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     To examine if a rhythm can be entrained in either heart rate or oxygen consumption 

in late stage embryos (days 17-19.5) with light as a zeitgeber, chicken embryos were 

incubated in complete darkness (D:D) and 12:12 light:dark cycle (L:D).  Light had no 

impact on oxygen consumption (390 µL O2·min-1·egg-1) but increased heart rate for non-

internally pipped embryos (260 to 270 beats·min-1 during light cycle).  Oxygen 

consumption increased independent of pipping while heart rate increased (255 to 265 

beats·min-1) in D:D embryos due to pipping.  A light-induced rhythm or effect occurred in 

heart rate but not oxygen consumption, suggesting heart rate and oxygen consumption 

may be uncoupled. 
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CHAPTER 1 
 

INTRODUCTION AND LITERATURE REVIEW 
 

Respiratory Physiology of the Avian Egg 

     At discrete points during embryonic development in the avian egg, three 

different gas exchangers exist; the area vasculosa, the chorioallantoic membrane 

(CAM) (both diffusion-dependent), and the lungs (Whittow, 2000).  A chicken 

(Gallus gallus) egg has no convective gas exchange with the environment until 

the embryo�s lungs are utilized (Ar et al., 1980; Whittow, 2000).  The well-

vascularized area vasculosa fans out from the embryo and surrounds the yolk 

during days 3 to 5 (Romanoff, 1960).  By day 2 of incubation, blood begins to 

circulate through the embryo and the area vasculosa (Romanoff, 1960).  Around 

day 6, the respiratory transition from area vasculosa to chorioallantois begins.  

The chorioallantois grows rapidly so that by day 12, it envelops the contents of 

the whole egg (Romanoff, 1960).  The chorioallantois functions as a gas 

exchanger until near the end of incubation.  When an embryo pips the CAM and 

inner membrane with its beak (internal pipping), the CAM begins to degrade and 

lose function (Whittow, 2000; Tazawa et al., 2002).  The chick then breaks the 

shell and breathes atmospheric air through the lungs (external pipping) (Whittow, 

2000).  The lungs assume the respiratory function of the CAM when they are 

aerated during the external pipping period to prepare the embryo for hatching

(Tazawa and Takenaka, 1985).    
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     Metabolism in embryos, as in all other organisms, is the sum total of all 

chemical reactions that occur.  The rate of chemical reactions increases with 

temperature, therefore metabolic activity of an animal is linked to its body 

temperature (Greenwald and Kanter, 1979; Randall et al., 2002).  Metabolic

rate, which is energy metabolism per unit time, can be determined in several  

ways.  First, direct calorimetry determines metabolism by measuring heat 

production.  Second, indirect calorimetry can be used to measure metabolism 

from food intake and waste excretion.  Third, respirometry determines 

metabolism by measuring an animal�s respiratory gas exchange (Randall et al., 

2002).  Respirometry is an indirect way to estimate metabolism by measuring 

oxygen uptake (MO2) and/or carbon dioxide production (MCO2) rather than direct 

heat production (Randall et al., 2002).  This may be done because in aerobic 

oxidation, the quantity of heat produced is directly related to the quantity of 

oxygen consumed (Randall et al., 2002). 

     As the chicken embryo grows quickly during the first 2 weeks of incubation, 

the oxygen uptake (MO2) of the egg increases geometrically (Ackerman and 

Rahn, 1981; Whittow, 2000).  The increase in oxygen uptake becomes 

asymptotic, reaching a plateau prior to pulmonary respiration (around day 17) 

and increases again after internal pipping (Ackerman and Rahn, 1981; Whittow, 

2000, see figure 1.1).  In all birds, the gas exchange of embryos before internal 

and external pipping occurs by diffusive transport between the environment and 
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capillary blood, across a porous shell and a membrane gas exchanger 

(Wangensteen and Rahn, 1970/71; Whittow, 2000). 

     Heart rate and metabolic rate are traditionally assumed to be closely coupled 

in all animals. A change in metabolic rate will lead to a change in heart rate while 

heart rate supports metabolic rate by being a large contributor toward supplying 

metabolic demands to the embryo (Pearson et al., 1999).  Heart rate may even 

be used as an indicator of metabolic rate based on the relationship described by 

Fick�s convection equation (Butler et al., 2002): 

VO2 = fH x Vs(CaO2-CVO2) 

(VO2=O2 consumption,fH=Heart rate,Vs=Cardiac stroke volume,CaO2=O2 content 

of arterial blood, CVO2=O2 content of mixed venous blood).  There is a linear 

relationship between heart rate and oxygen consumption as long as tissue 

oxygen extraction (Vs(CaO2-CVO2)) remains constant or varies in a systematic 

fashion (Butler et al., 2002).  

Cardiovascular Physiology of the Avian Egg 

     The heart of embryonic chickens transforms from a tubular configuration into 

a four-chambered structure early in development.  The heart of chick embryos 

becomes almost morphologically complete by 4 to 5 days incubation (Balinsky, 

1970).  After about 30 h of incubation, the heart begins to beat and the heart rate 

increases asymptotically with embryonic development early in incubation to a 

plateau of about 280 beats/min on days 16-18.  There is a subsequent decrease 

in heart rate prior to pipping the chorioallantoic membrane (CAM) and eggshell 
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(Tazawa and Hou, 1997; Tazawa et al., 2000, see figure 1.2).  These events are 

termed internal and external pipping, respectively.  During the last half of prenatal 

development, the daily change in embryonic heart rate decreases (Cain et al., 

1967; Akiyama et al., 1999).      

     The pattern of growth in embryo mass differs from that for heart rate.  Embryo 

mass increases geometrically until the last stages of development (day 18); 

where growth rate slows.  Therefore, patterns in heart rate are not directly related 

to the increase in body mass (Tazawa et al., 2000; Akiyama et al., 1999).  

Metabolic rates of organisms follow the same allometric, rather than isometric, 

relationship with body mass.    

     The measurement of heart rate is important in determining cardiovascular 

performance and autonomic nervous function in mammals.  Heart development 

and the atrioventricular system in the chick was shown to parallel and to be 

similar to that of mammalian species (Butler and Juurlink, 1987).  The avian 

embryo is an ideal model for measuring heart rate and subsequent rhythms in 

heart rate for several reasons.  First, these embryos develop inside an eggshell 

independent of a maternal body, so their physiological functions are not directly 

influenced by maternal functions.  The patterns of heart rate in embryos originate 

from their own cardiac pacing activities, not maternal conditions (Moriya et al., 

2000).   Second, the eggshell conveniently allows for measurement of heart rate 

while maintaining gas exchange through the CAM.  There are several ways to 

measure heart rate, either invasively, semi-invasively, or non-invasively.  The 
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ballistocardiogram and acoustocardiogram are non-invasive techniques based on 

slight movements or vibrations of the eggshell, caused by contraction of the 

embryonic heart (Pirow et al., 1994).  Semi-invasive techniques such as the 

impedence-cardiogram and electrocardiogram both involve inserting electrodes 

into the eggshell.  Impedence is generally used for small eggs or heart rate of 

young chick embryos (Tazawa et al., 1999).  An invasive method involves 

catheterization of the allantoic artery, which would measure the actual blood 

pressure (Akiyama et al., 1999).  The electrocardiogram was chosen for this 

particular study, as it gave the most reliable signals. 

Physiological Rhythms in the Avian Egg 

     In mammals, circadian rhythms are primarily controlled by the 

suprachiasmatic nucleus (SCN), which is located in the hypothalamus.  Avian 

circadian rhythms are more complex, being regulated by a multiple oscillatory 

system consisting of the eye, the pineal gland, and the suprachiasmatic nucleus 

(SCN) (Yoshimura et al., 2001).  These components interact with each other to 

function as an endogenous clock or pacemaker system (Okabayashi et al., 

2003).  The hormone melatonin is produced in the chick pineal gland and the eye 

(retinal photoreceptor cells).  In birds, melatonin is the most important connector 

of the internal clock to physiological functions (Nichelmann et al., 1999). It plays 

a role in transmission of environmental changes in lighting to the circadian 

system (Depres-Brummer et al., 1995).  Melatonin is directly involved in 

adaptation of retinal photoreceptors and skin melanophores to changing intensity 



 6

of ambient light (Vanecek, 1998).  The production and release of this hormone in 

vivo is rhythmic: it goes up at night and down in the day (Binkley, 1981).  During 

the day, norepinephrine activates the pineal 2-alpha adrenoceptors and inhibits 

adenylate cyclase and subsequently both cAMP and melatonin synthesis 

(Takahashi and Zatz, 1982).  Compounds that raise cAMP (forskolin, increased 

calcium) immediately increase melatonin synthesis (Lamosova et al., 1995). 

     Circadian rhythms manifested as cycles of body temperature also affect the 

animal�s metabolism (Randall et al., 2002).  Smaller animals tend to have a 

larger circadian variation in body temperature and therefore, a higher metabolic 

rate.  Embryonic heart rate at the end of incubation is closely related to fresh egg 

mass in a reciprocal relationship, which reflects the fact that embryos from 

smaller eggs have higher mass-specific metabolic rates (Paganelli and Rahn, 

1984; Pearson et al., 1999).  Metabolism and circadian rhythms are closely tied 

together.  It is not clear whether metabolism is only an output of the clock or 

whether it also contributes to the rhythm�s generation (Roenneberg and Merrow, 

1999).  It has been shown that pigeon embryos (Columbia liva) have a higher 

oxygen consumption rate during light phase than during the dark phase at the 

same incubation temperature (Prizinger and Hinninger, 1992). 

      Birds have a clear circadian rhythm post-hatch, although it is unknown if 

these rhythms are imprinted and expressed in the prenatal period (Zeman et al., 

1992; Zeman et al., 1999; Asasaka et al., 1995; Nichelmann et al., 1999).  The 

embryo does not receive hormones (like melatonin) directly from the mother 
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although the mother can still send external signals to the developing chick.  

Rhythmic temperature fluctuations (a result of the mother leaving the nest), 

acoustic signals from the mother, and natural light/dark changes during 

incubation could signal the clock (Rumpf and Nichelmann, 1993).  Activity of 

organ functions occurs during embryonic development, before it is necessary to 

ensure the survival of the embryo (Nichelmann et al., 1999).  For example, 

respiration movements tend to occur before internal pipping and the onset of 

pulmonary respiration.   

     Zeman et al. (1999) discovered prenatal photoperiodic experience in chicken 

embryos has an effect on the stability of the circadian system postnatally.  

Photoperiodic experience is also important during chick eye development.  It was 

shown that at least 4 hours of dark was needed to prevent severe corneal 

flattening, shallow anterior chambers and progressive hyperopia (Li et al., 1995).        

     The chick pineal gland has been used, both in vivo and in vitro, for studies on 

biochemical and molecular mechanisms of rhythmic melatonin production 

(Lamosova et al., 1995).  Several studies have shown a prenatal rhythm in 

melatonin (Zeman et al., 1999; Zeman et al., 1992; Asasaka et al., 1995) at least 

by day 18 of incubation.  In chicken embryos, melatonin receptors have been 

found in the brain and spinal cord (Wan et al., 1997).  This shows it is plausible 

that a circadian rhythm in either heart rate or metabolism could be expressed 

prenatally.  The components of the system are in place and it just might need an 

outside factor or zeitgeber to initiate the rhythm.  It is possible this earlier prenatal 
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rhythm is expressed in bird embryos due to the fact they develop in an egg with 

no direct endocrine signals from the mother.   

Objectives and Hypotheses 

     The objective of my research is to investigate changes in the pattern of heart 

rate and oxygen consumption in the perinatal period, as influenced by changes in 

respiratory state (CAM to lungs) and by light as a zeitgeber.  Two major 

hypotheses will be tested with this research: 

1)  Heart and oxygen consumption rates change in similar patterns in the 

perinatal period, reflecting the tight coupling of �supply and demand� for nutrients 

and oxygen. 

2)  There are no light-induced physiological rhythms until hatching.  Specifically, 

three null hypotheses will be tested:     

     a)  Mean embryonic heart rate of embryos incubated under constant darkness 

(D:D) and embryos incubated in a 12:12 L:D cycle will not be different.   

     b)  Heart rate of eggs exposed to differing levels of light intensity will not be 

different.  Rather than a dose-response reaction to light, there will be a threshold.    

c)  Oxygen consumption in eggs exposed to total darkness and eggs exposed 

to L:D cycles will not differ.   

     It is important to study rhythms as they affect nearly all physiological functions 

and aid in survival.  Organisms are able to anticipate rather than merely respond 

to environmental changes.  If a light illumination effect is identified in either heart 

rate or metabolism pre-hatch, the chicken embryo would become an excellent 
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model for further study of perinatal rhythms.  Compared to mammals, avian 

embryos exhibit great advantages in rhythm investigation by having an embryo 

develop outside a maternal body and by the ease of measuring both heart rate 

and oxygen consumption.     
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Figure 1.1 Developmental pattern of O2 uptake and surface area of gas exchangers in avian egg.  
Internal pipping (IP), external pipping (EP), and hatch (H) are shown.  Light shaded area indicates 
O2 uptake by diffusion from area vasculosa/chorioallantois and dark shaded area is O2 uptake 
from the lungs (Reprinted from Whittow GC, 2000 by Tazawa, Hiroshi with permission from 
Elsevier).  
 

 
Figure 1.2  Continuous measurement of mean heart rate in late-stage chick embryo by 
electrocardiography (Reprinted from Tazawa et al., 2002 with permission from Elsevier).  EP 
indicates external pipping.
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CHAPTER 2 
 

MATERIALS AND METHODS 

Source and Incubation of Eggs 

     Fertilized White Leghorn chicken eggs (Gallus gallus) were obtained from 

Texas A&M University in College Station, Texas and shipped to our laboratory at 

the University of North Texas.  In the laboratory, these eggs were incubated in 

still air incubators (Little Giant®) set to 38.0°C and about 60 % relative humidity.  

The temperature and humidity was monitored by a wireless long range 

thermometer (Oregon Scientific1).  The eggs were on an automatic egg turner 

with a complete revolution at a 30 degree angle side-to-side, every 4 hours.  

Embryos were staged by day of incubation.  An embryo was considered Day 1 

twenty-four hours after being placed in the incubator.      

Determination of Pipping Events 

     A total of 270 embryos were observed in one or more of the following stages 

of development: not yet internally pipped (�no IP�), internally pipped (�IP�), 

externally pipped (�EP�), and hatched (�H�).  A statistical compilation of the timing 

of progression through the perinatal period was based on measurements of 

developmental state (no IP, IP, and EP) as well as the following:

                                                        
1 Oregon Scientific, Inc.  www.oregonscientific.com 

1)  If the embryo is not IP, EP or Hatch, then the embryo must be no IP 
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2)  All embryos must be in one of the 4 states (no IP, IP, EP, hatch 

3)  IP precedes EP by 12 hours 
 
4)  Hatch follows EP by 12 hours (not all embryos were followed through to  
 
     successful hatching. 
 
5)  All embryos survive to hatching 
 

Oxygen Consumption Measurement 

Respirometer Design and Measurement Protocol 

     Eggs were either incubated in complete darkness (D:D) or a 12:12 light:dark 

cycle (L:D).  In the L:D group, eggs were exposed to light from a 40 watt full 

spectrum tube set on a timer to turn on at 0500 and off at 1700.  The intensity of 

light (in lux) at the level of the eggs ranged from 400-1100 lux due to the 

configuration of the incubator.  On day 17.0, eggs (n=77 for L:D, n=74 for D:D) 

were placed in clear, air-tight, and water-tight respirometers (296 ml).  The 

respirometer was partially submerged in a programmable water bath (Fisher® 

ISOTEMP®2 1028P) set at 38ºC.  The respirometer was allowed to equilibrate for 

30 minutes.  Compressed air flows into the bottom of the respirometer and out 

the top at a rate of about 70-75 ml/min.  The system was maintained at 20.94% 

oxygen.  Drierite and soda lime tubes were hooked up in series to allow water 

and carbon dioxide, respectively, to be removed from the outflow air before 

analysis by the Sable Systems, Inc. oxygen analyzer (Model# FC-1B)3.  This 

                                                        
2 Fisher Scientific International  www.fishersci.com 
3 Sable Systems, Inc.  www.sablesys.com 
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system allows for multi-channel recording of oxygen consumption (VO2, 

expressed µl. min-1. egg-1).  Three channels were run at the same time with 

repeated measurements taken on each egg over a three-day period (see figure 

2.1).  Oxygen consumption was measured twice a day starting on day 17 and 

ending on day 19.  The measurements were taken in the middle of the lighting 

cycle (1100) and the middle of the dark cycle (2300).  Days designated with a 

suffix of �.0� were light measurements taken at 1100 and days with a suffix of �.5� 

were dark measurements taken at 2300.  During the lighting cycle measurement, 

L:D embryos were exposed to a 65 watt full-spectrum bulb that was about 800 

lux.  In all the dark phases, containers were covered with aluminum foil.     

EKG Measurement 

Electrode Placement 

     Once the eggs reached day 17 of incubation, wire electrodes for 

determination of the electrocardiogram were inserted into the egg.  Fine double-

stranded copper wire was cut into three pieces (~7 cm each).  Insulation was 

removed from both ends of the wires with a lighter.  Each wire was split in two to 

get a total of six electrode wires, enough for two eggs.  A 21 gauge needle was 

used to put three small holes about 1 mm in diameter into the eggshell.  The 

holes were made in the shape of an equilateral triangle on the side of the egg 

about 2 cm apart for the best electrocardiogram recording.  The copper wire was 

inserted ~0.5 cm into the egg and epoxy glue was used on the eggshell to keep 

the wire in place. 
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EKG Measurement Protocol 

a) Control Group 

     The control group consisted of embryos exposed to total darkness (D:D) 

throughout their entire incubation, including the measurement period (with the 

exception of the 2-3 minutes required for electrode insertion at Day 17).  After the 

electrodes were in place, the eggs were transferred into a recording incubator 

that allows two eggs to be recorded simultaneously.  Prior to recording, each egg 

was placed in a small Faraday cage to reduce 60 Hz outside noise during EKG 

recording (see figure 2.2).  The electrode wires were attached to a channel 

amplifier used to amplify the heart rate signal, which was directed to the 

Powerlab® system (ADInstruments)4.  The program Chart� (version 5.0)5 was 

used to record heart rate, which was stored in data files on a computer.  

Continuous measurements of electrocardiogram were made for at least a 48 

hour period (day 19.0 or 19.5 depending on what time recording started).   

b) Experimental Group 

     The experimental group consisted of 12:12 light:dark (L:D) exposure.  All 

equipment was set-up the same as the D:D electrogram system described 

above.  The experimental population of eggs was exposed to light from a 40 watt 

full spectrum tube set on a timer to turn on at 0500 and off at 1700.  The intensity 

of light (in lux) at the level of the eggs was measured with a light meter and 

                                                        
4 ADIntruments, Inc.  www.adintruments.com 
5 ADInstruments, Inc.  www.adinstruments.com 
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ranged from 400-1100 lux due to the configuration of the incubator.  The lux used 

in this study is 1/10 the intensity of full natural sunlight, but 2-4 times brighter 

than intensities sufficient to entrain melatonin rhythms used in other studies on 

bird embryos (Zeman et al., 1992; Zeman et al., 1999).  Temperature was 

measured by a thermocouple that attached to the Chart� Program.  Mean 

temperature ± standard deviation over the entire heart rate measurement period 

was 37.0 ± 0.3°C.   

Oxygen Pulse Calculation 

     The relative change in oxygen consumption and heart rate was determined by 

calculating the �oxygen pulse� (Haque et al., 1996; Pearson et al., 1996), which is 

the amount of oxygen consumed per heartbeat.  The mean oxygen consumption 

rates of all embryos were divided by the mean heart rate of all embryos to 

estimate oxygen pulse.   

Statistical Analyses 

     SigmaStat® (SPSS, Inc.,version 3.0)6 was used to conduct all statistical 

analyses.  All averages are represented as mean ± S.E.M.  Statistical decisions 

were made at an alpha level of 0.05.  Oxygen consumption and heart rates were 

tested for normality (Shapiro-Wilks normality test) and equality of variances 

(Hartley�s F-Max test).  Some of the data was not normally distributed.  Both 

parametric and nonparametric statistics were performed.  Probabilities and 

outcomes did not differ so the more robust parametric tests were reported 

                                                        
6 SPSS, Inc.  www.spss.com 
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(Beitinger, T).  Tests were performed with missing data points.  The independent 

variables affecting oxygen consumption and heart rate are lighting cycle (D:D or 

L:D), day of incubation (17.0 (oxygen consumption only), 17.5, 18.0, 18.5, 19.0, 

19.5), and position in the incubator (L:D embryos only).  

     The intensity of light (lux) was not evenly distributed throughout the incubator.  

The middle was more intense than the corners of the incubator.  The L:D eggs 

were categorized into three bins by intensity of light (Lux):  400-600, 600-800, 

and 800-1100 lux.  A series of one-way analysis of variances (ANOVAs) on each 

day of development were performed to see if the intensity of light had an effect 

on heart rate or oxygen consumption.      

Statistical Analyses of Oxygen Consumption 

     First, independent t-tests were performed to see if mean metabolic rate 

differed between L:D and D:D embryos at specific times of development.  A one-

way repeated measures ANOVA was performed on the mean metabolic rates of 

all embryos to determine significance.  A Tukey multiple comparison test was 

used to determine significance between groups.                             

     Oxygen consumption was then divided into five pipping groups: no Internal 

Pip 19.5, Internal Pip 19.0, External Pip 19.0, Internal Pip 19.5, and External Pip 

19.5.  A series of one-way repeated measures ANOVAs determined if there was 

significance in each group during development.  Tukey tests were then used to 

determine which values were significantly different from each other.  A series of 

one-way ANOVAs were used to determine if there were any significant 
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differences between groups on each developmental day.  The Holm-Sidak 

Method was used post-hoc. 

Statistical Analyses of Heart Rate Data 

    Heart rate data was analyzed using the Chart� program.  Heart rate was 

calculated for every five minute period of recording.  Twelve points were then 

averaged to create hourly mean heart rate.  Mean heart rate for each 12 hour 

period in late incubation was collected for all embryos (n=39, n=28) in the two 

groups:  that exposed to the lighting cycle and that exposed to total darkness.   

     A one-way repeated measures ANOVA was performed on heart rate of all 

embryos, regardless of light exposure.  A Tukey test was used to determine 

which values were significantly different from each other.  Independent t-tests 

were performed between L:D and D:D embryos on each developmental day to 

determine if oxygen consumption differed.  Embryos were divided into those that 

had not pipped (L:D and D:D) and those that had internally pipped (L:D and D:D).  

A two-way repeated measures ANOVA was performed on the embryos that had 

not internally pipped to determine significance with a Tukey test as the post-hoc 

test.  Independent t-tests were performed on the internally pipped embryos to 

determine if L:D and D:D embryos were significantly different from each other on 

any days of development.  One-way repeated measures ANOVAs were used to 

see if either D:D or L:D embryos had a significant difference in mean heart rate 

during development.  A Tukey test was used post-hoc. 
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Figure 2.1. Experimental design of oxygen consumption for one egg.  Each egg 
(n=77 for L:D, n=74 for D:D) was placed in a metabolic chamber and acclimated 
30 minutes before recording takes place.  Temperature was constant in the 
metabolic chamber by a water bath.  Repeated measurements are taken twice a 
day for three days.  The experiment starts on day 17 and ends on day 19 of 
incubation.  Measurements are taken in the middle of the light phase (1100) and 
the middle of the dark phase (2300). 
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Figure 2.2  An example of an EKG recording of heart rate (A) from a 52.36g (egg 
mass) Day 17.0 D:D embryo and corresponding heart rate (B).  Samples were 
taken every five minutes (12 points total) to compute the mean heart rate for one 
hour. The mean for this point is 254 beats.min-1(horizontal line in B). A slow 
oscillation was often seen in EKG but was not attributable to any factor. 
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CHAPTER 3 
 

RESULTS 

Frequency of Pipping Events 

     The calculated frequencies and timing of pipping events for 270 embryos are 

shown in figure 3.1.  61% of embryos internally pipped by Day 19.0 and 61% 

externally pipped by Day 19.5.  There was a steady decrease in non-internally 

pipped embryos from Day 18.0 until Day 20.0.  The numbers of embryos that had 

hatched steadily increased from Day 19.0 until Day 21.0, where 100% of 

embryos should be hatched.  The light:dark treatment did not increase or slow 

the timing of events on Day 19.0 (X2 goodness of fit, p=0.6668).  However, on 

Day 19.5, the light treatment slowed the timing of events (pipping) (Log-likelihood 

G test, p=0.0001) with 60% L:D embryos not internally pipped compared to 18% 

not internally pipped in the D:D group.  

Oxygen Consumption 

     Because there was no significant difference in mean oxygen consumption 

between L:D and D:D embryos on the same day of development (independent t-

tests, p>0.05), all oxygen consumption rates were combined (figure 3.2 A, 

n=140,130,128,124,129,65).  Oxygen consumption ranged from about 375-400 

µl. min-1. egg-1 between Day 17.0 and 18.5, thereafter increasing sharply to nearly 

500 µl. min-1. egg-1 by Day 19.5.  The effects of incubation day on oxygen
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 consumption were highly significant (one-way repeated measures ANOVA, 

p<0.001).  Specifically, oxygen consumption on Day 17.0 was significantly lower

than oxygen consumption on Days 17.5-19.5 (Tukey tests, p<0.02).  Oxygen 

consumption on Days 17.5, 18.0, and 18.5 were not significantly different from 

each other (Tukey tests, p>0.06).  Oxygen consumption on Day 19.0 was 

significantly higher than oxygen consumption on Days 17.0-18.5 (Tukey tests, 

p<0.05) yet significantly lower than Day 19.5 (Tukey test, p<0.001).  Oxygen 

consumption on Day 19.5 was significantly higher than Days 17.0-19.0 (Tukey 

tests, p<0.001).   

     There was no significant difference in oxygen consumption for L:D embryos 

during development based on their position in the incubator (one-way ANOVAs, 

p>0.082).   

Oxygen Consumption and Pipping/Hatching Status 

     To assess whether developmental status affected oxygen consumption, all 

embryos from figure 3.2 A were divided into discrete populations according to 

developmental status at specific incubation times (no IP by 19.5, IP on 19.5, EP 

on 19.0, IP on 19.0, and EP on 19.5) (figure 3.2 B).  There were significant 

effects of developmental status in all populations (one-way repeated measures 

ANOVA, sample sizes and p values are: No Internal Pip (n=49,47,46,46,54,25, 

p<0.001), Internal Pip 19.5 (n=31,29,28,28,31,32, p<0.001), External Pip 19.0 

(n=12,11,12,9,8, p=0.003), Internal Pip 19.0 (n=40,37,38,35,30, p<0.001), and 

External Pip 19.5 (n=8,6,4,6,6,8, p<0.001)).  In the no IP group, oxygen 
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consumption on Day 19.5 was significantly higher than Days 17.0-19.0 (Tukey 

tests, p<0.05).  In group IP 19.5, Day 19.5 was significantly higher than Days 

17.0-19.0 (Tukey tests, p<0.001).  In group EP 19.5, Day 19.5 was significantly 

higher than Days 17.0-19.0 (Tukey tests, p<0.004).  Oxygen consumption among 

the 5 pip groups was not significantly different from each other on Day 17.5 and 

Day 18.0 (one-way ANOVA, p=0.097, p=0.080).  On Day 19.5, group EP was 

significantly higher than IP and no IP (Holm-Sidak Method, p=0.025, p=0.017).  

IP and no IP were not significantly different from each other (Holm-Sidak Method, 

p=0.050). 

     In summary, oxygen consumption reached a plateau on Days 17.5-18.5 and 

increased sharply on Day 19.0 (by about 5 %) and again on Day 19.5 (by about 

19 %).  The increase seemed to be due to incubation day independent of 

pipping.  In figure 3.2B, all groups had a significant increase in oxygen 

consumption on Day 19.5, including the no IP group while on day 19.0, the IP 

and EP grouped increased but not significantly.   

Heart Rate 

General Pattern in Heart Rate  

     Mean heart rate for all embryos (n=49,56,63,50,16) was combined and shown 

in figure 3.3.  There was a significant difference in heart rate during development 

(one-way repeated measures ANOVA, p=0.003).  Mean heart rate on Day 18.0 

was significantly higher than Day 18.5 (Tukey test, p=0.001).  There was no 

significant difference in heart rate for L:D embryos based on their position in the 
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incubator (one-way ANOVAs, p>0.253).  Independent t-tests between L:D (n=39) 

and D:D (n=28) embryos revealed there was a significant difference between 

them during development (p<0.016).            

Effect of Photoperiod on Heart Rate 

     Mean heart rate ± S.E.M. of L:D (n=13) and D:D embryos (n=14) that have 

not internally pipped by Day 19.0 are shown in Figure 3.4.  The light:dark 

treatment had a significant effect (two-way repeated measures ANOVA, p=0.022) 

on heart rate in non-pipped embryos even after accounting for the differences in 

incubation day (the independent variable).   

     Incubation day had a no significant effect after accounting for the differences 

in light/dark treatment (two-way repeated measures ANOVA, p=0.052).  There 

was significant interaction between light/dark treatment and incubation day (two-

way repeated measures ANOVA, p=0.003).  Heart rate increased from about 260 

beats.min-1 to about 275 beats.min-1 due to illumination and decreased back 

down to about 260 beats/min in the dark cycle. 

     There was no significant difference in mean heart rate for D:D eggs during 

development (Tukey test, p=0.524).  Mean heart rate for L:D embryos 

significantly increased between days 17.5 and 18.0 (Tukey test, p=0.002), while 

there was a significant decrease in mean heart rate between days 18.0 and 18.5 

(Tukey test, p=0.003).  There was a significant difference between L:D and D:D 

embryos on day 18.0 and 19.0 (Tukey test, p<0.001, p=0.035).  These are both 

times in which the L:D embryos were in the light cycle while D:D embryos were in 
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darkness.  The L:D embryos had a higher mean heart rate than D:D embryos on 

both Days 18.0 and 19.0.  On days 17.5 and 18.5, there was no significant 

difference between L:D and D:D embryos (Tukey test, p=0.756, p=0.152).  Both 

groups were in darkness on these days of development. 

     In summary, heart rate increased during the lighting cycles in L:D embryos, 

and decreased back down to the levels of the D:D embryos during the dark 

periods.    

Effect of Pipping 

     Mean heart rate ± S.E.M. for L:D (n=9) and D:D embryos (n=13) that internally 

pipped by Day 19.5 are shown in figure 3.5.  Heart rate in L:D and D:D embryos 

were not significantly different from each other on any days of development 

(independent t-test, p>0.05).  There was a significant difference in mean heart 

rate for D:D eggs during development (one-way repeated measures ANOVA, 

p=0.003).  A Tukey multiple comparison test revealed heart rate on Day 19.0 was 

significantly higher than Days 17.5, 18.0, and 18.5 (p=0.028, p=0.049, p=0.014).  

There were no significant differences among L:D embryos during development 

(one-way repeated measures ANOVA, p=0.468). 

  In summary, internal pipping caused an increase in heart rate in D:D embryos 

and not L:D embryos.  Both L:D exposure and pipping had an effect on heart 

rate.    
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Oxygen Pulse 

     Figure 3.6A shows combined mean heart rate (from figure 3.3) and mean 

oxygen consumption (from figure 3.2A) for all embryos used to calculate oxygen 

pulse.  Oxygen pulse (µl O2
. beat-1) of all embryos is shown in figure 3.6 B.  The 

oxygen pulse was stable on Days 17.5-19.0 at about 1.5 µl O2
. beat-1 and 

increased by about 18 % to 1.75µl O2
. beat-1 during the last part of incubation 

(Day 19.5).   
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Figure 3.1  Frequencies and timing of pipping events for 270 embryos.  Data are 
a combination of measured, interpolated, and extrapolated points (see text for 
assumptions). 
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Figure 3.2  Whole egg VO2 for all embryos (A) and embryos divided by pip (B).  In graph A, 
numbers by data points indicate sample size.  There was a significant difference in VO2 (one-way 
repeated measures ANOVA, p<0.001) for embryos overall (A).  Asterisk (*) indicates data point is 
significantly different from all other data points.  Box indicates data are not significantly different 
from each other.  There was a significant difference in VO2 for all pip groups (one-way repeated 
measures ANOVA, see p values above) (B).  Sample sizes are: No Internal Pip 
(49,47,46,46,54,25), Internal Pip 19.5 (31,29,28,28,31,32), External Pip 19.0 (12,11,12,9,8), 
Internal Pip 19.0 (40,37,38,35,30), and External Pip 19.5 (8,6,4,6,6,8). Means ± S.E.M. are 
shown. Gray symbols show internal pipping while black symbols show external pipping. 
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Figure 3.3  Mean heart rate ± S.E.M. for all embryos.  Numbers below each point 
indicate sample size. Heart rate was significantly different during development 
(one-way repeated measures ANOVA, p=0.003).  Heart rate on Day 18.0 was 
significantly higher than on Day 18.5 (Tukey test, p=0.001).  Asterisk (*) indicates 
point is significantly higher than subsequent point. 
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Figure 3.4  Mean heart rate ± S.E.M. for embryos that had not internally 
pipped by Day 19.0.  Numbers by each data point indicate sample size.  D:D 
embryos and L:D embryos were significantly different from each other (two-
way repeated measures ANOVA, p=0.022).  Data surrounded by boxes are 
not significantly different.  On Days 18.0 and 19.0, L:D and D:D were 
significantly different (Tukey test, p<0.001, p=0.035).  There were no 
significant differences among D:D embryos during development (Tukey test, 
p=0.524).  In L:D embryos, Day 18.0 was significantly higher than Day 17.5 
and Day 18.5 (Tukey test, p=0.002, p=0.003).  Asterisk (*) indicates point is 
significantly higher than previous and subsequent point. 
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Figure 3.5  Mean heart rate ± S.E.M. for internally pipped embryos.  D:D 
embryos (n=12,13,13,10) and L:D embryos (n=6,7,8,9,4) were not significantly 
different (independent t-tests, p>0.05) from each other as indicated by boxes.  
There were no significant differences among L:D embryos during development 
(one-way repeated measures ANOVA, p=0.468).  There was a significant 
difference among D:D embryos during development (one-way repeated 
measures ANOVA, p=0.013).  Mean heart rate on Day 19.0 was significantly 
higher than Days 17.5, 18.0 and 18.5 (Tukey test, p=0.028, p=0.049, p=0.014). 
Asterisk (*) indicates significance.  
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Figure 3.6  Mean oxygen consumption (from figure 3.2A) and mean heart rate (from figure 3.3) of 
all embryos to calculate oxygen pulse are shown (A).  Asterisks (*) by VO2 data indicate points 
are significantly higher than all preceding points.  Asterisk (*) by heart rate data indicates point is 
significantly higher than subsequent point (Day 18.5).  Numbers by points indicate sample size.  
Oxygen pulse (µl O2

. beat-1) is shown in figure B.
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CHAPTER 4 
 

DISCUSSION 

Frequency and Timing of Pipping Events 

     According to the Hamburger Hamilton staging chart (1951), chicken embryos 

should be internally pipped by day 19 and hatched around days 20-21.  The 

embryos from this study reflected these tables of normal development, with the 

majority having internally pipped by Day 19.0 (61%), externally pipped by Day 

19.5 (61%), and all hatched by Day 21.0 (figure 3.1).  A possible cause for 

growth to be accelerated could have to do with the genetics of breeding stock 

used for this study.  Unpublished data on physiological properties, e.g. heart rate, 

of chicken embryos suggest differences between breeds (e.g. Rhode Island Red 

vs. White Leghorn) and even between in-bred populations of the same breed (E. 

Dzialowski and H. Tazawa, unpubl.).   

     Chicken eggs exposed to light throughout the incubation period, hatch earlier 

than those incubated in dark (Shutze et al., 1962; Lauber and Shutze, 1964; 

Siegel et al., 1969; Voitle, 1970).  Such hatchlings also tend to be more mature at 

the time of hatching (Voitle, 1970).  There is also a graded effect depending on 

the length of illumination.  Eggs incubated in constant darkness required the 

greatest hours of incubation and eggs incubated in constant light required the 

least. Eggs exposed to 12:12 L:D cycle were intermediate in hatching time 

(Walter and Voitle, 1971).  In contrast to these studies, light/dark treatment used
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 in this study had no effect on timing of pipping events through Day 19.0, with 

both L:D and D:D populations moving through events at the anticipated 

rate for normal development.  By Day 19.5, light treatment actually slowed 

development.    These differences could be due to the fact that some of the data 

on pipping stages was extrapolated and interpolated rather than actually  

observed.  Some embryos might not have survived to hatching.  This could also 

be a sampling error due to less healthy embryos on that day.  If an embryo has 

not internally pipped by Day 19.5, then it is likely the embryo is not healthy.    

Oxygen Consumption:  Influence of Development and Light 

Pre-Pipping Oxygen Consumption   

     In the late stage chicken embryo, the restrictions of diffusive gas exchange fail 

to meet the growing oxygen demands of the embryos (Wangensteen et al., 1970; 

Rahn et al., 1974; Tazawa, 1980).  Therefore, avian embryos become 

increasingly hypoxic during late incubation.  This increasing mismatch of diffusive 

supply of oxygen and increasing metabolic demand is likely the reason why 

oxygen consumption plateaus at about day 17 of incubation and increases only 

after internal pipping, when the embryo is starting to switch over to convection-

based pulmonary respiration (Ackerman and Rahn, 1981).  The overall pattern of 

oxygen consumption change measured in this study, showing a plateau in 

oxygen consumption on Days 17.5 to 18.5 and significant increases on Days 

19.0 and 19.5, when internal pipping and external pipping normally occurs, 

respectively, are thus in agreement with previous studies.   
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Pipping and Oxygen Consumption 

     Interestingly, the data from this study suggests that day of incubation more 

than pipping status leads to the observed increase in oxygen consumption.  On 

day 19.5, all groups (no IP, IP, and EP) had a significant increase in oxygen 

consumption irrespective of their mode of respiration (CAM, pulmonary 

ventilation from the egg�s air cell, or external pulmonary ventilation from the 

atmosphere).  The no IP group would not be expected to show an oxygen 

consumption increase on Day 19.5 if this change was the result of an increase in 

tissue oxygenation concomitant with the onset of pulmonary breathing from the 

internal air cell.  Blood oxygen delivery changes in late incubation may also be 

ruled out as the source of increase of oxygen consumption, since reduction or 

increase in hematocrit (and thus in blood oxygen transport capabilities) does not 

alter oxygen consumption in day 15-17 chicken embryos (Khorrami, 2004).       

Photoperiod and Oxygen Consumption 

     Pigeon embryos (Columbia liva) have a higher oxygen consumption during 

light phase than during the dark phase (Prizinger and Hinninger, 1992).  Others 

believe rhythms do not develop and manifest themselves until after hatching 

(Akiyama et al., 1999; Tazawa et al., 2002). One of the hypotheses of this study 

was that oxygen consumption in eggs exposed to total darkness and eggs 

exposed to L:D cycles will not differ.  The results of the present study confirm that 

no light/dark rhythm (or, if not a rhythm, at least a short-term effect) in oxygen 

consumption was seen during any day of development from 17.0-19.5.     



 35

Heart Rate       

      The general pattern of heart rate involves an asymptotic increase with 

embryonic development early in incubation to a plateau of about 280 beats/min 

on days 16-18.  There is a subsequent decrease in heart rate prior to pipping the 

chorioallantoic membrane (CAM) and eggshell (Howe et al., 1994; Tazawa and 

Hou, 1997; Tazawa et al., 2000).  In this study, heart rate for all embryos (L:D 

and D:D) followed this typically observed pattern, with  heart rate on Day 18.5 

being significantly lower than Day 18.0.  The decrease in heart rate might result 

from the prominent vascular changes occurring during late development in 

preparation for the switch to pulmonary respiration.   

Photoperiod and Heart Rate 

     One of the hypotheses of this study was that mean embryonic heart rate of 

embryos incubated under constant darkness (DD) and embryos incubated in a 

12:12 LD cycle will not be different.  In this study, embryos that had not yet 

internally pipped showed a light/dark effect in heart rate.  While mean heart rate 

in D:D embryos did not change over days of development (17.5-19.0), the mean 

heart rate of the L:D embryos increased from Day 17.5 to Day 18.0 and 

decreased back down on Day 18.5.  During the dark cycles (Days 17.5 and 

18.5), L:D and D:D embryos were not different from each other while during the 

lighting cycles (Days 18.0 and 19.0), L:D embryos had a higher mean heart rate.   

     Is this effect the result of a true entrainment of a circadian rhythm?  The avian 

circadian system is more complex than its mammalian counterpart.  During 
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ontogeny, the melatonin rhythm develops much earlier in birds than in mammals 

(Zeman et al., 1999).  This is probably due to the absence of a direct maternal 

melatonin rhythm transfer to the embryo, as seen in mammals.  

     There are four criteria required to have a true circadian rhythm: persistence, 

temperature independence, susceptibility to disruption, and entrainment (Randall 

et al., 2002).  Given these necessary criteria, it is unknown if the heart rate data 

in this study displays an actual light-induced rhythm or if it displays a 

physiological effect of light.  Only one cycle was seen (increase on Day 18.0 and 

decrease on Day 18.5) but many physiological changes are occurring on Day 

19.0 (embryos may be just hours from pipping at this time) so a persistant rhythm 

might be masked.    

Pipping and Heart Rate 

     Heart rate decreases prior to internal pipping and is followed by an increase in 

heart rate after internal pipping (Tazawa et al., 2002).  In the present study, 

internal pipping did cause an increase in heart rate but only in the D:D embryos.  

Heart rate significantly increased on Day 19.0 (when embryos internally pipped) 

compared to all previous days of development.  The stimulating effect of light 

was also lost in this population of pipping embryos (L:D and D:D).  Mean heart 

rate was not different between L:D and D:D embryos on any day of development 

(17.5-19.0).  In the L:D group, embryos internally pipped a day later (Day 19.5) 

than D:D embryos.  The slowing of development caused by the light:dark cycle 

after Day 19.0 in the present study is thus in sharp contrast to the acceleration of 
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development caused by constant light during incubation (Shutze et al., 1962; 

Lauber and Shutze, 1964; Siegel et al., 1969; Voitle, 1970).  L:D embryos in the 

present study had no significant difference in heart rate along development, even 

when internal pipping took place.  This could be due to the smaller sample size of 

L:D embryos, yielding higher variance than D:D embryos.  It is also possible 

there was no change in heart rate during internal pipping because of two 

opposing forces working on the heart rate.  Internal pipping should cause an 

increase in heart rate while a possible rhythm would cause a decrease because it 

is in the dark cycle (Day 19.5).  

Oxygen Pulse 

     Relative changes in developmental patterns in heart rate and oxygen 

consumption can be illustrated by calculation of the oxygen pulse, which is the 

oxygen consumed (and thus delivered) per heartbeat (Haque et al., 1996; 

Pearson et al., 1996).  Oxygen pulse reflects the efficiency of oxygen delivery 

and uptake.  The pattern in oxygen pulse in the present study is similar to the 

pattern in oxygen consumption, with both rising towards the end of incubation.  

This is because the daily changes in heart rate are small compared to changes in 

oxygen consumption.  The oxygen pulse was steady on Days 17.5-19.0 (about 

1.5 µl O2
. beat-1) and sharply increases on Day 19.5 (about 1.7 µl O2

. beat-1).  The 

oxygen pulse values in this study agree with previous calculations for chicken 

embryos, e.g. an O2 pulse of about 1.5 µl O2
. beat-1 on days 17-19 and an 

increase to around 1.6 µl O2
. beat-1 on day 20 (Pearson et al., 1996).  There are 
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several mechanisms by which oxygen pulse could be increased, including an 

increase in stroke volume, an increase in blood oxygen affinity, an increase in 

hematocrit, or an increase in the inward gradient for oxygen diffusion.  It most 

likely is not due to an increase in hematocrit, as an increase or decrease in 

hematocrit does not alter oxygen consumption in day 15-17 chicken embryos 

(Khorrami, 2004).              

Oxygen Consumption and Heart Rate 

     Another hypothesis of the present study is that heart rate and oxygen 

consumption of eggs exposed to differing levels of light intensity will not be 

different.  Rather than a dose-response reaction to light, there will be a threshold.  

In the present study, there was no difference in oxygen consumption among L:D 

and D:D embryos so the light intensity obviously was not a factor influencing 

oxygen consumption.  In heart rate, there was a light/dark effect but the intensity 

made no difference, which was expected.  There is probably a low threshold 

needed to entrain a rhythm or produce an effect and above this threshold there is 

no graded effect.        

     It was hypothesized that heart and oxygen consumption rates change in 

similar patterns in the perinatal period, reflecting the tight coupling of �supply and 

demand� for nutrients and oxygen.  Heart rate and metabolic rate in the 

embryonic chicken are assumed to be closely coupled, such that a change in 

metabolic rate will lead to a change in heart rate, while heart rate supports 

metabolic rate by being a large contributor toward supplying metabolic demands 
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to the embryo (Pearson et al., 1999).  The present study, however, found that 

oxygen consumption and heart rate can be uncoupled.  Heart rate developed a 

rhythm or effect due to a light-induced zeitgeber while oxygen consumption was 

unaffected.  A likely reason could be that oxygen consumption is diffusion limited 

during these stages and possibly embryos cannot express a rhythm of an even 

higher oxygen uptake, since the embryos may already be at near maximal 

oxygen uptake rates.  A possible way to test this is to place eggs that are in the 

diffusion-limited plateau (days 17-19) into hyperoxia and see if oxygen 

consumption increases concomitant with entrainment of a rhythm or production 

of an effect.  Another possible reason heart rate and oxygen consumption 

became uncoupled is that the relationship may be affected by several factors 

such as gender, type of level of activity, and seasonal changes (Fahlman et al., 

2004). 

Summary and Future Directions 

     Biological rhythms affect nearly all physiological functions and aid in survival, 

and as such warrant additional investigation.  It is not known exactly when 

physiological rhythms begin (pre- or post-hatch).  A melatonin rhythm and 

melatonin receptors have been found in chicken embryos, so the structures and 

process are in place and this system might just need a zeitgeber to start it.  In 

this study, a light-induced effect on heart rate was found pre-hatch and oxygen 

consumption and heart rate became uncoupled, as oxygen consumption did not 

exhibit a light effect. 



 40

     Future directions of study could include determining if: 

1)  the light/dark effect in heart rate was a transient physiological effect or if it 
was an actual entrained rhythm.   

 
2)  heart rate and oxygen consumption are coupled before or after the late stage 
embryonic period in development.  Experiments could be done on hatchlings to 
see how heart rate and oxygen consumption relate at this stage. 

  
     The physiology of the avian embryo appears increasingly complex, especially 

in the late stages of embryonic development as the embryo prepares for 

transition from CAM to pulmonary respiration.  These changes resemble the 

extremely rapid transitions that occur during mammalian birth, only bird embryos 

have a more leisurely transition, which makes them a useful tool for physiologists 

to use for years to come.    
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