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Effects of sustained hypoxia on sternohyoid and diaphragm muscle during 
development  
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METHODS 

Animals  

All procedures were performed in accordance with the national legislation under licence from the 

Irish Government Department of Health and Children with institutional ethics committee 

approval. Experiments were performed on Wistar rats (Harlan, UK) at different ages during 

development. Pregnant dams were received approximately mid-gestation, and after parturition 

litters containing both male and female pups were routinely culled to eight. Litters were weaned 

from their dam at postnatal day 21.  

 

Hypobaric Hypoxia 

SH rats were placed in the hypobaric chamber for 7 days starting at P1(n=7), P6 (n=8), or P11 

(n=8), (with respective dams) or beginning at P21(n=8) or P31(n=7).  In a separate study, a litter 

of animals were exposed to hypobaric hypoxia at P11 and received daily oral administration of 

Tempol (100mg/kg,  n=7) starting 3 days prior to hypoxic exposure. Pressure in the chamber was 

reduced gradually and maintained at 450mmHg. Ambient PO2 was approximately 95mmHg 

equivalent to an FIO2 of 12.4%. Chamber pressure was continuously monitored using a digital 

manometer (model C905, Comark Ltd, UK). The pressure in the chamber was controlled by 

adjusting resistance valves in the inlet port to the chamber. Pressure fluctuations due to drift were 

± 3% of the target pressure. Chamber decompression was achieved in about 20 min every two 

days for routine cleaning. The chamber was maintained at room temperature on 12:12-h light-
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dark cycle and food and water was freely available to the animals. Litters were studied at P19, 

P29 or P39 and were compared to age-matched controls which were reared under normobaric 

(~760mmHg) conditions.  

Animal Tissue Preparation  

For all normoxic and hypoxic animals, rat pups (weights ranging from 20-150g) were 

anaesthetised with 5% isoflurane and killed humanely by cervical spinal cord section. Blood 

samples were taken from the inferior vena cava in microcapillary tubes for determination of 

haematocrit. The heart was removed for dissection and separated into right ventricle and left 

ventricle plus septum to ascertain heart weights. The left hemi-diaphragm and paired sternohyoid 

muscles were excised and immersed in oxygenated Krebs solution (pH 7.4) containing NaCl 

120mM, KCl 5mM, Ca2+ gluconate 2.5mM, MgSO4 1.2mM, NaH2PO4 1.2mM, NaHCO3 25mM, 

Glucose 11.5mM and d-tubocararine 25μM (Sigma-Aldrich, Ireland). Muscles were cut into 

longitudinal strips and using a double bath set-up, the diaphragm and sternohyoid were 

suspended vertically in plexiglass tissue holders between two platinum electrodes in water-

jacketed tissue baths containing aerated Krebs solution. Each muscle strip was anchored at one 

end of the muscle to an immobile hook in the tissue holder and the other end was tied with fine 

thread and attached to force transducers. The tissue baths were maintained at a temperature of 

30°C and bubbled with a hyperoxic (95% O2/5% CO2) gas solution. Muscle strip length was 

altered using a micropositioner and was measured in situ using a fixed graduated scale. The 

muscle was stimulated directly by electrical field stimulation, via the electrodes flanking the 

tissue and single twitch tension, peak tension and fatigue characteristics were measured. The 

tension generated by the muscle was recorded using an analogue-digital converter and displayed 

using Chart software (AD-Instruments, United Kingdom) on a computer.  
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Experimental Protocol 

Following an equilibration period of 5 minutes, optimal length of the muscle was determined 

(i.e. the length that produces the greatest isometric twitch tension). The muscle was then held at 

this length for the remainder of the experiment. Single twitch, contraction time (CT), half-

relaxation time (HRT), tension-frequency relationship and fatigue characteristics were 

determined. Twitch kinetics were determined by recording a single twitch (supramaximal 

voltage, 1ms duration) from which the CT (time to peak tension) and HRT (time for peak tension 

to decline by 50%) were determined. Subsequently, tension-frequency was assessed whereby the 

muscle was sequentially stimulated at 10, 20, 30, 40, 60, 80 and 100 Hz for 300msec at each 

frequency, allowing a two minute interval between each stimulus. Ten minutes following the 

tension-frequency determination, fatigue was assessed in response to repeated tetanic 

contractions (40Hz, 300msec train duration) every 2 seconds for 5 minutes.  

 

SDH Histochemistry 

The left hemi-diaphragm and paired sternohyoid muscles were embedded in Tissue-Tek® OCT 

mounting medium (Sakura Finetek, The Netherlands) and quickly frozen in isopentane cooled to 

its melting point by liquid nitrogen (-160°C). The samples were stored at -80°C. Serial transverse 

sections, 10μm thick were cut at -22°C on a cryostat (Leica Cryostat CM30505, Germany) and 

mounted onto polysine glass slides, which were allowed to air dry.  The activity of succinate 

dehydrogenase (SDH) was determined using the following solution: sodium succinate, nitroblue 

tetrazolium, phosphate buffer and deionised water.  The solution was adjusted to a pH of 7.4 by 

NaOH. Sections were incubated for 10 min at 37°C and rinsed in distilled water. 10 min was 

chosen as the optimum time for the SDH incubation period subsequent to time-trials on neonatal 
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diaphragm muscle sections ranging from 8-20 min. Control (blanks) were determined using the 

solution with the primary substrate omitted. This ensured that there was no purple background 

staining from unspecific reactions. All slides preserved by dehydration in a graded series of 

alcohol rinses and then cover-slipped. 

MHC Immunohistochemistry  

Fibre types were determined by indirect immunofluoresence with monoclonal antibodies 

(MABs) using serial transverse sections (10μm) which were previously cut and stored at -80°C. 

 

MHC I, IIA, IIB and IIX antibodies  

Myosin heavy chain (MHC) isoforms were identified using antibodies against MHC I, IIa, IIx 

and IIb.  Slides were defrosted for 1 hour at room temperature and hydrated with PBS for 20 min 

followed by incubation in PBS, 1% bovine serum albumin (BSA) and 5% goat serum for 1 hour. 

The slides were incubated with the primary antibodies in a humidity chamber at 4°C overnight. 

Following a 20min PBS rinse, slides were incubated with the secondary antibodies in a humidity 

chamber for 2.5 hours at 37°C.  

 

The muscle fibre types were detected using a triple-labelling technique employing a cocktail of 

antibodies. This enabled the visualisation of 3 different fibre types: I, IIa and IIb on the same 

tissue section under a different fluorescent filter light (blue, red and green respectively). A 

separate tissue section was used for indirect identification of IIx fibres. The primary MABs, 

developed by Stefano Schiaffino (Venetian Institute of Molecular Medicine, Italy), were 
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obtained from the Developmental Studies Hybridoma Bank (HSDB) developed under the 

auspices of the NICHD and maintained by the University of Iowa, Department of Biology, Iowa 

City. The primary cocktail included: slow IgG2b,  (BA-F8, dilution1:100), type IIa IgG1, (SC-

71, dilution 1:100), and type IIb IgM (BF-F3, dilution 1:25) monoclonal mouse antibodies, all of 

which were targeted by specific secondary antibodies: AlexaFluor 350 conjugated goat anti-

mouse IgG2b (dilution 1:500, Invitrogen, Dublin, Ireland), Dylight 594 goat anti-mouse IgG1 

(dilution 1:500, Jackson Immuno Research Europe Ltd, Suffolk, UK.) and AlexaFluor 488 

conjugated goat anti-mouse IgM (dilution 1:250, Invitrogen, Dublin, Ireland). Type IIx IgG1 

(BF-35, dilution 1:10, DSHB) was identified using an antibody that tags all fibres except pure 2x 

fibres and was highlighted with a Dylight 594 goat anti-mouse IgG1 (dilution 1:500, Jackson 

Immuno Research) secondary antibody. Sections incubated with the cocktail of primary MABs 

(I, IIa, IIb) and IIx primary MABs were also co-incubated with the primary rabbit anti-laminin 

antibody (L9393, dilution 1:100, Sigma- Aldrich, Ireland) and highlighted with a FITC-

conjugated anti-rabbit IgG whole molecule secondary (F9887 dilution 1:200, Sigma- Aldrich, 

Ireland). Control incubations were carried out by omission of the primary MABs. All slides were 

rinsed with PBS and cover-slipped with VECTASHIELD® Mounting Medium. 

Data Analysis 

At the end of each experiment cross-sectional area (CSA) was determined by removing the 

muscle strip from the tissue bath, blotting it dry and weighing it. CSA is calculated by dividing 

the muscle mass (weight in g) by the product of the muscle length (optimal length in cm) and 

muscle density (assumed to be 1.06g/cm3). The force transducer was calibrated using known 

gramme weights. Specific tension was calculated in N/cm2 of muscle CSA. CT and HRT were 

measured as indices of contractile kinetics. For force, the absolute values are presented. For the 
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fatigue protocol, force amplitude was measured at time zero and at 1 min intervals: 1, 2, 3, 4 and 

5 min. Fatigue index (i.e. ratio of force at 5min of fatigue to initial force at time zero) was 

measured. All data are expressed as mean ± SEM.  

 

Statistical Analysis 

Statistical comparisons were made between control and hypoxic groups using one-way ANOVA 

with a Newman-Keuls post-hoc test (comparing all groups) or Dunnett’s post-hoc test 

(comparing all groups to control) as appropriate (P19 control vs. hypoxia groups) or unpaired 

Student’s t-tests (P29 and P39 normoxia vs. hypoxia data sets). To determine SDH, low powered 

images (X 200 magnification) were immediately obtained using an Olympus BX51 microscope 

and an Olympus DP71 camera under a pre-set light for all slides. Using the software Scion 

Image™, optical density (OD) was measured by converting the image to grey scale and applying 

the following formula: uncalibrated OD = log10 (255/ (255-gray value)). The average OD from 

each image was calculated and the values were expressed as the mean ± SEM for all the rat 

groups. Statistical comparisons were made using one-way ANOVA with Newman-Keuls post-

hoc test (P19 groups) or Student’s unpaired t-test (P29 and P39 groups). For the 

immunofluroescence analysis, a low power image (X 200 magnification) of each muscle sample 

was obtained using an Olympus BX51 microscope and an Olympus DP71 camera. Using the 

software Cell A™ we determined the areal density and cross-sectional area of the fibres of 

interest. We used a traditional method of calculating fibre type and cross-sectional area in a 

particular field by using the square test frame (200 x 200 µm) with exclusion and inclusion 

boundaries placed randomly over the laminin view of the muscle sample. We determined that 

four test frames were needed per image to ensure that the coefficient of error was less than 5%. 
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Areal density (%) was calculated as the sum of the positively-labelled fibres divided by the area 

of the square test frame multiplied by 100. Fibres were assessed under individual light filters and 

later merged for illustrative purposes (Adobe Photoshop CS4). Values for IIx fibres are reported 

on the basis of the unstained fibre areal density and CSA of tissue tagged for everything but pure 

IIx fibres. Therefore IIx hybrids are not accounted for in our analysis. Data are expressed as 

mean ± SEM. Statistical comparisons were made using one-way ANOVA followed by Newman 

Keuls or Dunnett's multiple comparisons test (P19 groups) or Student’s unpaired t-test (P29 and 

P39 groups). P<0.05 was the criterion for significance in all tests.  
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