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a  b  s  t r  a  c  t

Embryo  body  and lung wet  and  dry mass,  pulmonary  morphometrics  and  pulmonary  VEGF  concentra-
tions  were  determined  in  developing  chicken  embryos  at days  16 and  18  (D16,  D18)  in three  populations:
incubation  in  normoxia  (21%  O2) or in chronic  hypoxia  (15%  O2)  or chronic  hyperoxia  (30% O2).  Lung  mor-
phology  (including  parabronchial  exchange  tissues  and  parabronchial  lumina  as  a  percentage  of total  lung
tissue  in cross-sectional  area,  atrial  numbers,  atrial  density)  was  determined  from  morphometric  exam-
ination  of  thin sections  using  light  microscopy.  VEGF  expression  was determined  with  ELISA.  Body  mass
was  directly  correlated  with  incubation  oxygen  level,  but  neither  oxygen  level  affected  lung  wet  mass  on
either  D16  or  D18.  Hypoxia  had little or no  effect  on  most  measured  pulmonary  morphometric  indices
in  D16  embryos.  Hypoxia,  however,  increased  by ∼65%  the  proportion  in  cross-section  of the  total  lung
occupied  by  parabronchi  on D18. Hyperoxia  caused  few  significant  changes  in  pulmonary  morphomet-
rics.  Pulmonary  VEGF  concentration  was  decreased  by ∼30% on  day  18  compared  to D18  in normoxia.
arabronchi Hypoxia  increased  pulmonary  VEGF  concentration  by  ∼35–75%  on  both  D16  and  D18  and,  paradoxically,
VEGF  expression  was  also  similarly  increased  by hyperoxia  on only  D18.  Collectively,  these  data  suggest
that  pulmonary  gross  morphological  development  in the  chicken  embryo,  while  moderately  plastic,  is
not  profoundly  affected  by  oxygen  incubation  level,  and  that  role  of  VEGF  in  pulmonary  development  is
not yet  well  understood.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Birds possess the most structurally complex respiratory sys-
em of all air-breathing vertebrates. Several studies have provided
etails of the gross morphology of the avian pulmonary gas
xchange structures (Duncker, 2004; Maina, 2002b, 2006, 2015;
aina et al., 1989, 2010; Maina and Woodward, 2009; West,

011; Whittow, 2015; Woodward and Maina, 2005, 2008). Briefly,
entilation of the avian lung occurs via a complex system of
ir sacs, which generate a unidirectional gas flow through the
arabronchi of lungs and allows diffusion of gas into the associated
ir capillaries—the actual site of O2 and CO2 exchange (Duncker,

971; Maina, 2005). Each parabronchus consists of a central lumen,
urrounded by a mantle of gas-exchange tissue composed largely
f blood and air capillaries. From the lumen of each parabronchus

∗ Corresponding author.
E-mail address: burggren@unt.edu (W.W.  Burggren).

ttp://dx.doi.org/10.1016/j.resp.2015.08.004
569-9048/© 2015 Elsevier B.V. All rights reserved.
arises invaginations termed atria. These atria lead to smaller funnel-
shaped invaginations referred to as infundibula. The air capillaries,
which extend from the infundibula, have previously been described
as exclusively cylindrical, elongate tubes, but some studies report
some or all air capillaries as more globular (rotund) than cylindri-
cal (Maina, 2015; Maina et al., 2010; Maina and Woodward, 2009;
Makanya et al., 2011a). Collectively, this complex system of air-
ways ultimately provides for not only the most complex, but also
the most efficient, gas exchange organ among air-breathing verte-
brates (Maina, 2002a; Makanya et al., 2011a; Scheid, 1979; West,
2009, 2011).

Pulmonary development in bird embryos has been character-
ized in several studies (Maina, 2003a,b, 2006; Makanya and Djonov,
2009; Makanya et al., 2011b; Mortola, 2009; Mueller et al., 2015;
Romanoff, 1960). Pulmonary vasculature is apparent by embryonic
day 5 (D5) in chickens, forming by a combination of vasculogenesis

and angiogenesis (Mortola, 2009). The airways act as a template for
pulmonary blood vessel development, with vessels forming around
the airways (Makanya and Djonov, 2009). Sprouting branches

dx.doi.org/10.1016/j.resp.2015.08.004
http://www.sciencedirect.com/science/journal/15699048
http://www.elsevier.com/locate/resphysiol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.resp.2015.08.004&domain=pdf
mailto:burggren@unt.edu
dx.doi.org/10.1016/j.resp.2015.08.004
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rise from the parabronchial arteries that will eventually surround
he parabronchi and then anastomose to form vascular network
caffolding. The pulmonary vasculature undergoes rapid growth
hrough a combination of sprouting and intussusceptive angio-
enesis during the last week of incubation (Makanya and Djonov,
009; Mortola, 2009). A key point in pulmonary development of
hicken embryos is achieved around embryonic D16. At this time
he interparabronchial septa that separate the parabronchi are
eveloping, and the parabronchi are hexagonal in shape (Maina,
003a). Formation of the atria in the parabronchi occurs by D15
nd infundibula form by D16. The atria extend progressively into
he exchange tissue, thereby forming the infundibula, from which
ir capillaries arise (Maina, 2003b). As development progresses,
he epithelium that lines the parabronchial lumen, along with the

esenchymal cells that surround parabronchial tissue, transform
nto atria, infundibula, and air capillaries. With further pulmonary
evelopment, the parabronchial lumen increases in diameter at the
xpense of the gas exchange tissue mantle (Maina, 2003a). By D18,
arabronchus formation is largely complete and the lungs contain
ell developed atria and infundibula, a wide central lumen, and

 thin gas exchange tissue mantle (Maina, 2003a). Air capillaries
orm by D18 and anastomose profusely in the parabronchi by D20
Mortola, 2009; Romanoff, 1960).

Normal cardiorespiratory development in bird embryos appears
o be somewhat plastic and influenced by environmental condi-
ions, including ambient oxygen, during incubation. In the chicken
mbryo, chronic hypoxia or hyperoxia causes an often complex
uite of changes in the heart, the lungs and the chorioallantoic
embrane (Acosta and Hernandez, 2012; Azzam and Mortola,

007; Chan and Burggren, 2005; Corona and Warburton, 2000;
ruyan and Levi, 2012; Wu and Zhang, 2010; Xu and Mortola, 1989;
hang and Burggren, 2012). In most of these studies organ mass was
he primary measured variable, although data specifically on lung

ass have only been measured in a few of these studies and very
ittle is known of how the actual morphology, as opposed to the
ulmonary mass, changes. Consequently, we still have only rudi-
entary answers to the question “What is the impact of hypoxia

nd hyperoxia on the gross morphology of pulmonary development
n the bird lung”?

To answer this key question, this study has determined the gross
orphological effects on the parabronchial (gas exchange) tissue

f the developing lungs of chickens produced by chronic hypoxic
nd chronic hyperoxic incubation. Based on limited observations
f developing vertebrates, changes in ambient oxygen levels have
een reported to alter the size and morphology of the gas exchange
rgan (gills, skin, lungs) (Blank and Burggren, 2014; Burggren and
walukoma, 1983; de Meer et al., 1995; Gebb and Jones, 2003;
aworth and Hislop, 2003; Tzaneva et al., 2011). Thus, our first
ypothesis was that developmental phenotypic plasticity induced
y variations in oxygen level will produce changes to gross mor-
hology of the lung tissues.

The underlying mechanisms for avian cardio-respiratory devel-
pmental plasticity in the face of hypoxia are not well understood.
ascular endothelial growth factor (VEGF), a hypoxia-inducible
rotein, has a broad impact on endothelial cell function, and is
ritical for development of the lungs in mammals, by inducing
ngiogenesis and vasculogenesis involved in airway and blood ves-
el branching (Birk et al., 2008; Bry et al., 2014; Crivellato, 2011;
ines and Sun, 2014; Kumar and Ryan, 2004; Lazarus and Keshet,
011; Woik and Kroll, 2015). Indeed, at least in developing mam-
als, the lung has one of the highest levels of VEGF expression

mong all organs, resulting in a large number of local morphologi-

al and physiological effects (Voelkel et al., 2006; Wang et al., 2014).
EGF expression is often found to be induced by hypoxia and inhib-

ted by hyperoxia (Maniscalco et al., 1997; Remesal et al., 2009;
ang et al., 2014). Whether VEGF is similarly implicated in regu-
siology & Neurobiology 219 (2015) 85–94

lation of the development in the avian lung, and how it is affected
by tissue oxygenation levels, is less clear. In one of the few studies
to look at VEGF expression in the lungs during hypoxic incuba-
tion in chicken embryos, VEGF isoforms 122, 146 and 190 were
up-regulated by short-term hypoxia at D16, but unchanged at D19
(Been et al., 2010). Consequently, our second hypothesis was that
changes in VEGF expression in developing lungs are associated with
modifications in morphological development induced by hypoxic
or hyperoxic conditions.

2. Materials and methods

2.1. Source and incubation of eggs

Fertilized white Leghorn eggs (Gallus gallus variant domesticus)
were obtained from Texas A&M University and shipped to the Uni-
versity of North Texas, Department of Biological Sciences, where
they were placed in Styrofoam egg incubators (1588 Electr. Hova-
Bator, G.Q.F. Manuf. Co.). For all groups, eggs were incubated at
37.5 ± 0.5 ◦C and 55–60% relative humidity (maintained by an open
water source in the bottom of the incubator) and were turned
automatically every three hours (Tazawa, 1981). Humidity and
temperature were constantly monitored within the incubators.

Beginning with onset of incubation (D0), 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. One  pop-
ulation was  incubated in each condition through D1–16, while the
second population was incubated two  additional days from D16.

Hypoxic and hyperoxic gases within the incubator were pro-
duced by using an on demand servo-null gas regulation system
consisting of an oxygen electrode placed within the incubator and a
monitoring system and a solenoid system that allowed either N2 gas
(hypoxic conditions) or O2 gas (hyperoxic conditions) to flow into
the incubator as needed to maintain the required oxygenation lev-
els for incubation (15%, 21% or 30% O2). Gas flow was intermittent
(∼10–15 s of flow every 1–2 min, with a flow rate of <20 ml/min
when solenoids were activated, as dictated by the need to lower
PO2 with N2, or raise it with O2. Importantly, this small rate of gas
flow was verified as adequate to alter ambient PO2 without altering
incubator temperature.

The University of North Texas’ Institutional Animal Care and Use
Committee (IACUC) approved all experimental procedures.

2.2. Sampling points during development

Eggs were removed on embryonic days 16 or 18, corresponding
to stages 41–43 (Hamburger and Hamilton, 1951), for body mass
measurements and collection of lungs for weighing and morpho-
metric measurements. Day 16 was  chosen as the first sample point
because pulmonary atria and infundibula have formed by D15–D16.
D18 was chosen as a second sampling point because by this day of
development, a wide central lumen and thin gas exchange tissue
mantle is typically present, atria and infundibula are well devel-
oped, and most of the parabronchi have formed (Maina, 2003a;
Makanya et al., 2013; Makanya and Djonov, 2009). These two
sampling points thus encompass the key elements of pulmonary
maturation. No measurements were made after D18 because the
intent was  to avoid any possible changes in pulmonary morpholog-

ical dimensions associated with the variable, unpredictable levels
of actual pulmonary ventilation associated with internal pipping
(rupture of the air cell) and lung ventilation beginning on D19 (Xu
and Mortola, 1989).
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.3. Tissue collection

Embryos were anesthetized by placing them for 10 min  in a
losed glass container with gauze pads soaked with isoflurane. Eggs
ere opened and the deeply anesthetized embryos removed from

he shell and separated from the extra-embryonic membranes. The
nesthetized embryos were then sacrificed by additional isoflu-
ane exposure or by decapitation. The yolk was  removed from
he embryonic body, and the yolk-free wet body mass was  then

easured. The lengths of the beak and the right third toe were
easured to the nearest 0.1 mm with calipers to provide an index

f development (Chan and Burggren, 2005; Dzialowski et al., 2002;
amburger and Hamilton, 1951). Embryos were pinned to a dissec-

ion tray in a supine position and the coelomic cavity was  opened by
ongitudinal ventromedial incision. The lungs were exposed after
areful dissection and reflection of the surrounding structures. Pre-
iminary measurements determined that, due to the fluid-filled and

ore fragile nature of the embryonic lungs, more consistent results
n morphology could be obtained by removing the lungs whole
nd placing them in fixative, rather than by fixation through intra-
racheal infusion. Lungs were removed from the body, blotted to
emove excess fluids, and wet mass of the lungs was  measured.
gain, preliminary measurements determined no significant dif-

erences between volumes or morphology of gas exchange tissues
f right or left lungs. Therefore, routinely the left lungs were chosen
or additional morphological analysis.

Lungs were fixed by immersion in 4% paraformaldehyde
vernight at 4 ◦C for preparation of slides for light microscopy
xamination (see below).

A separate population of birds was used to determine dry mass
f the right and left lungs, and the remaining embryo carcass. Tis-
ues were placed in aluminum weighing boats and dried at 60 ◦C
or 24 h, prior to dry weight determination.

.4. Histology

Embryonic lungs were processed by standard histological meth-
ds for light microscopy by dehydration in ethanol followed by
mbedding in toto in paraffin wax (Maina, 2002b, 2003a,b; Maina
t al., 1989). Some shrinkage inevitably occurs in pulmonary tissues
ue to histological processing. It was assumed that the different
orphological components of the avian lung shrink equivalently,
aintaining the same relative proportions when examined histo-

ogically.
Following histological preparation, each lung was serially sec-

ioned at 5 �m intervals transversely to the long axis of the lung.
ections were then stained using conventional hematoxylin and
osin stains. Sections were determined to be technically adequate
nd fixation satisfactory when the lumina of the parabronchi were
atent and the exchange tissue was intact (Maina, 2002b; Maina
t al., 1989).

.5. Morphometric measurements

.5.1. Thin section selection
Each lung yielded 8–12 thin sections when serially sectioned

quidistantly through the lung tissue. For morphometric analysis,
ne thin section was chosen consistently from the same location
f each lung, midway through the lung (middle third along the

ong axis) typically at a distance of 1.10–2.40 mm from the lung
ip, depending on the lung’s total length. The 4th, 5th, or 6th thin
ection was typically chosen, corresponding to the lung midpoint.

he midpoint was chosen because the thin sections taken from this
ortion of the lung were the largest and most consistent in struc-
ure, spanning the entire cross-section of the lung without breaks in
he tissue. The midpoint thin sections were, therefore, the most his-
iology & Neurobiology 219 (2015) 85–94 87

tologically appropriate with intact parabronchial tissue, as well as
the most homogenous in nature, when using entire cross-sections
for analysis and comparison (see below).

Each thin section was photographed using an Olympus DP70
digital camera system mounted on to a Nikon Eclipse E200 light
microscope. All sections were photographed at a total magnifi-
cation of 40×,  and subsequent analyses were made using ImageJ
software (National Institutes of Health).

2.5.2. Lung surface area relationships
Imaging software was  used to trace the outer edges of the tissue

thin section on the glass slide and then calculate the tissue surface
area within the tracing. This value for lung tissue surface area as
presented on the slide was determined for each thin section, and
then served as the reference used to determine the fractional per-
centage of this total area that was actually occupied by specific lung
tissue types.

The components of lung tissue thin section that were assessed
for relative surface area were the lumina, the parabronchi alone,
the parabronchi plus lumina, and the non-parabronchial tissue. The
percentage of each pulmonary tissue component, determined from
the thin section surface areas, was calculated using the following
formula:

Component% = (
SAcomp

SAlung
) × 100

where

• SAlung is the entire surface area of the lung thin section deter-
mined by tracing around the entire outside edge of the lung tissue
on the slide (see above), and

• SAcomp is the surface area in thin section of the specific compo-
nent (e.g., lumina) within the entire lung thin section, determined
by tracing around all occurrences of that component within the
total tissue used to determine SAlung.

To determine the percentage that the lumina of the parabronchi
occupied within each lung thin section in histological cross-section,
the outside edge of each lumen was traced, as illustrated in Fig. 1.
The sum of each individual lumen surface area was  then used to
determine the percentage of lung tissue consisting of lumina.

To determine the percentage of total lung tissue of the
parabronchi plus lumina within each lung section, the out-
side edges of all parabronchial tissue were traced (Fig. 1). The
parabronchi included the secondary bronchi because of their
resemblances in having a mantle of exchange tissue, which make
them functionally similar and difficult to distinguish on histolog-
ical sections (Maina et al., 1989). After tracing all parabronchial
tissue, the sum of all individual parabronchial surface area mea-
surements was  then used to determine the percentage of total lung
tissue in cross-sectional area that comprised parabronchial tissue.
Additional calculations from these primary data included thin sec-
tion surface area of all parabronchi including lumina, parabronchi
without lumina, and non-parabronchial tissue.

2.5.3. Blood vessel density
The density of all visible blood vessels (arteries, arterioles,

venules and veins), was counted for each thin section, and
expressed as number of vessels per mm2 of tissue thin section
(Fig. 1). Because this study was limited to light microscopy, indi-
vidual capillaries could not be clearly visualized, and so were not
counted.
2.5.4. Atria density and lumina circumference
For each thin section, the measurements of luminal circumfer-

ence and atrial density were taken within a 1 mm2 field of view



88 M.A. Lewallen, W.W.  Burggren / Respiratory Physiology & Neurobiology 219 (2015) 85–94

Fig. 1. Methodology for determining two dimensional surface area of the entire tis-
sue of each thin section. The entire surface area for each tissue thin section was
determined by tracing around the outer edges of the tissue on the slide (light blue
line). This served as the reference for calculating the percentage of slide area occu-
pied by lumina, parabronchi, parabronchi plus lumina, and non-parabronchial tissue
of  total lung tissue (only a portion of a complete section is shown in this figure, for
clarity). The outside edge of each lumen of the parabronchus was  then traced to
determine luminal surface area, with each lumen being assigned a unique num-
ber  by the image analysis software. Then, the outside edges of all parabronchi
were traced to determine parabronchial tissue surface area. (In this image, the
process of parabronchial tracing created a second unique set of numbers for each
parabronchus, resulting in occasional overlapping numbers reflecting the two stage
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Fig. 2. Characteristics of the lumina. The light weight grid lines enclose areas
0.5 mm × 0.5 mm on edge. For each histological section, measurements were taken
from a 1 mm2 field (outlined by medium weight line in the bottom central region of
figure) located laterally in the second third of the lung. The inset in the upper right is
blown up from the area outlined by the dashed lines within the 1 mm2 field. 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
nalysis process.) Representative major blood vessels are indicated by arrows. See
ext for additional details (For interpretation of the references to color in this figure
egend, the reader is referred to the web version of this article.).

ocated in the second third of the lateral region of the lung. This
easurement was taken from within a 1 mm2 field of view to

chieve a greater precision in tracing all atria and infundibula
han could be achieved with more generalized luminal tracings
rom entire sections. The circumference of each lumen was deter-

ined by tracing the edges of each lumen, including all atria and
nfundibula (Fig. 2). All lumina circumferences were then summed
o determine the total luminal circumference, expressed as mm of
ircumference per mm2 of thin section area.

Atria were defined by the presence of distinct invagina-
ions deviating from the smooth, spherical shape of the lumen.
nfundibula that invaginated from the atria were not counted sep-
rately from the originating atria. The number of atria of all lumina
Fig. 2 inset) was summed to determine total atria, expressed as
umber of atria per mm2 of tissue thin section.

.6. Pulmonary VEGF concentration

After measurement of wet mass, the right lung of each embryo
as used to measure VEGF concentration. Lungs were placed in

ials containing saline, flash frozen in liquid nitrogen, and stored at
80 ◦C for later analysis. Frozen lungs were then homogenized in
uffer (490 �L protein extraction reagent, 5 �L protease inhibitor
ocktail, 5 �L EDTA) and centrifuged at 10,000 RPM for 5 min. The
EGF concentrations of the homogenates were determined with a

ouble-antibody sandwich enzyme-linked immunosorbent assay
ELISA) kit (NovaTeinBio, Woburn, Massachusetts, USA) specific to
he chicken VEGF protein. In brief, following centrifugation, 10 �L
f supernatant and 40 �L of sample diluent were added in dupli-
of tissue thin section). In this particular slide, the 1 mm2 field of view contained all
or  part of nine lumina (numbered). Luminal atria (indicated by dots) were counted
to  determine total atria per mm2 of tissue thin section.

cate to a 96 well plate coated with a monoclonal antibody for
chicken VEGF. The well plate was  then incubated at 37 ◦C for 30 min.
Following four washes using a proprietary solution provided by
NovaTeinBio to remove unbound substances, 100 �L of HRP con-
jugate reagent (VEGF antibody and horseradish peroxidase) was
added to each well and incubated at 37 ◦C for 30 min. Following
four additional washes to remove unbound antibody-HRP (horse
radish peroxidase), the kit’s color reagents (chromogenic substrate
A and B—50 �L each) were added to each well and incubated at
37 ◦C for 15 min. Then 50 �L of stop solution was  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, supplied by the manufac-
turer, were added in duplicate to additional wells at the same time
as the supernatant and sample diluents.

All calculated VEGF concentrations were determined using a
standard curve calculated from the supplied calibration standards
by plotting the mean absorbance for each standard against the
concentration, determining the best fit curve to obtain the linear
regression equation, and then calculating each actual sample con-
centration using its optical density and linear regression equation.
Then each calculated concentration per sample was  divided by the
mass of the lung tissue actually in that sample.

2.7. Statistical analysis

All data were tested for normality of distributions (Shapiro–Wilk
test) prior to other statistical tests. Data were analyzed using two-
way ANOVAs with embryo age and oxygen level as the two  factors.
A significance level of 0.05 was used followed by Tukey’s post-hoc
tests. Statistics were performed using SigmaPlot 12. All data are
presented as means ± standard error.
3. Results

Mean values, n values and statistics of control values (normoxia)
measured variables and the differential changes induced by chronic
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Table  1
Differential responses of body mass, pulmonary mass and length of beak and toe to incubation in normoxia, chronic hypoxia and hyperoxia in D16 and D18 embryos. Data
are  presented as mean ± SE. N values are in parentheses. Bold indicates values for hypoxia or hyperoxia that are significantly different (p < 0.05 or smaller) from normoxia
(control) values at the same day of development. See text for additional details of statistical testing.

Embryonic
age (DPF)

D16 D18 Statistics for two-way ANOVA
on  development and oxygen
level

Oxygen
level (%)

15 21 (control) 30 15 21 (control) 30 p value for O2 effect p value for
day effect

Embryo
wet  mass
(g)

13.7 ± 0.6 (7) 14.5 ± 0.9 (8) 16.7 ± 0.2 (7) 19.1 ± 0.8 (6) 21.3 ± 1.5 (10) 21.2 ± 0.9 (13) <0.001 <0.001

Embryo dry
mass (g)

1.9 ± 0.2 (7) 2.4 ± 0.3 (8) 2.5 ± 0.1 (7) 3.2 ± 0.1 (6) 4.2 ± 0.5 (10) 4.1 ± 0.2 (13) <0.001 <0.001

Lung  wet
mass (mg)

114.3 ± 12.1 (7) 136.3 ± 9.8 (8) 155.7 ± 10.7 (7) 180.0 ± 17.6 (6) 196.0 ± 16.4 (10) 205.2 ± 14.8 (13) NS <0.001

Lung  dry
mass (mg)

14.0 ± 1.6 (10) 17.5 ± 1.5 (10) 19.5 ± 1.2 (8) 24.5 ± 3.0 (9) 27.9 ± 2.6 (10) 29.4 ± 2.0 (10) NS <0.001

Wet  lung
mass-to-
wet
embryo
mass ratio
(×100)

0.94± 0.09 07char dotchar (7) 0.87 ± 0. 07 (8) 0.99 ± 0.07 (7) 1.01 ± 0.12 (6) 0.83 ± 0.06 (10) 0.67 ± 0.13 (13) NS <0.05

Dry  lung
mass-to-
dry embryo
mass ratio
(×100)

0.72 ± 0.04 (7) 0.77 ± 0.06 (8) 0.79 ± 0.06 (7) 0.78 ± 0.10 (6) 0.70 ± 0.06 (10) 0.72 ± 0.04 (13) NS NS

Beak  length
(mm)

3.4 ± 0.2 (10) 4.0 ± 0.1 (10) 3.7 ± 0.1 (8) 4.5 ± 0.1 (7) 4.6 ± 0.1 (10) 4.7 ± 0.1 (10) NS <0.001

Toe  length
(mm)

13.1 ± 0.3 (10) 14.5 ± 0.2 (10) 14.7 ± 0.2 (8) 16.4 ± 0.1 (7) 18.3 ± 0.4 (10) 18.2 ± 0.3 (10) <0.001 <0.001

Table 2
Differential responses of pulmonary morphometrics and VEGF expression of parabronchial lungs to incubation in chronic hypoxia and hyperoxia in D16 and D18 embryos.
Data  are presented as mean ± SE. N values are in parentheses. Bold indicates values in hypoxia or hyperoxia that are significantly different (p < 0.05) from normoxia (control)
values  at the same day of development. See text for additional details of statistical testing.

Embryonic age
(DPF)

D16 D18 Statistics for two-way
ANOVA on development
and oxygen level

Oxygen level
(%)

15 21 30 15 21 30 p value for O2 effect p value for day effect

Parabronchial
tissue (% of
total
pulmonary
tissue)

60.8 ± 1.9 (6) 63.7 ± 3.2 (6) 66.3 ± 1.1 (7) 68.2 ± 1.8 (6) 62.8 ± 2.3 (6) 66.7 ± 2.0 (6) <0.02 <0.005

Lumina (% of
total
pulmonary
tissue)

13.4 ± 1.6 (6) 14.2 ± 1.8 (6) 14.1 ± 1.3 (6) 13.9 ± 1.4 (6) 16.5 ± 2.0 (6) 18.6 ± 1.9 (6) NS NS

Parabronchi
plus  lumina (%
of total
pulmonary
tissue)

74.2 ± 2.5 (6) 78 ± 1.8 (6) 80.4 ± 0.7 (6) 82.2 ± 2.0 (6) 79.4 ± 1.6 (6) 85.2 ± 1.0 (7) <0.02 <0.005

Non-
parabronchial
tissue (% of
total
pulmonary
tissue)

25.8 ± 2.5 (6) 22.0 ± 1.8 (6) 19.6 ± 0.7 (6) 17.9 ± 2.0 (6) 20.7 ± 1.6 (6) 14.8 ± 1.0 (7) <0.002 <0.005

Luminal
circumference
(mm  per mm2)

11.7 ± 2.3 (6) 11.5 ± 2.1 (6) 13.6 ± 2.3 (6) 11.9 ± 1.4 (6) 10.6 ± 1.4 (6) 10.8 ± 1.6 (6) NS NS

Number of
atria (per mm2)

73.1 ± 13.9 (6) 67.8 ± 10.4 (10) 88.7 ± 17.3 (13) 132.8 ± 7.1 (6) 136.7 ± 18.2 (8) 131.7 ± 21.6 (7) NS <0.001

Atrial density
(per mm2)

6.8 ± 1.0 (6) 6.1 ± 0.6 (6) 6.5 ± 0.9 (6) 11.6 ± 0.9 (6) 13.1 ± 1.2 (6) 12.3 ± 1.1 (6) NS <0.001

Blood vessels
(per mm2)

2.8 ± 0.4 (6) 2.4 ± 0.4 (6) 2.7 ± 0.3 (6) 2.2 ± 0.2 (6) 3.5 ± 0.5 (6) 2.8 ± 0.5 (7) NS NS

VEGF (pg/mL) 736 ± 91.4 (7) 538.8 ± 32.4 (6) 480.0 ± 28.0 (6) 631.4 ± 8.0 (7) 380.5 ± 36.6 (7) 672.5 ± 75.6 (7) <0.002 NS
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Fig. 3. Wet  mass of lung and whole yolk-free embryo as a function of incuba-
tion oxygen level (chronic hypoxia, normoxia, or hyperoxia) and development
from embryonic day 16 to 18 in chicken embryos. Sample sizes are provided in
Table 1. Data are presented as mean ± SE. An asterisk indicates a significant differ-
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nce between developmental days as determined by a two way  ANOVA (see text for
dditional details). Boxes enclose means at any given day of development that are
ot  significantly different from each other.

ypoxic or hyperoxic incubation are provided in Tables 1 and 2.
able 3 provides a summary of the direction of change for each
ariable, at each day, for each incubation condition.

.1. Embryo mass

Embryo wet mass increased significantly with development
rom D16 to D18 for all three treatment groups (Table 1, Fig. 3).
hronic hypoxic incubation reduced body mass compared to nor-
oxic embryos at both D16 and D18. In contrast, on D16 (but not
18) the wet mass of hyperoxic embryos was significantly greater
ompared to normoxic controls. Additionally, embryo dry mass
howed exactly the same pattern of changes with hypoxic and
yperoxic incubation as wet mass, suggesting that there was no
ignificant edema or dehydration caused by any of the incubation
rotocols.

.2. Beak and toe length

Beak length and toe length both increased significantly
p < 0.001) with development from D16 to D18 for all oxygen levels
Table 1). Beak and toe length were reduced in the hypoxic group
ompared to the normoxic group on D16. There were no differ-
nces in beak length between normoxic and hyperoxic incubation
roups on D16, nor between any oxygen incubation group on D18
Table 1). On D18, toe length was significantly lower than control,
ith hyperoxia having no effect (Table 1). Collectively, these data

ndicate that hypoxia induced a small developmental delay up to
16, with some recovery in developmental stage evident two days

ater at D18.

.3. Pulmonary tissue masses

Lung wet mass increased with development from D16 to D18

t all three oxygen incubation levels, but there were no differences
n lung wet mass between oxygen levels on either sampling day
Table 1, Fig. 3). The ratio of lung wet mass to embryo wet  mass in
ontrol embryos was 0.0099 ± 0.0016 on D16 and 0.0083 ± 0.0006 Ta
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n D18 (Table 1), and was not affected by oxygen incubation level
n either day of sampling.

Lung dry mass increased significantly (p < 0.01) with develop-
ent for all oxygen levels (Table 1), and oxygen incubation level

ad no effect on lung dry mass at either D16 or D18. The ratio of
ung dry mass to embryo dry mass, as for this ratio for wet masses,

as 0.0169 ± 0.0273 on D16 and on 0.0272 ± 0.0012 on D18, and
as not affected by oxygen incubation level.

The ratio of dry lung mass to wet lung mass increased from day
6 (0.129 ± 0.010) to day 18 (0.143 ± 0.004), indicating a slightly

ower water content with the additional maturation of the lungs
ver these two days. There was, however, no significant effect of
xygen level at either day of development.

.4. Pulmonary morphometrics

Changes in pulmonary morphometrics as a function of devel-
pment and incubation oxygen levels are presented in Table 2.
here were no differences in the percentage of parabronchi as a per-
entage of total lung tissue in thin section, between D16 and D18
or control (normoxic) embryos (Table 2). At D16, neither hypoxia
or hyperoxia had any effect on parabronchial tissue percentage.
owever, on D18 the parabronchial proportion (expressed as a per-

entage) increased from the normoxic value of ∼63% of total lung
issue up to ∼68% in the hypoxic population (Table 2).

The percentage of total pulmonary tissue occupied by lumina
as not significantly affected by either day of development or level

f oxygen incubation (Table 2).
The percentage of total pulmonary tissue occupied by the

arabronchi plus lumina increased significantly from D16 to D18 in
ll populations. Hyperoxia, but not hypoxia, increased this variable
t both D16 and D18 (Table 2).

The percentage of non-parabronchial tissue in the lungs of
ormoxic embryos was ∼21–22% on both days of development.
owever, this variable was decreased by hyperoxia on both
16–D18 (Table 2).

Total luminal circumference (mm  of circumference per mm2

f tissue thin section) was not affected by day of development or
ncubation oxygen level (Table 2).

The number of atria per mm2 lung thin section and the calcu-
ated atrial density nearly doubled from D16 to D18 in all three
ncubation populations (Table 2). However, incubation oxygen level
tself had no effect on atrial numbers or density at either day of
evelopment.

Blood vessel density (number of blood vessels per mm2 tissue
hin section) were not affected by developmental days or oxygen
evels (Table 2).

.5. Pulmonary VEGF concentration

Pulmonary VEGF concentration in the normoxic population
ecreased by ∼30% from day 16 to 18 (Table 2, Fig. 4). On D16, VEGF
oncentration was approximately 35–40% higher in the hypoxic
roup compared to the control and hyperoxic groups, which were
ot different from each other (Table 2, Fig. 4). On Day 18, pul-
onary VEGF concentration in the hypoxic and hyperoxic group
as elevated 66% and 76% above the control group, respectively.

. Discussion
This study has investigated the morphological effects of
ariations in O2 level on chicken embryos and their morphol-
gy, especially of the lungs. The effects did not reflect simple
ose–response relationships, as will now be discussed.
iology & Neurobiology 219 (2015) 85–94 91

4.1. Wet  and dry embryo mass

The increase in both embryo and lung wet mass for all O2 level
groups from D16 to D18 was as anticipated, reflecting continuing
embryonic growth during late development as a prelude to internal
pipping and pulmonary ventilation. The present study has shown
that hypoxic incubation from D1–D18 reduces embryo wet mass,
confirming previous studies (Altimiras and Phu, 2000; Burton and
Palmer, 1992; Chan and Burggren, 2005; Copeland and Dzialowski,
2009; Dzialowski et al., 2002; Molenaar et al., 2011; Stock and
Metcalfe, 1987; Xu and Mortola, 1989; Zhang and Burggren, 2012).
Collectively, these data suggest that O2 availability at even relative
modest hypoxia (15% O2) significantly limits embryonic growth,
and that no particular critical window during development for
the hypoxic retardation of growth. Embryo mass also increases in
chronic hyperoxia, suggesting that there is an oxygen limitation to
growth within the egg during normoxia (Copeland and Dzialowski,
2009). Hyperoxia also stimulated growth in the present study on
D16, but not on D18 of development (Table 1), indicating a likely
plateauing of growth – even in the presence of an abundance of
oxygen – as internal pipping approaches.

Dry embryo masses reflected the same trends as wet embryo
mass, with no significant differences in dry embryo-to-wet embryo
mass ratios, indicating no overall tissue edema caused by variable
O2 levels.

4.2. Beak and toe length

Beak and toe length is a commonly used indicator of develop-
mental stage (Hamburger and Hamilton, 1951). As with the overall
increase in body mass with development, the significant increase
in both beak and toe length for all O2 level groups from D16
to D18 was anticipated to occur as a result of normal develop-
mental growth over time. Hypoxia reduced beak and toe length
(Table 1), indicating a possible hypoxia-induced developmental
delay. These findings align with other studies describing smaller but
also less mature embryos under hypoxic incubation (Azzam et al.,
2007; Copeland and Dzialowski, 2009; Dzialowski et al., 2002; Xu
and Mortola, 1989). Using normal tables of chicken development
(Hamburger and Hamilton, 1951), the differences in beak and toe
length for hypoxic embryos in this study on both D16  and D18 indi-
cate a developmental delay of ∼24 h. This is consistent with the
observation that embryos incubated in hypoxic conditions tended
to internally pip one day later than those incubated in normoxic
and hyperoxic conditions (Copeland and Dzialowski, 2009).

4.3. Pulmonary developmental plasticity

4.3.1. Pulmonary mass
One of the key questions of this study was whether hypoxia

might stimulate or inhibit pulmonary growth, either of which
would be evidence of environmentally-induced developmental
phenotypic plasticity of the embryonic respiratory system. The
results of the present study support previous studies showing that
embryonic lung mass is only modestly affected, if affected at all,
by hypoxic incubation (Chan and Burggren, 2005; Xu and Mortola,
1989). Yet, in the present and previous studies there is clear evi-
dence for oxygen level-induced developmental plasticity of the
toes, beak and other organs. Thus, the developmental trajectory for
the embryonic lungs in particular appears to be more fixed than for
other organs, which we  speculate may  result from the utter impor-
tance of having lungs with a respiratory surface area sufficient to

carry out respiration in the perinatal period and into adulthood.
Noteworthy, however, is that in a previous study considering lung
mass during development in chicken embryos (Xu and Mortola,
1989), hypoxic incubation actually did increase the lung to body
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ig. 4. Lung VEGF concentration on embryonic days 16 and 18 in the chicken embry
 values are in parentheses. An * indicates significant difference from the normoxic

ass ratio, but the more extreme hypoxic level of that study (10%
2) also caused a larger decrease in embryo mass. There may, in fact,
e a hypoxic threshold for pulmonary developmental plasticity,
nd we would argue for the construction of “dose-response” curves
n future studies that document the potentially variable effects of
ariable oxygen levels.

.3.2. Lung morphology
The structure of the lung of the adult bird has been char-

cterized in detail (Maina, 2003a,b, 2006; Makanya and Djonov,
009; Makanya et al., 2011b; Mortola, 2009; Mueller et al., 2015;
omanoff, 1960; Stock and Metcalfe, 1987). However, poorly
nderstood is the development of these internal pulmonary tissues
nd related structures and how they are affected by O2 incuba-
ion level. During normal development there is an increase in
arabronchial tissue and a decrease of non-parabronchial tissue
s a percentage of total lung tissue, reflecting the maturation of
he lungs toward the necessity of pulmonary respiration at inter-
al pipping (Maina, 2003a; Whittow, 2015). We  hypothesized
hat incubation in chronic hypoxia or hyperoxia would primarily
lter the parabronchial tissue as the actual site for pulmonary gas
xchange. In fact, chronic hypoxic incubation caused no change
n the percentage of parabronchial tissue (with or without lumina
ncluded) on D16. By Day 18, however, hypoxic incubation had sig-
ificantly increased the percentage of parabronchial tissue. Given
hat internal pipping could occur as early as D19, this increase in
arabronchial tissue could signal an increase in the gas exchange
f the lung as pulmonary respiration begins.

Parabronchial lumina increase in diameter as the chicken
mbryo’s lungs develops (Maina, 2003a), but in the current study,
actors related to parabronchial luminal diameter were unaffected

ith late development from D16 to D18. Incubation O2 level did not
ffect the percentage of lung tissue occupied by lumina. An increase
n the number of luminal atria is also expected to occur as devel-
pment progresses (Maina, 2003b), and the current study revealed
hat atrial numbers and atrial density increased with development
Table 2), approximately doubling just between D16 and D18. These
ata suggest that a considerable amount of the normal matura-
ional increase in respiratory surface area occurs in the final few

ays before the onset of pulmonary ventilation. Interestingly, how-
ver, neither chronic hypoxia nor hyperoxia altered these variables
n either D16 or D18, suggesting a fixed developmental trajectory
or these pulmonary tissues irrespective of oxygen availability.
osed to chronic hypoxia, normoxia, or hyperoxia. Data are presented as mean ± SE.
rol) value.

Adaptive changes in pulmonary surface area ideally should
match increased pulmonary vascularization to maintain optimal
perfusion–diffusion ratios and hence maximize gas exchange effec-
tiveness. In our study, blood vessel density was  unaffected by
developmental stage or O2 level, suggesting that vascularization
(at least, of the major blood vessels that we observed) kept pace
with atrial proliferation.

4.4. VEGF concentration

Hypoxia-inducible factors (HIF-1 and HIF-2) are regulatory pro-
teins controlling expression of most genes involved in hypoxia
adaptation. HIF is heavily involved in the expression of VEGF
(Berchner-Pfannschmidt et al., 2008; Bigham and Lee, 2014; Garcia
et al., 2015; Gorr et al., 2010; Prabhakar and Semenza, 2012; Taylor
and McElwain, 2010; van Patot and Gassmann, 2011; Xiao, 2015).
Hypoxia increases concentrations of HIF-1, which in turn stimulates
VEGF transcription (Garcia et al., 2015; Padmanabha et al., 2015;
Woik and Kroll, 2015). A primary action of VEGF is to stimulate
blood vessel formation and thus potentially increase the perfu-
sion and thus oxygenation in a wide range of tissues (Burggren,
2013; Clerici and Planes, 2009; Voelkel et al., 2006). VEGF also
has pivotally important roles in the induction of the necessary
angiogenesis and vasculogenesis involved in not only blood ves-
sel branching, but also airway branching in the mammalian lung
(Birk et al., 2008; Bry et al., 2014; Crivellato, 2011; Hines and Sun,
2014; Hislop, 2005; Kumar and Ryan, 2004; Lazarus and Keshet,
2011; Tuder et al., 2007; Woik and Kroll, 2015).

Because of the above-mentioned actions of VEGF and its relation
to tissue hypoxia, we hypothesized that VEGF concentration would
increase in lung tissues exposed to chronic hypoxia, and decrease
in lung tissues exposed to chronic hyperoxia. Indeed, on both D16
and D18 VEGF was  considerably elevated in the hypoxic group com-
pared to the control and hyperoxic group (Table 2, Fig. 4). The major
pulmonary blood vessels showed no evidence of an O2 level incu-
bation effect in this study, but the smallest gas exchange vessels
may  have been stimulated by hypoxia during this developmental
period, which could produce a greater perfusion of the pulmonary
gas exchange surfaces.
It was additionally hypothesized that VEGF concentration would
decrease under hyperoxia as a consequence of decreased HIF-1
expression. Certainly, in neonatal mammals hyperoxia suppresses
VEGF expression (Fujinaga et al., 2009; Keenaghan et al., 2013).
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owever, hyperoxia has also been found to enhance VEGF release
rom cell-associated stores, as a potential adaptive response to
yperoxia-induced cell injury (Shenberger et al., 2007), and VEGF
otentially has other beneficial developmental effects in hyperoxia
Bhandari et al., 2008). In the present study, VEGF expression in
yperoxia did not differ from normoxia on D16, yet, was  actually
75% higher in hyperoxia than in normoxia on day 18. The rea-

ons for this are unclear. Chicken eggs exposed to hyperoxia from
ays 7 to 14 of development exhibit a decreased rate of growth
y extraembryonic blood vessels of the chorioallantoic membrane
the main gas exchange organ of the avian embryo) as well as
estruction of the capillary plexus, in an O2 dose-related manner
Strick et al., 1991). Perhaps hyperoxic exposure during incubation
ctually decreases the gas-exchange capabilities of the CAM, ironi-
ally resulting in an internally hypoxic environment for the embryo
nd its pulmonary tissues during hyperoxic incubation. This could,
n turn, result in a stimulation of pulmonary VEGF expression, as
een in this study on D18.

Given the demonstration of major changes in VEGF concen-
ration as a function of both late embryonic development and
evelopmental stage, a study of the correlation of VEGF with pul-
onary gross anatomy is highly warranted.

.5. Future directions

This study has generated several key questions. Does chronic
ypoxic exposure in development affect the gas exchange tissue in
he avian lungs in ways that actually alter pulmonary gas exchange
pon internal and then external pipping? Does the gas exchange
ffectiveness of the CAM, which also changes with hypoxic expo-
ure (Chan and Burggren, 2005; Strick et al., 1991), influence
evelopmental plasticity of the parabronchial lungs? Finally, what
re the critical windows, if any, for modification of pulmonary
evelopment? Developmental critical windows will surely exist for
ulmonary morphology, as they do for other structures (Burggren
nd Reyna, 2011; Burggren, 2015; Symonds et al., 2007), but the
elineation of the limits or “edges” of these windows is likely
ighly dependent on hypoxia level (dose) used in a particular study
Burggren and Mueller, 2015). Unfortunately, however, there is
urrently no “industry standard” level (dose) of hypoxia used in
ncubation protocols for chicken embryos—different studies vari-
usly use O2 incubation levels of 10%, 12%, 14% and 15%. Future
tudies on the effect of environmental stressors on embryonic
evelopment will be even more useful if they employ multiple
tressor doses within experimental design.
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