
 

 
 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
APPROVED: 
 
Warren Burggren, Major Professor 
Edward Dzialowski, Committee Member 
Duane Huggett, Committee Member 
Sam Atkinson, Interim Chair of the 

Department of Biological Sciences 
Mark Wardell, Dean of the Toulouse 

Graduate School 

CHRONIC HYPOXIA AND HYPEROXIA MODIFIES MORPHOLOGY AND VEGF 

EXPRESSION OF THE LUNGS OF THE DEVELOPING CHICKEN  

(Gallus gallus domesticus) 

Melissa Anjanette Lewallen 

Thesis Prepared for the Degree of 

MASTER OF SCIENCE 

 
 

UNIVERSITY OF NORTH TEXAS 
 

December 2012 



Lewallen, Melissa Anjanette, Chronic hypoxia and hyperoxia modifies 

morphology and VEGF expression of the lungs of the developing chicken (Gallus gallus 

domesticus). Master of Science (Biology), December 2012, 66 pp, 1 table, 9 figures, 

references, 78 titles. 

 This study determines effects of oxygen levels on morphology and VEGF 

expression of developing chicken lungs following incubation in normoxia (21% O2), 

hypoxia (15% O2) or hyperoxia (30% O2), until developmental days 16 or 18. Lung 

morphology was assessed using light microscopy, while VEGF expression was 

determined with ELISA. In hypoxia, the proportion of parabronchial tissue and 

parabronchi including lumina increased from day 16 to 18 (61 to 68% and 74.2 to 

82.2%, respectively). Non-parabronchial tissue was higher in hypoxia than in hyperoxia 

on day 16 (26 to 20%). However, by day 18, there were no differences between groups. 

VEGF expression was 33% higher in hypoxia than in hyperoxia on day 16 (736 vs. 492 

pg/ml). On day 18, VEGF expression was 43% higher in hyperoxia than in normoxia 

(673 to 381pg/ml), and remained elevated by 40% in hypoxia over normoxia (631 

pg/ml). VEGF may be a mechanism by which parabronchial tissue is stimulated from 

day 16 to 18 following exposure to chronic hypoxia. 
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INTRODUCTION 

The Importance of Lung Research  

The study of lung development has many important clinical, as well as general 

biological implications.  In preterm infants, respiratory failure often occurs due to 

immature lung development, requiring mechanical ventilation and/or oxygen therapy.  

Premature birth disrupts the normal sequence of lung development which can result in 

bronchopulmonary dysplasia (BPD), characterized by larger and fewer alveoli, 

decreased septation, impaired vascular growth, airway inflammation, and increased 

airway resistance (Jobe, 1999; McGrath-Morrow and Stahl, 2001).  The preterm infant’s 

reliance on a clinically created hyperoxic environment contributes to the development of 

BPD (McGrath-Morrow and Stahl, 2001).  The fetal lung develops in hypoxic conditions, 

approximately 25% of ambient oxygen levels (Tuder et al., 2007).  Therefore, even 

room air is hyperoxic to the preterm lung (Coalson, 2003).  Additionally, exposure to 

high levels of oxygen, during the first two years of life, can ultimately affect lung growth 

and function as the majority of lung growth in children occurs during this time (McGrath-

Morrow and Stahl, 2001).  Fetal hypoxia, such as caused by placental insufficiency or 

smoking in pregnancy can also alter or impair lung development (Haworth and Hislop, 

2003).  Additionally, pathological conditions such as acute respiratory distress, 

pulmonary edema, chronic obstructive pulmonary disease (COPD), as well as 

environmental conditions, such as those encountered with high altitude can expose lung 

tissues to hypoxia (Clerici and Planès, 2009).   Other airway obstructive processes such 

as inflammation, fibrosis, or damage to alveolar capillaries will interfere with proper 

oxygenation (Tuder et al., 2007).  These conditions and those characterized by 
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decreased gas exchange surface area, age-related alveolar loss, genetic failure for 

alveolar development, and those caused by lung injury via trauma or chemical injury 

may benefit from research on lung development and lung tissue regeneration, 

particularly related to hypoxic or hyperoxic exposure.    

Despite structural differences, congruous developmental mechanisms are 

suggested to occur in the parabronchial lungs of the avian and brochoalveoloar lungs of 

the mammal (Maina et al., 2003).  Because the chicken embryo (Gallus gallus 

domesticus) develops within the egg, this offers an animal model of lung development 

not dependent upon maternal interaction and easily manipulated with oxygen (Xu and 

Mortola 1988).  Literature in the area of avian lung development is sparse and there is a 

need for contributions in this area.  Further knowledge in the area of avian lung 

development can be of general biological, ecological, and biomedical benefit.   This 

study sought to determine the morphological effects of chronic hypoxic or hyperoxic 

environments on the parabronchial (gas exchange) tissue of the developing lungs of 

chicken embryos, as well as to contribute knowledge to the relevance of the avian 

embryo as an animal model for embryonic lung development. Therefore, this study 

sought to contribute to the general knowledge base on embryonic lung development 

and on avian lung development. 

Vascular endothelial growth factor (VEGF), a hypoxia inducible protein, has a 

broad impact on endothelial cell function and is critical for development of the lungs in 

mammals, by inducing angiogenesis and vasculogenesis involved in airway and blood 

vessel branching.  The lung has one of the highest levels of VEGF expression among 

the organs in animal systems, resulting in a large number of physiological effects 
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(Voelke et al., 2006).  In a number of animal models, VEGF expression is induced by 

hypoxia and inhibited by hyperoxia (Maniscalco, 1997). Therefore, this study also seeks 

to determine similarities or differences that may occur in VEGF expression in 

developing lungs between aves and mammals under hypoxic or hyperoxic conditions.  

This information can further establish the degree of relevance of the avian embryo as an 

animal model for embryonic lung development. 

Burggren and Fritsche (1997) and Burggren (1999) have proposed a model by 

which the developmental trajectory of a fertilized egg may be altered by environmental 

factors, resulting in a different phenotype from the original, genetically programmed one.  

Building upon this concept, one must also weigh carefully the tenet of “critical windows” 

of development, by which the developing embryo and particular organ systems may be 

more sensitive to specific environmental factors during certain periods of development, 

resulting in a greater or unalterable developmental change.  Furthermore, multivariate 

interactions should be considered between the environment, developmental stage at 

time of exposure, length of exposure, influence on the rate of development, and 

maternal interactions (Burggren 1998).  The egg represents an opportunity for study 

free from many maternal interactions.  Therefore, this study seeks to contribute 

information on the effects of chronic hypoxia or hyperoxia on the developmental 

trajectory of the gas exchange tissue of chicken embryos, as well as information on 

multivariate interactions that may occur, free from many maternal interactions. 

3 



Hyperoxia and the Lung 

Hyperoxia and Lung Injury 

Hyperoxia, an excess of oxygen in tissues and organs, results in damage to the 

developing lung.  Hyperoxic exposure to the lung is characterized by an influx of 

inflammatory cells followed by endothelial and epithelial cell death (Bhandari, 2010). In 

mammals, the capillary endothelial cell is a primary target of hyperoxia-mediated injury 

resulting in changes in lung vasculature.  Changes can also occur in the airway 

epithelium, the arterial vascular bed, the alveolar septa, and the pleura space, resulting 

in incomplete expansion or collapse of the lungs, alveolar or interstitial edema, pleural 

effusions, and changes in cell structure or function (Crapo, 1986; Gil, 1990).  In 

development, this is reflected in an impairment of neonatal alveolar growth leading to 

thickened septa, alveolar exudates, impaired alveolar capillary development, and a 

dysplastic gas exchange surface (Maniscalco et al., 1997).  The lung is the major target 

of hyperoxic injury, not due to higher cell susceptibility, but rather to direct exposure of 

cells to increased oxygen tension; while other, non-pulmonary cells receive some 

protection after hemoglobin saturation is reached due to the limited oxygen carrying 

capacity of the blood (Gil, 1990).  The large epithelial surface of the lung, which serves 

as the first line of defense against oxidative injury, makes it vulnerable to hyperoxia, 

resulting in injury or death to the pulmonary endothelium (Tahereh et al., 2007).   

 Prolonged exposure to hyperoxia leads to production of excessive reactive 

oxygen species (ROS), triggering an inflammatory response that exacerbates lung 

injury (Gil 1990; Blanco and Frank, 1993; Golde et al., 1998; Tahereh et al., 2007).  

Excessive ROS can result in cell cycle arrest or death.  ROS evoke secretion of 
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chemoattractants and proinflammatory cytokines by pulmonary cells, leading to 

recruitment of leukocytes, such as neutrophils and monocytes, into the lung.  The 

leukocytes are an additional source of ROS, establishing a cycle that initiates or 

exacerbates injury (Tahereh et al., 2007).  Thus, lung cells poison themselves through 

the excess production of ROS.  Inhibition of inflammatory cell migration into the lungs 

has been found to be protective (Bhandari, 2010).  Damage to the pulmonary epithelial 

cells via hyperoxia is multimodal, involving both apoptotic and necrotic mechanisms 

(Tahereh et al., 2007; Bhandari, 2010); and it is possible that another pathway of cell 

death, distinct from these mechanisms, might also be induced by hyperoxia (Bhandari, 

2010).  It appears that activation of key caspases and components of the mitochondrial-

dependent cell death pathway are at the basis of the molecular mechanisms of lung 

injury by hyperoxia.  Bhandari (2010) proposed a model of neonatal lung damage by 

hyperoxia involving the release of mediators, such as VEGF and angiopoietin 2, which 

causes disruption of the alveolar-capillary membrane.  This release will, in-turn, lead to 

edema and injury to the lung.  Additionally, cytokines will be released to attract 

inflammatory cells into the lung, secondary to hyperoxia, in an attempt to attenuate 

damage from the initial and ongoing insults.  Both hyperoxia, as well as the responsive 

release of these inflammatory cells, cause the production of ROS, which can initiate the 

mitochondrial-dependent cell death pathway. 

Similarities in morphological patterns and stages of pulmonary oxygen toxicity 

have been confirmed between humans and many animal models (Crapo, 1986; 

Bhandari, 2010;); however there is species variability to severity and duration (Crapo, 

1986).  Both the initial pulmonary edema and inflammatory response will decrease with 
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continued hyperoxic exposure; however chronic inflammation will follow (Bhandari, 

2010).  Differences will occur in response to hyperoxia between newborns and adults, 

with young animals, seemingly, more resistant (Xu and Mortola, 1988; Gil 1990; D’Angio 

and Maniscalco, 2002).  Newborn animals have a later onset of inflammation and 

typically survive hyperoxic conditions twice as long as adults (McGrath-Morrow and 

Stahl, 2001).  Long term effects of hyperoxic exposure appear to be variable (Xu and 

Mortola, 1988; Bhandari, 2010) and dependent upon the amount, the developmental 

stage at exposure, as well as the acute response, and chronic response of the tissues.  

This corresponds to the concepts of an environmentally altered developmental 

trajectory, critical windows of development, and multivariate interactions that can, alone 

or in combination, result in significant developmental differences and adult phenotypes 

(Burggren, 1999). 

 

Hyperoxia and the Developing Lung 

Premature infants often require supplemental oxygen therapy in response to 

respiratory distress syndrome (RDS) brought about by immature lung development and 

immature pulmonary surfactant proteins,  resulting in decreased lung compliance and 

impaired gas exchange (Tuder et al., 2007).   Infants with RDS are often given high 

concentrations of oxygen to maintain appropriate levels of tissue oxygenation (McGrath-

Morrow and Stahl, 2001).  Additionally, the fetal lung develops in hypoxic conditions, 

approximately 25% of ambient oxygen levels (Tuder et al., 2007).  Therefore, even in 

the absence of supplemental oxygen, normal room air could be hyperoxic to the preterm 

lung (Coalson, 2003).  Exposure to hyperoxia in the neonatal period, with supplemental 
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oxygen therapy, is a major factor contributing to the development of BPD in premature 

infants (McGrath-Morrow and Stahl, 2001).  BPD is characterized by larger and fewer 

alveoli, decreased septation, impaired vascular growth, airway inflammation, and 

increased airway resistance (Jobe , 1999; McGrath-Morrow and Stahl, 2001).  Exposure 

to hyperoxia in animal models produces changes in the lung tissues similar to those 

seen in human BPD (McGrath-Morrow and Stahl, 2001).  Neonatal rats and mice, which 

undergo most alveolarization postnatally, have been used in various studies to assess 

the effects of hyperoxia on developing alveolar tissue (Randell et al., 1990; Warner, 

Papes, and Wispe, 1998; de Visser et al., 2009).  Neonatal mice developed large 

terminal air spaces and decreased number of septa when exposed to hyperoxia 

(Warner et al., 1998).  An increase in apoptotic cells in the lungs, as well as significant 

lung injury was seen in mice exposed to high concentrations of oxygen during the 

neonatal period.  The number of apoptotic cells in the lung increased the longer the 

duration of exposure (McGrath-Morrow and Stahl, 2001). The lungs of neonatal rats 

exposed to hyperoxia for 7 days after birth exhibited abnormally enlarged airspaces, 

increased fraction of parenchyma, decreased alveolar space, abnormal enlargement of 

alveolar ducts, and differences in alveolar size class distributions with more very small 

or very large alveoli at 40 days (Randell  et al., 1990).  Hyperoxic exposure to rat pups 

for 10 days resulted in reduced pulmonary vessel density, edema, enlarged airspaces, 

increased septal thickness, increased pulmonary arteriolar medial wall thickness, and 

an influx of inflammatory cells compared to those in room air (de Visser et al., 2009).  

Similar changes have also been reproduced in preterm animals.  Baboons delivered 

prematurely at 75% gestation and exposed to 100% oxygen and ventilation for 7 days 

7 



showed a 50% reduction in alveolar development at 33 weeks old in comparison to 

baboons ventilated at lower oxygen levels (Coalson et al., 1995).  However, pre-term 

surfactant-treated lambs were ventilated for 3 weeks with minimal oxygen 

supplementation, yet still presented with an arrest of alveolar septation and vascular 

development (Albertine et al., 1999). 

 

Hypoxia and the Lung 

Hypoxia, a deficiency in the normal oxygen delivery to the cells, may be caused 

by environmental conditions such as high altitudes, or by pathogenesis resulting in 

disruption in blood flow, airway obstructive processes, or inadequate ventilation such as 

in; ARD, COPD, and pulmonary edema ( Fedele et al., 2002; Tuder 2007; Clerici and 

Planès, 2009). It is a life threatening stress and pulmonary tissues express adaptive 

responses on the cellular and molecular levels to minimize deleterious effects of 

exposure to decreased oxygen tension (Clerici and Planès, 2009).  Mammals can 

respond to hypoxia in various ways including:  hyperventilation; stimulation of 

erythropoiesis, thereby increasing the production of red blood cells (Fedele et al., 2002; 

Blacker et al., 2004); modification of hemoglobin to increase hemoglobin-oxygen affinity 

(Blacker et al., 2004); increasing the blood supply by angiogenesis; or by cell adaptation 

to a greater reliance on glycolysis via increased glycolytic enzyme and glucose 

transporter expression (Fedele et al., 2002), allowing maintenance of  an ATP content 

near that found in normoxic cells (Clerici and Planès, 2009) and maintenance of redox 

homeostasis (Semenza, 2011).   
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In utero, the lung develops in hypoxic conditions, with fetal oxygen tension being 

25% that of an adult (Haworth and Hislop, 2003; Tuder, 2007).  Fetal hemoglobin has a 

higher affinity for oxygen than adult hemoglobin (Levitzky, 2003) with 50% more 

hemoglobin per unit of blood and a faster circulation due to a higher heart rate 

(Solomon et al., 1990).  Oxygen accessibility is increased by a shift in the fetal 

hemoglobin equilibration curve (Haworth and Hislop, 2003).  There is evidence that 

hypoxic conditions in utero stimulate embryonic development (Xu and Mortola, 1988; 

Tuder, 2007).  The stimulation of lung development seemingly occurs through a 

coordination of branching morphogenesis and growth and development of the 

pulmonary blood supply.   However, hypoxia-induced signaling also regulates 

expression of several genes and can result in pathogenesis.  Therefore, hypoxia can 

drive both physiological and pathophysiological processes (Tuder, 2007).   

 

Hypoxia and Blood Flow 

Sensing and effector functions in the pulmonary epithelium induce changes in 

blood flow and vascular pressure in response to hypoxia.  Reversible pulmonary 

vasoconstriction occurs in most mammals, birds, and reptiles when inspired oxygen 

levels drop below 12% of normal.  Pulmonary hypertension results from chronic 

hypoxia, but can potentially be reversed upon normalization of inspired oxygen (Tuder 

2007).  In the chicken embryo, cardiovascular adaptations can occur in order to protect 

vital organs against hypoxia.  Hypoxia caused a redistribution of cardiac output in the 

chicken embryo during the second half of incubation (Mulder et al., 1998).  The 

redistribution, which increased with advancing incubation time, was in favor of the heart, 
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brain, and CAM (chorioallantoic membrane), at the expense of the liver, yolk-sac, and 

carcass.  Hypoxia stimulated angiogenesis of the CAM in a dose-related manner (Strick 

et al., 1991).  Chan and Burggren (2005) reported a 40-60% increase in CAM mass in 

chicken embryos on day 18 of incubation, in response to hypoxic exposure.  This could 

suggest an increase in functional surface area for gas exchange in order to enhance 

oxygen delivery under hypoxic conditions.   

 

Hypoxia and the Developing Lung 

Chronic hypoxic exposure has various effects on the development of the lungs, 

including the airways and pulmonary vasculature. Subsequently, hypoxia impairs lungs 

in extra-uterine life (Hayworth and Hislop, 2003).   In 2-day old rats from mothers kept in 

13% oxygen during pregnancy, saccules were abnormally large and septation 

decreased, resulting in fewer alveoli (Massaro and Massaro, 2002).  Maternal smoking, 

which enhances hypoxic conditions of the fetus, leads to a reduction in lung growth, 

affecting alveoli and airways, with an increase in airway wall thickness and decreased 

lumen.  Additionally, when exposed to severe intrauterine or intrapartum hypoxia, the 

pulmonary vasculature of infants does not adapt to extra-uterine life, with peripheral 

pulmonary arteries remaining thick-walled and undilated (Hayworth and Hislop, 2003).   

Effects of hypoxia are variable based on onset of exposure and degree of lung 

maturation (Hayworth and Hislop, 2003) corresponding to the concepts of an 

environmentally altered developmental trajectory, critical windows of development, and 

multivariate interactions (Burggren, 1999).  For example, rats exposed to hypoxia during 

alveolar septation had reduced alveolar number with no decrease in lung volume.  
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However, hypoxic exposure after septation resulted in an increased surface area, but no 

change in number of alveoli (Massaro and Massaro, 2002).  In adult animals, chronic 

hypoxic exposure resulted in larger lung volumes, greater vascular length and volume, 

augmented capillary endothelial surface area and increased endothelial cell number 

(Howell et al., 2003).  In contrast to the aforementioned impairments in lung 

development, maturation of the surfactant system, which controls surface tension in the 

lung, was found to be accelerated in chicken embryos that were exposed to chronic 

hypoxia from day 10 of incubation (Blacker et al., 2004). 

Chronic hypoxic exposure has also been found to affect overall mass.  A 

decrease in body growth is characteristic in newborn mammals after prolonged 

exposure to hypoxia (Xu and Mortola, 1988).  In chicken embryos, overall mass 

decreases in response to hypoxic incubation, resulting in a smaller embryo at each 

stage of incubation (Dzialowski et al., 2001; Copeland and Dzialowski, 2008).  However, 

all organs may not be equally affected and the lung mass may be less affected or even 

positively stimulated (Xu and Mortola, 1988). 

 

VEGF and the Lung 

VEGF is a pluripotent growth and permeability factor for endothelial cells that is 

expressed in many different tissues (Voelkel et al., 2006; Clerici and Planès, 2009); and 

functions as a mitogen, survival, and differentiation factor.   VEGF expression relies on 

HIF-1α and HIF-2α (Tuder et al., 2007) and activates several critical gene products 

downstream that contribute to VEGF induced angiogenesis and endothelial cell growth 

(Voelkel et al., 2006).  VEGF controls regulation of blood vessel growth in order to 
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match the needs of the tissue (Alberts et al., 2007).  Hypoxia is the best-characterized 

inducer of VEGF mRNA expression (Clerici and Planès, 2009).  A shortage of oxygen 

increases concentrations of HIF-1 which stimulates transcription of VEGF.  VEGF acts 

on nearby endothelial cells and stimulates sprouting of blood vessels in order to bring 

blood to the tissues, thus increasing the oxygen concentration (Alberts et al., 2007). 

Among the organs in animal systems, the lung has one of the highest levels of 

VEGF expression, resulting in a large number of physiological effects, including 

angiogenesis and vasculogenesis (Voelkel et al., 2006).  Many of these VEGF 

controlled physiological effects pertain specifically to the lung during fetal development, 

as well as in structural maintenance of the adult lung (Voelkel et al., 2006; Tuder et al., 

2007).  Levels of fetal lung VEGF are critical because undisturbed angiogenesis and 

vasculogenesis are necessary for proper vessel development which determines lung 

structure maturation.  The hypoxic environment of the fetal lung favors HIF-1 gene 

expression which stimulates VEGF transcription.  Additionally, HIF-2 controls 

expression of certain VEGF isoforms during lung development (Voelkel et al., 2006).  

Inhibition of fetal VEGF receptor signaling impairs blood vessel and airway branching in 

the lungs, whereas, lung overexpression of fetal VEGF results in a hypervascular lung 

(Tuder et al., 2007).  In growing rats, inhibition of the VEGF receptor or addition of anti-

angiogenic factors resulted in reduced artery formation and failure of alveolar septation 

in the lungs (Haworth and Hislop, 2003).  Reduction of angiogenesis and alveolarization 

in the developing rat lung, due to inhibition of the VEGF receptor, persists into 

adulthood.  Levels of lung VEGF in fetal development are of critical importance because 

overexpression of VEGF results in lung dysmorphogenesis, whereas a decrease in lung 
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VEGF results in poor septation and an emphysematous pattern.  This discovery of the 

importance of VEGF in fetal lung development resulted in the vascular theory of BPD, 

involving abnormalities of the pulmonary circulation (Parker and Abman, 2003; Voelkel 

et al., 2006).  Decreased levels of VEGF and VEGFR-1 have been found in human 

infants dying with BPD (Bhatt et al., 2001).  In the adult lung, VEGF has a regulatory 

role for lung structure maintenance.  Too much VEGF in the adult lung can result in 

pleural effusion and contribute to vascular permeability in acute lung injury.  Therefore, 

VEGF levels are of critical importance for the structural integrity of the adult lung 

(Voelkel et al., 2006). 

VEGF in the lung shows differential expression in response to hypoxia or 

hyperoxia.   VEGF is induced by exposure to hypoxic conditions.  Increased lung VEGF 

and VEGF receptor expression has been found in chronically hypoxic rats (Christou et 

al., 1998); and stimulation of angiogenesis under hypoxic conditions involves 

upregulation of VEGF and VEGF receptors (Voelkel et al., 2006; Partovian et al., 2000; 

1998, Waltenberger et al., 1996).  Conversely, VEGF expression is decreased by 

exposure to hyperoxia.  Newborn rabbits exposed to 100% oxygen for 9 days had an 

80% decrease in lung VEGF mRNA, as well as a decrease in alveolar epithelial cell 

VEGF expression (Maniscalco et al., 1996).   Furthermore, hyperoxia is a primary 

contributor to the development of BPD (Voelkel et al., 2006).  Infants with BPD, as well 

as infant baboon models of BPD, have a reduced amount of VEGF and VEGF receptors 

(Haworth and Hislop, 2003).  
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The Chicken Embryo as an Animal Model for Lung Development 

Mammalian Pulmonary Models 

Human lungs undergo septation of air saccules (alveolar ducts) in utero in the 

perinatal period from approximately 24 weeks to 36 weeks gestation.  Humans undergo 

alveolarization from approximately 36 weeks until around 18 months postnatally.  Only 

1/3 of alveoli are present in human lungs at a full term birth (Gil, 1990) of 38 to 40 

weeks gestation.  However, human lungs may be considered clinically mature after 35 

weeks gestation (Jobe, 1999).  Rats and mice, like humans, are mammals with 

bronchoalveolar lungs, however are born with gas exchange structures that undergo 

most alveolarization postnatally from days 4 to 14 after birth (Zimova-Herknerova, 2008; 

Ross et al., 2006).   Because of this, newborn mice and rats are often used as models 

for preterm or incompletely developed lungs, although murine models are already 

breathing independently at the time of study (Blanco and Frank, 1993; Randell et al., 

1990; Warner et al., 1998; McGrath-Morrow and Stahl, 2001; Howell et al., 2003; Ross 

et al., 2006; Zimova-Herknerova, 2008). 

 

Similarities between Avian and Mammalian Lungs 

Birds have parabronchial lungs versus the bronchoalveolar lungs in mammals; 

however they are amniote vertebrates with a similar developmental process to 

mammals.  Air capillaries in the parabronchial tissue of the avian model perform the 

same function of O2 exchange as alveoli do in the mammalian model (Sturkie, 1986).   

Thus, the parabronchial tissue provides a site of study for gas exchange.  The avian gas 

exchange barrier, formed by the squamous epithelium of the air capillaries, the 
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endothelium of the blood capillaries, and the interposed basal lamina, is qualitatively 

similar to the mammalian alveolus and pulmonary blood capillaries (Brown et al. 1997).   

The CAM and systemic circulation of the avian embryo have a functionally 

homologous organization to the placental and systemic circulation of the mammalian 

fetus (Mortola 2009). Cardiac output distribution in the chicken embryo under normoxic 

conditions is similar to that of late gestation fetal sheep (Golde et al., 1999).  The 

development of the surfactant system, which controls surface tension in the lung, is 

found to be similar between chickens, mammals and other vertebrates (Blacker, 2004).    

Ventilation / perfusion (air / blood flow) distributions are remarkably similar between 

resting birds and mammals, despite differences in lung structure (Powell and Hopkins, 

2004).   

 

Benefits of the Avian Model 

Due to the embryonic development within the microhabitat of the egg, the 

chicken offers an animal model of lung development not dependent upon maternal 

interaction and easily manipulated (Xu and Mortola, 1988; Copeland and Dzialowski, 

2008), without a need to involve or affect the mother, as is required with mammals.  For 

conditions of altered O2 availability, the avian embryo offers a better opportunity to 

examine prenatal development than with mammals whose mothers may offer some 

protection against changes in environmental PO2 (Xu and Mortola, 1988).  The chicken 

embryo is a feasible model in fetal physiology due to easily controlled gas exchange, 

rapid development with a short incubation time, and a resistance to infections (Mulder et 

al., 1998).   
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We can easily manipulate the avian embryo with changes in the external 

environment or with the use of pharmaceuticals, without a need for maternal 

involvement requiring manipulation of the mother’s environment, microsurgeries in 

utero, etc.  Because of this independence from a mother during development, the 

embryonic chicken also offers an animal model free from many maternal influences that 

can affect development.  Additionally, the avian embryo offers a model in which the fetal 

response can easily be assessed at any point in development, by simply opening the 

egg or by taking measurements or samples through a small hole in the egg.  This can 

be done without a need for maternal involvement or premature delivery, as is required in 

mammalian models of lung development.  Furthermore, after manipulation of  the 

environmental conditions or with exogenous factors such as drugs, we can easily look 

at lungs that are not yet capable of functioning or surviving outside the egg or womb, 

unlike with newborn murine models who are already breathing independently when 

assessed.  It is possible to manipulate murine embryos in utero, but this typically 

requires microsurgeries or some form of manipulation through the mother, making it 

more complicated, more expensive, and requiring involvement of more animals.  To 

assess preterm lungs in previous studies, lambs and baboons have been delivered 

prematurely and intubated (Coalson et al., 1995; Albertine et al., 1999), but this requires 

a more complicated and expensive experimental design.   

Fertile chicken eggs are inexpensive and are readily and easily acquired from 

local breeders.  If similar developmental responses are found in the gas exchange 

tissues of the lungs of the avian embryo and the mammalian fetus, the use of the avian 

model for lung development may offer a less expensive and more convenient option to 
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assess the preterm lung or effects on lung development, on a more general level; prior 

to research with more expensive and complicated animal models.  Furthermore, 

literature on avian lung development is lacking and contributions in this area can be of 

biological, ecological, and biomedical benefit.   

Mammalian models will almost certainly allow for a more thorough understanding 

of human lung development; however the potential benefits to the avian model should 

not be dismissed.  The avian embryo may allow similar questions to be investigated, as 

with the mammalian model, with a less invasive and less complex experimental design 

(Andrewartha et al., 2011). 

 

The Avian Respiratory System and Development 

Structure 

 The avian respiratory system is the most structurally complex and functionally 

efficient among air-breathing vertebrates (Maina, 2002).  The avian respiratory system 

is a lung-air sac system where gas exchange and ventilation are separated.  Birds 

typically have 8-9 air sacs attached to the lungs, which fill most of the body cavity not 

occupied by other viscera (Sturkie, 1986).  Gas exchange occurs in the parabronchial 

tissue of lungs where air capillaries are the site of O2 exchange, while ventilation occurs 

via the air sacs.   

The avian lung is a tubular system with three bronchial subdivisions.  Each lung 

consists of a primary bronchus which bifurcates from the trachea.  From the primary 

bronchus, various secondary bronchi emanate, which give rise to many parabronchi 

(tertiary bronchi).  The air sacs emanate from the various secondary bronchi. Each 
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chicken lung contains 300-500 parabronchi, which are fixed in number from a few days 

before hatching through adulthood (Sturkie, 1986).   

Two different types of parabronchi can occur in avian lungs; paleopulmonic and 

neopulmonic.  The paleopulmonic develop before neopulmonic parabronchi, with only 

the paleopulmonic occurring in more primitive birds such as penguin and emus.  

Neopulmonic parabronchi occur extensively in birds such as chickens, quails, and 

songbirds (Maina, 2002; Sturkie, 1986).  Most gas exchange occurs in the 

paleopulmonic parabronchi which comprises about 2/3 of the lung volume (Maina, 2002: 

Samour, 2004).  A limited amount of gas exchange occurs in the neopulmonic area, 

which comprises about 1/3 of the lung volume.  The paleopulmonic parabronchi are 

located in the dorsocranial region, arranged in parallel stacks, and are similar in length 

throughout the lung.  The neopulmonic parabronchi are located ventrocaudally, 

arranged irregularly with profuse anastomosing, and vary greatly in length (Sturkie, 

1986; Maina, 2002).  Airflow in the paleopulmonic region is continuous and 

unidirectional, while airflow in the neopulmonic region is believed to change direction 

with the phase of breathing (tidal).  A functional or evolutionary significance between the 

two systems is not clear and there are no morphometric differences between the size of 

the air and blood capillaries in the paleopulmonic and neopulmonic parabronchi (Maina, 

2002).  The two types of parabronchi cannot be differentiated in histological cross 

section (Sturkie, 1986).     

Each parabronchus consists of a central lumen, surrounded by a mantle of gas-

exchange tissue composed of blood and air capillaries (Maina et al., 1989).  From the 

lumen of each parabronchus arise large invaginations referred to as atria.  These atria 
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lead to smaller funnel-shaped invaginations referred to as infundibula.  From the 

infundibula, extend the air capillaries, which are anastomosing cylindrical tubes. The air 

capillaries are the site of gas exchange, which occurs across the air capillary walls 

(Sturkie, 1986). 

Avian lungs are compact and rigid and do not change appreciably in volume.  

Compliance is confined to the air sacs, in contrast to mammalian lungs where 

compliance of the respiratory system is determined by alveolar spaces (Maina, 2002).  

Birds lack a diaphragm.  Instead, they use muscles along the ribcage and sternum to 

push air out.  The air sacs aid in the process by filling or emptying with air, altering the 

pressure to either pull air in or push it out.  The air sacs, therefore, act as bellows, with 

muscles modulating pressure and volume, forcing gas through the lungs and across the 

parabronchi during both inspiration and expiration (Sturkie, 1986).   

The avian lung is a flow though system (Sturkie, 1986) due to an elaborate, 

contiguous, stratified, and anastomosing system of air conduits (Maina, 2003a).  This 

arrangement, where some air conduits are arranged in series and some in parallel, 

along with the location of the air sacs, allows the paleopulmonic parabronchi in the lung 

to be ventilated continuously and unidirectionally (caudocranially).  This is in contrast to 

bidirectional (tidal) ventilation in mammals (Maina 2003a; 2002) that occurs due to the 

organization of the bronchial system into a respiratory tree of regularly branching, blind-

ended air conduits (Maina, 2003a).  

 In the avian respiratory system, gas moves convectively through the 

parabronchial lumen, while 02 diffuses radially into the air capillary network.  Blood 

capillaries are in intimate contact with air capillaries through a dense cylindrically 
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arranged capillary network in the parabronchus (Fedde, 1998; Makanya et al. 2007).  

Gas diffusion between the air capillaries and the blood capillaries in the parabronchial 

tissue is crosscurrent (perpendicular) with pulmonary arterial blood approaching the 

parabronchus at a right angle to the unidirectional flow of gas along the parabronchial 

lumen (Maina et al., 1989).  This design allows the partial pressure of oxygen in the 

blood leaving the parabronchus to be higher than the gas exiting the lung (end-inspired 

gas), giving the avian lung a higher efficiency of gas exchange than the mammalian 

lung (Maina et al., 1989; Fedde 1998). 

The avian lung is 27% smaller in mass than in a mammal of similar body mass, 

but the respiratory surface area is 15% greater, due to the compartmentalized 

parenchyma (gas exchange tissue) (Maina, 2002).  Additionally, the blood-gas barrier is 

thinner in birds than in mammals.  The unidirectional flow of gas, cross-current flow of 

blood and gas, thinner blood-gas barrier, and increased gas-exchange surface area 

combine to produce a highly efficient system where birds can extract a greater 

proportion of O2 from the air than mammals (Sturkie, 1986; Maina, 2002). 

 

Lung Development 

In the chicken embryo, lung buds begin to appear by the third day of incubation 

(Romanoff, 1960; Maina 2003a; Mortola, 2009).  By embryonic day 4 (E4), the primary 

bronchi form.  The secondary bronchi originate from the primary bronchi a few days 

later.  The air sacs appear by E5-E6 and are complete by E10.  The parabronchi bud off 

from the secondary bronchi by E9 and eventually join together through complex 

anastomosis.  This arrangement through anastomosis will permit the flow-through 
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system of the lung (Mortola, 2009).  The final number of parabronchi that persist into 

adulthood is reached by a few days before hatching (Sturkie, 1986).   

Earlier in development, the parabronchi are circular in cross-section with a 

narrow lumen; and are surrounded by a thick parenchymal tissue mantle.  By E16, the 

parabronchi become hexagonal in shape and form interparabronchial septum that 

separate the parabronchi (Maina, 2003a).  As development progresses, the epithelium 

that lines the lumina of the parabronchi, along with the mesenchymal cells that surround 

parabronchial tissue, transform into atria, infundibula, and air capillaries.  Formation of 

the atria in the parabronchi occurs by E15 and infundibula form by E16.   The atria 

extend progressively into the exchange tissue, thereby forming the infundibula, from 

which air capillaries arise (Maina, 2003b).  The parabronchial lumen increases in 

diameter at the expense of the gas exchange tissue mantle (Maina, 2003a).  By E18, 

most parabronchi have formed and contain well developed atria and infundibula, a wide 

central lumen, and a thin gas exchange tissue mantle (Maina 2003a).  Air capillaries 

form by E18 and anastomose profusely in the parabronchi by E20 (Romanoff, 1960; 

Mortola, 2009).   

The vasculature is apparent by E5 and will form by a process of vasculogenesis 

and angiogenesis (Mortola, 2009).   The airways act as a template for pulmonary blood 

vessel development, with vessels forming around the airways (Makanya et al., 2007).  

Sprouting branches arise from the parabronchial arteries that will surround the 

parabronchi and anastomose to form vascular network scaffolding.  The pulmonary 

vasculature undergoes rapid growth through a combination of sprouting and 
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intussusceptive angiogenesis during the last week of incubation (Makanya et al., 2007; 

Mortola, 2009).    

During the majority of embryonic development, gas exchange is provided by the 

chorioallantoic membrane (CAM), in conjunction with the porosity of the eggshell where 

oxygen and carbon dioxide diffuse between the environment and the blood.  The CAM 

is functionally similar to that of the placenta in the mammalian fetus.  Through the 

course of incubation, an air cell is formed from the continual loss of water through the 

membranes at the blunted end of the egg (Menna and Mortola, 2002).  Around E19-

E20, the embryo pierces the air cell membrane with its beak (‘internal pipping’), at which 

time lung ventilation begins (Tazawa et al., 1983; Menna and Mortola, 2002; Copeland 

and Dzialowski, 2008).   Breathing-like movements and, therefore, initiation of 

pulmonary air convection begins with internal pipping and the lungs begin to replace the 

CAM as the gas exchanger.   After approximately 24 hours, the embryo begins to 

rupture the eggshell (‘external pipping’) and will breathe normoxic air upon hatching 

(Copeland and Dzialowski, 2008).  The avian lung is fully developed and functionally 

competent at the time of hatching (Maina 2003b).  

 

Research Objectives and Hypotheses 

This project sought to contribute information to the field of study of embryonic 

lung development and to contribute to the general knowledge base on avian lung 

development by: (1.) providing quantitative information on the morphological effects of 

chronic hypoxic or hyperoxic exposure on the gas exchange tissue of the lungs of the 

avian embryo; (2.) providing quantitative information on VEGF expression in the lung 
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tissues of the avian embryo after chronic hypoxic or hyperoxic exposure, and; (3.) 

comparing this information with that previously found in mammalian models under 

similar conditions, in order to assess the avian embryo as an animal model for 

embryonic lung development, premature lungs, or injured lungs.   

Specific Aim 1:  Determine if morphological changes occur in the parabronchial tissue of 
the lungs of chicken embryos after chronic hypoxic or hyperoxic exposure. 

Hypothesis 1: Incubation in chronic hypoxic or hyperoxic conditions will result in 
developmental alterations to the parabronchial tissue (also known as the gas 
exchange tissue) and blood vessels of the lungs of chicken embryos. 

Specific Aim 2:  Determine if VEGF expression in the lung of the chicken embryo is 
altered by chronic hyperoxic incubation. 

Hypothesis 2: VEGF expression will be reduced in the lung tissues of chicken 
embryos exposed to chronic hyperoxic incubation, in comparison to incubation in 
normoxic conditions. 

Specific Aim 3:  Determine if VEGF expression in the lung of the chicken embryo is 
altered by chronic hypoxic incubation. 

Hypothesis 3: VEGF expression will be increased in the lung tissues of chicken 
embryos exposed to chronic hypoxic incubation, in comparison to incubation in 
normoxic conditions. 
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MATERIALS AND METHODS 

Source and Incubation of Eggs 

Fertilized white leghorn eggs (Gallus gallus domesticus) were obtained from 

Texas A&M University and shipped to the University of North Texas, Department of 

Biological Sciences.  Eggs were incubated in one of three treatment groups:  normoxia 

at 21% O2 (control); chronic hypoxia at 15% O2; or chronic hyperoxia at 30% O2 from 

days 1-16 or days 1-18.  For all groups, eggs were placed in incubation at 37.5 ± 0.5 °C 

and 55-60 % relative humidity and turned automatically every three hours (Tazawa, 

1981).   

The University of North Texas’ Institutional Animal Care and Use Committee 

(IACUC) approved all experimental procedures. 

 

Tissue Collection 

Eggs were removed on embryonic days 16 or 18 (stages 41-43; Hamburger and 

Hamilton, 1951) for experimental analyses and collection of lungs.  Day 16 was chosen 

because formation of pulmonary atria by day 15 and of infundibula by day 16.  Day 18 

was chosen because by this day of development, a wide central lumen and thin gas 

exchange tissue mantle is typically present, atria and infundibula are well developed, 

and most of the parabronchi have formed (Maina, 2003a).  No measurements were 

made after day 18 because internal pipping (rupture of the air cell) and lung ventilation 

begins in the chicken embryo at day 19 (Xu and Mortola, 1989), which inflates the lungs 

with air, changing their morphological dimensions in unpredictable ways.   

Embryos were anesthetized by placing them in a closed glass container with 
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99.9% isoflurane-soaked gauze pads.  Eggs were opened and embryos removed from 

the shell and separated from the extra-embryonic membranes.  Removed anesthetized 

embryos were then sacrificed by isoflurane exposure or subsequent decapitation.  Yolk-

free wet body mass was then measured.  The lengths of the beak and the right third toe 

were taken (to the nearest 0.1 mm) with calipers as an index of development 

(Hamburger and Hamilton, 1951; Dzialowski et al., 2002; Chan and Burggren, 2005).  

Embryos were pinned to a dissection tray in a supine position and the coelomic cavity 

opened by longitudinal ventromedial incision. The lungs were exposed after careful 

dissection and reflection of the surrounding structures.  Preliminary studies determined 

that, due to the fluid-filled and more fragile nature of the smaller embryonic lungs, more 

consistent results in morphology could be obtained by removing the lungs whole and 

placing them in fixative, rather than by fixation through intratracheal infusion.  Lungs 

were removed from the body, blotted to remove excess fluids, and wet mass of the 

lungs was measured.  Preliminary studies determined no significant differences 

between volumes of the right or left lungs or in their morphology of gas exchange 

tissues.  Therefore, the left lungs were fixed by immersion in 4% paraformaldehyde 

overnight at 4°C for use in light microscopy.  The right lungs were placed in screw top 

vials containing saline, snap frozen in liquid nitrogen, and stored in - 80°C for 

measurement of VEGF expression by ELISA.  The right and left lungs, and the 

remaining embryo carcass from a second group were saved for dry mass 

measurements.   
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Histology 

Lungs were processed by standard histological methods for light microscopy by 

dehydration in ethanol and embedding in toto in paraffin wax (Maina et al., 1989; Maina, 

2002; 2003b; 2003a).  Each lung was serially sectioned at 5µm transversely to the long 

axis of the lung to yield a minimum of 8 uniformly random and equidistantly spaced 

sections for analyses according to the Cavalieri Method (Howard and Reed, 1998).  

Depending on the developmental day and size of the lung, this yielded 8-12 sections 

per lung ranging in distance of 400-500 µm apart.  Sections were stained with 

hematoxylin and eosin.  Sections were determined to be technically adequate and 

fixation satisfactory when the lumina of the parabronchi were patent and the exchange 

tissue was intact (Maina et al., 1989; Maina, 2002).  A minimum of 6 animals for each 

oxygen level and developmental day were sampled for analysis by light microscopy. 

 

Stereology 

One section from approximately the same location in each lung, midway through 

the lung in the 2nd one-third transversely to the long axis, was chosen from each animal 

for stereological analysis. This location was at a distance of 1100-2400µm into the lung, 

transversely to the long axis, depending on the total length of each lung.  Each lung 

yielded 8-12 sections when serially sectioned equidistantly.  The 4th, 5th, or 6th section 

was typically chosen, corresponding with the midpoint. The midpoint was chosen 

because the sections taken from this portion of the lung were the largest and most 

consistent, spanning the entire area of the cross-section of the lung without breaks.  

The midpoint sections were, therefore, the most histologically appropriate with intact 
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parabronchial tissue, as well as the most homogenous in nature, when using entire 

cross-sections for analysis and comparison. Each section was photographed using an 

Olympus DP70 digital camera system mounted on to a light microscope. All sections were 

photographed at a total magnification of 40x.  The following stereological measurements 

were taken for each section, utilizing ImageJ (National Institutes of Health). 

 

Lung Surface Areas 

Total Lung Surface Area 

Surface areas for each cross-section were calculated in 2-dimensions, 

measuring the X and Y axes. Total surface area for each cross-section was determined 

by tracing the edges of the entire section. The total surface area for each section then 

served as a reference by which to determine the fractional percentage (proportion) of 

lumina, parabronchial tissue, and non-parabronchial tissue to total lung tissue.  

Although, shrinkage occurs in pulmonary tissues due to histological processing, the 

components of the exchange tissue in avian lungs shrink in relative proportions (Maina 

et al., 1989).  Therefore, the fixation methods preserved the proportional differences 

between components, samples, and groups.   

The components of total surface area that were measured were total lumina, total 

parabronchial tissue, parabronchi with lumina, and non-parabronchial tissue.  The 

proportion of each component was calculated using the following formula:  

Component % = SAcomp / SAlung 

where SAlung is an estimate of the total surface area of the lung section by tracing 
around the entire outside edge of the lung section, and SAcomp is an estimate of 
the surface area of the component within the entire lung section by tracing 
around all occurrences of  that component within the section.    
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Total Luminal Surface Area  

To determine the proportion that lumina of parabronchi occupy within each lung 

section, the outside edge of each lumen was traced (Fig. 1A). The sum of all lumina 

measurements was then used to determine the proportion with the following formula: 

Total Lumina (as % of total lung tissue) = SA(lumina) / SA(lung) 

 

Total Parabronchi with Lumina 

To determine the proportion of parabronchi, including lumina, within each lung 

section, the outside edges of all parabronchial tissue were traced (Fig. 1B). The 

parabronchi were taken to include the secondary bronchi because of their 

resemblances in having a mantle of exchange tissue, which make them functionally 

similar and difficult to distinguish on histological sections (Maina et al., 1989).  After 

tracing all parabronchial tissue, the sum of all parabronchial measurements was then 

used to determine the proportion with the following formula: 

Total Parabronchi with Lumina (as % of total lung tissue) = SA(parabronchi) / SA(lung) 

 

Total Parabronchial Tissue 

To determine the proportion of parabronchial tissue within each lung section, 

excluding lumina, the following formula was used: 

Total Parabronchial Tissue (as % of total lung tissue) = 

[SA(parabronchi) – SA(lumina)] / SA(lung) 
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Total Non-Parabronchial Tissue 

To determine the proportion of non-parabronchial tissue within each lung section, 

the following formula was used: 

Total Non-parabronchial Tissue (as % of total lung tissue) = [SA(lung)] - 

[SA(parabronchi)] 

where SA(parabronchi) includes lumina. 

 

Blood Vessel Density 

The density of visible blood vessels (arteries and veins), expressed as vessels 

per mm2, were counted for each section (Fig. 1B).  Because this study was limited to 

light microscopy, only blood vessels larger than arterioles, venules, and capillaries could 

be counted. 

 

Atria Density and Lumina Circumference 

For each section, the following measurements were taken within a 1 mm2 sample 

located in the first 1/3rd of the lateral region of the lung: 

  

Luminal Circumference 

The circumferences of the lumina (Fig. 2) were determined by tracing the edges 

of each lumen, including all atria and infundibula. All lumina circumferences were 

summed to determine the total luminal circumference, expressed as mm of 

circumference per mm2 of lung surface area in histological session.  This measurement 

was taken from within a 1 mm2 sample in order to achieve a greater precision in tracing 

29 



all atria and infundibula than was achieved with the more generalized luminal tracings 

from entire sections.  

 

Atrial Density 

 The atria of all lumina (Fig. 2 inset) were counted to determine total atria, 

expressed as number of atria per mm2.  Atria were determined by the presence of 

distinct invaginations deviating from the smooth, spherical shape of the lumina. 

Infundibula that invaginated from the atria were not counted separately from the 

originating atria.  

 

Measurement of Pulmonary VEGF Expression 

Following wet mass measurements, right lungs were collected to measure VEGF 

expression.  Lungs were placed in vials containing saline, snap frozen in liquid nitrogen, 

and stored in - 80°C until time analysis.  Following, the lungs were homogenized in 

buffer (490 µL protein extraction reagent, 5 µL protease inhibitor cocktail, 5 µL EDTA) 

and centrifuged at 10,000 RPM for 5 minutes.  The VEGF concentrations of the 

homogenates were determined with a double‐antibody sandwich enzyme-linked 

immunosorbent assay (ELISA) kit (NovaTeinBio) specific to the chicken VEGF protein. 

In brief, following centrifugation, 10 μl of supernatant and 40 μl of sample diluent were 

added in duplicate to a 96 well plate coated with a monoclonal antibody for chicken 

VEGF.  The wells were incubated at 37°C for 30 minutes.  Following four washes, 100 

μl of HRP conjugate reagent (VEGF antibody and horseradish peroxidase) were added 

to each well and incubated at 37°C for 30 minutes.  Following four washes, color 
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reagents (Chromogenic Substrate A and B – 50 μl each) were added to each well and 

incubated at 37°C for 15 minutes.  50 μl of stop solution was then added to each well.  

The optical density was measured at 450 nm in a microplate reader within 15 min of the 

addition of stop solution. For standardization, calibration standards for chicken VEGF 

were added in duplicate to wells at the same time as the supernatant and sample 

diluents.  All concentrations were normalized for weight, using a standard curve 

calculated from the calibration standards. 

 

Statistical Analysis 

All data were tested for normality of distributions (Shapiro‐Wilk test) prior to other 

statistical tests.  Data were analyzed using a two-way ANOVA for treatment (oxygen 

level) and developmental stage (days 16 or 18).  A significance level of 0.05 was used 

followed by Tukey’s post hoc test.  Statistics were run on SigmaStat 12 (Systat Software 

Inc.).  All data are presented as means ± standard error.  
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RESULTS 

Masses and Body Dimensions  

Embryo Wet Mass 

Embryo wet mass (Fig. 3A) increased significantly for all treatment groups from 

day 16 to 18 (hypoxia 13.7 to 19.1g; normoxia 14.5 to 21.3g; hyperoxia 16.7 to 21.2g, 

p<0.005 for all three populations)   There was, however, no significant effect of oxygen 

level on embryo wet mass within developmental days. 

 

Lung Wet Mass 

Lung wet mass (Fig. 3B) increased significantly in all oxygen levels from day 16 

to 18 (hypoxia 114.3 to 180.0 mg; normoxia 136.3 to 196.0 mg; hyperoxia 155.7 to 

205.3 mg; p<0.02 for all 3 populations). There were no significant differences in lung 

wet mass within developmental days between oxygen levels. Lung wet mass (both right 

and left lungs) changed in concert to embryo wet mass in all three groups with no 

statistically significant differences in lung-to-embryo mass ratio (0.0084 - 0.0097).  

 

Embryo Dry Mass 

Embryo dry mass (Fig. 4A) increased significantly for all oxygen levels from day 

16 to 18 (hypoxia 1.9 to 3.2g; normoxia 2.4 to 4.2 g; hyperoxia 2.6 to 4.1 g; p<0.015). 

There were no significant differences in embryo dry mass within developmental days 

between oxygen levels. There were no significant differences in dry embryo-to-wet 

embryo mass ratio between developmental days or oxygen levels (0.14 - 0.19). 
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Lung Dry Mass 

Lung dry mass (both right and left lungs) (Fig. 4B) increased significantly for all 

oxygen levels from day 16 to 18 (hypoxia 14.0 to 24.5 mg; normoxia 17.5 to 27.9 mg; 

hyperoxia 19.5 to 29.4 mg, p<0.006). There were no significant differences in lung dry 

mass within developmental days between oxygen levels.  Lung dry mass changed in 

concert to embryo dry mass in all three groups with no statistically significant 

differences in dry lung-to-dry embryo mass ratio between groups (0.0066 - 0.0079). 

There were no significant differences in dry lung-to-wet lung mass ratios between 

developmental days or oxygen levels (0.23 - 0.28). 

 

Beak Length  

Beak length (Fig. 5A) increased significantly for all oxygen levels from day 16 to 

18 (hypoxia: 3.4 to 4.5 mm, p<0.001; normoxia: 4.0 to 4.6 mm, p<0.001; hyperoxia: 3.7 

to 4.71 mm, p<0.001).  Beak length was significantly higher in the normoxic group than 

in the hypoxic group on day 16 (p=0.005).  There were no other significant differences 

between oxygen groups within developmental days.  

 

Toe Length 

 Toe length (Fig. 5B) increased significantly for all oxygen levels from day 16 to 

18 (hypoxia 13.1 to 16.4 mm; normoxia 14.5 to 18.3 mm; hyperoxia 14.7 to 18.2 mm, 

p<0.001 for all 3 populations).  Toe length was significantly higher in the normoxic and 

hyperoxic groups compared to the hypoxic group on both days 16 and 18 (p=0.003 and 
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p=0.002 for D16; p<0.001 in both for D18).  There were no significant differences 

between the hyperoxic and normoxic groups on days 16 or 18. 

In summary, embryo and lung masses (both wet and dry) increased significantly 

from days 16 to 18 with developmental growth.  No effect of oxygen level was seen in 

wet or dry masses within developmental days.  Lung masses changed in concert with 

embryo masses with no differences between oxygen level groups in lung-to-embryo 

mass ratios. Dry masses, both embryo and lung, changed in concert with wet masses 

with no differences between oxygen level groups in dry-to-wet mass ratios. Therefore, 

oxygen level had no effect on lung mass.  

Both beak length and toe length increased in all oxygen levels from days 16 to 18 

with developmental growth.  Beak length was higher in normoxia than in hypoxia on day 

16.  Toe length was higher in normoxia and hyperoxia than in hypoxia on both days 16 

and 18. Therefore, unlike for overall body mass and lung mass, oxygen level affected 

both beak and toe length. 

 

Stereological Analysis 

Parabronchial Tissue Surface Area 

Total surface area of the parabronchial tissue (Fig. 6A) significantly increased in 

the hypoxic group from day 16 to 18 (60.8 to 68.2%, p=0.019).  There were no 

significant differences for control embryos or hyperoxic embryos from day 16 to 18 (63.7 

to 62.8% for control; 66.3 to 66.7% for hyperoxic).  There were no significant differences 

within developmental days between the oxygen levels.  
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Luminal Surface Area 

Total luminal surface area (Fig. 6B) was unaffected by either developmental day 

or oxygen (hypoxia 13.4% for D16 to 14.9% for D18; normoxia 14.2% for D16 to 16.9% 

for D18; hyperoxia 14.1% for D16 to 18.6% for D18).  

 

Parabronchi with Lumina Surface Area 

Total surface area of parabronchi with lumina (Fig. 6C) significantly increased in 

the hypoxic group from day 16 to 18 (74.2 to 82.2%, p=0.003).  The total surface area of 

the parabronchi with lumina was significantly higher (p=0.039) in the hyperoxic group 

compared to the hypoxic group on day 16 (80.4 vs. 74.2%). However, neither group 

differed significantly from normoxia on day 16.  By day 18, there were no differences in 

the total surface area of parabronchi with lumina between any oxygen level. 

 

Non-Parabronchial Tissue Surface Area 

Total surface area of the non-parabronchial tissue (Fig.6D) significantly 

decreased in both the hypoxic and hyperoxic groups from day 16 to 18 (hypoxic 25.8 to 

17.9% and hyperoxic 19.6 to 14.8%, p<.0042 for all 3 populations). There was no 

difference in control groups from day 16 to day 18 (22.0 to 20.7%).  

The total surface area of non-parabronchial tissue was significantly higher in the 

hypoxic group than in the hyperoxic group on day 16 (25.8 to 19.6%, p=0.03). However, 

neither group differed significantly from normoxia on day 16.  By day 18, there were no 

differences in the total surface area of non-parabronchial tissue between any oxygen 

level. 
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Blood Vessel Density 

The number of blood vessels per mm2 of lung in histological section (Fig. 7) did 

not significantly vary between developmental days or oxygen levels (hypoxia 2.8 for 

D16 to 2.2 per mm2 for D18; normoxia 2.4 for D16 to 3.5 per mm2 for D18; hyperoxia 2.7 

for D16 to 2.8 per mm2 for D18).  

 

Luminal Circumference 

Total luminal circumference (mm per mm2) (Fig. 8A) was not significantly different 

between treatment groups or developmental days (hypoxia 11.7 mm for D16 to 11.9 

mm for D18; normoxia 11.5 mm for D16 to 10.6 mm for D18; hyperoxia 13.6 mm for 

D16 to 10.8 mm for D18).  

 

Number of Atria 

The number of atria per mm2 lung surface area in histological section (Fig. 8B) 

significantly increased in the hypoxic and normoxic groups from day 16 to 18, but there 

was no significant difference in the hyperoxic group (hypoxia: 73.1 for D16 to 132.8 for 

D18; normoxia: 67.8 for D16 to136.7 µm for D18; hyperoxic: 88.7 for D16 to 131.7 for 

D18; p<0.01 for all 3 groups). There were no significant differences within 

developmental days between oxygen levels.  Atrial density [(number of atria per luminal 

circumference) per mm2 lung surface area in histological section] (Fig. 8C) significantly 

increased in all oxygen levels from day 16 to 18 (hypoxia: 6.8 for D16 to 11.6 for D18; 

normoxia: 6.1 for D16 to 13.1 for D18, p<0.002 in all 3 populations; hyperoxia: 6.5 for 
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D16 to 12.3 for D18). There were no significant differences in atrial density within 

developmental days between the oxygen levels. 

In summary, surface area of the parabronchial tissue increased from days 16 to 

18 in the hypoxic population, while in contrast, non-parabronchial tissue surface area 

decreased in both hypoxia and hyperoxia from days 16 to 18.  The number of atria 

increased in hypoxia and normoxia, but not hyperoxia from days 16 to 18. Atrial density 

[(number of atria/luminal circumference) per mm2] increased in all groups from days 16 

to 18.  Within developmental days, no effect was seen in the surface area of the 

parabronchial tissue, number of atria, or atrial density. No effect was seen, between 

oxygen groups or developmental days, in the number of visible blood vessels, luminal 

surface area, or luminal circumference. 

 

VEGF Expression 

VEGF expression was significantly higher (p=0.035) in the hypoxic group 

compared to the hyperoxic group on day 16 (736 vs. 492 pg/ml) (Fig. 9). Neither the 

hypoxic nor the hyperoxic group significantly differed from the control on day 16 (538.8 

pg/ml).  By day 18, however, VEGF expression was significantly higher in the hyperoxic 

group compared to the control group (673 vs. 381 pg/ml, p=0.016), while the hypoxic 

group remained elevated with a significant difference over the control group (632 pg/ml, 

p=0.005). There was no difference between the hypoxic and hyperoxic group on day 18. 

There were no significant differences in VEGF expression from days 16 to 18 in all 

oxygen level groups. 
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In summary, VEGF expression was higher in hypoxia than in hyperoxia on day 

16.  By day 18, VEGF expression was higher in both hypoxia and, paradoxically, in 

hyperoxia than in normoxia.  

 

Critique of the Methodology 

Many factors should be considered in this study that may affect the 

developmental trajectory and the possibilities for critical windows of development, 

multivariate interactions, maternal affects, or accelerated or delayed development 

(Burggren, 1998).  For example, a variance in developmental times when eggs are 

placed in incubation, due to a time lapse between laying and incubation, could affect 

timing of development and produce inaccuracy (Maina, 2003a).  Genetic differences 

that occur between broods and maternal factors such as egg size may affect 

developmental time, size, and response (Burggren, 1998; Maina, 2003a).  Gender may 

also affect developmental time or response, with one sex responding differently than 

another (Gil, 1990). Furthermore, physiological adaptations may have occurred, as no 

physiology was assessed in this study.  Additionally changes that may have occurred in 

nano scale and could not be assessed in this study must also be considered. 

 

Chronic Hypoxic or Hyperoxic Exposure and Application to Avian Development 

Regarding the avian embryo as a model, there are several additional areas that 

can be investigated as to effects of chronic hypoxic or hyperoxic exposure in 

development   For example, it is known that birds are less sensitive to hypoxia with a 

higher efficiency of gas exchange, which is a trait that allows them to fly and thrive at 
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high altitudes (Sturkie, 1986).  Therefore, how does chronic hypoxic exposure in 

development affect the gas exchange tissue in the avian lungs differently than in 

mammalian lungs?   Are hypoxic effects less severe or blunted, as opposed to those in 

a mammal or in other organisms?  Furthermore, what is the role of the CAM (Strick et 

al., 1991; Chan and Burggren, 2005) in the degree of effects that may occur?  Will the 

CAM blunt the effects of hypoxic exposure on any level, and, if so, how much more 

effective is the protection that a mammalian mother provides in utero to changes in 

oxygen level?  Are there any changes that occur in the egg shell, such as porosity, that 

may affect gas exchange? Additionally, does hyperoxic exposure cause decreased 

vascularity to the CAM, ultimately resulting in a hypoxic environment for the avian 

embryo? Furthermore, birds have semi-rigid lungs that do not change appreciably in 

volume compared to mammals (Sturkie, 1986; Xu and Mortola, 1988).  Therefore, what 

is the role that mechanical movement of air breathing can play regarding development 

under hypoxic or hyperoxic conditions?  Does mechanical movement or expansion of 

the lungs stimulate aspects of lung development prior to or after birth (Xu and Mortola, 

1988; Haworth and Hislop, 2003)?  If so, is the avian response in development to 

altered oxygen levels different to the mammalian response, due to lack of expansion 

and breathing movements?  Finally, how might differences in fetal hemoglobin between 

avian and mammalian lungs affect the developmental response to chronic hypoxic or 

hyperoxic exposure (Bard, 1973; Baumann et al., 1983; Haworth and Hislop, 2003)? 
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DISCUSSION AND CONCLUSIONS 

This study has investigated the morphological effects of variations in oxygen 

level on pulmonary morphology and VEGF expression in the chicken embryo.   The 

effects (Table 1) were varied and complex, and did not reflect simple dose-response 

effects, as is now discussed. 

 

Wet and Dry Embryo Mass 

The significant increase in both embryo and lung wet mass for all oxygen level 

groups from days 16 to 18 was anticipated to occur as a result of developmental growth 

over time.  In previous studies involving incubation of chicken embryos in similar oxygen 

levels, embryo mass was larger in chronic hyperoxia (Copeland and Dzialowski, 2008) 

and smaller in chronic hypoxia (Xu and Mortola, 1988; Dzialowski et al., 2002; Copeland 

and Dzialowski, 2008) When embryos were incubated in chronic hyperoxia from days 1-

18, wet mass was 11% larger than control embryos (Copeland and Dzialowski, 2008).  

Conversely, When embryos were incubated in hypoxia from days 1-18, embryo wet 

mass was 17% smaller (Copeland and Dzialowski, 2008),16% smaller when incubated 

in hypoxia from days 12-18 (Dzialowski et al., 2002) and 17% smaller when incubated in 

hypoxia from days 14-18 (Xu and Mortola, 1988).  Although similar trends in embryo 

mass were seen in this study (6% smaller in hypoxia on day 16 and 10% smaller on day 

18; 13% larger in hyperoxia on day 16), the differences were not statistically significant.  

By day 18, there was no difference in total wet mass (Fig. 3A) for hyperoxic embryos 

versus normoxic embryos. Dry embryo mass (Fig. 4A) reflected the same trends as wet 

embryo mass, with no significant differences in dry embryo-to-wet embryo mass ratios.  
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These data indicate no effect of oxygen level on fluid accumulation nor oxygen-related 

edema in the tissues. 

 

Pulmonary Mass 

One of the key aspects of this study was to determine whether hypoxia might 

stimulate or interfere with pulmonary growth. Therefore, we measured wet and dry mass 

of the lungs to determine pulmonary mass changes and how they relate to total embryo 

mass changes between oxygen levels. The ratio of wet lung-to-wet embryo mass 

changed in concert with development for all oxygen groups.  Furthermore, there were 

no significant differences in dry lung-to-wet lung mass ratios between developmental 

days or oxygen levels. Therefore, in the present study oxygen level had no effect on 

lung mass. These results are in agreement with studies by Xu and Mortola, (1988) and 

by Chan and Burggren (2005) which showed that lung mass is not affected in 

embryonic hypoxia, although the masses of other organs can be affected.  Xu and 

Mortola (1988) suggested that lung mass may even be positively stimulated by 

embryonic hypoxia.  However, the lung-to-embryo mass ratios in the present study did 

not suggest a positive stimulation of pulmonary growth by chronic hypoxia.  

 

Indices of Development (Beak and Toe Length) 

As with the overall increase in body mass, the significant increase in both beak 

(Fig. 5A) and toe length (Fig. 5B) for all oxygen level groups from days 16 to 18 was 

anticipated to occur as a result of developmental growth over time. Beak length in the 

hypoxic group was significantly shorter than the control on day 16, indicating a possible 
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delay in development, as distinguished from body mass.  However, by day 18, this 

difference had disappeared.  

Toe length on both days 16 and 18 was significantly shorter in the hypoxic 

embryos, compared to the control or hyperoxic embryos.  As for suppressed beak 

length, this reduced toe length further indicates a possible developmental delay, and is 

in agreement with other studies describing smaller embryos under hypoxic incubation 

(Xu and Mortola, 1988; Dzialowski et al., 2001; Azzam et al., 2007; Copeland and 

Dzialowski, 2008).  Using the Hamburger and Hamilton developmental stages for the 

chicken embryo (Hamburger and Hamilton, 1951), the difference in toe length for 

hypoxic embryos in this study on both days 16 and 18 would indicate an overall 

developmental delay of approximately 1 day.  This is consistent with an observation by 

Copeland and Dzialowski (2008), where embryos incubated in hypoxic conditions 

tended to internally pip a day later than those incubated in normoxic and hyperoxic 

conditions.   

 

Lung Morphology 

As described above, lung masses increased as development proceeded, but this 

pattern of change was not influenced by oxygen level during incubation.  However, it is 

possible that oxygen levels changed the internal morphology of the lungs.  The 

parabronchi are the functional units of the lung for gas exchange, so of particular 

interest is how these structures are affected by development and oxygen level.  

Although previous comparative morphometric studies have been done on the gas 

exchange tissues of avian lungs (Maina and King, 1989; Maina 2002) and on avian lung 
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morphology during development (Runciman et al, 2005), to our knowledge, this is the 

first study to assess the effects of chronic hypoxia and hyperoxia on the internal 

morphology of developing avian lungs.  

In normal developmental conditions, an increase in parabronchial tissue in 

embryonic lungs occurs while non-parabronchial tissue decreases (Sturkie, 1986; 

Maina, 2003a).  We hypothesized that incubation in chronic hypoxic or hyperoxic 

conditions would result in developmental alterations to the parabronchial tissue.  

Hypoxia stimulated an increase in the total surface area of the parabronchial tissue (Fig. 

6A), as well as the parabronchi, including lumina (Fig. 6C), from day 16 to 18.  On day 

16, the surface area of the parabronchi, including lumina, was greater in hyperoxia than 

in hypoxia.  However, this difference had disappeared by day 18.The total surface area 

of the non-parabronchial tissue (Fig. 6B) significantly decreased from day 16 to 18 in 

both the hypoxic and hyperoxic groups with a significantly higher surface area of non-

parabronchial tissue in the hypoxic group than in the hyperoxic group on day 16. 

However, by day 18, there were no significant differences in surface areas of non-

parabronchial tissue between groups.  Therefore, both hypoxia and hyperoxia resulted 

in less non-parabronchial tissue from day 16 to 18, with a greater decrease in the 

hypoxic group.  

Parabronchial lumina increase in diameter as development progresses (Maina, 

2003a). However, in the current study, the total lumina surface area, as well as the total 

luminal circumference (mm per mm2 of histological section) was unaffected by either 

developmental day or oxygen level (Fig. 6C).  An increase in the number of luminal atria 

is also expected to occur as development progresses (Maina, 2003B).  In the current 
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study, the number of atria increased in hypoxia and normoxia, but not hyperoxia from 

days 16 to 18. However, atrial density [(number of atria/luminal circumference) per mm2] 

increased in all groups from days 16 to 18.  Oxygen level thus has no effect on atrial 

development. 

Chronic hypoxic exposure increases parabronchial tissue surface area and 

correspondingly decreases non-parabronchial tissue surface area, with no effect on 

lumina or atria, from days 16 to 18.  The surface area of parabronchi, including lumina, 

is greater on day 16 in hyperoxia than in hypoxia.  However there is no difference by 

day 18. These data suggest that there is a mechanism in place during this 

developmental period that is stimulating parabronchial tissue development in response 

to chronic hypoxia.  Although the surface area of the non-parabronchial tissue was 

higher in chronic hyperoxia on day 16 than on day 18, there was no significant 

difference in the parabronchial tissue or parabronchi with lumina, from day 16 to 18.  

Therefore, chronic hyperoxia has no effect on parabronchial tissue development during 

this time.   

By day 18, there were no differences between the surface areas of the 

parabronchial tissues, parabronchi including lumina, or the non-parabronchial tissues, 

between oxygen levels.  This suggests that the stimulation of parabronchial tissue in 

hypoxic conditions from day 16 to 18 may serve to correct a developmental delay, 

resulting in a normal developmental trajectory for the pulmonary tissues.  However, 

when taking the indices of development (beak and toe length measurements) (Fig. 5) 

into account, the possibility that the stimulation of the parabronchial tissue in chronic 

hypoxic conditions may result in an altered developmental trajectory with 

44 



dysmorphogenic lungs must be considered.  The overall development of the hypoxic 

embryos may be delayed by one day, as indicated by the indices of development in this 

study.  This occurrence of heterokairy in overall developmental time (Spicer and 

Burggren, 2002), due to the effects of chronic hypoxia on developmental plasticity, may 

result in a greater surface area of parabronchial tissue at hatching.  This alteration to 

the parabronchial tissue may be advantageous or detrimental to the overall fitness of 

the individual.  Physiological heterokairy (Spicer and Burggren, 2002), regarding the 

pulmonary system, specifically, should also be considered.  Additional study on later 

developmental days or post-hatching is needed to determine this. 

 

Blood Vessels 

Blood vessel density (number of blood vessels per mm2 of lung in histological 

section - Fig. 7) did not significantly vary between developmental days or oxygen levels.  

However, this study was limited to light microscopy and could only assess the major 

visible blood vessels.  It is possible that there was an effect on smaller blood vessels 

including arterioles, venules, and capillaries. Additionally, it is possible that the 

morphology of the major blood vessels, beyond the number assessed in the present 

study, may have been affected by oxygen level. Severe intrauterine or intrapartum 

hypoxia affects the pulmonary vasculature of infants with peripheral pulmonary arteries 

remaining thick-walled and undilated (Hayworth and Hislop, 2003).  In adult animals, 

chronic hypoxic exposure results in greater vascular length and volume and augmented 

capillary endothelial surface area (Howell et al., 2003). Exposure to hyperoxia in the 

neonatal period is a major factor contributing to the development of BPD in premature 
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infants (McGrath-Morrow and Stahl, 2001) which is characterized by impaired vascular 

growth (Jobe, 1999; McGrath-Morrow and Stahl, 2001).  Hyperoxic exposure to rat pups 

results in reduced pulmonary vessel density and increased pulmonary arteriolar medial 

wall thickness (de Visser et al., 2009). Therefore, additional study is needed to assess 

the morphology of the blood vessels.   

 

VEGF Expression 

We hypothesized that VEGF expression would be increased in the lung tissues 

exposed to chronic hypoxia and reduced in the lung tissues exposed to chronic 

hyperoxia, in comparison to normoxic conditions.  VEGF expression was, indeed, 33% 

higher in hypoxia than in hyperoxia on day 16.  On 18, VEGF expression was 40% 

higher in hypoxia than normoxia and, paradoxically, 43% higher in hyperoxia than in 

normoxia.  

The higher expression of VEGF in hypoxia on both days 16 and 18 suggests that 

VEGF expression may be the mechanism by which parabronchial development in the 

present study was stimulated.  A shortage of oxygen increases concentrations of HIF-1 

which stimulates VEGF transcription (Alberts et al., 2007).  VEGF, in turn, stimulates 

blood vessel formation and thus perfusion in various types of tissues (Voelkel et al., 

2006; Clerici and Planès, 2009), including lung tissues (Voelkel et al., 2006), thereby, 

increasing oxygen tissue partial pressure (Alberts et al., 2007).  Lung development 

seemingly occurs through coordination of branching morphogenesis and development 

of the blood supply (Tuder, 2007).  Therefore, the elevated levels of VEGF on days 16 

and 18 may have stimulated parabronchial development.  Although the major blood 
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vessels showed no evidence of an oxygen effect in this study, the smaller vessels, such 

as the arterioles, venules, and capillaries could not be observed on histological section 

with light microscopy.  Therefore, it is possible that the development of the smaller 

blood vessels may have been stimulated by hypoxia during this developmental period, 

resulting in a greater blood supply and oxygen delivery to the tissues.  An additional 

study using electron microscopy is needed to assess this. 

We hypothesized that VEGF expression would be decreased under hyperoxic 

conditions. Hypoxia-inducible factors (HIF-1 and HIF-2) are regulatory proteins that 

control expression of most genes involved in hypoxia adaptation and response 

(Berchner-Pfannschmidt, 2008), including VEGF.  HIF is an α/β heterodimer composed 

of the oxygen regulated HIF-α subunit and a constitutively expressed HIF-β subunit.  

HIF-α degrades when sufficient oxygen is present, but stabilizes in a low oxygen 

environment (Berchner-Pfannschmidt, 2008; Clerici and Planès, 2009).  Therefore, HIF-

1 should not be expressed in hyperoxic conditions and thus, would not stimulate VEGF 

expression.  Although, VEGF expression in hyperoxia did not differ from normoxia on 

day 16 in this study, it was, paradoxically, higher in hyperoxia than in normoxia on day 

18.  The reasons for this are unclear.  Further study on additional developmental days 

beyond embryonic day 18 is needed to assess whether VEGF expression remains 

elevated and whether morphological changes are seen in the pulmonary tissues in 

chronic hyperoxia.  Because gas exchange is provided by the chorioallantoic membrane 

(CAM) during the majority of embryonic development in the chicken, it is possible that 

changes in the CAM due to chronic hyperoxia may be indirectly responsible for the 

increase in VEGF expression on day 18.  To explain further, Chicken eggs exposed to 
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hyperoxia from days 7 to 14 of development had a decreased rate of growth to the CAM 

blood vessels and destruction of the capillary plexus (Strick et al., 1991).  This affect 

occurred in a dose-related manner to the level of hyperoxic exposure.  It is possible that 

this type of effect, due to hyperoxic exposure, could decrease the gas-exchange 

capabilities of the CAM, resulting in a hypoxic environment for the embryo and the 

pulmonary tissues.  This could, in turn, result in a stimulation of VEGF expression, as 

seen in this study on day 18 in the hyperoxic lung tissues. 
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FUTURE DIRECTIONS 

There are many areas of investigation that can expand upon the results of this 

study.  A number of questions should be addressed to further understand the effects of 

hypoxic or hyperoxic exposure on the tissues of the developing avian lung, the ultimate 

impact on the adult phenotype, as well as the potential use of the avian embryo as a 

model of lung development.   

To  assess whether the increase in parabronchial tissue in hypoxia from days 16 

to 18 also involves an effect of developmental plasticity resulting in delayed 

development, a longer incubation time, or a continued increase in parabronchial tissue 

surface area; it is necessary to take additional groups of embryos to internal pipping or 

hatching under the same oxygen incubation conditions.   

This study was limited to the use of light microscopy. Therefore, smaller 

components such as blood capillaries and air capillaries were not analyzed.  An 

additional study using electron microscopy is needed to assess whether the smaller 

blood vessels, such as the arterioles, venules, and capillaries could have been 

stimulated by the increased VEGF expression on days 16 and 18 in hypoxia, and could 

have, in turn, stimulated parabronchial tissue development.  A study using electron 

microscopy is also needed to assess any morphological changes in the smaller 

pulmonary components such as the air capillaries and the blood vessels.  In addition, 

this study examined the surface areas of the different lung components in 2 dimensions 

as proportions in single cross-sections.  To examine the surface areas of the different 

lung components 3-dimensionally, this study could be expanded upon to include 

assessment of all serially sectioned cross-sections for each lung or by utilizing confocal 
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microscopy. Further study on additional developmental days in chronic hyperoxia is 

warranted to assess whether VEGF expression remains elevated and whether 

morphological changes are seen in the pulmonary tissues beyond embryonic day 18.  

Additional investigation is also called for to assess the effects of chronic hyperoxia on 

the CAM and how this may influence lung morphology and VEGF expression. 

It would be of benefit to expose the embryos to the same hypoxic or hyperoxic 

conditions during different periods of incubation, while incubating in normoxic conditions 

at all other remaining times.  This would be done to determine if there are critical 

periods of development during which these effects occur (Dzialowski et al., 2002; Chan 

and Burggren, 2005).  An additional expansion of this study could examine the 

responses between males and females to determine if there are sex-dependent 

differences in developmental rate or effects on morphology (Gil, 1990; Haworth and 

Hislop, 2003).  Furthermore, this study is limited to the lungs.  This study could be 

expanded upon to examine the hypoxic or hyperoxic effects on other organ systems, 

such as cardiovascular or renal, and determine if there are interactions between the 

systems that affect response or development.  
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Fig. 1. Methodology for determining total surface area.  The total surface area 
(µm2) for each cross-section was determined by tracing around the edges of the entire 
section. This served as a reference by which to calculate the proportion of lumina, 
parabronchial tissue, parabronchi with lumina, and non-parabronchial tissue to total lung 
tissue (only a portion of a section is shown here for clarity). The outside edges of all 
lumina were traced to determine luminal surface area (A). Following, the outside edges 
of all parabronchial tissue were traced to determine parabronchial tissue surface area 
(B). Arrows indicate major blood vessels.  
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Fig. 2. Lumina characteristics.  Measurements were taken from a 1 mm2 sample 
for greater precision (located in the first 1/3rd of the lung laterally for each section). 
Lumina circumference was determined by tracing the edges of each lumen, including all 
atria and infundibula, and summed to determine luminal circumference (mm per mm2). 
Inset: Luminal atria were counted (indicated by dots) to determine total atria (per mm2).  
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Fig. 3. Chicken embryo wet mass (A) and lung wet mass (B) assessed on 

embryonic days 16 and 18 in the chicken exposed to chronic hypoxia, normoxia, or 
hyperoxia. Significance was determined by a 2‐way ANOVA (p< 0.05). Non-significance 
within developmental days is indicated by “N.S.” Sample sizes are indicated for each 
group in parentheses. Data are presented as mean ± SE. (These guidelines are used 
for all subsequent plots). All means for O2 levels were significantly higher on day 18 
than on day 16.  
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Fig. 4. Embryo dry mass (A) and lung dry mass (B) assessed on embryonic days 
16 and 18 in chicken embryos exposed to chronic hypoxia, normoxia, or hyperoxia. All 
means for O2 levels were significantly higher on day 18 than on day 16. 
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Fig. 5. Beak length (A) and toe length (B) on embryonic days 16 and 18 in 
chicken embryos exposed to chronic hypoxia, normoxia, or hyperoxia.  An asterisk 
indicates a significant difference from control within the developmental day. All means 
for O2 levels were significantly higher on day 18 than on day 16. 
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Fig. 6. Total surface area (%) for parabronchial tissue (A), lumina (B), 

parabronchial tissue with lumina (C), and non-parabronchial tissue (D) assessed on 
embryonic days 16 and 18 in chicken embryos exposed to chronic hypoxia, normoxia, 
or hyperoxia. Means that are not significantly different are grouped within boxes, a 
convention used in all subsequent plots. 
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Fig. 7. Total major blood vessels assessed on embryonic days 16 and 18 in 

chicken embryos exposed to chronic hypoxia, normoxia, or hyperoxia.  
  

57 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. Luminal circumference (A), atria number (B), and atrial density (C) on 

days 16 and 18 in the chicken embryo exposed to chronic hypoxia, normoxia, or 
hyperoxia.  
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Fig. 9. Total VEGF assessed with ELISA on embryonic days 16 and 18 in the 
chicken embryo exposed to chronic hypoxia, normoxia, or hyperoxia.  An asterisk 
indicates a significant difference from control within the developmental day. 
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Table 1. Summary of results.  Dashes indicate no difference between 
developmental days or oxygen levels. Thin arrows indicate a difference from control. 
Thick arrows indicate a difference from developmental day 16 to day 18.  Arrowheads 
indicate a difference between hypoxia and hyperoxia. 
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