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1 Abstract 

Environmental stress during embryonic development could lead to growth restriction of the 

embryo, and act as a risk factor for the development of cardiovascular disease in adult life. A 

common environmental stressor that causes growth restriction is prenatal hypoxia, which has 

been shown to adversely affect adult health in mammalian models. Prenatal hypoxia causes an 

increase in catecholamines which results in over stimulation of the cardiac β-adrenergic 

receptors. Previous work on chickens has shown that prenatal hypoxia causes an increase in the 

sensitivity of β-adrenergic receptors to epinephrine in the embryonic heart. The sensitivity of 

these receptors was found to be decreased in prenatal hypoxic juvenile. Prenatal hypoxia has no 

significant effect on the density of these receptors in neither the embryo nor the juvenile. The 

lack of change in receptor density implies that the effects of hypoxia are further down stream in 

the signalling cascade. The β2 adrenergic receptor can couple to both the stimulatory Gα subunit 

(Gsα) and the inhibitory Gα subunit (Giα). We hypothesized that prenatal hypoxia would cause 

an increase in the Gsα in the sensitized embryos, while increasing Giα in the desensitized 

juveniles. This study evaluated the relative levels of Gsα and Giα in the hypoxic chicken embryo, 

and in the prenatally hypoxic juvenile, Using western blotting. Hypoxia considerably increased 

Giα in the chicken embryo while having no effect on Gsα. In the prenatally hypoxic juvenile Gsα 

was significantly increased while no changes were found in Giα. This dissociation between the 

levels of Gα subunit and receptor sensitivity implies that that hypoxia affects the signaling 

cascade downstream of the Gα subunit. 

  

2 List of abbreviations 

AC- Adenylyl cyclase  

β-AR- Beta adrenergic receptor 

Giα- G protein inhibitor alpha subunit 

Gsα- G protein stimulatory alpha subunit 

 

3 Introduction 

The process by which an organism grows and develops is critical to the future of the individual, 

affecting its survivability and its success to procreate. Two factors affecting the developmental 

process are the organisms’ genetics, and the environment in which this development occurs. 

Most vertebrates are sensitive to environmental stress, which allows them to take altered 

developmental trajectories in an attempt to reach a suitable phenotype for that new environment. 

This sensitivity may sometimes have adverse effects that resonate into maturity and possibly into 

following generations (Torrens et al. 2003). In humans chronic diseases such as cardiovascular 

disease and diabetes have been associated with low birth weight due to reduced maternal 

nutrition (Barker, 2002). Environmental factors that affect development include, but are not 

restricted to, incubation temperature, foetal nutrition, and the availability of oxygen.  

 

The reduced availability of oxygen, hypoxia, is an environmental stress that could be brought 

about in clinical conditions such as placental insufficiency, cord compression, preeclampsia, and 

maternal anaemia (Zhang 2005). The effects of prenatal hypoxia are broad, affecting multiple 

organs and tissues such as the brain, liver, lungs, vascular tissue, and the heart (Golana et al. 

2009, Lindgren and Altimiras 2009, Crossley et al. 2003, Giles et al. 2002, Lee et al. 2000.). Of 
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these the effects on the heart are the most studied. Foetal heart to body weight ratio is increased 

in rats exposed to hypoxia compared to normoxic controls (Netuka et. al. 2006, Li et. al . 2003). 

Furthermore, the hearts of rats exposed to prenatal hypoxia are also less tolerable than the 

normoxic controls to ischemic insult (Netuka et. al . 2006). In sheep, hypoxia due to foetal 

anaemia causes an increase in cardiac output and, similar to rats, an increase in foetal heart to 

body ratio (Davis et al. 1999). Prenatal Broiler chickens exposed to chronic hypoxia showed 

decreased body mass, reduced ventricle wall mass, decreased heart to body ratio (Lindgren & 

Altimiras, 2009), cardiomyopathy, and diastolic dysfunction (Tintu et al. 2009).  In mammals 

hypoxia causes an increase in circulating catecholamines (McMillen et al. 2001, Murotsuki et al. 

1997, Simonetta et al. 1997) which enhance cardiac output through stimulation of cardiac beta 

adrenergic receptors. 

 

Beta adrenergic receptors belong to the family of G protein coupled receptors, which are 

characterized by a seven transmembrane configuration. The majority of these receptors mediate 

their signal through a guanine-nucleotide regulatory protein complex known as the 

heterotrimeric G protein, which is composed of α, β, and γ subunit. Upon agonist binding, the 

receptor undergoes conformational changes in the third and sixth transmembrane domains, 

following these conformational changes the receptor interacts with the heterotrimeric G protein 

promoting the replacement of guanine diphosphate with guanine triphosphate. The heterotrimeric 

G protein dissociates into an α subunit and a βγ heterodimer, both of which can interact with 

effectors. In the case of beta adrenergic receptors Gsα protein, an adenylyl cyclase (AC) 

stimulator, is released activating adenylyl cyclase causing an increase in cyclic adenosine 

monophosphate (cAMP), followed by cAMP-dependent protein kinase (PKA) activation (fig 1.) 

PKA phosphorylates a number of proteins that include L-type Ca2+ channels, phospholamban,  

myofilament proteins. As a result, stimulation of the βARs and the β1-Adrenergic receptors in 

particular, increases cardiac contractility, accelerates cardiac relaxation, and increases heart rate. 

PKA also phosphorylates the βAR, causing it to decouple from the heterotrimeric G protein and 

promotes its binding to β-arrestin and the subsequent internalization of the receptor, thus seizing 

the signal. 

 

Lindgren & Altimiras (2009) show that chronic prenatal hypoxia increases the sensitivity of beta 

adrenergic receptors in the broiler chicken embryos with no significant effect on the density of 

the receptors. They further show that in contrast to the embryo, chronic prenatal hypoxia 

decreases the sensitivity of beta adrenergic receptors in the juvenile broiler chicken, again with 

no significant effect on the density of the receptors. This demonstrates that prenatal hypoxia can 

have a long lasting effect on the heart of the broiler chicken. Furthermore, it implies that the 

effects of hypoxia on these receptors are further downstream in the signalling cascade. 
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Figure 1. β-AR signalling, modified from Rosenbaum et al. (2009) 

 

β2-Adrenergic receptor phosphorylation by PKA decreases its readiness to interact with Gsα in 

favour of Giα protein, an adenylyl cyclase inhibitor. Activation of the β2-Adrenergic receptors 

leads to increased Giα release, inhibiting adenylyl cyclase (Daaka et al. 1997). The promiscuity 

of the β2-Adrenergic receptors was first suggested by Asano et al. (1984), who found that in 

artificial membranes β2-Adrenergic receptors co-localise with Gαi and exhibit GTPase activity. 

This phenomenon is not exclusive to artificial membranes, and is observed in cardiomyocytes of 

several mammalian species (Xiao et al. 1999, Xiao et al. 1995). Furthermore, transgenic mice 

over expressing human β2-Adrenergic receptors show both positive and negative contractile 

response to treatment with isoprenaline demonstrating the duality of the β2-Adrenergic receptor 

(Hasseldine et al. 2003). 

 

This study evaluates the levels of Gsα and Giα in the heart of chicken embryos, and juveniles 

exposed to chronic prenatal hypoxia. Using a mammalian model to study prenatal hypoxia 

presents a number of challenges, namely, mammals have an umbilical cord and placenta to 

deliver nutrients and oxygen to the foetus, which catecholamines and other hormones readily 

cross. Maternal responses to hypoxia would therefore have a confounding effect on the embryo. 

These effects can be avoided by using an egg-developing animal model. A fast growing strain of 

Broiler chicken was used in this study that has been shown to respond to hypoxia in a similar 

fashion to mammalian models, and has been used in a previous study by this group (Lindgren & 

Altimiras, 2009), of which this study is a continuation of, making the use of the same model 

appropriate. 
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The effect of prenatal hypoxia on the levels of the Gα subunits is a possible explanation for the 

lack in change of receptor density.We hypothesized that the hypoxic chicken embryos would 

show increased Gsα in comparison to their normoxic counterparts, due to the increased 

sensitivity of their cardiac βARs, whereas Giα would increase in the hypoxic juveniles, as 

hypoxia decreases the sensitivity of their cardiac βARs.  The relative amount of these Gα 

proteins were measured compared to normoxic controls age matched controls using western 

blotting. 

4 Materials and Methods  

4.1 Incubation conditions and sampling  

The fast-growing strain Ross 308 of the broiler chicken (Gallus gallus domesticus) was used for 

this study. The eggs were obtained from a local hatchery (Lantmännen SweHatch AB, 

Väderstad, Sweden). The eggs were stored at a constant temperature of 18 ˚C and turned 90 º 

every hour (Hova-bator, Invansys, USA). Prior to incubation the eggs were weighed to the 

nearest hundredth of a gram. Periodic candling of the eggs was performed to monitor embryonic 

development and viability.  

The eggs were incubated at 37.8 ºC with a relative humidity of 45 % and turned once every hour 

(model 25 HS, Masalles Comercial, Barcelona, Spain). The normoxic control group (N) was 

provided with ambient air whereas the hypoxic group (H) was supplied with a mixture of 

nitrogen and air using standard rota-meters (B-125-50, Porter Instruments company, Hatfield, 

Pennsylvania, USA) achieving a final isobaric oxygen concentration of 14 %. The oxygen 

concentration was chosen based on previous studies which found that oxygen concentrations of 

12 %  resulted in a mortality rate greater than 75 % before developmental day 5 (Lindgren and 

Altimiras, 2009). The oxygen concentration was monitored every ten seconds using a galvanic 

oxygen sensor (Pico Technology Inc, Cambridgeshire, UK). On day 20 of incubation the eggs 

were placed in hatching trays in the bottom of the incubator resulting in the chickens being 

hatched in the same oxygen concentration they were incubated in.  

Hatchlings were weighed to the nearest tenth of a gram and released into pens with free access to 

commercial chicken feed (Allfoder PK, Foderfabrik, Västerås, Sweden) and drinking water.  

A light intensity of 6 lux at floor level was maintained with a 12h:12h light/dark photo-period. 

The general room temperature was set to 25 °C, while the temperature at ground level was kept 

between 30 and 32 °C for the first week and 28 to 30 °C for the remainder of the period. The 

animals were weighed on a weekly basis to monitor growth.  

35 day post hatching juvenile chickens and 19 day old embryos were used for experiments based 

on previous studies (Lindgren and Altimiras, 2009), referred to as P35 and E19 respectively. At 

these times the animals were euthanized by decapitation and yolk-free embryonic mass was 

obtained (Sartorius BP 221S, Sartorius, Göttingen, Germany). The animals were immediately 

dissected and the hearts excised and rinsed in modified Ringer's buffer solution (138 mM NaCl, 

3 mM KCl, 3 mM CaCl2, 1.8 MgCl2, 10 mM HEPES, TRIZMA to pH 7.4). The hearts were 
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blotted and weighed to the nearest milligram. The dissected ventricles (P35) or the whole heart 

(E19) were flash frozen in liquid nitrogen and stored at -80 °C until further processing.  

All procedures were approved by the local Ethical Committee (Linköping, Sweden)) diary 

number 22-07. 

4.2 Sample preparation and protein determination 

Samples were thawed on ice then homogenized using a electric homogenizer (Ultra-Turrax T8, 

IKA
®

 Werke GmbH & Co. KG, Staufen, Germany) at medium speed for 30 seconds in 1 ml 

RIPA buffer (Tris.HCl 50 mM, NaCl 150 mM, SDS 0.1 %, Sodium Deoxycholate 0.5 %, Triton 

X 100 1, pH 7.4 ) to which 10 µl of Halt Protease Inhibitor Cocktail with 0.5 mM EDTA (Pierce 

Biotechnology, Rockford, Illinois, USA) was added. Roughly 80 mg of left ventricle tissue was 

used for the juvenile samples, whereas the whole hearts were used for the embryos. The samples 

were then placed on a shaker (PolyMax 2040, Heidolph Elektro GmbH & Co. KG, Kelheim, 

Germany) on ice at 15 rpm for 30 minutes, and centrifuged for 10 minutes at 14,000 rpm 

(MiniSpin plus, Eppendorf AG, Hamburg, Germany),  the supernatant was divided into 200 µl 

aliquots and frozen at -80 °C until further processing.  

Total Protein concentration was determined using a bicinchoninic acid assay (BCA) (Pierce 

Biotechnology, Rockford, Illinois, USA) and. In a microplate 10 µl of tenfold diluted sample 

were pipetted into a well with 200 µl of working solution incubated at 37 °C for 30 minutes, 

absorbance was then measured at 562 nm using a plate reader (Safire, Tecan Group Ltd. 

Seestrasse 103 CH-8708 Männedorf, Switzerland). Five twofold serial dilutions starting at a 

concentration of 2000 µg.ml
-1

 bovine serum albumin and a blank well were used per 

manufacturers’ instructions (Pierce Biotechnology, Rockford, Illinois, USA) to generate a 

standard curve. All samples and standards were run in duplicates. 

4.3 SDS-PAGE  

After the BCA assay the homogenised samples were separated by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) using a modification of the original method 

(laemmli 1970). Samples were diluted to 2.5 μg.μl
-1

, this concentration was selected after testing 

a series of dilutions. The concentration chosen yielded the highest signal without saturation. The 

sample was then mixed with loading buffer (Tris 250 mM, SDS 0.4 %, Glycerol 46 %, 

Dithiothreitol 120 mM, Bromophenol blue 0.4 %) at a ratio 2:1 (Sample : Loading buffer) the 

mixture was then heated to 45 °C for 7 min and left to stand at room temperature for >30 min. 15 

μl of the treated sample was separated by SDS-PAGE. The stacking and separating gels 

contained 36 % Urea  and 6 % and 14 % acrylamide respectively. A juvenile chicken brain 

homogenate known to be rich in both Gα-subunits was used as an internal standard at a dilution 

of 2.5 μg.μl
-1

. 

4.4 Western blot  

A protocol modified from Towbin et al. (1979) was used. After electrophoresis the proteins were 

semi-dry electroblotted (2117 electrophore II, LKB instruments, Mt Waverley, Victoria, 
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Australia) onto polyvinylidene difluoride (PVDF) membranes (GE healthcare Piscataway, New 

Jersey, USA). The gels were then stained using PageBlue Protein stain according to 

manufacturers’ instructions (Fermentas, Burlington, Ontario, Canada) to check for transfer 

efficiency. The membranes were washed in TBS buffer (Tris.HCl 50 mM, NaCl 100 mM, pH 

7.4) for 5 minutes, then blocked in 5 % non-fat milk in TBS buffer for 1 hour, after which the 

membranes were washed with TTBS buffer (Tris.HCl 50 mM, NaCl 100 mM, 0.1 % Tween 20, 

pH 7.4) for five minutes, followed by overnight incubation with a 1:10000 dilution of primary 

antibody (anti-Gsα or anti-Giα) in TTBS buffer with 0.2 % Amersham ECL Blocking Agent (GE 

healthcare Piscataway, New Jersey, USA) at 4 °C. The membranes were then washed 3 times 

with TTBS buffer for 5 minutes, followed by a 1 hour incubation with a 1:3000 dilution of 

secondary antibody in TTBS with 0.2 % Amersham ECL Blocking Agent (GE healthcare 

Piscataway, New Jersey, USA) for 1 hour at room temperature. The membranes were washed 3 

times with TTBS buffer for 5 minutes, followed by two 5 minute washes with TBS buffer. The 

membranes were developed by incubating them with 2 ml Amersham ECL Plus Western Blot 

Detection System (GE healthcare Piscataway, New Jersey, USA) for 5 minutes and visualized 

using a CCD camera (LAS-4000mini, Fujifilm, Minato, Tokyo, Japan).  After exposure for 3 and 

5 minutes, the blots were analyzed using Fujifilm Multi Gauge software v3.2.  

4.5 Antibodies 

Primary antibodies were purchased from Calbiochem Inc., where as the secondary antibody ECL 

Donkey Anti rabbit IgG, peroxidase linked whole antibody was purchased from GE healthcare. 

The rabbit anti-Gsα antibody was raised against a synthetic peptide RMHLRQYELL 

corresponding to amino acids at the C-terminus of mammalian Gsα subunit. The rabbit anti- Giα 

antibody was raised against a synthetic peptide CKNNLKDCGLF corresponding to amino acids 

at the C-terminus of mammalian Gi1α and Gi2α.  

4.6 Statistical analysis 

Values are expressed as a percentage of the internal standard. Paired Student’s t-test was used to 

determine the difference between control and treatment groups. P < 0.05 was taken as a minimal 

level of significance. Sample size was 16 for both embryonic groups and 20 for both juvenile 

groups. 

5 Results. 

5.1 Hypoxia impairs embryonic growth and increases relative heart mass  

The body mass of embryos incubated in hypoxia was significantly lower (17 %) than that of the 

normoxic control. This difference in body mass disappeared with age as no significant difference 

was observed in the juveniles (Table 1). Relative heart mass was significantly increased in the 

hypoxic embryos by 7 % and persisted in the juveniles, indicating cardiac enlargement (Table 1). 
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Table 1. Mass and protein content, values are shown as means (SD) E19, embryonic day 19, P35 

post hatching day 35. Body mass, relative heart mass (heart over body), and heart tissue protein 

content, as measured by the BCA method, for the different experimental groups. * Significance 

between normoxia and hypoxia in same age group (P< 0.05) E19 n=16, P35 n=20.   

  Body Mass, g 
Heart to body 

Mass Index 
Protein μg/mg 

E19    

     Normoxia 32.54 (2.63) 0.589 (0.06) 71.95 (22.13) 

     Hypoxia 27.03 (2.78)* 0.628 (0.073)* 77.63 (18.56) 

P35    

     Normoxia 993.17 (253.73) 0.446 (0.050) 85.40 (25.72) 

     Hypoxia 1011.24 (225.01) 0.480 (0.060)* 99.75 (25.00) 

        

 

5.2 The chicken heart showed differential Gsα isoforms compared to mammals 

The anti-Gsα antibody used in this study is capable of binding to all Gsα isoforms, Gsα-short (45 

kDa) and Gsα-long (52 kDa) and their splice variants (Mumby et al. 1991). The Gsα-long 

isoform, and both the Gsα-short isoform and its splice variant were detected in the juvenile 

chicken brain homogenate used as internal standard. The strongest band in both the normoxic 

and hypoxic samples in all age groups was the 45 kDa Gsα-short isoform (Fig. 2A-B). The amino 

acid sequences of Gi1α isoform (41 kDa) and the Gi2α isoform (40 kDa) are 88% identical 

(Mumby et al. 1991). Both bands were strongly detected in the internal standard but only the 

Gi2α isoform, gave a strong signal in the cardiac tissue samples in all age and treatment groups 

(Fig. 2D-C). 
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Figure 2. Representative immunoblots showing the distribution of stimulatory G protein (Gsα) 

isoforms (A–B), and inhibitory G protein (Giα) isoforms (C-D), in the chicken heart. Four 

samples of each treatment group were seperated by urea-SDS-PAGE (25 µg/well) the samples 

were immunoblotted with specific Gα antisera, as described in Materials and Methods, Juvenile 

chicken brain homogenate was used as an internal standard (Std).   

5.3 Hypoxia increases Giα in the embryo 

Hypoxia had no effect on the level of Gsα in the E19 group. No significant difference was found 

between the hypoxic and the normoxic group (Fig. 3). The level of Giα was significantly higher 

(22.3 %) in the hypoxic group than in the normoxic group (115 % and 94 % of the internal 

standard respectively) (Fig. 3). 
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Figure 3. Effect of hypoxia on the levels of cardiac Gsα and Giα proteins in the E19 heart. Whole 

heart homogenates were analyzed by immunoblotting, the relative changes in Gα subunit levels 

were assessed by densitometric scanning. Values are means ± SD in percentage of standard 

sample density. * Significance between normoxia (black) and hypoxia (white) P < 0.05.    

 

5.4 Hypoxia causes an increase in Gsα in the juvenile  

In contrast to the embryos, hypoxia significantly increased Gsα in the juveniles by 21.5 % 

compared to the normoxic control (Fig. 4), though no significant difference in Giα levels was 

found between the hypoxic and normoxic groups (Fig. 4).  

6 Discussion 

In this study whole tissue homogenates were separated using SDS-PAGE followed by western 

blotting. In consequence, this approach evaluates both cytosolic and membrane bound Gα. A 

common approach in previous studies involves centrifuging the samples to separate the 

particulate (membrane) fraction and soluble (cytosol) fraction. Both of these fractions can then 

be studied (Hrbasová et al. 2003) although it is more usual to study the membrane fraction only 

(Pei et al. 2000). This approach is based on most of the proteins in this signalling cascade being 

membrane bound.  

Several studies have demonstrated that Gsα is released into the cytosol upon β-AR stimulation 

(Hynes et al. 2004, Wedegaertner and Bourne, 1994, Ransnäs et al. 1989). Several mechanism 

by which this occurs have been suggested. Ransnäs et al. (1989) suggest that Gsα is anchored to 

the plasma membrane when associated to the βγ subunits in the heterotrimeric G protein. Indeed 

the hydrophobic βγ subunits are mainly associated with the membrane (Clapham, 1997). 

Furthermore, the Gs heterotrimer is significantly more hydrophobic than the Gsα subunit 

monomer. Another possible mechanism for the stimulation-induced release of Gsα is the 

depalmitoylation of the subunit after activation (Wedegaertner and Bourne, 1994). Previous 
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studies suggest that this Gsα is biologically active, and capable to stimulate Adenylyl cyclase (Yu 

and Rasenick, 2002, Ransnäs et al. 1989). While Roth et al. (1992) found the cytosolic Gsα to be 

inactive others have not found this stimulation-induced release altogether (Jones et al., 1997; 

Huang et al. 1999). The measurement of total Gsα avoids this issue.   

Chronic prenatal hypoxia increases the sensitivity of β-ARs in the embryonic heart, while 

decreasing the sensitivity of these receptors 5 weeks post hatching (Lindgren and Altimiras, 

2009). Unexpectedly the relative amount of Gsα in the embryonic chicken was found to be 

unaffected by chronic prenatal hypoxia while Giα increased. In contrast to the embryos, the 

hypoxic juvenile samples showed no significant change in the relative amount of Giα but  a 

significant increase in Gsα was detected. This increase in Gsα agrees with previous studies on 

adult animals exposed to hypoxia which also found that it is the long isoform that is affected 

(Hrbasová et al. 2003, Pei et al. 2000),. The effects of hypoxia observed in this study were 

predominantly on Gsα -short. An increase in Gsα -short only, is reported in a study investigating 

the effects of prenatal hypoxia on the adult rat (Li et al. 2003). Although they detect Gs-long, no 

significant changes are observed between treatments. The physiological importance of Gsα-short/ 

Gsα-long is not fully understood, and although Pei et al. (2000) suggest that Gsα-long is not 

biologically active, this has not been confirmed experimentally and requires further 

investigation. 

The effect of hypoxia on the functional activity of Gα subunits is a potential explanation for this 

apparent dissociation between the levels of Gα subunits and the sensitivity of the β-ARs. Altered 

activity of the Gα subunits would result in changes in the sensitivity of the β-ARs independent of 

the amount of Gα available. Several studies that found Gsα levels to be elevated by hypoxia also 

found that hypoxia reduces the functional activity of this subunit (Hrbasová et al. 2003, Pei et al. 

2000, Kacimi et al. 1995). Additionally, Feldman et al. (1991) found that Giα activity increases 

while Giα levels remain unchanged in dilated cardiomyopathy.   
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Figure 4. Effect of prenatal hypoxia on the levels of cardiac Gsα and Giα proteins in the left 

ventricle of juvenile chicken. Tissue homogenates were analyzed by immunoblotting, the relative 

changes in Gα subunit levels were assessed by densitometric scanning. Values are means ± SD 

in percentage of standard sample density. * Significance between normoxia (black) and hypoxia 

(white) P < 0.05. 

 

More importantly, several adverse effects of increased Gsα on the heart have been reported in 

previous studies. Mice overexpressing Gsα show cellular degeneration, necrosis, replacement
 

fibrosis, and compensatory hypertrophy (Iwase et al. 1996). These mice also show increased 

myocyte apoptosis, DNA fragmentation, and readily develop cardiomyopathy with ageing (Geng 

et al. 1999). In contrast, Gsα knockout mice do not show the myocardial hypertrophy found in 

their wild type conspecifics after chronic adrenergic stimulation (Johanssen et al. 2008).  Li et al. 

(2003) show that along with an increase in Gsα level, the hearts of adult rats exposed to prenatal 

hypoxia also show a marked increase in apoptosis and fragmented DNA. Taking this into acount 

the increased Gsα in the juveniles reported here suggests an increased risk of cardiac dysfunction 

as a result of prenatal exposure to chronic hypoxia.  

6.1 Prenatal hypoxia could affect the sensitivity of β-AR signalling downstream of the Gα 

subunit 

After the β-AR is stimulated it acts as a guanine nucleotide exchange factor, activating the Gα 

subunit which in turn interacts with adenylyl cyclase, Alousi et al. (1991) suggest that Gsα is in 

stoichiometric excess in the cell, and that adenylyl cyclase is the rate limiting factor in β-AR 

signal transduction. This implies that any effects hypoxia could have on adenylyl cyclase activity 

would be more profound on the sensitivity of β-AR signalling than Gα. Indeed, studies 

investigating the effects of hypoxia on cardiac β-AR found a marked decrease in adenylyl 
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cyclase activity (Hrbasová et al. 2003, Pei et al. 2000, Kacimi et al. 1995) one of these studies 

found that the hypoxia induced decrease in adenylyl cyclase activity persists after five weeks of 

recovery (Hrbasová et al. 2003).  

Rohlicek et. al. (2005) in a study investigating the effects of neonatal hypoxia on the adult heart 

of the rat suggests that hypoxia may induce a shift in AC isoforms favouring a more active 

isoform. Similar to the mammalian heart the AC isoforms expressed in the chicken heart are AC 

5 and AC 6 (Yu et al. 1995). Although these isoforms exhibit similar levels of activity 

(Katsushika et al. 1992), experiments using AC 5 knockout mice found no inhibitory effect from 

the muscarinic receptors on beta adrenergic signalling, while this Giα mediated inhibition 

resulted in a 20 % decrease in contractile response in the wild type. This altered susceptibility to 

inhibition implies that adenylyl cyclase is the primary target of the inhibitory actions of Giα 

(Okumura et al. 2003).  Furthermore, neonatal cardiac myocytes overexpressing AC 6 show an 

increase in Akt protein activity which protects the cell from stress induced apoptosis, this 

suggests increased AC 6 may play a protective role in the heart. (Gao et al. 2008). In contrast, 

AC 5 inhibition prevents cardiac myocyte apoptosis induced by β-AR overstimulation (Iwatsubo 

et al. 2004). During the normal development of the rat heart the levels of AC isoform expression 

change inversely, AC 6 expression decreases with age (Tobise et al. 1994), while AC 5 

expression increases as the animal develops (Espinasse et al. 1995). It would be interesting and 

informative to elucidate the underlying mechanisms behind this change in expression ratio, and 

whether or not hypoxia has an effect on them. 

6.2 Giα plays a protective rather than inhibitory role in the developing heart 

This study demonstrated that in the chicken model prenatal hypoxia increased the amount of Giα 

in the heart of the embryo, despite an increase in β-AR sensitivity to epinephrine previously 

reported in these hypoxic embryos (Lindgren and Altimiras, 2009). In the adult heart inhibition 

of the Giα subunit with Pertussis toxin (PTX), a potent Giα inhibitor significantly increases the 

contractile response to the β2-AR selective agonist zinterol (Xiao et al. 1999, Xiao et al. 1995). 

This Suggests that Giα partially negates the Gsα mediated contractile response due to β2-AR 

stimulation. Interestingly experiments investigating the inhibitory effect of Giα on β2-AR 

signaling in the neonate found that, unlike in the adult, the developing heart Giα has little to no 

inhibitory effect on the β2-AR (Rybin et al 2003, Aprigliano et al. 1997.). Rybin et al. (2003) 

used PTX to block the effects of Giα in neonatal rat ventricular myocytes, and found no 

significant difference between PTX treated cells and the controls. Furthermore, the contractile 

response of neonatal rat myocytes after β2-AR selective stimulation is comparable to PTX treated 

adult rat myocytes. 

The β2-AR is capable of delivering an antiapoptopic signal that promotes cell survival (Zhu et al. 

2001) that is mediated by Giα which activates the Gβγ subunits, which in turn recruit 

phosphoinositide 3-kinase (PI3K) to the plasma membrane from the cytosol. PI3-K then converts 

Phosphatidylinositol 4,5-bisphosphate (PIP2) to Phosphatidylinositol (3,4,5)-trisphosphate (PIP3), 

PIP3 binds to Akt protein which results in growth factor mediated cell survival. Chesley et al. 

(2000) demonstrated that hypoxia induces apoptosis in rat neonatal cardiac myocytes, and more 

importantly pretreatment of these cells with zinterol protected them from hypoxia induced 

apoptosis via the afore mentioned signalling pathway. The increase in Giα reported here could 
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possibly be a result of a similar protective mechanism in response to the hypoxic insult. This 

increase in Giα cannot be entirely attributed to β2-ARs, other receptors such the M2 muscarinic 

acetylcholine receptor also signal through Giα, and could contribute to the increase found. 

Although, Chesley et al. (2000) also showed that stimulation of the M2 muscarinic acetylcholine 

receptor with carbachol, a non selective cholinergic agonist, induced cell survival, suggesting 

that the Giα-PI3K-Akt signal pathway is shared by the two receptors. 

In conclusion, chronic prenatal hypoxia increases Giα subunit in the embryonic chicken, while 

having no effect on the levels of the Gsα subunit. Chronic prenatal hypoxia continues to have an 

effect on the heart of the chicken 5 weeks after hatching, namely the hypoxic treatment increased 

levels of the Gsα subunit, where as no effects were observed on the levels of the Giα subunit. 

These changes in the Gα subunit levels in the juveniles exposed to a prenatal chronic hypoxic 

challenge are further evidence of the long lasting effects chronic prenatal hypoxia has on cardiac 

function and health in the adult.  
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