcareous shell and, as a 

consequence, has access to atmospheric oxygen (Whittow, 2000). After 21 days of 

incubation the hatchling emerges from the egg, the point I will consider the end of the 

developmental timeline.   

 To ensure an oxygen supply that is adequate to support the metabolic 

requirements of the early embryo, two of the first organ systems to form are the 



 8

cardiovascular system and the respiratory structures. After fertilization, one of the first 

events in the development of the cardiovascular system is the formation of primitive red 

blood cells at only 5% (24h) of incubation. By the end of the second day, 10% of 

incubation, the developing heart begins to beat and the onset of convective blood flow 

initiates the formation of a vitelline vascular bed and a closed circulatory system 

(Baumann and Meuer, 1992; Burggren and Crossley, 2002). At approximately 38% of 

incubation (day 8) two major shifts establish the characteristics of the embryonic 

cardiovascular and respiratory systems: the new red blood cells produced in the bone 

marrow contain the adult hemoglobins HbA and HbD, and the vitelline circulatory bed is 

replaced by the highly vascularized chorioallantoic membrane (CAM) that acts as the 

primary respiratory organ for the duration of embryonic development (Vleck et al., 1979; 

Ar et al., 1987; Baumann and Meuer, 1992). As development continues the CAM 

continues to grow until the entire internal surface of the shell is lined by the respiratory 

structure by 57% (day 12) of incubation (Tazawa, 1972).  

 In the early stages of incubation, the dessication-resistant and protective design of 

the eggshell imposes few gas-exchange challenges to the developing embryo (Whittow, 

2000). The large CAM surface area and efficient cardiovascular system are able to meet 

the oxygen demands of the rapidly maturing embryo with little resistance until 

approximately 80% of incubation. After this point, however, the metabolic demands of 

the embryo exceed the rate of oxygen diffusion across the shell, and a hypoxic 

environment is established within the egg (Wagensteen and Rahn, 1970; Rahn et al., 

1974; Tazawa, 1980). There is little change in the oxygen consumption until internal 
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pipping and the beginning of pulmonary respiration at 90% of incubation, when 

convective respiration and direct access to air increase the amount of oxygen available to 

the embryo (Rahn et al., 1974). Following external pipping, CAM circulation is reduced 

and the circulatory pathways to the lungs open to prepare the embryo for hatching 

(Tazawa and Takenaka, 1985).  

 

Thermoregulation and the Developmental Timeline 

 As is often the case when describing the development of an organ, a system, or an 

embryo, the ontogeny of thermoregulation in precocial birds has been neatly divided into 

three or four general stages. Although some disagreement exists on exactly how these 

stages should be defined (Hohtola, 2002; Nichelmann and Tzschentke, 2002), the stages 

proposed by Tazawa et al. (1988) correspond to the physiological landmarks I have used 

to characterize embryonic development in the chicken.  

 During the first 80% of incubation the physiology of the cardiovascular and 

respiratory systems is sufficient to support the metabolic requirements of the growing 

embryo, a poikilothermic embryo that lacks the integration of the physiological systems 

required for active thermoregulation. Tazawa et al. (1988) have defined this early stage of 

development as a period of Arrhenius-limitation. At approximately 80% of incubation the 

supply of oxygen can no longer meet the growing metabolic demand of the maturing 

embryo. This oxygen-conductance limited stage limits the normal growth of the embryo 

and prevents the embryo from increasing metabolic heat production for thermoregulation. 

The respiratory restrictions imposed by the shell are lifted when the embryo externally 



 10

pips and has access to an unlimited supply of oxygen. At this point Tazawa et al. (1988) 

have determined that the chicken embryo is able to detect a decrease in ambient 

temperature and respond with an increase in metabolic heat production. Until hatching 

the embryo is still constrained by the characteristics of the egg environment, and the 

increase in metabolic rate is insufficient to fully compensate for the rate of heat loss. This 

period of power-limitation extends from external pipping (95% of incubation) to several 

days post-hatching, when the metabolic heat production is complemented by the 

hatchlings’ down plume and insulating subcutaneous fat (Whittow and Tazawa, 1991).  

 

Summary and General Goals 

The reason for a lengthened developmental timeline is the reduction in metabolic 

rate as a result of the lower incubation temperature. Consequently, chapter 2 focuses on 

some of the basic developmental parameters, such as the timing of hatching events and 

body mass, to determine if making comparisons based on the Hamilton and Hamburger 

stages (1951) is an appropriate strategy to help determine if embryos incubated at 35°C 

are phenotypically identical to 38°C embryos. The later portion of chapter 2 compares the 

metabolic rates of embryos incubated in normal conditions (38°C) and hypothermic 

conditions (35°C), and how each group is able to respond to acute and chronic lowering 

of ambient temperature.  

 Research discussed in chapter 3 examines how incubation at 35°C impacts the 

dynamic nature of the blood parameters in the last 30% of incubation, and how any 

differences might make the embryo more or less successful when faced with the 
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challenge of decreases in ambient temperature. These experiments focus on the late 

stages of incubation, when physiological systems begin to integrate and complex 

responses to environmental changes, such as thermoregulation, become evident. 

  Finally, in chapter 4, I will summarize the results of my experiments on one final 

developmental timeline, and highlight any differences that result from incubation in a 

hypothermic ambient temperature. My final words attempt to place these details into the 

larger conceptual framework of the unique process of embryonic development.  
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Figure 1.1   Developmental timeline for a chicken embryo, outlining key landmarks 
in the ontogeny of the cardiovascular and respiratory systems and the timing of 
hatching events, including internal pipping (IP) and external pipping (EP). Time to 
hatch under non-limiting conditions is approximately 21 days.  
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CHAPTER 2 

METABOLIC ACCLIMATION IN RESPONSE TO ACUTE AND CHRONIC 

HYPOTHERMIC INCUBATION IN THE CHICKEN EMBRYO (Gallus domesticus) 

 

Introduction 

Embryos are not simply miniature versions of adults they are destined to become. 

In fact, the developing physiological systems of embryos respond to environmental 

challenges in ways that are fundamentally different from mature adult systems (Burggren 

and Crossley, 2002). Perhaps one of the best examples of this phenomenon is the 

homeothermic hen or rooster that develops from the poikilothermic chicken embryo. The 

developmental stage of the chicken defines how the animal will respond to decreases in 

ambient temperature. For its entire embryonic period, the chicken embryo is 

poikilothermic, so a decrease in incubation temperature will directly result in a decline in 

embryo temperature. Within 2 days after hatching the chicken more closely resembles its 

adult counterpart, maintaining a stable body temperature with metabolic activity in the 

face of hypothermic stress (Freeman, 1970; Tazawa, 1978; Whittow and Tazawa, 1991; 

Pelster, 1997).   

The embryonic cardiovascular system has a beating heart by 10% of incubation, 

and is producing definitive red blood cells with adult hemoglobins by 38% of incubation 

(Baumann and Meuer, 1992; Burggren and Crossley, 2002). The capillary plexus known 

as the chorioallantoic membrane (CAM) is the respiratory organ of the embryo. Its 
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growth along the inner surface of the eggshell is complete by 60% of incubation, 

providing a maximal area for gas exchange (Vleck et al., 1979; Ar et al., 1987; Baumann 

and Meuer, 1992). By external pipping (95% of incubation) the CAM circulation 

decreases as convective respiration in the lungs becomes the primary site for gas 

exchange (Tazawa, 1978; Menna and Mortola, 2002). For the young chicken that uses 

metabolic activity as the primary mechanism of endogenous heat production, each of 

these developmental landmarks is important in the ontogeny of thermoregulation, but so 

too are the connections between the physiological systems that enable the embryo to 

mount a coordinated response to decreased ambient temperature (Horwitz, 1996; Roberts, 

1996; Pelster, 1997).  

As a poikilotherm, the chicken embryo is powerless against fluctuations in the 

thermal environment and a decrease in ambient temperature starts a series of cascading 

events: embryo temperature follows the decline in ambient temperature, which causes a 

reduction in metabolic rate and the production of less energy available for continuing 

embryonic growth and maturation (Pelster, 1997). The most obvious consequence of 

these events is that it will take a chronically hypothermic embryo a longer period of time 

to reach the level of maturity required for hatching. Tazawa (1988) determined that 

embryonic growth and the developmental progress of blood-gas parameters in chicken 

embryos incubated at 35°C were retarded compared to those embryos incubated at the 

optimum temperature of 38°C. In addition, the 35°C embryos required an additional 4 

days to hatch, confirming that the embryonic period is lengthened by low incubation 

temperature.  
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Less obvious than the simple lengthening of the embryonic period is the impact of 

chronic hypothermia on embryo viability, as well as the absolute and relative timing of 

the onset of physiological systems. I hypothesize that chronic incubation in hypothermia 

alters the relative onset of cardiovascular and respiratory regulation during late 

embryonic development, resulting in modified thermoregulatory phenotype.  

 

Materials and Methods 

Source and Incubation of Eggs 

Fertilized White Leghorn eggs (Gallus domesticus) were obtained from Texas 

A&M University (College Station, Texas) and shipped to the University of North Texas 

(Denton, TX) where they were incubated in commercial incubators. Samples were 

incubated at 38.0°C (control), or 35.0°C (hypothermic) and a relative humidity of 60%. 

Nine or more embryos incubated at each temperature were sacrificed on days 13-14, 15-

16, 17-18, and 19-20, and staged by 3rd toe length according to Hamburger and Hamilton 

(1951) chicken embryo staging chart to determine the length of incubation required for 

the 35°C embryos to reach developmental stages equivalent to the 38°C embryos. All 

subsequent metabolic experiments were conducted on embryos at stage 39-40 (reached 

on days 13-14 for 38°C and days 15-16 for 35°C), 41-42 (reached on days 15-16 for 38°C 

and days 17-18 for 35°C), and 43-44 (reached on days 17-18 for 38°C and days 19-20 for 

35°C). 
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Rates of Survival and Timing of Hatching 

 Fertilized eggs (n=40 for 38°C and n=32 for 35°C) were incubated as described 

above. The eggs were “candled” every 2 days from day 4 to day 18 of incubation to 

determine survival rates. From day 19 to day 25 of incubation eggs were candled daily to 

determine the survival at the pre-pip stage, internally pipped stage, externally pipped 

stage, and hatching success. Survival rates were calculated as the number of eggs alive 

compared to the total number of eggs incubated at that temperature. Counts of eggs at 

each day were converted to relative frequencies and plotted for each day of incubation, 

but also allowed the calculation of percent survival, the timing of pipping and hatching 

events, and daily development rate (expressed as % total development/day) calculated as: 

% development/day to event = 100/average days to event 

The effect of temperature on the length of incubation to internal pipping, external 

pipping, and hatching was expressed by the temperature quotient (Q10) calculated using 

the van’t Hoff equation: 

Q10 = (k2/k1)10/(t2-t1) 

where k1 and k2 are the timing of events expressed as a percent of incubation at 

incubation temperatures of 38°C and 35°C, respectively.  

 

Oxygen Consumption (Vo2)M easurements at 35°C and 38°C  

Six eggs from each incubation temperature, at each stage (see Source and 

incubation of eggs), were implanted with thermocouples. The thermocouple wire was 

inserted immediately beneath the shell through a 0.5mm hole, and taped in place. The 

•
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eggs were placed in an air-tight, water-tight container and an air pump maintained 

continuous air flow through the chamber at a predetermined rate (approximately 70 to 

75mL/min), entering at the bottom of the metabolic chamber and leaving through the 

outlet port at the top of the container. Water and carbon dioxide were removed from the 

outflow air by passing over Drierite and soda lime, respectively, before analysis of the 

oxygen content of the air with a flow through respirometry system oxygen analyzer 

(Sable Systems Inc.). The ventilated chamber was partially submerged in a 

programmable water bath (Fisher Scientific ISOTEMP 1028P) and allowed to equilibrate 

to incubation temperature for a minimum of 30 min before measurements were started. 

Measurements of oxygen consumption (Vo2, expressed in mL·h-1·g-1) were recorded 

simultaneously with egg temperature and ambient temperature (Chart software and 

Powerlab data acquisition system, AD Instruments).  

Basal Vo2 was always recorded first at the incubation temperature of that 

particular egg. After this initial measurement, taking approximately 30 min, the water 

bath temperature was changed at a rate of 3°C/h to expose the egg to the other treatment 

incubation temperature (e.g. 35°C if the incubation temperature was 38°C) for a 

minimum of 2 hr. Vo2 was then determined for the same egg at the other treatment 

temperature in the manner described above.       values were converted to mass specific 

metabolic rates according to the following equation (Hill, 1972):  

[(20.94 – % outflow O  2)/100]*flow (mL/min)/[1-(20.94/100)] 

Embryo Wet Mass (g) 

 

Vo2 
 · 

• 

• 

• 
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 The embryo wet mass used in the calculation of the mass specific metabolic rate 

was the mean mass determined for embryos at each stage of development (n≥9 for each 

incubation temperature at each stage). 

 

             Measurements During Gradual Cooling 

 Eggs (n=6 for each incubation temperature) with implanted thermocouple wire 

were placed in metabolic chambers, and      , chamber temperature, and egg temperature 

were simultaneously recorded as described above. Baseline    measurements were 

determined at the incubation temperature of the eggs before the start of the gradual 

cooling protocol. For those eggs incubated at 38°C, measurement of       at 38°C was 

followed by continuous Vo2 measurements during gradual cooling of the water bath and 

metabolic chamber at a rate of 3°C/hr to a final egg temperature of 30°C. For those eggs 

incubated in hypothermia (35°C), the baseline measurement of          was determined at 

35°C and the temperature of the water bath was increased to 38°C. Eggs were allowed a 

minimum of 2hr at 38°C before entering the same gradual cooling protocol described for 

the control eggs incubated at 38°C. 

 

Stage and Mass Determination 

 Upon completion of         measurements the embryos were killed by placing them 

in a container with halothane. Each embryo was then removed from the egg, blotted dry 

with towels and its wet mass determined (microbalance, Denver Instrument Company). 

The ventricle was dissected from the embryo, blotted dry, and weighed. The embryo was 

Vo2 
 · 

Vo2 
 · 

Vo2 
 · 

Vo2 
 · 

Vo2 
 · 

Vo2 
 · 

• 
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staged (see Source and incubation of eggs) to confirm that it was at the expected 

developmental stage, and then dried in a 40°C oven for 2 days for determination of dry 

mass.  

 

Statistical Analysis of Metabolic Rate and Mass Data 

All data were tested for normality of distributions (Shapiro-Wilks normality test) 

and equality of variances (Hartley’s F-max test). SAS (Version 8.0) was used to conduct 

all statistical analyses. All statistical decisions were made with a 0.05 level of 

significance and all values are presented as mean ± S.E.M. 

Significance between static metabolic rate measurements at 35°C and 38°C for 

embryos incubated at the same temperature was determined with a paired t-test. The same 

metabolic rate data was tested for significance between incubation temperatures at a 

particular measurement temperature with independent t-tests.  

The gradual cooling metabolic rate data of each stage from each incubation 

temperature was tested with repeated measures ANOVA (block design) to determine the 

temperature at which a significant decrease in metabolic rate occured during the cooling 

protocol. Comparisons of gradual cooling metabolic rates between stages and incubation 

temperatures were performed with a one-way ANOVA. SNK multiple range tests were 

performed following each ANOVA to detect specific differences post-hoc.  

Differences in embryo wet mass, dry mass, and heart mass were determined with 

ANOVA and Student Neuman Keuls (SNK) multiple range test.  
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Results 

Survival Rates and Timing of Hatching Events 

The length of incubation, survival rate, and timing of hatching events for embryos 

incubated in normothermal conditions (38°C) and hypothermal conditions (35°C) are 

summarized in Figure 2.1. In the early stages of incubation there was little difference in 

the rates of survival between the two incubation temperatures. For each temperature there 

was an initial loss of infertile eggs between day 0 and day 4 (12.5% and 18.7% from 

38°C and 35°C, respectively). Embryos incubated at 38°C had a slightly higher rate of 

survival (75.0%) between day 4 and internal pipping than 35°C embryos (68.8%), and a 

higher overall survival (48% and 31.3% for 38°C and 35°C, respectively). 

The hypothermal embryos, with an incubation time of 23.7 days, took, on 

average, 3.1 days longer to hatch than the 38°C embryos (Table 2.1). Internal pipping in 

the 35°C embryos occurred an average of 2.9 days after those embryos in normothermal 

conditions at 22.1 days, and external pipping at 22.8 days, 3.0 days after the warmer 

embryos. The length of time (days) and percent development per day are summarized in 

Table 2.1. Q10 for incubation event intervals ranged from 1.60 to 1.78, indicating a 

moderate effect of temperature on the length of incubation.  

The effect of hypothermic incubation on the relative timing of each hatching 

event was determined by converting length of each event interval to a % of total 

incubation length, and determining Q10 (Table 2.1). Incubation in hypothermia had no 

effect on the relative timing of each hatching event, as indicated by Q10 values of 1.00 for 
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each event interval. Internal pipping occurred at 93% of development and external 

pipping at 96% of development regardless of incubation temperature.  

 

Growth and Developmental Progress 

Incubation at 35°C lengthened the incubation time of chicken embryos to 23.7 

days (Figure 2.1). Embryos incubated at 35°C reached Hamilton and Hamburger stage 

39-40 on days 15 to 16 of incubation. By days 17 to 18 they were at a developmental 

stage equal to stage 41-42, and after 19 to 20 days the 35°C embryos were at stage 43-44. 

The developmental progress of the hypothermic embryos in the late stages of incubation 

generally lagged behind the 38°C embryos by 2 days. 

The growth of embryos from each incubation temperature was determined by 

measurements of both wet and dry embryo mass (Figure 2.2). At the earliest stage (39-

40) there was no significant difference (p>0.05) in wet mass or dry mass between 

embryos incubated at 35°C (7.60g±1.03 and 0.79g±0.13, respectively) and 38°C 

(5.54g±0.29 and 0.51g±0.03, respectively). All embryos experienced a significant 

increase in both wet and dry mass from stage 39-40 to stage 41-42 (15.71g±0.81 and 

2.38g±0.17 for 35°C embryos and 13.75g±0.40 and 2.20g±0.11 for 38°C embryos, F = 

62.29, p<0.01), but there was still no difference between the incubation temperatures. By 

stage 43-44 the 35°C embryos had a significantly higher wet mass (22.26g±0.98) than 

38°C embryos (19.42g±0.51) (F = 62.29, p<0.01), but there was no significant difference 

in dry embryo mass (4.16g±0.25 and 4.62g±0.36, respectively).  
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Although no apparent differences in embryo body mass were detected between 

incubation temperatures, the wet ventricle mass of 35°C embryos (0.22g±0.04) was 

significantly larger than the 38°C embryos at stage 41-42 (0.10g±0.01) (F = 5.72, p = 

0.0016), and the ratio of ventricle mass to embryo mass was significantly larger in 35°C 

embryos at all stages examined (F = 30.66, p < 0.0001) (Figure 2.3). Between stages 41-

42 and 43-44 there was no significant change in ventricle mass in embryos at either 

incubation temperature. Because there were significant increases in embryo wet mass, the 

ratio of ventricle mass to embryo mass decreased significantly in all embryos (F = 30.66, 

p < 0.0001).  

 

    Vo2 at 35°C and 38°C 

 Whole egg Vo2 increased significantly from stage 39-40 to stage 43-44 for 38°C 

embryos (F=61.34, p<0.001), but there was no significant increase over this same period 

for the 35°C embryos (Figure 2.4). In contrast to whole egg Vo2, there was a general 

decrease in mass-specific Vo2 with increasing stage (Figure 2.5), but again, there were no 

significant differences detected between the stages within an incubation temperature. For 

35°C embryos the mean mass-specific Vo2 ranged from 1.52±0.11 mL ⋅hr-1⋅g-1 at stage 

39-40 to 0.80±0.02 mL ⋅hr-1⋅g-1 at stage 43-44 (Table 2.2). The mass-specific Vo2 of 38°C 

embryos ranged from 2.03±0.05 mL⋅hr-1⋅g-1 at stage 39-40 to 1.65±0.14 mL⋅hr-1⋅g-1 at 

stage 43-44 (Table 2.2). Mass-specific Vo2 of 35°C and 38°C embryos at the same 

developmental stage were not significantly different. 

• 

 • 
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 • 

 • 
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Each group of embryos, regardless of incubation temperature or stage, 

experienced a significant change in metabolic rate after 2h at the opposite incubation 

temperature (Matched-pairs t-tests with the probability for each group < 0.018, Figures 

2.4 and 2.5).  

Gradual Cooling Metabolic Rates 

 Individual variation in the ability to respond to gradual decreases in Vo2 can be 

seen in Figures 2.6 and 2.7. Some embryos from each stage and each incubation 

temperature were able to briefly increase metabolic activity during the earliest stages of 

the cooling protocol. For embryos incubated at 38°C, the youngest embryos appeared to 

have the greatest ability to respond to the first drop in ambient temperature, with only one 

embryo out of 6 showing a large decline in Vo2 before ambient temperature reached 35°C 

(Figure 2.7). The 2 embryos that showed the greatest relative increase in Vo2 were stage 

39-40 embryos incubated at 35°C. Overall the 35°C embryos showed more consistent 

transient increases than the 38°C embryos, especially by stage 43-44 (Figure 2.6).  

  When the individual curves of Figures 2.6 and 2.7 are summarized by mean 

curves, several new patterns emerge. Unlike the mass-specific Vo2 measured at the two 

temperatures, where there were no significant differences between stages or incubation 

temperatures, the youngest embryos of each incubation temperature had significantly 

higher Vo2 than the older embryos (Figure 2.8). This is true for the entire duration of the 

cooling protocol in the 35°C embryos (Figure 2.8 A), and until the ambient temperature 

reached 36°C in the 38°C embryos (Figure 2.8B). There were no significant differences 

• 

• 

• 

 • 

• 
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in the gradual cooling Vo2 between stages 41-42 and 43-44 for either incubation 

temperature, except for the baseline measurement at 35°C for the 35°C embryos.  

 Although there are no significant differences in the gradual cooling Vo2 of the 

35°C and 38°C embryos compared at each stage, there are important differences in the 

points at which they experienced a significant decline in Vo2 from the baseline at 38°C 

(Figure 2.9). Figure 2.9A shows that the youngest embryos (stage 39-40) experienced a 

significant decrease in Vo2 when ambient temperature reached 34°C. By stage 41-42 

(Figure 2.9B) the 38°C embryos experienced the significant decrease in metabolic rate at 

34°C, while the 35°C embryos experienced a significant drop earlier at 36°C. Just prior to 

hatching at stage 43-44 (Figure 2.9C) the 38°C embryos are able to endure a drop in 

ambient temperature of 8°C before exhibiting a significant decrease in Vo2 but the stage 

43-44 35°C embryos were not as proficient, showing a significant decline by 36°C, a 

drop in ambient temperature of only 2°C. The Vo2 for each of these groups at 38°C and at 

the point there was a significant decline in metabolism are summarized in Table 2.3.  

 

Discussion 

Survival, Timing of Hatchling Events, and Extension of the Developmental Timeline 

 The chicken embryo is poikilothermic for the duration of incubtion, making it 

susceptible to fluctuations in body temperature dictated by the incubation environment 

(Tazawa et al., 1988; Tazawa et al., 1989; Whittow and Tazawa, 1991). One of the 

primary impacts of chronic hypothermia on poikilotherms is slowing of physiological 

  • 
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 • 
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 • 
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rates and processes, including metabolism and development. Artificial incubation at 38°C 

has long been considered the optimum temperature for rearing chicken embryos 

(Whittow, 2000), a decision that was likely based on the desire to imitate the incubation 

environment created by the hen. Yet, there is little evidence to suggest that incubation at 

a temperature other than 38°C has consequences for survival or fitness of the embryo. 

The results of this study confirm that, as expected, chicken embryos incubated at 35°C 

developed more slowly than those embryos incubated at 38°C, spending an average of 

3.1 extra days in the egg before hatching. Similar studies reported that 35°C incubation is 

near the lower end of the viable incubation temperatures, and results in an incubation 

period of up to 25 days in the chicken embryo (Tazawa et al., 1973).  

  I hypothesized that incubation at 35°C would not only lengthen the 

developmental timeline, but would also change the characteristics of development. 

Internal pipping and external pipping are essential events in the hatching process. They 

involve the onset of pulmonary respiration, the shut down of the chorioallantoic 

circulation, and the closing and opening of cardiovascular pathways in preparation for 

life outside the egg (Whittow, 2000). This study shows that incubation temperature had 

no effect on the relative timing of these crucial events in the chicken embryo.

 Temperature had little effect on survival of the chicken embryos throughout 

incubation. There was a slight difference in the overall rates of survival between embryos 

incubated at 35°C and 38°C (31% and 48%, respectively), differences that can be 

accounted for by the relatively small sample sizes used to conduct this experiment (n = 

32 and n = 40, respectively). To further support the idea that incubation did not affect 
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survival, embryos at each temperature were lost at approximately the same points in 

development (Figure 2.1). The identical mortality rates during the early stages of 

incubation suggest that they may be the result of a common failure of an organ or a 

system at a key point in development. 

 

Incubation Temperature and Embryonic Growth 

 Embryonic wet mass for 38°C embryos at stage 39-40 (5.54g ± 0.27) and stage 

41-42 (13.75g ± 0.40) closely resembled previously reported values of 5.94-6.00g and 

13.92g (Tazawa et. al., 1971; Dzialowski et al., 2002). The difference in wet body mass 

by stage 43-44 is accounted for by the higher total body water content in the 35°C 

embryos. Calculations of % total body water from the wet and dry mass data confirmed 

that at stage 43-44 81% of the 35°C embryo wet mass was water, compared to only 76% 

in the 38°C embryos. Dzialowski et al. (2002) reported similar values of total body water 

in day 18 (stage 44) embryos at 81.8%. This study also determined that day 12 embryos 

(stage 38) contained 91.7% body water, a value comparable to that for stage 39-40 

embryos incubated at both 35°C (89.6%) and 38°C (90.8%).  

Overall, these data reveal that embryo growth is proportional to developmental 

stage and emphasizes the importance of making comparisons at equivalent stages of 

development, rather than at arbitrary periods of absolute development. The development 

of embryos and organ systems is non-linear, so absolute time is not a good descriptor 

when comparing embryos incubated at different temperatures. Burggren and Crossley 

(2002) proposed the concept of ‘degree days’ to address the discrepancies between 
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absolute time and developmental time. ‘Degrees days’ (days of development x the 

temperature of development) normalize the effect of temperature on development, and 

provide a better framework for discussing the impact of temperature on embryonic 

physiology.  

 The ventricle mass of stage 43-44 embryos incubated at 38°C (0.10g±0.005) 

closely resembled the heart mass data for day 18 chicken embryos (0.12g±0.005) 

obtained by Dzialowski et al. (2002). This study revealed that both ventricle mass and the 

size of the ventricle in relation to the embryo mass were significantly higher in the 35°C 

embryos (Figure 2.3) at stage 41-42. Previous studies examining the effects of hypoxic 

stress on the development of the chicken embryo saw increases in the heart mass of day 

12 embryos that were exposed to hypoxia between days 6 and 12 of incubation 

(Dzialowski et al., 2002). That study, however, was unable to show a similar response in 

day 18 embryos or in hatchlings. A similar study examined the effects of hypoxia on the 

quail embryo and found no change in ventricle mass as a result of hypoxic incubation 

(Elmonoufy, 2003). It is clear that environmental stress has the ability to effect the 

growth of organ systems as well as embryos as a whole, but it is unclear exactly why 

embryos exposed to low incubation temperature experience such a large increase in 

ventricle mass. One possibility is that an increase in ventricle mass might facilitate an 

increase in stroke volume to compensate for the reduction in heart rate that occurs as the 

result of a lower embryo temperature.  

If one assumes that stroke volume is proportional to the mass of the ventricle, it is 

possible to use ventricle mass as an index of stroke volume. Using data on the heart rates 
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of chicken embryos under various temperatures (Ono et al., 1994) I can calculate a heart 

rate for 35°C embryos at each stage in the present study. Combining the calculated heart 

rates and ventricle mass as the index of stroke volume, a cardiac output index 

(g·beats·min-1) can be determined for embryos at each stage, from each incubation 

temperature. The significantly larger ventricle mass would give the 35°C embryos a 

cardiac output index of 45.9g·beats·min-1 at stage 41-42 and 39.8g·beats·min-1 at stage 43-

44, compared to the values of 27.3g·beats·min-1 and 33.8g·beats·min-1 for 38°C embryos. 

A cardiac output that is 40% greater in embryos incubated at 35°C is unlikely, suggesting 

an inherently false assumption in this index calculation. The estimation of heart rate for 

35°C embryos was based on the heart rate Q10 of embryos incubated at 38°C. It is 

possible that the heart rate of the 35°C embryos is lower than the estimated value, which 

would bring the index of cardiac output down to a reasonable range. Another viable 

option is that the mass of the ventricle is not directly proportional to stroke volume in 

embryonic chickens, leading to cardiac output estimates that are erroneously augmented. 

The hypothesis that the larger ventricle mass compensates for slower heart rate is still 

valid, and future investigations of heart rates in embryos incubated at 35°C may help to 

determine why incubation has an impact on the growth of the heart.  

 

Effects of Incubation Temperature on Vo2 

 The Vo2s collected during this study agree with previous Vo2 measurements for 

day 12, 14, 16, and 18 embryos incubated at 38°C (Table 2.2), but this is the first study to 

complete measurements of Vo2 in embryos chronically incubated at 35°C. The mass-

 • 

 • • 

 • 
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specific Vo2 of stage 43-44 35°C embryos appears low in comparison with measurements 

from 38°C embryos at the same stage collected in this and previous studies. The 

significantly larger embryo wet mass of the 35°C embryos contributes to this difference, 

but this group also demonstrated a large amount of variation in Vo2. Observations made 

during incubation indicated that the chorioallantoic membrane in the 35°C embryos failed 

to line the entire inner surface of the shell. Although CAM surface area data was not 

collected in these experiments, a smaller surface area for gas exchange might have an 

impact on the embryos with the largest metabolic demand, the stage 43-44 embryos. The 

importance of CAM surface area is a debated topic. Okuda and Tazawa (1988) covered 

up to 50% of the chicken egg with epoxy, effectively reducing the surface area of the 

CAM able to exchange gases with the environment. They found that the reduction in gas 

conductance reduced Vo2. In contrast, a study by Wagner-Amos and Seymour (2002) 

reported that metabolic activity was not significantly correlated to reductions in gas 

conductance accomplished by applying wax to the shell.  

Incubation temperature did not affect the Vo2 of chicken embryos in the final 

stages of development. The similar Vo2 of 35°C and 38°C embryos and the general trend 

of a decrease in mass-specific metabolic rate with development can both be explained by 

the amount of available O2. At these late stages of development the Vo2 of the embryo is 

defined by the rate of O2 diffusion across the shell, and decreases in embryonic mass-

specific Vo2 result because the embryo continues to grow at the expense of establishing 

hypoxia within the egg (Romijn and Lokhorst, 1951; Wagensteen and Rahn, 1970; Rahn 

et al., 1974; Ar et al., 1980; Tazawa, 1980). If late stage chicken embryos are provided 

 • 

  • 

• 

 • 

• 

  • 

  • 



 30

with increased O2 (a hyperoxic environment) they are able to increase their metabolic 

activity (Tazawa et al., 1992). An examination of the early stages of development would 

likely reveal lower Vo2 in embryos incubated at 35°C, supporting the slower rate of 

growth and development and the increased length of the developmental timeline.  

 

Metabolic Activity and Thermoregulation in 35°C and 38°C Embryos 

 To qualify as a homeotherm an animal must precisely regulate endogenous heat 

production and heat loss to maintain a stable body temperature in the face of fluctuating 

ambient temperatures (Randall et al., 2002). Chicken embryos are certainly not 

homeotherms, yet findings in this study suggest that they do not fit into the strict 

definition of a poikilotherm. At some point in development the embryo must make the 

transition from poikilothermy to endothermy, and perhaps the ability of some individual 

embryos to briefly increase their metabolic activity by 5 to 10% with a 1°C drop in 

ambient temperature (Figures 2.6 and 2.7) and maintain metabolic activity during an 8°C 

drop in egg surface temperature supports the idea that these final days of incubation may 

be a period of transition. Tazawa et al. (1987) slowly cooled late stage embryos from 

38°C to 30°C over a period of 8h, minimizing the imbalance between heat loss and heat 

production. He noted that embryos as young as stage 43 were able to maintain a maximal 

metabolic rate until the ambient temperature reached 34°C, and proposed that the embryo 

was a poikilotherm because of the constraints of the egg environment, not because they 

lacked the mechanisms required for regulating metabolic activity. 

• 
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Incubation temperature did have an effect on the embryo’s ability to maintain a 

stable Vo2 in the face of declining temperature. The youngest embryos examined from 

both incubation temperatures significantly reduced Vo2 by the time egg temperature 

reached 34°C (Figure 2.9). By stages 41-42 and 43-44 the 35°C embryos experienced 

significant decreases in metabolic activity earlier, at only 36°C. The ability of the 38°C 

embryos to maintain Vo2 improved with continued development, and by stage 43-44 they 

surpassed the performance reported by Tazawa et al. (1987), experiencing a significant 

decline in metabolic rate only after an 8°C decline in egg surface temperature.  

If the timing of a significant decline in metabolic rate is used as an indication of 

thermoregulatory ability, low incubation temperatures produce embryos that are less 

efficient in responding to acute decreases in ambient temperature. Q10 values for 

temperature affects on Vo2 supports this notion. Stage 39-40 embryos have a Q10 of 1.88 

for metabolic rate, regardless of incubation temperature. As development continues, the 

metabolism of stage 43-44 38°C embryos has a Q10 of only 1.58 and is less affected by 

changes in ambient temperature. The 35°C embryos do not show the same trend and by 

stage 43-44 the 35°C embryos are more susceptible to temperature fluctuations than the 

38°C embryos. 

Measurements of static Vo2 made after longer periods of exposure (2h) to altered 

ambient temperature showed important differences from the gradual cooling experiments. 

First, under these conditions of longer exposure, the effect of temperature on Vo2 was the 

same for all stages and incubation temperatures, with Q10 values ranging from 1.49±0.08 

to 1.57±0.17. This suggests that although there is something inherently different about 

 • 
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the 38°C embryos that allows them to better resist gradual decreases in ambient 

temperature, this effort is short-lived. The constraints imposed by the egg environment 

include a complete lack of insulation (Whittow and Tazawa, 1991), high thermal 

conductance (Tazawa et al., 1988) and limited diffusion of respiratory gases (Wagensteen 

and Rahn, 1970; Rahn et al., 1974). Each of these factors likely contributes to an eventual 

overwhelming of any thermoregulatory mechanisms that are in place, so that after 2h of 

exposure there is no difference in embryos incubated at 35°C and 38°C. Secondly, these 

Q10 values are also lower than those that describe the effect of temperature on           

during gradual cooling. With a Q10 as high as 1.88, temperature has a greater effect on       

during the initial stages of cooling. The lower Q10 after a longer period of exposure 

implies that the exponential decrease in metabolic rate initially overshoots the appropriate          

but compensates within the 2h period of this experiment (Tazawa et al., 1989).  

  

A Summary in the Context of the Developmental Timeline 

 For the most part, although slower to develop, the embryos incubated at 35°C 

appear to follow the same developmental timeline as embryos incubated at 38°C. Embryo 

masses were the same, Vo2 were similar, and internal and external pipping occurred at the 

same relative points along the developmental timeline. The responses of the embryos to 

gradual cooling, however, confirm that even though incubation temperature has no 

apparent affect on the obvious parameters of development (such as growth) there may be 

significant effects on the maturity of the systems required for thermoregulation at 

hatching. The process of thermoregulation requires organization on many levels, from 

 • 
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neural coordination of thermosensors (Tazawa et al., 1989) to the ability to transport 

oxygen effectively in the cardiovascular system (Tazawa and Mochizuki, 1978). It is 

unclear from these experiments what level of organization is responsible for the 

differences between 35°C and 38°C embryos.  
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Figure 2.1    The length of incubation, survival rate through incubation, and timing of 
hatching events (IP = internal pipping, EP = externally pipping) for embryos chronically 
incubated in 35oC (A) and 38oC (B).  
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Table 2.1   The effects of chronic incubation at 35°C and 38°C on the length of incubation and the relative 

amount of development each day. Incubation is divided into intervals based on hatching events from day 0 (0), 

internal pippping (IP), external pipping (EP), and hatching (H).  

  
Event Sample Survival to Days to  Development Temperature  Time to Event  Temperature 

/day to  Interval Size Event End 
(%) 

End Event 
Event (%) 

Effect 
Q10 

(% of Total) Effect 
Q10 

Start End 35°C 38°C 35°C 38°C 35°C  38°C 35°C 38°C  35°C 38°C  

0 IP 13 16 40.6 40.0 22.2 19.3 4.5 5.2 1.60 93.5 93.6 1.00 

0 EP 9 9 28.1 22.5 22.8 19.8 4.4 5.0 1.60 96.1 96.2 1.00 

0 H 9 7 28.1 21.8 23.7 20.6 4.2 4.9 1.60     

IP EP 9 9 69.0 56.2 0.6 0.5 1.6 1.9 1.78 2.6 2.6 1.00 

EP H 9 7 100.0 77.7 0.9 0.8 1.1 1.3 1.66 3.8 3.8 1.00 
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Figure 2.2   Wet (A) and dry (B) mass for embryos incubated in 35oC and 38oC. A 
box surrounds non-significant points (p>0.05). An asterix indicates a significant 
increase in mass from the previous stage, within an incubation temperature (p<0.05). 
Shown are means±SE.  
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Figure 2.3   Wet ventricle mass (A) and ventricle mass to embryo mass ratio (B) for 
embryos incubated in 35oC and 38oC. Plotting convention as described in legend of 
Figure 2.2. Shown are means ± SE.  
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Table 2.2   Metabolic rates for chicken embryos incubated at both 35°C and 38°C. Values collected in the present 

study are presented as mean±S.E.M. with sample sizes in brackets. Values are plotted in Figures 2.4 and 2.5. 

Incubation  Day of Stage of Measurement    Source 
Temperature (°C) Incubation Development Temperature (°C)  (mL/h/egg)   (mL/h/g)   

38 12 38 38 8.70 1.57 Dzialowski et al. (2002) 
38 14 40 38 12.92 2.33 Tazawa et al. (1987) 
38 16 42 38 23.46 1.71 Tazawa et al. (1988) 
38 18 44 38 27.00 1.39 Dzialowski et al. (2002) 

       
38 13-14 39-40 38 11.26±0.766 2.03±0.049 (8) Present Study 
38 15-16 41-42 38 16.80±0.963 1.22±0.023 (9) Present Study 
38 17-18 43-44 38 29.41±4.454 1.65±0.136 (5) Present Study 

       
35 15-16 39-40 35 11.54±1.974 1.52±0.106 (6) Present Study 
35 17-18 41-42 35 19.00±1.754 1.42±0.073 (10) Present Study 

35 19-20 43-44 35 17.84±1.570 0.80±0.021 (12) Present Study 

Vo2 
 · 

Vo2 
 · 
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Figure 2.6   Gradual cooling Vo2 for individual embryos incubated in 35oC normalized to 

the measured Vo2 at 38oC. Bar identifies 5% variation about the metabolic rate at 38oC.

·
·

 



 42

Measurement Temperature (oC)

303132333435363738

50

60

70

80

90

100

110

120

303132333435363738

50

60

70

80

90

100

110

120

303132333435363738

50

60

70

80

90

100

110

120 A- Stage 39-40

B- Stage 41-42

C- Stage 43-44

N
or

m
al

iz
ed

 M
et

ab
ol

ic
 R

at
e 

(%
 o

f V
O

2 
at

 3
8o C

)

·

 

Figure 2.7   Gradual cooling Vo2 for individual embryos incubated in 38oC normalized to 

the measured Vo2 at 38oC. Bar identifies 5% variation about the metabolic rate at 38oC.
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Table 2.3  Gradual cooling metabolic rates at the baseline temperature of 38°C and at the temperature at which the 

metabolic rate had significantly declined. Values are mean±S.E.M. from Figures 2.8 and 2.9. 

Incubation Stage of Sample Baseline 
 

Temperature at 
 

SNK 

Temperature Development Size Temperature at Baseline 
Significant Drop in  

at Significant probability 

(°C)   (°C) (mL/h/g)  Drop (mL/h/g)  

38 39-40 6 38 1.47±0.177 34 1.26±0.166 0.002 

38 41-42 5 38 1.12±0.095 34 0.94±0.071 <0.05 

38 43-44 9 38 1.02±0.058 30 0.69±0.100 0.017 

        

35 39-40 6 38 1.82±0.308 34 1.54±0.263 <0.001 

35 41-42 6 38 1.19±0.082 36 1.01±0.080 0.037 

35 43-44 6 38 1.11±0.653 36 1.03±0.059 0.013 
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CHAPTER 3 

BLOOD OXYGEN BINDING PROPERTIES IN THE LATE STAGE CHICKEN 

EMBRYO (Gallus domesticus) AFTER CHRONIC INCUBATION IN 

HYPOTHERMIA, 35°C 

Introduction 

The structure and function of the embryonic respiratory system optimizes the 

embryos ability to exchange respiratory gases with the environment. The calcareous shell 

of the chicken egg is dimpled with pores that provide a fixed rate of gas exchange 

between the embryo and the environment (Wagensteen and Rahn, 1970; Rahn et al., 

1974; Ar et al., 1980; Tazawa, 1980; Reeves, 1984). The chorioallantoic capillary plexus 

(CAM) lines the entire inner surface of the shell and acts as the respiratory organ for the 

embryo until the onset of convective pulmonary respiration at pipping. The rate of gas 

diffusion and the large surface area for gas exchange provide the early embryo with 

access to ample oxygen (O2), but by 80% of incubation the metabolic demands of the 

embryo exceed the rate of O2 delivery by the respiratory system (Vleck et al., 1979; Ar et 

al., 1987). To overcome the constraints imposed by the shell and the limitations of the 

respiratory structures, the chicken embryo increases the hemoglobin-O2 affinity to ensure 

adequate O2 saturation of blood in the chorioallantoic membrane (Reeves, 1984).  

The complex structure of the O2-dissociation curve is often expressed by a single 

value, the P50, a measure that quantifies the strength of the affinity between hemoglobin 

and O2 molecules. The P50 is the partial pressure of O2 (Po2) at which the blood is 50% 
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saturated with O2  (Randall et al., 2002). Blood that has a higher affinity for O2 reaches 

50% saturation at a lower Po2, so high hemoglobin-O2 affinity corresponds to a low P50. 

In the context of the chicken embryo, the P50 of the blood decreases from 52 mmHg at 

day 8 of incubation to 30 mmHg at day 18 (Misson and Freeman, 1972; Reeves, 1984). 

The high O2-affinity of the blood at day 18 (85% of incubation) secures the required 

loading of O2 at the chorioallantoic membrane as the metabolic demand of the embryo 

continues to increase in the face of a hypoxic egg environment.  

Blood O2 affinity undergoes predictable changes during development and also in 

response to changes in the embryo’s condition and environment. O2-hemogobin binding 

is an exothermic process that is inherently affected by changes in temperature. According 

to the laws of equilibrium kinetics, a decrease in temperature results in an increase in the 

O2 affinity of the hemoglobin molecule (Ingermann, 1997; Randall et. al., 2002). This has 

important consequences for the poikilothermic chicken embryo that can experience 

changes in embryo temperature following changes in ambient temperature. An acute 

decrease in the body temperature of a late stage chicken embryo would lead to a slower 

heart rate, longer contact time at the respiratory surface, and more efficient binding of O2  

(Pelster, 1997). The high hemoglobin-O2 affinity might compliment the slow rate of O2 

delivery to the metabolically active tissues by increasing the saturation of the arterial 

blood. This would allow the embryo to maintain a relatively high metabolic rate and, as a 

result, a relatively high rate of endogenous heat production to prevent a further decline in 

core temperature. The situation is complicated during longer periods of cold exposure 



 48

that affect the rate of development, the acid-base status of the embryo, and perhaps even 

the timing of key changes in the developing cardiovascular system.  

This study will test the hypothesis that chronic incubation in low ambient 

temperature (35°C) will reduce the blood O2-carrying capacity of the late stage chicken 

embryo. Results will be compared to embryos incubated in the optimum temperature 

conditions of 38°C at the same developmental stage, rather than the same day of 

incubation. This experimental design excludes differing rates of development as a 

confounding factor, to allow an examination of the types of long-term responses (such as 

increases in hematocrit and hemoglobin concentrations) and short-term responses 

(changes in the hemoglobin-O2 affinity) the chicken embryo is able to mount in response 

to hypothermia.  

 

Materials and Methods 

Source and Incubation of Eggs 

Fertilized White Leghorn eggs (Gallus domesticus) were obtained from Texas 

A&M University (College Station, Texas) and shipped to the University of North Texas 

(Denton, TX) where they were incubated in commercial incubators. Samples were 

incubated at 38.0°C (control), or 35.0°C (hypothermic) and a relative humidity of 60%. 

Nine or more embryos incubated at each temperature were sacrificed on days 13-14, 15-

16, 17-18, and 19-20, and staged by 3rd toe length according to Hamburger and Hamilton 

(1951) chicken embryo staging chart to determine the length of incubation required for 

the 35°C embryos to reach developmental stages equivalent to the 38°C embryos. All 
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subsequent hematological experiments were conducted on embryos at stage 39-40 

(reached on days 13-14 for 38°C and days 15-16 for 35°C), 41-42 (reached on days 15-16 

for 38°C and days 17-18 for 35°C), and 43-44 (reached on days 17-18 for 38°C and days 

19-20 for 35°C). 

 

Surgical Protocol 

  Each egg was candled to locate a large chorioallantoic (CAM) vessel. The 

overlying shell and membranes were removed without disturbing the underlying 

vasculature. A CAM artery and/or vein was identified and the tip of a 30 gauge needle 

attached to a 1mL syringe was inserted into each large vessel against the direction of 

blood flow. Dead space in the needle (approximately 0.01mL) was filled with heparinized 

saline (53mg/100mL). A minimum of 200µL of blood was drawn for determination of 

P50 while 100µL was drawn for measurement of arterial and venous Po2 and pH. Caution 

was taken to avoid contamination by the accidental uptake of amniotic fluid.  

 

Hemoglobin and Hematocrit Determination 

 A 50µL blood sub-sample was injected into an OSM2 Hemoximeter (Radiometer 

Copenhagen) for determination of the hemoglobin content of the blood (g%). Hematocrit 

was measured by drawing 10µL of blood into a heparinized capillary tube, sealing one 

end, and centrifuging for 5 minutes in a micro-hematocrit centrifuge (ACCU-STAT MP 

Readacrit). The hematocrit was determined as the volume of red blood cells to the total 

volume of blood. 
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P50 Determination 

 A 50µL sub-sample of freshly drawn arterial blood was added to a cuvette 

containing 4mL of Hemox solution, 20µL of Additive A, and 10µL of Anti-Foaming 

agent, all solutions from TSC Scientific. The sample was placed in the measurement 

cuvette of the HEMOXTM Analyzer (TSC Scientific) and allowed thermally equilibrate at 

either 35°C or 38°C depending on treatment. Compressed air was gently bubbled through 

the sample until 100% O2 saturation was obtained (approximately 7 minutes). 

Measurements of percent saturation and Po2 were simultaneously recorded on a computer 

using Chart (AD Instruments), while the sample was bubbled with nitrogen for 7 minutes, 

until O2 saturation of the blood reached zero. The sample was then reoxygenated with air 

for an additional 7 minutes. Recorded saturations and Po2s were plotted to obtain a 

sigmoidal O2 disassociation curve. Two P50 measurements were determined on each 

sample, with the replicates averaged to generate the P50 for that sample.  

 

Hill’s Plots and ‘n’ Coefficient Determination 

 The percent saturation of the blood corresponding to Po2 values of 12mmHg, 

19mmHg, 31mmHg, 50mmHg, 79mmHg, and 125mmHg was determined for each 

oxygen disassociation curve to characterize the shape of the O2-dissociation curve. 

Values were converted according to the following equations (Randall et. al., 2002): 

x = log Po2 

y = log [S/(100-S)] 



 51

A linear Hill’s plot with log Po2 as the independent variable and log [S/(100-S)] as the 

dependant variable was fitted with a regression line (Sigmaplot 2001). The ‘n’ coefficient 

summarizes the shape of the curve and was determined as the slope of the regression line. 

 

Arterial and Venous Po2 and pH 

 A 100µL sample of arterial or venous blood was injected into a cannula connected 

to flow through thermostatted partial pressure of O2 (Po2) and pH electrodes 

(Microelectrodes Inc.) for simultaneous measurements of Po2 and pH (Blood Gas Meter 

BMG 200, Cameron Instrument Company).  

 

Physiological O2-Dissociation Curves 

 Each blood sample collected for P50 determination was measured at two pHs, 

7.47, corresponding to previous measurements of arterial pH for 38°C incubated 

embryos, and 7.57, the arterial pH for 35°C incubated embryos (Tazawa, 1973, Tazawa 

1980). The Bohr shift experienced by each developmental stage and incubation 

temperature was calculated according to the following equation (Randall et. al., 2002): 

Bohr Shift =    ∆ log P50 

       ∆ pH 

Using the calculated Bohr shifts, a series of O2-dissociation curves at pH values of 7.27, 

7.37, 7.47, 7.57, 7.67, 7.77, and 7.87 were plotted on the same figure for embryos at each 

stage from each temperature. Each Po2 value collected was then plotted on the curve 

according to its corresponding pH value. The seven O2 curves were then removed from 
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the figure and O2-dissociation curves at the mean arterial and venous pH values were 

calculated and plotted for the appropriate region (Figure 3.6). The mean arterial and 

venous Po2 values were plotted on the curves and used to determine the range of blood 

saturation each group of embryos experienced.  

 

ATP and 2,3-Bisphosphoglycerate Concentrations 

 A 100µL sample of blood was added to an equal volume of trichloroacetic acid 

(TCA) for adenosine triphosphate (ATP) measurement and to 300µL of TCA for 2,3-

bisphosphoglycerate (2,3-BPG) measurement. Samples designated for ATP measurement 

were stored on ice for a maximum of 2 hours before measurement. Samples for 2,3-BPG 

measurement were stored at -70°C for 4 weeks before measurement, conditions that 

maintain stable amounts of organic compounds. Concentrations of organic phosphates 

were determined with an end-point spectrophotometry technique at a wavelength of 

345nm (Sigma-Aldrich  measurement kit).  

 

Statistical Analyses 

All data was tested for normality of distributions (Shapiro-Wilks normality test) 

and equality of variances (Hartley’s F-max test) before specific statistical analyses were 

performed. Within and between stages and incubation temperatures hypotheses were 

tested for statistical significance with an ANOVA and significance between groups was 

determined with a Student Neuman Keuls (SNK) multiple range test post-hoc. All 
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statistical tests were conducted with SAS software and decisions were made with a 0.05 

level of significance. Means±S.E.M. are presented.  

 

Results 

Oxygen Transportation in the Blood 

 Incubation temperature had no significant effect (p>0.05) on hematocrit or 

hemoglobin concentration in stage 41-42 embryos (Figure 3.1). By stage 43-44, however, 

the 38°C embryos experienced a significant increase in both hematocrit (F=6.17, 

p=0.001) and hemoglobin (F=6.28, p=0.001). There was no significant increase in either 

hematocrit or hemoglobin in the 35°C embryos. 

 At stage 41-42 blood of both 35°C and 38°C embryos had relatively high P50s, 

low O2 affinities, and were insensitive to changes in measurement temperature (Figure 

3.2). By stage 43-44 the blood-O2 affinity of the 38°C embryos had not changed 

significantly (p>0.05), but was sensitive to a decrease in measurement temperature, 

dropping from 45.5mmHg±2.72 at 38°C to 33.0mmHg±3.29 at 35°C (Figure 3.2B, 

F=4.55, p<0.0001). In contrast to the 38°C embryos, the blood of the 35°C embryos 

remained temperature insensitive at stage 43-44, but experienced an increase in O2 

affinity that was significant when measured at 38°C (Figure 3.2A, SNK, p<0.05). There 

was no significant difference in O2 affinity between the incubation temperatures at stage 

41-42 (Figure 3.3).  

 The changes in O2 affinity between stages 41-42 and 43-44 are best described in 

terms of shifts in the O2 dissociation curves. For the 35°C embryos (Figure 3.4A) there is 
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a left-shift in the curve associated with the increase in O2 affinity by stage 43-44. This 

change in affinity is not accompanied by a significant change in the shape of the O2 

dissociation curve, summarized by the Hill’s coefficients (n) in the inset plot that range 

from 2.42±0.056 to 3.10±0.112. The sensitivity of stage 43-44 38°C embryos to a 

decrease in temperature can be seen as a left-shift in O2 dissociation curve in Figure 3.4B. 

Again, there were no significant changes in the shape of the curves for the 38°C embryos, 

with Hill’s coefficients (Figure 3.3B inset plot) ranging from 2.10±0.185 to 2.64±0.059.  

 Comparing the O2 dissociation curves between incubation temperatures confirms 

the P50 summary of Figure 3.3. At stage 41-42, the hemoglobin O2 affinity for 35°C and 

38°C embryos was identical, and not sensitive to changes in temperature. Figure 3.5A 

shows the similar nature of the blood with O2-dissociation curves and Hill’s coefficients 

that closely resemble one another. In Figure 3.5B it is clear that the blood from stage 43-

44 38°C embryos is right-shifted from the other curves when measured at 38°C, but again 

incubation temperature had no significant effect on the shape of the curves.  

   

In-Vivo Respiratory Properties of Arterial and Venous CAM Blood 

 The O2-binding properties of hemoglobin are highly influenced by pH, so all of 

the pervious curves were generated at 7.47, a pH characteristic of late stage embryos 

incubated at 38°C (Tazawa et al., 1980). This allowed for direct comparisons of blood 

properties between incubation temperatures without the confounding effects of pH. To 

determine the actual in-vivo O2-dissociation curves of embryos incubated at 35°C and 

38°C, the pH and Po2 of arterial and venous blood was measured at each stage (Table 
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3.1). There were no significant differences in the pH of arterial or venous blood between 

incubation temperatures or stages. In general, the pH of the arterial blood was higher than 

the venous blood, and there were slight increases in pH between stage 41-42 and stage 

43-44.  

 Deoxygenated blood from the artery of the chorioallantoic membrane is 

characterized by low Po2s (Table 3.1).  Stage 41-42 35°C embryos had a significantly 

lower arterial Po2 than the 38°C embryos (SNK, p=0.044), but between stages 41-42 and 

43-44 the arterial Po2 of the 35°C embryos remained unchanged, while the Po2 of the 

38°C embryos dropped significantly (SNK, p<0.001). The venous blood of stage 43-44 

embryos had similar Po2s regardless of incubation temperature (between 

61.3mmHg±2.18 and 68.6mmHg±3.27 for 35°C and 38°C, respectively). Only the 38°C 

embryos experienced a significant drop in Pos as development continued (SNK, 

p=0.024).  

 When plotted on O2-dissociation curves representing in-vivo arterial and venous 

pH conditions, the true physiological range of Po2 and saturation experienced by the 

embryo can be determined for each group (Figure 3.6). In general, the embryos were able 

to create a 75-80% O2 saturation, except for the stage 43-44 embryos that reached a 

maximum saturation closer to 90%. There was more variation in the arterial blood that 

reached minimum saturation values between 18% (stage 43-44 38°C embryos) and 35% 

(stage 43-44 35°C embryos).   
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Organic Phosphate Modifiers of Hemoglobin-Oxygen Affinity 

 The 35°C embryos had significantly lower concentrations of ATP at stage 41-42 

(F=4.20, p=0.012), but by stage 43-44 there was no significant difference in [ATP] 

between incubation temperatures. Concentrations of 2,3-BPG were not significantly 

different between incubation temperatures at stage 41-42. By stage 43-44 the 38°C 

embryos experienced a significant decline in blood 2,3-BPG, giving the 35°C embryos a 

significantly higher [2,3-BPG] at the latest stage (F=6.99, p=0.0008). In general, the 

35°C embryos maintained constant [ATP] and [2,3-BPG] between stages 41-42 and 43-

44, while the concentrations of both organic phosphates tended to decrease between these 

same stages in the 38°C embryos (Figure 3.7).   

 

Discussion 

The Effect of Incubation Temperature on Hemoglobin-Oxygen Affinity 

 Hemoglobin-O2 binding affinity is always a balancing act between efficient 

loading of O2 at the respiratory surface and adequate delivery of O2 to the metabolically 

active tissues (Reeves, 1984). Balancing these requirements becomes more complicated 

in the late stages of incubation in the chicken embryo. An egg incubating in normal 

temperature and O2 conditions becomes increasingly hypoxic in-ovo as the restrictions of 

diffusive gas exchange fail to meet the growing O2 demands of the embryos (Wagensteen 

and Rahn, 1970; Rahn et al., 1974; Ar et al., 1980; Tazawa, 1980; Reeves, 1984). 

Hypoxia results in the decline of air cell Po2 from 140mmHg in early incubation to 

approximately 100mmHg just prior to pipping (Reeves, 1984). Venous Po2 follows that 
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same pattern, decreasing from 80mmHg at day 12 of incubation to 61mmHg by day 17 

(Tazawa et al., 1971). Following these patterns, blood Pco2 increases, resulting in a 

progressive decrease in blood pH (Tazawa 1973). To maintain adequate O2 loading in the 

face of these challenges, the hemoglobin-O2 affinity of the embryonic blood can reach 

levels as low as P50 of 31mmHg by day 18 (Reeves, 1984).  

The normal pattern of changes in hemoglobin-O2 affinity during development in 

the chicken embryo involves a progressive left-shift in the O2 dissociation curve from a 

P50 of 53mmHg at day 8 to P50s as low as 31mmHg by day 18 (Reeves, 1984). Embryos 

incubated at 38°C in the present study followed the expected pattern of a decrease in P50 

from 51mmHg at stages 41-42 to 45mmHg at stages 43-44 (days 17 and 18 of 

incubation), but did not reach the high oxygen affinity described by Reeves (1984). Other 

studies have described P50s ranging from approximately 44mmHg to 32mmHg at 18 days 

of incubation (Tazawa, 1980). Although close to the ranges reported, the P50 values from 

this study are still slightly higher than expected. These small differences may be 

attributed to the fact that data for this study was collected over a range of stages. 

Developmental stage is an important factor in studies involving developing animals, so 

the high P50 may be the result of including embryos that were up to 36h younger than the 

18 day embryos in previous reports. The embryos incubated at 35°C more closely 

followed the expected pattern, reaching a P50 of about 30mmHg by stage 43-44.  

Changes in hemoglobin-O2 affinity that are essential for survival of the embryo in 

the hypoxic egg environment are in part, characteristic of the way the hemoglobin 

molecule responds to the acid-base status of the embryo. It has long been established that 



 58

a decrease in blood pH will cause a left-shift in the O2-dissociation curve (Randall et al., 

2002). As hypoxia is established in the egg, the blood Pco2 of the embryo rises and the 

pH drops, accounting for a portion of the increased O2 affinity that was observed in 

embryos from both incubation temperatures (Tazawa, 1973). In addition, the binding of 

O2 to hemoglobin is an exothermic process. A decrease in temperature favors an increase 

in the heat-generating process of hemoglobin-O2 binding to maintain a thermal 

equilibrium (Ingermann, 1997; Randall et. al., 2002). These facts support the decrease in 

O2-binding affinity by stage 43-44 and the difference in O2 affinity between 35°C and 

38°C embryos at these latest stages, but one important question remains unanswered. If a 

reduction in temperature increases the O2-binding affinity of the blood, why did the 

hemoglobins of the stage 41-42 embryos remain insensitive to a 3°C change in 

measurement temperature? 

The sensitivity of whole blood to changes in temperature depends on its 

hemoglobin types (Baumann and Meuer, 1992). By day 8 of incubation the blood of the 

chicken embryo contains three types of hemoglobins: a hatching hemoglobin (HbH) that 

plays only a minor role in oxygen transportation and two adult hemoglobins (HbA and 

HbD). In adult chickens the ratio of HbA to HbD is approximately 3:1, but HbD plays a 

larger role in the chicken embryo, existing at a ratio of 1.05 at day 9 of incubation 

(Baumann and Meuer, 1992). The ratio of HbA to HbD continues to change in the late 

stages of incubation, and although the influence of each hemoglobin on the O2-binding 

binding affinity of the blood is not yet fully understood, it is possible that the ratio of 

HbA to HbD may have a important impact on the characteristics of the embryonic 
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hemoglobin. Incubation temperature may impact the rate at which the ratio of HbA to 

HbD increases and delay the onset of such characteristics as the temperature sensitivity of 

the blood. 

In addition to being altered by changes in embryo acid-base status, temperature, 

and the types of hemoglobins present, O2 affinity of blood is also affected by organic 

phosphate concentrations (Baumann and Meuer, 1992). Organic phosphates are allosteric 

modifiers of hemoglobin that bind to the inside of the four heme groups, stabilizing 

deoxyhemoglobin and reducing the O2 affinity of the blood (Matthews and va Holde, 

1996; Hochachka and Somero, 2002). Up until approximately day 12 of incubation in the 

chicken, ATP is the primary organic modifier of hemoglobin-O2 affinity (Mission and 

Freeman, 1972; Bartlett and Borgese, 1976; Baumann and Meuer, 1992; Hochachka and 

Somero, 2002). The increase in hemoglobin-O2 affinity between day 8 and day 18 of 

incubation corresponds to the period where metabolic rate reaches its maximum pre-

pipping plateau, and hypoxia begins to develop within the egg. At this point the aerobic 

production of ATP is no longer feasible and there is a fall in blood [ATP] (Bartlett and 

Borgese, 1976; Nikinmaa, 1990). As [ATP] drops, anaerobic production of 2,3-

bisphosphoglycerate (2,3-BPG) increases and acts as the primary allosteric modifier of 

hemoglobin until after hatching when inositol polyphosphate (IPP) becomes the adult 

allosteric modifier (Bartlett and Borgese, 1976; Nikinmaa, 1990). 

Contrary to my expectations, the increase in hemoglobin-O2 affinity between 

stages 41-42 and 43-44 in the 35°C embryos is not associated with any changes in [ATP] 

or [2,3-BPG]. This suggests that organic phosphates played little role in modifying 
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hemoglobin-O2 affinity, and that temperature and the nature of the hemoglobins present 

were likely the primary reasons for the significant drop in P50 observed by stage 43-44. 

The effect of temperature on organic phosphate concentration in the chicken embryo has 

never been examined, but, in general, [ATP] and [2,3-BPG] from these experiments are 

similar to those of numerous other studies on chicken embryos (Isaacks and Harkness, 

1975; Isaacks et al., 1976; Bartlett and Borgese, 1976; Baumann and Meuer, 1992) and 

other precocial embryos including turkeys, pheasants, guinea, and ducks (Isaacks et al., 

1976; Bartlett and Borgese, 1976).  

Although incubation temperature had no apparent affect on organic phosphate 

concentrations in the late stage chicken embryos, hypoxic incubation results in an earlier 

switch from ATP to 2,3-BPG. Exposure to hyperoxia allows chicken embryos to maintain 

high levels of ATP throughout incubation and delay the developmental switch to 2,3-

BPG (Ingermann et al., 1983; Baumann et al., 1986). The arterial and venous pH and Po2 

values collected for embryos incubated at 35°C and 38°C were similar at each stage of 

development (Table 3.1), indicating that a reduction in incubation temperature does not 

increase the level of hypoxic stress beyond what is normally experienced by the late stage 

embryo. From previous research, it is clear that O2 regulates both the concentrations of 

organic phosphates and the timing of the switch from ATP to 2,3-BPG. It is not 

surprising then, that incubation temperature alone did not result in obvious changes in the 

patterns of organic phosphate concentration in the late stage chicken embryo.  
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Incubation Temperature and Blood O2  Carrying Capacity 

 Modifying hemoglobin-O2 affinity is an important method of dealing with the 

hypoxic environment of the late stage chicken embryo, but these changes only alter the 

strength of the interactions between the hemoglobin and O2 molecules and do not affect 

the total amount of O2 that can be transported by the blood (Tazawa, 1980). Hypoxic 

incubation can increase both hematocrit and hemoglobin content of embryonic blood 

(Dusseau and Hutchins, 1988; Dzialowski et al., 2002), suggesting that increasing the 

total O2-carrying capacity of the blood may also be an important response that ensures 

adequate O2 delivery to tissues. The hematocrit and hemoglobin values of the 38°C 

embryos agree with values reported by a number of other studies (Tazawa et al., 1971; 

Tazawa, 1972; Baumann et al., 1983; Dzialowski et al., 2002). The 38°C embryos 

experienced a significant increase in both hematological parameters between stages 41-42 

and 43-44, as is expected with continued development (Tazawa et al., 1971). In contrast, 

the 35°C embryos maintained stable hematocrit and hemoglobin contents that were 

significantly lower than the values of the 38°C embryos by stage 43-44 (Figure 3.1).  

The lower O2-carrying capacity of the 35°C embryos corresponds to the 

significant increase in hemoglobin-O2 affinity between stages 41-42 and 43-44. The 

coordination of these events suggests that the 35°C embryos may be maximizing the 

loading of  O2 at the respiratory surface to compensate for the restriction on total O2-

carrying capacity. Figure 3.6 supports this idea, with the 35°C stage 43-44 embryos 

reaching venous O2 saturations of close to 90%. The left-shifted curve allows the 

embryos to more completely saturate the blood at Po2 values that are similar to those 
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experienced by the other groups. Stage 41-42 embryos from 35°C and all 38°C embryos 

reached arterial saturations of less than 80%, values that correspond to the findings of 

other studies (Misson and Freeman, 1972; Tazawa and Mochizuki, 1978; Tazawa, 1980).  

 

Oxygen Transportation and the Consequences for Metabolic Activity 

 Aerobic metabolic activity requires O2 for the production of energy and is 

determined by the rate of O2 delivery to the tissues (Pelster, 1997). Unlike adult chickens 

that can increase pulmonary respiration and cardiac output to facilitate faster rates of 

nutrient and O2 transportation to increase metabolic rate, the chicken embryo is limited 

by diffusive gas exchange across the shell (Tazawa et al., 1992). Essential changes occur 

in both the amount of hemoglobin present and the affinity of hemoglobin for O2 as the 

embryo reaches the latest stages of development to meet the O2 demands of the growing 

embryo. Embryos incubated at 35°C and 38°C maintain similar rates of O2 consumption 

(chapter 2) when compared at equivalent stages of development, but have slightly 

different strategies to meet the O2 demands.  

 Stage 41-42 embryos are virtually identical with similar metabolic rates, 

hematocrits, total hemoglobin contents, and temperature-insensitive hemoglobins with 

low O2 affinities. By stage 43-44 there are important differences between 35°C and 38°C 

embryos. Those embryos incubated at 38°C have significantly higher hematocrit and 

hemoglobin concentrations, and so presumably have a greater potential O2-carrying 

capacity than the 35°C embryos. The 35°C embryos, on the other hand, have 

hemoglobins with higher O2-binding affinities and are able to more completely saturate 
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the blood at the respiratory surface. The similar metabolic rates of these two groups 

indicate that both strategies are effective in meeting the oxygen demands of embryos that 

are not thermally stressed.  

 Chapter 2 concluded that although the static metabolic rates of embryos incubated 

at 35°C and 38°C were not significantly different, the 35°C embryos were less effective 

in responding to acute decreases in ambient temperature. By stage 43-44 the temperature 

sensitive nature of the hemoglobins in the 38°C embryos would have provided them an 

advantage over the temperature-insensitive hemoglobins of the 35°C embryos. When 

exposed to decreases in ambient temperature, the hemoglobins of the stage 43-44 38°C 

embryos would have a higher O2 affinity at the cooler respiratory surface and a lower O2 

affinity at the site of the warmer tissues. This strategy maximizes the loading of O2 in the 

CAM and the delivery of O2 to the metabolically active tissues (Randall et al., 2002). The 

stage 43-44 35°C embryos maintain a high O2-affinity regardless of temperature, a 

strategy that ensures efficient loading of O2 but inhibits efficient delivery of O2 to the 

embryo. As one might expect, the 35°C embryos experienced a significant decline in 

metabolic rate earlier than the 38°C. This difference  has few consequences for the 

chicken embryo that receives conductive heat from the incubating parent, but could 

impact the survival of the 35°C animal after hatching when exposure to decreases in 

temperature represent a true threat (Whittow and Tazawa, 1991).  
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Summary and Conclusions 

 In summary, incubation temperature is important for the chicken embryo to 

proceed through the normal patterns of hematological development. Incubation at 35°C 

results in a reduction in the total O2-carrying capacity of the blood and changes in the O2-

binding affinity of the hemoglobin molecule immediately prior to hatching. Although 

these differences have little impact on the ability of the 35°C embryos to acquire 

adequate amounts of O2 for normal growth and development, they would have important 

consequences for the hatchling that is less fit to deal with exposure to low ambient 

temperatures.  
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Figure 3.1     Hemoglobin and hematocrit values for embryos incubated at 38oC (red) and 
35oC (blue) at stages 41-42 and 43-44. A box surrounding points indicates no significant 
difference between incubation temperatures (p>0.05). An asterix indicates a significant 
difference between stages, within an incubation temperature (p<0.05). Shown are mean ±SE. 
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temperature and subsequent measurement at the opposite incubation temperature. Plotting 
convention as described in title of Figure 3.1. Shown are means ± SE. 
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Figure 3.4    Whole blood oxygen dissociation curves for embryos incubated at 35oC (A)
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Figure 3.5     Whole blood oxygen dissociation curves for embryos incubated at 35oC (blue) 
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Table 3.1   Physiological range of the partial pressure of oxygen (Po2) and 

pH of arterial and venous CAM blood from embryos incubated in 35°C and 

38°C. Values are means ± SE, with sample size in brackets. 

     Arterial Venous 

Temperature Stage Po2  (mmHg) pH Po2  (mmHg) pH 

35C 41-42 25.7 ± 1.90 (7) ∝ 7.39 ± 0.051  (6) 61.3 ± 2.18 (8) 7.42 ± 0.043 (7) 

35C 43-44 21.2 ± 2.22 (7) 7.52 ± 0.030 (7) 55.8 ± 2.12 (7) 7.48 ± 0.046 (7) 

38C 41-42 32.7 ± 2.98 (8) ∝,+ 7.46 ± 0.065 (9) 68.6 ± 3.27 (11) * 7.34 ± 0.028 (10) 

38C 43-44 18.2 ± 1.75 (10) + 7.54 ± 0.053 (10) 58.3 ± 2.69 (10) * 7.42 ± 0.035 (10) 

     
     
     

                 ∝  Indicates a significant difference between incubation temperatures (p=0.044) 

              + Indicates a significant difference between stages for 38°C embryos (p<0.001) 

              * Indicates a significant difference between stages for 38°C embryos (p=0.024) 
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CHAPTER 4 

DEVELOPMENTAL PATTERNS IN THE LATE STAGE CHICKEN EMBRYO: 

CONCLUSIONS AND FUTURE DIRECTIOS 

Reconstructing the Developmental Timeline 

 Physiological processes of most poikilotherms are profoundly affected by 

temperature. Despite the fact that development involves physiological processes, and is 

itself influenced by temperature, studies examining the effects of incubation temperature 

on developmental patterns are few and far between. Previous research has established 

that, as expected, the developmental timeline from a single cell to a hatchling (in the case 

of the chicken) is lengthened when eggs are raised in temperatures that are lower than 

optimum (Tazawa, 1973). This lengthening of the developmental timeline becomes a 

confounding factor for studies that try to compare the physiology of embryos at the same 

day of incubation. Twenty-four hours of development for an embryo incubated at 38°C is 

not equal to 24 hours of development for an embryo incubated at 35°C. Chapter 2 

focused on some basic developmental parameters, such as survival, growth, the timing of 

hatching events, and oxygen consumption (Vo2), to determine if embryos from different 

incubation temperatures follow different developmental patterns. For most of these 

parameters little difference exists between embryos incubated at 35°C and 38°C, when 

compared at the same developmental stage. Incubation temperature did not adversely 

affect the relative rates of growth, metabolism, or survival, and although the 35°C 

• 
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embryos remained in the egg approximately 3 days longer, internal and external pipping 

occurred at exactly the same relative point on the developmental timeline (Figure 4.1). 

The later portion of this research stressed the embryos with acute decreases in ambient 

temperature and discovered that the 35°C embryos, although similar in every other 

respect, were unable to maintain metabolic activity for the length of time characteristic of 

the 38°C embryos. Because thermoregulation and the production of endogenous heat 

through metabolic activity require coordination on many physiological levels, all the 

potential explanations for this discrepancy could not be examined.  

 Experiments discussed in chapter 2 addressed whether incubation temperature 

affects the relative placement of key physiological landmarks along the developmental 

timeline of a chick. Chapter 3 revealed that hematological parameters, such as the affinity 

of hemoglobin for oxygen (O2), interact with the environment and undergo predictable 

changes throughout development. The shifts in the types of hemoglobins, the changes in 

O2 affinity, and the relative importance of various organic phosphates have been 

extensively examined (Ingermann et al., 1983; Baumann et al., 1986; Baumann and 

Meuer, 1992). The results of chapter 3 demonstrated that, unlike the basic developmental 

parameters, incubation temperature has important implications for both total O2-carrying 

capacity and the nature of the hemoglobin-O2 affinity in embryos by stage 43-44 of 

development. In addition to having a lower hematocrit and less hemoglobin, the O2 

affinity of the blood from 35°C embryos was significantly higher than the 38°C embryos. 

These differences not only alter the relative locations of important landmarks along the 
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developmental timeline (Figure 4.1), but also have important implications for the embryo 

in responding to acute decreases in ambient temperature.  

 

Changes in the Developmental Timeline: Implications for Thermoregulation 

The implications of the differences between embryos raised in 35°C and 38°C are 

hard to imagine without the context of function, and even then may not appear to be 

applicable to the embryo. Thermoregulation is a physiological function that relies on the 

intimate connections between the respiratory and cardiovascular systems, but it is also a 

system that doesn’t reach full maturity until days, or even weeks after hatching (Whittow 

and Tazawa, 1991). The ability to thermoregulate is essential for the hatchling that must 

maintain a stable body temperature without the conductive heat from the incubating 

parent. Thus, in preparation for hatching, the physiological mechanisms required for 

thermoregulation begin to function in the late stage chicken embryo (Whittow and 

Tazawa, 1991; Tazawa et al., 2001). In chapter 2 I reported that 35°C embryos exhibited 

a weaker response to decreases in ambient temperature, and chapter 3 provided possible 

explanations for this difference in the nature of the hematological parameters. Not only 

did the 38°C embryos have a greater O2-carrying capacity, the hemoglobins present by 

stage 43-44 were sensitive to changes in temperature. These hemoglobin characteristics 

allow the 38°C embryos to transport more O2 and to maximize both the loading of O2 at 

the cooler respiratory surface and the unloading at the warmer metabolically active 

tissues. The advantages of these differences are realized in the response of the embryo to 

decreases in ambient temperature. Stage 43-44 38°C embryos did not experience a 
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significant decline in         until the ambient temperature reached 30°C, while the 35°C 

embryos experienced a significant drop early in the cooling process at only 36°C.  

The results of chapter 3 provide a possible explanation for the differences in 

thermoregulatory ability reported in chapter 2, but thermoregulation also involves 

coordination at the level of the nervous system to detect and respond to decreases in 

ambient temperature. The endocrine system has also been implicated in the development 

of homeothermy. When late stage embryos are treated with thiourea to block the 

metabolic effects of thyroid hormones, they are unable to maintain         during gradual 

cooling (Tazawa et al., 1989). Although the differences in hematology likely play an 

important role in the ability to mount thermoregulatory responses, they are neither the 

only factors involved, nor are they the only physiological system sensitive to incubation 

temperature. 

 

Conclusions and Future Directions 

 When the temperature of the incubation environment is altered, development is 

not simply stretched out, but the relative location of physiological and anatomical marks 

along the developmental timeline are changed. This opens the door for countless future 

research directions. This study focused on the latest stages of embryonic development, 

namely stages 43 and 44, that are perhaps the most stressful period in the entire life of the 

chicken. The hypoxic stress and the dynamic nature of physiological change in 

preparation for hatching are likely the reasons the effects of incubation temperature were 

seen in the days just prior to hatching. At the opposite end of the developmental timeline, 

Vo2 
 · 

Vo2 
 · 
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the young embryo encounters perhaps the most important landmarks, including the 

formation all organs and the onset of their function. This period of development is also 

susceptible to environmental influences, and it is possible that incubation temperature 

might have an even more profound effect on the structure of the early developmental 

timeline. An important next step from this research is to examine how incubation 

temperature affects the early ontogeny of the both the cardiovascular and respiratory 

systems, including the onset of heart function, the timing of the transition from primitive 

red blood cells to definitive red blood cells, and the growth of the chorioallantoic 

membrane. 

A second path for future research involves unraveling the levels of coordination 

involved in thermoregulation to determine why the 35°C embryos are less able to deal 

with decreases in ambient temperature. The ability of the blood to bind O2 is only one 

component of the complex cardiovascular system. Changes in heart rate and cardiac 

output with incubation temperature may also play important roles in the delivery of O2 

and nutrients to the metabolically active tissues, and, as a result, the endogenous heat 

production of the embryo. Focusing on another physiological system, incubation at 35°C 

may retard the maturity of the thyroid gland. Together with changes in cardiovascular 

physiology, the lack of thyroid hormone may impact the embryos ability to maintain 

metabolic activity in the face of declining temperature.   

Stepping beyond the final point of our developmental timeline, it would be 

interesting to see if the differences observed in the late stage embryos have significant 

consequences for the hatchling. It is possible that after the restrictions imposed by the egg 
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environment are lifted, the differences in hematology between embryos incubated at 35°C 

and 38°C would not be enough to result in a weaker response to decreased ambient 

temperature. Continuing the same experiments conducted in chapters 2 and 3 through 

internal pipping, external pipping, and post-hatching would determine if these results 

would, in fact, have consequences for hatchling survival.  
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