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1 Abstract 
 
Evidence has shown that hypoxic hearts have greater heart/fetus mass ratio. However, it is still 
unclear if either hyperplasia or hypertrophy causes the relatively increased heart mass. 
Furthermore, the genes that might be involved in the process have not yet been identified. In the 
present study, the cardiac transcriptome was analyzed to identify differentially expressed genes 
related to hypoxia. Eggs were incubated for 15 and 19 days in two different environments, 
normoxic and hypoxic. Normalized microarray results were analyzed to isolate differentially 
expressed probes using the Affymetrix chip. Total RNA was also isolated from another set of 
fetuses incubated in the same conditions and used to perform a qPCR in order to confirm the 
microarray results. In the four groups (15N, 15H, 19N, 19H), some probes were differentially 
expressed. From the eggs incubated for 15 days, the microarray revealed five probes that were 
differentially expressed according to the criteria (p<0.01 and absolute fold change FC>2) in the 
two programs (PLIER & RMA) used to normalize the data. From the eggs incubated up to 19 
days, eight probes were differentially expressed in both programs. No further tests were 
performed on the 19 days fetuses since there was no significant difference in that group after 
incubation for the heart/fetus mass ratio. Apolipoprotein-A1, p22, similar to ENS-1 and β2 
adrenergic receptor were further tested in qPCR (15 days sample). The differently expressed 
genes are linked to cell division and should be further studied to identify their function, especially 
the similar to ENS-1. 
 
Keywords: cardiac myocytes, hypertrophy, hypoxia, microarray, quantitative PCR 
 
2 Introduction 
Growth of the heart during the embryonic and fetal periods happens through proliferation of 
mononucleated cardiac myocytes in a process called hyperplasia (18). Early in the postnatal 
period the cardiac myocytes loose their ability to proliferate and become differentiated as 
karyogenesis is happening in the absence of cytokinesis (6). At this time, the heart copes with the 
increasing mechanical workloads by increasing the cell size instead of increasing the number of 
cells. In rat, the shift from hyperplastic to hypertrophic growth occurs as increasing numbers of 
cardiomyocytes become binucleated and are terminally differentiated (6). This transition happens 
quickly in early postnatal stages between day three and four (11). In the same study, binucleation 
of cardiac myocytes was identified as an early morphological sign of myocyte hypertrophy and it 
appears as cardiac myocytes react to the increasing mechanical load of early postnatal 
development. Most cardiomyocytes in the human heart undergo binucleation during fetal life (2, 
14). According to those studies, up to 90% of all cardiomyocytes are binucleated late in gestation 
and up to 97% are binucleated by seven weeks after birth. In chicken, the switch from myocyte 
hyperplasia to hypertrophy occurs during the early post-hatching period. All cardiac myocytes in 
chicken are mononucleated at day one and 18 % of the cardiac myocytes are binucleated at day 
15. At that age, less than 1 % myocytes have more than two nuclei (10). At this time the cardiac 
myocytes loose their ability to proliferate and the continued increase in heart mass is the result of 
the enlargement of individual pre-existing cardiac myocytes (10). Increased myocardial 
workloads due to systemic hypertension, chronic hypoxia, carbon monoxide exposure in fetal or 
early neonatal life lead to cardiac enlargement. This happens by inducing an increased rate of 
hyperplasia of myocardial cells or continuation of hyperplasia beyond the normal period of 
hyperplastic growth (15).  
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As stated earlier, cardiac myocytes react to the increasing mechanical load of early postnatal 
development or to other stressors like chronic hypoxia. The resulting cardiac remodeling is 
different between those situations and is classified as either physiological or pathological. As an 
example of physiological hypertrophy, exercise-induced cardiac hypertrophy is a favorable 
adaptive response of the heart to increased metabolic demands. Pathological hypertrophy is a 
maladaptive response to pathological stimuli that can be pressure or volumes overload (9). In 
contrast, during normal cardiac maturation, cell cycle regulators and growth factors are reduced 
while the structural proteins and stress response factors are relatively increased from newborn to 
adult  (4). Chen et al. (4) revealed that the cyclin B1, which is involved in cell cycle regulation, 
was downregulated in postnatal phases and thought to be involved in the formation of binuclear 
cardiomyocytes during postnatal cardiac development between day seven and day 14 (4). After 
birth, the IGF-2 (Insulin-like growth factor 2) was dramatically downregulated, with no change in 
IGF-2 receptor. This could mean that IGF-2 is related to the postnatal development of 
cardiomyocytes. An earlier study by Liu et al. (12) revealed that in vitro treatment with IGF-2 
could induce the proliferation of fetal ventricular myocytes but not DNA synthesis in the neonatal 
period. Results from Chen et al. (4) study also showed that in vitro treatment with IGF-2 in the 
postnatal period did not induce any significant cell proliferation. Therefore IGF-2 is involved in 
neonatal induction of ventricular hypertrophic myocytes (4). During pathological processes such 
as pathological hypertrophy and heart failure, stress genes are also involved. These include genes 
involved in inflammation, oxidative stress, apoptosis, apoptosis inhibitor activity and anti 
apoptosis (9). Nevertheless, stress genes are not involved in physiological hypertrophy. Instead, 
cell cycle, cell structure, intracellular signaling, protein synthesis, and metabolism genes are 
mostly involved in this process. These include genes in the insulin/glucose pathway, protein 
biosynthesis and epidermal growth factor (EGF) (9). 
Studying gene expression in chicken embryo is of great importance because the chicken embryo 
develops outside the mother. The effects of external stresses on cardiovascular maturity can be 
studied without interferences of maternal hormonal, metabolic or hemodynamic alterations (17). 
To study chronic hypoxia in chicken fetuses is interesting since two of the most observed 
common causes of prenatal stresses are hypoxia and malnutrition (17). This makes the chicken 
embryo a very good model to study mechanisms involved in prenatal programming of 
cardiovascular pathology. That is enhanced by the fact that cardiovascular pathologies have been 
observed in adult chickens and the close similarity in basic mechanisms of cardiovascular control 
between mammals and chickens (17). 
To my knowledge, no study has shown the connection between chronic hypoxic incubation 
conditions with the hyperplasia or the eventual earlier (pre-hatching) transition from hyperplasia 
to hypertrophic cardiac growth. However, one of these two growth conditions should be 
responsible of the increased heart/body mass ratio that has been shown in many studies (13, 20). 
To approach and identify the genes that might be responsible of the relatively increased heart 
mass in hypoxic conditions, a microarray expression study was carried out to identify which 
genes are differentially expressed at 15 and 19 days between eggs incubated in normal oxygen 
concentration (21%) and hypoxic condition (14%) from day one of the incubation period. In 
order to verify and confirm the microarray results, a quantitative PCR (qPCR) was also 
performed on total RNA extracted from chicken hearts incubated in the same conditions as those 
use to perform the microarray. 
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3 Materials and methods 
 
3.1 Incubation conditions 
Broiler Chicken eggs of the Ross 308 strain were obtained from Lantmännen SweHatch 
(Väderstad, Sweden). The eggs were weighted to the nearest tenth of a gram and split up 
alternatively into two experimental conditions: incubation in normoxia (21% O2 normal room air) 
and in hypoxia (14% O2, mixture of nitrogen with normal room air using a standard rotameter). 
Eggs were incubated at 37.8 °C, 45% relative humidity and turned automatically every hour. 
Fetuses were sampled at two developmental ages: 15 and 19 days (of a total of 21 days 
incubation). This makes four experimental groups: 15 days Normoxic (15N), 15 days Hypoxic 
(15H), 19 days Normoxic (19N) and 19 days Hypoxic (19H). Five fetuses per group were used in 
the microarray study and eight in the qPCR study. 
 
3.2 Handling of fetuses 
Fetuses were removed from incubation and immediately decapitated. The fetuses were then 
weighted to the nearest tenth of a gram and the heart dissected out, rinsed in ringer saline and 
weighted to the nearest tenth of a mg. All procedures were approved by ethical permit Dnr.22-07. 
Hearts to be used in the microarray study were preserved in RNAlater and shipped to the USA for 
further processing. Hearts to be used for RNA extraction were processed within 5 min after 
dissection. 
 
3.3 Microarray probe generation and hybridization 
The microarray analysis was done by Genome Exploration Inc, Memphis, TN, USA. In short, the 
protocol started with total RNA extraction from 5 hearts (replicates) in each group (15N, 15H, 
19N, 19H) followed by amplification and labeling by standard RT-IVT (Reverse Transcriptase – 
In Vitro Transcription) methods. Labeled RNA was hybridized to Affymetrix Chicken Genome 
Arrays. This array contains 32,773 transcripts corresponding to more than 28,000 chicken genes.  
 
3.4 Total RNA isolation 
Total RNA isolation from hearts was performed using the Fast RNA® Pro Green Kit (MP 
Biomedicals) following the manufacturer’s protocol. Shortly, 1 ml of RNAProTM solution was 
added to the dissected hearts in a tube containing Lysing Matrix D. The tubes were processed in 
the FastPrep® -24 Instrument for 40 s at a setting of 6.0, and then centrifuged at 12,000 g for 10 
min at room temperature. The upper phase was transferred to new microcentrifuge tubes and 
incubated for 5 min at room temperature to increase RNA yield. 300 µl of chloroform were added 
to the solution followed by 10 s vortexing. To permit nucleoprotein dissociation and increase 
RNA purity, a 5 min incubation step at room temperature was performed. The tubes were then 
centrifuged for 10 min at 12,000 g at 4 °C. The upper phase was again transferred to new tubes 
without disturbing the interphase. 500 µl of cold absolute ethanol (100%) were added to the 
solution, which was inverted 5 times and stored at -20 °C for at least 30 min, followed by a 
centrifugation step at 12,000 g at 4 °C for 15 min. The supernatant was removed and the pellet 
washed with 500 µl of cold 75% ethanol made with DEPC-H2O (DEPC: Di-ethyl-propyl 
carbonate used to treat water to remove RNases and all RNA inhibitors). A centrifugation step at 
13,000 g at room temperature for 7 min was performed before removing the ethanol and air-
drying the pellet (RNA) for 5 min at room temperature. The RNA was resuspended in 100 µl of 
DEPC- H2O. A Nanodrop ND-1000 Spectrophotometer was used to quantify total RNA (ng µl-1). 
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RNA integrity was checked using the Agilent 2100 Bioanalyser. Total RNA isolated was stored 
at -80 °C before use. 
 
3.5 Reverse Transcriptase Polymerase Chain Reaction (RT-PCR) 
 
3.5.1 Reverse Transcription 
Before the synthesis of the first strand cDNA, the template RNA has to be free of DNA 
contamination. DNase I, RNase-free was used for this purpose according to the manufacturer’s 
instructions (Fermentas Sweden). In brief, this was done by adding to 1 µg RNA: 1 µl of 10× 
reaction buffer with MgCl2; 1 µl of DNase I, RNase free and DEPC-treated water to have a total 
volume of 10 µl (all reagents were from Fermentas Sweden if nothing else is written). The 
solution was incubated for 30 min at 37 °C. To stop the reaction, the solution was heated at 65 °C 
for 10 min after addition of 1 µl of 25 mM EDTA (chelating agent) to prevent RNA hydrolysis. 
The first strand cDNA (total reaction volume of 20 µl) was synthesized according to instructions 
from the manufacturer using the RevertAidTM H Minus M-MULV Reverse Transcriptase 
(Fermentas). 5 – 10 ng of total RNA was mixed in a sterile, nuclease-free tube on ice, together 
0.5 µg (100 pmol) of Oligo (dT)18 already diluted (1 µl) and DEPC treated water to reach a total 
volume of 12.5 µl. The solution was gently mixed, briefly centrifuged and incubated at 65 °C for 
5 min, chilled on ice for 30 s, briefly centrifuged and placed on ice. The following reagents were 
added to the solution: 4 µl of 5× reaction buffer; 0.5 µl (20 u) of RiboLockTM RNase inhibitor; 2 
µl of dNTP Mix (10 mM each nucleotide). The solution was incubated for 5 min at 37 °C before 
adding 1 µl of the RevertAidTM H Minus M-MULV Reverse Transcriptase (200 u). After a gentle 
mix and a brief centrifugation step, the solution was incubated at 42 °C for 60 min. The reaction 
was terminated by heating the solution at 70 °C for 10 min. 
 
3.5.2 Polymerase Chain Reaction (PCR) 
Primers were designed using OligoPerfectTM Designer, an online software tool (Invitrogen AB). 
All primers were designed for amplicon lengths between 100 and 200 bp, an annealing 
temperature around 60 °C and GC content around 55 %. The complete list of primers used is 
found in Table 1. Out of the reaction mix, 2 µl of the template DNA were placed in a thin-walled 
PCR tube for a total reaction volume of 50 µl following the manufacturer’s instructions 
(Fermentas Sweden). Briefly, the following reagents were added to a PCR tube on ice: 5 µl of the 
10× Dream Taq buffer; 5 µl of the dNTP Mix; 2 µl forward primer (0.1-1 µM); 2 µl reverse 
primer (0.1-1 µM); 2 µl of template DNA (10 pg-1 µg); 0.25 µl of Dream Taq DNA Polymerase 
(1.25 u) and water to reach 50 µl total volume. The solution was gently vortexed and quickly 
centrifuged to collect drops. The PCR protocol included an initial denaturation step at 95 °C for 3 
min, an amplification phase made of three steps repeated 40 times (a denaturation step at 95 °C 
for 30 s; an annealing step at around 60 °C for 30 s, that temperature varies with the primers 
annealing temperature [59-62 °C]; an extension step at 72 °C for 1 s [ca. 1 s for 1 kb]) and a final 
extension at 72 °C for 10 min in a PalmCycler (Corbett Life Sciences). 
 
3.6 Agarose gel electrophoresis 
The PCR products were loaded on an agarose gel prepared according to the manufacturer’s 
instruction (Fermentas Sweden). A 2.5 % gel was prepared by mixing 1.25 g of TopVisionTM LE 
QG Agarose in 50 ml of TBE Electrophoresis Buffer diluted 10 times (89 mM Tris, 89 mM boric 
acid, 2 mM EDTA). The gel was mixed with 0.5 µl Ethidium Bromide before casting. Wells were 
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formed with a 15-well comb. The gel was run in 1x TBE buffer in a standard electrophoresis 
buffer at ca. 5 V cm-1 for 75 min. Gel pictures were captured using the BioDoc-ItTM Imaging 
System from UVP (Upland, CA, USA) 
 
Table 1. Selected genes and primer sequences used for PCR and qPCR analysis 
 

Gene Primer sequence Result Amplicon size in 
bp 

apo A1 F: AGTACCAGGCCAAGGTGATG 
R: CGGTTCTTGAGGTTCTCAGC 
F: CTACCTGGAGACGGTGAAGG 
R: AGTAGGGAGCCATGTCCTCA 

failed  
 

worked 
 

 
 

152 

p22 F: AGTGACACATTGGGGCCTTA 
R: TTTTGGGGTCAAATCTACGC 
F: CTGTCCGCCTTCCTCTTATG 
R: ACCGACCGTGACCTCGTAT 
F: AAGTGGTGGCGTGTCTGTCC 
R: GACCTCGTATGCCTCCGTCA 

failed 
 

failed 
 

worked 

 
 
 
 

185 

Similar to 
ENS-1 

F: CACTGAACTGGCCAAACTGA 
R: ACCAGGGAGCACGATTATTG 

worked 179 

Beta 2 F: AGCGACTACAACGAGGAGGA 
R: AAGGCTCATCGTTAGGAGCA 

worked 185 

GAPDH F: ATGGGCACGCCATCACTA 
R: TCAGATGAGCCCCAGCCTT 

worked 129 

 
3.7 Quantitative Polymerase Chain Reaction (qPCR)  
According to the manufacturer’s instructions (KAPA Biosystems) and for each sample, the 
following reagents were transferred into a PCR tube: 10 µl of KAPATM SYBR® FAST qPCR 
Master Mix (2x) Universal (KAPA Biosystems), 0.4 µl forward primer and 0.4 µl reverse primer 
(10 µM), 7.2 µl nuclease free water and 2 µl cDNA (total volume 20 µl per tube). Triplicates 
were run for each sample. A standard curve was prepared by mixing 1 µg total RNA from each 
sample to make a RNA pool and reverse transcribe 1 µg of the RNA pool as explained in 4.4.1. 
The amount of cDNA pool obtained was divided in two; first half was considered the highest 
concentration of the standard curve (5 x), the second half was used to make a serial dilution by 
dividing the concentration each time by two. This was done seven times (5, 2.5, 1.25, 0.625, 
0.3125, 0.15625 and 0.07825). Triplicates were run for each concentration of the standard curve. 
The volumes were scaled up according to the number of genes to test. The qPCR was performed 
in the Rotor-GeneTM 6000 (Corbett Life Science) following this protocol: denaturation program 
at 95 °C for 3 min, amplification program of 40 cycles, each of 3 s denaturation at 95 °C 
followed by 60 s annealing/extension at a primer-dependent temperature (60 – 62 °C) with 
fluorescence measurement. A melting curve program was performed from 57 to 90 °C (heating 
ramp of 1 °C per cycle) with continuous fluorescence measurement. The Rotor-GeneTM 6000 
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software calculates automatically the slope of the standard curve, the mean Ct (Threshold cycles) 
of each triplicate and the efficiency of each run.  
 
3.8 Analysis of qPCR results 
The REST (Relative Expression Software Tool) program was used to evaluate the difference in 
mRNA expression of each gene normalized by a housekeeper gene, in this case the GAPDH 
gene. To accomplish this, the efficiency and the CP values must be known, or calculated by the 
REST program. The efficiency can be calculated using the CP (crossing points, defined as the 
point at which the fluorescence rises appreciably above the background fluorescence (16) of the 
standard curve points). CP values are determined by Threshold Cycles from the real-time PCR 
platform used (Rotor-GeneTM 6000). The result is given as a table with the concerned genes, the 
type of gene (reference or target), the reaction efficiency, the evaluated expression ratio, the 
standard error and the corresponding p-values. 
 
3.9 Analysis of microarray expression results 
Array data were normalized by three methods: MAS5 (Microarray Suite 5.0), RMA (Robust 
Multi-array Average) and PLIER (Probe Logarithmic Intensity Error). The data was subsequently 
analyzed for normality and intra-group variability by MvA plots and PCA (principal component 
analysis) before and after probe set selection by statistical tests. Two-way ANOVA multiple 
group testing was used to check for differences between ages (15 vs 19) and treatments 
(normoxia vs. hypoxia). One-way ANOVA and t-Tests were used to filter for group consistency. 
Fold change was used to filter for significant expression changes. The selection of interesting 
candidates for further verification was based on the following criteria: 1) an absolute fold change 
above two (FC>2) and 2) a pvalue between treatments less than 0.01 (p<0.01). Results are 
presented as mean ± SD (standard deviation).  
 
Table 2. Fetal and heart mass from samples sent for the microarray analysis at their 15th (N=5) 
and 19th (N=5) incubation day. (**) indicates significance at p<0. 01. Data as Mean followed by 
(Standard Deviation). 
 

Fetal Age 
(days) 

Treatment Heart Mass 
(mg) 

Fetal Mass (g) Heart/Fetal Mass Ratio  

Normoxic 91.3  
(6.9) 

15.6 
(0.4) 

0.0059 
(0.0005) 15 

Hypoxic 94.2 
(5.3) 

12.3 
(0.4) 

0.0077 (**) 
(0.0006) 

Normoxic 183.0 
(10.1) 

32.5 
(2.0) 

0.0056 
(0.0003) 19 

Hypoxic 141.8 
(17.8) 

22.0 
(3.0) 

0.0065 (**) 
(0.0002) 

 
4 Results 
 
4.1 Effects of hypoxia on chicken fetuses 
Fetuses incubated under hypoxic conditions did show a difference in the body mass and relative 
heart size compared to those incubated under normoxic conditions as shown in Tables 2 and 3. 
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For the Microarray study, heart mass was 3% larger in 15H than 15N while fetal mass was 21% 
lower. Heart mass was 22% lower in 19H than 19N, while fetal mass was 32% lower. A 
statistically significant difference in the heart/fetal mass ratio was seen between hypoxia and 
normoxia in 15 and 19 days fetuses. 
Very similar results were obtained for the fetuses and hearts used to extract total RNA (Table 3). 
Heart mass was 0.1% lower in 15H than 15N while fetal mass was 16 % lower. Heart mass was 
17% lower in 19H than 19N, while fetal mass was 16% lower. A statistically significant 
difference in the heart/fetal mass ratio was seen between hypoxia and normoxia in 15 days 
fetuses but not in 19 days fetuses. 
 
Table 3. Fetal and heart mass from samples used to extract total RNA at their 15th (N=8) and 19th 
(N=8) incubation day. (**) indicates significance at p<0. 01. Data as Mean followed by 
(Standard Deviation). 
 

Fetal Age 
(days) 

Treatment Heart Mass 
(mg) 

Fetal Mass (g) Heart/Fetal Mass Ratio  

Normoxic 97.7  
(12.3) 

16.12 
(0.8) 

0.0060 
(0.0006) 15 

Hypoxic 97.6 
(10.9) 

13.4 
(1.7) 

0.0073 (**) 
(0.0004) 

Normoxic 192.3 
(29.7) 

32.5 
(2.5) 

0.0059 
(0.0006) 19 

Hypoxic 157.9 
(23.9) 

27.1 
(3.1) 

0.0058  
(0.0005) 

 
4.2 Expression analysis on cDNA microarray 
Normalization using MAS5 resulted in a data set exhibiting high intra-group variability so this 
normalization procedure was removed from the analysis. The intra-group variability of RMA and 
PLIER normalized data sets was still considerable but both data sets were further considered. 
The RMA and PLIER data sets were then analyzed using two different approaches. In the first 
approach, both age and condition were treated as experimental factors using a two-way ANOVA, 
which revealed a significant difference between ages but not between treatments. Removing the 
treatment factor and applying t-tests, a subset of probes that were differentially expressed 
between ages was selected according to the criteria previously described (fold change >2, 
p<0.001). The probes identified in this analysis are listed in Table S1. 
Because the main interest in the study was to identify differences in gene expression related to 
the experimental hypoxic treatment instead of maturational differences, we continued the analysis 
using a second approach. This time the datasets for each age were analyzed separately using the 
same statistical and filtering procedures. The probes identified in this analysis are listed in Table 
4. Among all the 32,773 probes hybridized on the Affymetrix Chicken Genome Array and 
according to the criteria previously described, five and 15 probes were identified as differentially 
expressed by RMA and PLIER respectively at day 15. From those, only one was found to be 
downregulated in both PLIER and RMA. Further research was done on the five that were 
differentially expressed in both PLIER and RMA. The five are listed in Table 4. 14 and eight 
probes were selected accordingly to the criteria by PLIER and RMA respectively at 19 days with 
four probes for one transcript, the MHC class II antigen B-F minor heavy chain. In PLIER, six 
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probes out of 14 were downregulated while three probes out of eight were downregulated in 
RMA. The same probes were downregulated in both PLIER and RMA. Since there were no 
statistical difference in the 19 days incubation data, we did not proceed further with the 
transcripts identified from day 19. We did further research on three of those probes differentially 
expressed from day 15 which were apolipoprotein A1, calcium-binding protein p22 and similar to 
ENS-1.  
 
Table 4. Differentially expressed probes identified at day 15 and 19 by PLIER & RMA (FC 
represents Absolute Fold Change, ↑ means up regulated, ↓ means down regulated). (*) in probe 
description column indicates further studied genes. 
 

Probe ID Probe description PLIER RMA 
  p-value FC p-value FC 

15 days 
Gga.4719.1.S1_a_at apolipoprotein A-I                      (*) 0.00002 2.9 ↑ 0.00014 2.0 ↑ 

Gga.4842.2.S1_a_at solute carrier family 4, anion 
exchanger, member 1 0.00285 2.3 ↑ 0.00250 2.2 ↑ 

Gga.775.1.S1_at calcium-binding protein p22      (*) 0.00425 2.4 ↑ 0.00662 2.1 ↑ 

GgaAffx.20839.1.S1_s_at Similar to ENS-1                         (*) 0.00495 9.8 ↓ 0.00623 4.7 ↓ 

Gga.12383.1.S1_at corticotropin releasing hormone 
binding protein 0.00583 2.8 ↑ 0.00207 2.8 ↑ 

19 days 
Gga.13336.2.S1_x_at MHC class II antigen B-F minor 

heavy chain 0.00023 4.9 ↑ 0.00142 2.9 ↑ 

Gga.13336.3.S1_x_at 
MHC class II beta chain /// MHC 
class II antigen B-F minor heavy 
chain 

0.00026 3.8 ↑ 0.00008 2.4 ↑ 

Gga.13336.3.S1_a_at 
MHC class II beta chain /// MHC 
class II antigen B-F minor heavy 
chain 

0.00028 3.2 ↑ 0.00049 3.1 ↑ 

Gga.13336.5.S1_x_at 
MHC class II beta chain /// MHC 
class II antigen B-F minor heavy 
chain 

0.00038 3.4 ↑ 0.00088 3.2 ↑ 

GgaAffx.25948.5.S1_s_at microtubule-actin crosslinking factor 
1 0.00312 2.2 ↓ 0.00910 2.0 ↓ 

Gga.4668.2.S1_a_at delta/notch-like EGF repeat 
containing 0.00473 2.4 ↓ 0.00624 2.1 ↓ 

Gga.5147.1.S1_x_at Haplotype BC2v MHC class II B-L 
beta (B-L beta) 0.009488 6.0 ↑ 0.00544 5.0 ↑ 

Gga.1607.2.S1_s_at 
Finished cDNA, clone ChEST442c4 
/// Finished cDNA, clone 
ChEST49a8 

0.00949 2.7 ↓ 0.00527 2.3 ↓ 

 
Although different apolipoprotein (apo) probes are found in the Affymetrix Chicken Genome 
Arrays (apolipoprotein A4, apolipoprotein A1, apolipoprotein A5, apolipoprotein B, 
apolipoprotein  H, apolipoprotein O, apolipoprotein O-like) only apo A1 fulfills the criteria set 
with a p-value of 0.00002 and an absolute fold change of 2.9 in PLIER, p-value of 0.00014 and 
fold change of 2.0 in RMA. Beside the calcium-binding protein p22 gene, another one named 
similar to calcium binding protein p22 was also found in the Array. Only the calcium-binding 
protein p22 gene did fulfill the criteria set with a p-value of 0.00425 and an absolute fold change 
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of 2.4 in PLIER, a p-value of 0.00662 and an absolute fold change of 2.1 in RMA. Only ENS-3 
gene was found in the array besides the similar to ENS-1. The latter did alone fulfill the criteria 
with a p-value of 0.00495 and an absolute fold change of 9.8 in PLIER, a p-value of 0.00623 with 
an absolute fold change of 4.7 in RMA. Besides the three gene transcripts identified in the 
microarray study we also included the β2 adrenergic receptor for further analysis because our 
laboratory is also working on the alterations of β-adrenergic signaling in the fetal heart. 
 
4.3 RT-PCR and agarose gel electrophoresis results 
The primer pairs designed were used to amplify the specific transcript sequence in PCR after a 
reverse transcriptase step. When one pair did not work, another was designed and used. The PCR 
products obtained with the working primers were checked on agarose gels stained with ethidium 
bromide to reveal the presence of the desired PCR. The size of the amplicon corresponded to the 
expected product size which was 152 bp for apoA1, 179 bp for similar to ENS-1, 185 bp for p22 
and 185 bp for the β2 adrenergic receptor.  
 
4.4 Quantitative PCR 
Confirmation of the microarray results for the three transcripts under consideration was done 
using qPCR and the results are shown in Table 5. The apoA1 gene was not confirmed to be 
upregulated as found in the array (Table 4). It has an expression of 0.849 compared to the 
reference gene (GAPDH) with a p-value of 0.171. The Beta 2 adrenergic receptor has an 
expression of 0.836 with a p-value of 0.372. The calcium binding protein p22 gene was found to 
be downregulated at 0.366 with a statistically significant p-value equal to 0.000. This is the 
opposite of what the microarray results showed (Table 4). The ENS-1 has an expression of 0.916 
with a p-value of 0.860.  
 
Table 5. Results of the quantitative PCR analyzed by the REST software for the genes apoA1, 
p22, similar to ENS-1 and Beta 2. 
 

Gene Expression Std. Error p-Value Result Reaction efficiency

GADPH 1.000    0.85 
apoA1 0.849 0.627 - 1.064 0,171  0.97 
Beta 2 0.836 0.548 - 1.410 0,372  0.97 

p22 0.366 0.237 - 0.658 0,000 DOWN 0.93 

 
 
 
 
 
 
 Similar to  

ENS-1 0.916 0.194 – 3.661 0.860  1.16  
 
 
5 Discussion 
 
5.1 Effects of chronic hypoxia on chickens heart during incubation 
Fetal and cardiac growth is altered by oxygen shortage. In the chicken fetus, Villamor et al. (20) 
reported that right and left ventricular areas and wall thickness, corrected for body weight, were 
increased under hypoxic incubation. A comparable increase in the heart mass/body mass ratio 
was observed in our experiment for the 15 days old fetuses, similar to what others have reported 
(13). That was considered by Villamor et al. (20) to be a result of a preserved heart growth 

 9



combined with a restricted body growth. However, he noticed that left ventricular wall areas of 
the hypoxic embryos were significantly larger than normoxic left ventricular areas also when 
areas were not corrected for body mass. This indicated that hypoxic left ventricular growth was 
not only preserved but also actually increased.  
Considering that there are no significant differences in nuclei density between hypoxic and 
normoxic hearts it would appear that the hypoxic enlargement of the heart is also due to 
hyperplasia (20). To my knowledge, no studies have ever evaluated the effects of chronic 
hypoxia on cardiac myocytes in chicken during the whole incubation period and made a link 
between the switch from hyperplasia to hypertrophic growth and hypoxia. The increased 
heart/body mass ratio in hypoxic conditions, revealed in our study and others, is most likely due 
to an increased number of cardiac myocytes in hypoxia due to hyperplasia compared to the 
normoxic cardiac myocytes. This assumption is partly supported by an observation made by 
Clubb et al. (5) in spontaneously hypertensive rats (SHR), where their larger heart mass was due 
to an increased number of cells because all myocytes were mononucleated and of equal size at 
birth in SHR and controls (normotensive strain Wistar Kyoto rats) (5). Increased myocardial 
workloads due to systemic hypertension, chronic hypoxia, or carbon monoxide exposure in fetal 
or early neonatal life lead to cardiac enlargement. The later is a result of an increased rate of 
hyperplasia of myocardial cells or continuation of hyperplasia beyond the normal period of 
hyperplastic growth (15).  
Although the molecular mechanisms that lead to the transition from hyperplastic to hypertrophic 
growth are unknown, the response of the heart to increased metabolic demands or to an increased 
workload depends on the age of the animal at the time the stress is imposed.
 
5.2 Mechanisms of cardiac remodeling 
In our experimental model, fetuses were sampled at the age of 15 days old corresponding to 71.4 
% total growth and 19 days old corresponding to 90.5 % total growth (out of a 21 days incubation 
period). The response of the heart to various stressors depends on the maturational age and the 
duration, meaning that the choice of the sampling period is more than capital to be able to see a 
difference in gene expression that may be playing a major role in the process. The five genes 
found at day 15 and the six genes found at day 19 to be differentially expressed in the microarray 
would likely change if one chooses to sample earlier, like at day eleven, considering that 
adjustments are continually made in the fetuses.  
 
5.3 Genes differentially expressed in the fetal chicken heart 
Not much is known about the role of the genes selected in our microarray screening in chickens. 
apoA-I is a major component of the High Density Lipoprotein. Other HDL components such as 
apoC-III, and apoA-IV have a more widespread expression pattern and are located in the heart, 
liver and intestine of both humans and cluster transgenic mice. apoA-I however, is more specific 
to the heart (3). In situ hybridization analyses showed that the expression of the human apoA-I 
gene in the hearts of cluster Tg and apoA-I Tg mice was restricted to cardiac myocytes. Neither 
other cardiac cells nor any aortic cells expressed the human gene (3). With the discovery of this 
cell type specific expression, it was suggested that the presence of apoA-I in the heart could be 
linked to cardiac myocyte function. However, the same study did not find any specific role or 
physiological relevance of this cardiac protein. The parallel discovery of this gene in the chicken 
heart microarray, as differentially expressed in hypoxic condition, suggests that the apoA1 could 
play a role in adjusting heart function during chronic hypoxia. Nevertheless, the qPCR results did 
not confirm the upregulation of apoA1 in hypoxic conditions. At this point, the microarray results 
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compared to the qPCR results are more reliable. The qPCR results were acquired from a new 
technique that we are still trying to master in our lab.  
Using immunofluorescence techniques, Zhu et al. (22) showed that calcium-binding protein p22 
is associated in a calcium-dependent manner with the marginal bands (MB) of the microtubules 
(MT), the centrosomes and nuclear membrane of mature chick erythrocytes and thrombocytes. 
As already stated by Kimble and Kuriyama (7) the centrosome plays a critical role in the process 
of cell division. It is the major MT organizing center (MTOC) for interphase MT arrays in most 
animal cells. It is attractive to associate the differentially expressed calcium-binding protein p22 
in chicken hearts to the continuous cell division reported early to occur as a reaction to the 
chronic hypoxic stress (15). It is also reported that p22 associates itself with the MB, centrosomes 
and nuclear membranes only in the final stages of differentiation. This is partly supported by the 
results from Woods et al. (21) work that identified in turkey two variants of the p22. One variant 
is highly homologous to its counterpart in chicks and is calcium sensitive; the other one seems to 
lack this calcium sensitivity and is a truncated form of the p22. Observations have been made 
where p22/p21 erythrocytes mutant were binucleated (21). The effects of mutations in 
centrosomal or spindle pole body constituents can result in various abnormalities in centriolar 
function and replication, leading to a variety of cell division abnormalities including multipolar 
spindles, non-disjunction of chromosomes and multinucleated phenotypes (21). The p21 (in 
Turkey) was reported to interact with the MB especially in late stages of definitive erythroid 
differentiation as it is for the p22 in chicken erythrocytes (22). The qPCR result for the p22 
reveals a downregulation, which is in contradiction with the microarray results. No good 
explanation for this sudden change in the results was found except the possible errors in qPCR. 
The similar to ENS-1 gene is thought to be an identical transcript of one of the three genes 
(cENS-1, cENS-2 and cENS-3) of a newly discovered gene family specifically expressed in CES 
(chicken Embryonic Stem) cells. The transcription of cENS (chicken Embryonic Normal Stem 
cell) decreases after induction of CES cells and its gene expression is restricted to early stages in 
embryo (1). Among the three different cENS genes that were characterized, the cENS-1 seems to 
be the most interesting. It encodes for a protein similar to the cERNI, a protein synthesized by 
early responses genes brought up by the signals from the Hensen’s node in the chicken embryo 
(19). The Hensen’s node is considered to be the organizer of anterior tissues including the heart 
(8). The microarray revealed the similar to ENS-1 to be very differentially expressed. It was 
downregulated with a fold change of 9.77 and 4.69 in PLIER and RMA normalization 
respectively. It has a promoter expressed in CES that is highly specific of undifferentiated CES. 
The fact that ENS-1 is an ENS gene raises interest and more work should be encouraged like 
impairing its expression or expression of the ERNI protein on earlier stages, and observe the 
consequences. The qPCR did not confirm the microarray results. 
 
5.4 Perspectives 
Although the qPCR did not confirm the microarray results, the differentially expressed genes 
discovered by the microarray were all of some interest. With the little information available, links 
between those genes and cell division could be made. This is considered as a first step and more 
work should be put on these genes. Special emphasis should be put on the similar to ENS-1 since 
it is expressed in undifferentiated embryonic stem cells but downregulated in induced embryonic 
stem cell. This is of great importance, since research could clarify if these ENS genes or the stem 
cells are involved in cardiac remodeling. 
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8 Appendix 
 
Table S1. Probe differentially expressed between 19 and 19 days evaluated by PLIER & RMA 
 

Probe Set ID Gene Title Pvalue 
(D Vs B) 

FC 
(D Vs B) 

Pvalue 
(D Vs B) 

FC 
(D Vs B) 

Gga.5147.1.S1_x_at Haplotype BC2v MHC class 
II B-L beta (B-L beta) 

1,71E-08 17,647177 3,24E-08 13,1578045

Gga.13336.2.S1_x_at MHC class II antigen B-F 
minor heavy chain 

1,64E-07 25,5435 3,43E-05 6,243739 

Gga.13336.3.S1_x_at MHC class II beta chain /// 
MHC class II antigen B-F 

minor heavy chain 

8,67E-08 38,07287 1,25E-07 5,059604 

Gga.13336.3.S1_a_at MHC class II beta chain /// 
MHC class II antigen B-F 

minor heavy chain 

2,59E-07 28,644838 3,14E-07 25,761698 

Gga.13336.5.S1_x_at MHC class II beta chain /// 
MHC class II antigen B-F 

minor heavy chain 

2,93E-07 31,55759 7,56E-07 20,47827 

Gga.6553.1.S1_at cathepsin G 2,25E-04 5,4335947 2,01E-04 4,628007 
Gga.17403.1.S1_at Finished cDNA, clone 

ChEST724o21 
6,58E-05 4,648504 1,67E-04 3,7238975 

Gga.4719.1.S1_a_at apolipoprotein A-I 0,023582833 2,1829178 0,006949653 2,3538518 
Gga.1428.2.S1_at dihydropyrimidinase-like 4 4,92E-05 4,3945456 2,09E-04 4,2174397 
Gga.6946.1.A1_at Transcribed locus, strongly 

similar to XP_426549.1  
similar to Serine/threonine 
kinase 32C [Gallus gallus] 

3,53E-05 3,0143619 0,001752984 2,0238845 

GgaAffx.21413.1.S1_s_at Finished cDNA, clone 
ChEST629c13 

0,005834671 2,4991233 0,005032728 2,2932982 

Gga.17259.1.S1_at Finished cDNA, clone 
ChEST721a13 

3,02E-04 2,1520014 0,002785201 2,122311 

 13



Gga.540.1.S1_at matrix Gla protein 2,55E-04 3,384455 2,56E-04 3,6360388 
GgaAffx.12086.1.S1_at FK506 binding protein 5 1,15E-04 2,4552805 4,12E-04 2,213053 

Gga.11275.1.S1_at hypothetical LOC427516 6,97E-04 2,173532 5,37E-04 2,395501 
Gga.16038.1.S1_at adiponectin, C1Q and 

collagen domain containing 
4,32E-04 2,5617082 4,40E-04 2,5471647 

Gga.8352.1.S1_at laminin, alpha 2 (merosin, 
congenital muscular 

dystrophy) 

7,14E-05 2,1202912 1,52E-05 2,3360598 

Gga.15874.1.S1_at kelch domain containing 3 1,31E-04 2,4387605 1,23E-04 2,2493393 
Gga.1148.1.S2_at ST6 beta-galactosamide 

alpha-2,6-sialyltranferase 1 
1,37E-04 2,4673955 2,96E-05 2,5682497 

Gga.5360.2.S1_a_at TSC22 domain family, 
member 3 

3,17E-05 2,4634027 2,98E-05 2,539149 

Gga.4564.1.S1_a_at flavin containing 
monooxygenase 6 

4,99E-04 2,566662 2,43E-04 2,7546213 

Gga.4564.2.S1_a_at flavin containing 
monooxygenase 6 

0,001341957 2,139144 6,06E-04 2,404741 

Gga.11645.2.S1_a_at Finished cDNA, clone 
ChEST626a14 

1,85E-05 3,53782 1,28E-05 3,12513 

GgaAffx.22637.1.S1_s_at FK506 binding protein 5 1,96E-05 3,016071 1,09E-04 2,6462805 
Gga.4285.1.S1_at CCAAT/enhancer binding 

protein (C/EBP), beta 
0,005867203 2,7781801 0,00301332 2,6253042 

Gga.4719.1.S1_s_at apolipoprotein A-I 7,32E-05 4,1494837 9,27E-05 4,330333 
Gga.12409.1.S1_at Finished cDNA, clone 

ChEST790p19 
5,81E-04 4,205335 0,015079751 2,9166899 

Gga.1607.2.S1_s_at Finished cDNA, clone 
ChEST442c4 /// Finished 
cDNA, clone ChEST49a8 

0,001808144 2,49236 8,27E-04 1,9265302 

Gga.9700.4.S1_a_at tetraspanin 7 0,007357223 3,1977904 0,007942479 2,5206146 
Gga.5161.2.S1_s_at ankyrin 3 0,009556309 2,6722705 0,014853171 2,1725502 
Gga.12911.1.S1_at RAS-like, family 11, 

member B 
0,002047679 2,68294 0,004148352 2,2318254 

Gga.11632.1.S1_s_at Calreticulin 0,004207138 2,0572038 0,005673168 2,0011346 
Gga.718.3.S1_at dystrophin 0,008932841 2,4031677 0,009034941 2,038602 

GgaAffx.25948.5.S1_s_at microtubule-actin 
crosslinking factor 1 

0,001234378 2,6872885 0,005743621 2,2980084 

Gga.5687.4.S1_a_at kinesin family member 2C 5,85E-04 3,2510545 9,54E-04 2,1393008 
GgaAffx.23228.1.S1_at transmembrane 4 L six 

family member 18 
0,003080084 2,845534 0,006352786 2,5877366 

Gga.4668.2.S1_a_at delta/notch-like EGF repeat 
containing 

1,52E-04 4,417371 1,67E-04 3,6924484 

Gga.3212.1.S1_at Anillin, actin binding 
protein 

6,81E-04 2,9207852 0,001748888 2,5980668 

Gga.9936.1.S1_at aurora kinase A 4,19E-05 2,7910542 2,70E-04 2,1864033 
Gga.12383.1.S1_at corticotropin releasing 

hormone binding protein 
5,33E-04 3,585311 6,36E-04 3,2850335 

Gga.1542.1.S1_at Finished cDNA, clone 
ChEST302p20 

6,84E-06 3,4365127 2,82E-04 2,8070276 

Gga.2996.2.S1_a_at aldehyde dehydrogenase 1 
family, member A2 

3,59E-04 4,405412 3,32E-04 3,8484647 

GgaAffx.24779.1.S1_s_at Finished cDNA, clone 
ChEST556p11 

0,002310065 4,7858186 0,003104482 3,8929338 

Gga.6481.1.S1_at Transcribed locus 9,40E-04 5,1857295 0,002814704 2,4880044 
Gga.775.1.S1_at calcium-binding protein 1,13E-04 4,9856544 2,77E-04 3,2537644 

Gga.7750.1.S1_at hypothetical LOC422459 5,60E-04 3,2454803 6,36E-04 2,1835334 
Gga.9086.1.S2_at Rh-associated glycoprotein 7,10E-04 3,255421 0,001594789 2,5661547 
Gga.819.1.S1_at tubulin, beta 1 3,29E-05 3,9623668 5,80E-05 2,9187584 

Gga.5205.1.S1_at benzodiazapine receptor 1,53E-05 4,1640635 5,82E-05 2,9258587 
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(peripheral)-like 1 
Gga.12856.1.S1_at similar to MGC83195 

protein 
0,002759288 2,360737 0,001863654 2,0012603 

Gga.4981.2.S1_at hemoglobin, delta 8,14E-04 4,935812 6,90E-04 4,573242 
GgaAffx.21220.1.S1_s_at Finished cDNA, clone 

ChEST881h18 
0,002183193 2,8861318 9,81E-04 2,159772 

GgaAffx.2993.1.S1_at erythrocyte membrane 
protein band 4.2 

0,003682518 3,3407397 0,003112167 2,1273537 

Gga.2413.1.S1_at hemoglobin, epsilon 1 7,96E-04 3,8671381 5,72E-04 2,4014084 
Gga.4842.2.S1_a_at solute carrier family 4, 

anion exchanger, member 1 
2,55E-04 5,000972 2,75E-04 4,455788 

Gga.851.1.S1_at hemoglobin, delta 5,58E-04 3,504174 0,002182922 2,0101342 
Gga.1230.1.S1_at DnaJ (Hsp40) homolog, 

subfamily C, member 12 
0,004776459 3,1012425 0,003502969 2,4044724 

Gga.620.1.S1_at bone morphogenetic protein 
5 

0,006862015 2,8622344 0,015215837 2,2045896 

Gga.7827.1.S1_at 5,10-
methenyltetrahydrofolate 

synthetase (5-
formyltetrahydrofolate 

cyclo-ligase) 

0,001389886 2,2923849 9,93E-04 2,0074663 

Gga.4835.1.S1_at myosin, light chain 1, alkali; 
skeletal, fast 

0,001038699 2,6968074 0,00359306 2,1028519 

Gga.2606.1.S1_at Finished cDNA, clone 
ChEST380k16 

0,004016042 2,3703547 0,004167597 2,292476 

Gga.2606.1.S1_x_at Finished cDNA, clone 
ChEST380k16 

0,002682928 2,4568255 0,005490497 2,204481 

Gga.3402.1.S2_at olfactomedin 1 4,25E-05 2,263569 1,47E-04 2,0744956 
Gga.4974.1.S1_at versican 4,52E-04 2,389886 0,002026852 2,1595693 
Gga.4974.1.S2_at versican 1,36E-05 3,0294728 3,83E-04 2,3637633 
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