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Abstract 

Preterm babies (<37 week gestation) are born with an immature respiratory system. 

Consequently, the incidence of respiratory failure is high in these infants. Preterm infants 

have under-developed lungs, diaphragm, immune and oxidative systems that are vital 

contributory factors for preterm respiratory failure. The diaphragm is the most critical 

respiratory muscle for self-breathing and the mechanical pump of the pulmonary system. 

Despite the indispensable role of the diaphragm in independent breathing, there has been 

inadequate research into contribution of the diaphragm to respiratory failure in preterm 

babies compared to the role of the lung. 

Preterm diaphragm dysfunction predisposes preterm infants to respiratory failure due to 

immaturity, functional weakness and the high workload of breathing after birth. Preterm 

diaphragm integrity can be compromised further by common antenatal and postnatal insults 

such as glucocorticoids, inflammation, or mechanical ventilation. These insults often occur 

concurrently. For example: more than 85 % of infants born < 34 week’s postmenstrual age 

(PMA)) are exposed to antenatal glucocorticoids to accelerate fetal lung maturation and 

surfactant production before anticipated premature delivery; antenatal inflammation 

(chorioamnionitis) is implicated in up to 70 % of preterm births before 30 weeks of gestation; 

and preterm babies often require mechanical ventilation and postnatal glucocorticoids for 

treatment of respiratory distress.  

This thesis aims to investigate the independent and combined effects of these clinically 

relevant exposures on preterm diaphragm integrity. This thesis also aims to define the 

molecular mechanisms by which these perinatal insults influence fetal and postnatal 

diaphragm integrity.  

A series of four preclinical experiments were designed to elucidate the effect of antenatal 

steroids on fetal diaphragm, antenatal inflammation and the short-term and long-term effects 

of postnatal glucocorticoids on the postnatal diaphragm, using a well-established ovine 

model of preterm birth. Antenatal care of pregnant ewes and postnatal management of 

newborn preterm lambs were conducted to mirror the routine clinical practice in accordance 

with animal ethics guidelines. Fetal or postnatal lamb diaphragm samples were dissected 

after terminal anaesthesia and snap frozen in liquid nitrogen for molecular analyses. Core 

molecular components regulating muscle growth, development, metabolism and oxidative 

status of the ovine diaphragm were then analysed using qPCR, Western blot and 

biochemical assays. The molecular markers of muscle growth (glucocorticoid receptor and 

direct target genes associated with metabolism: IGF1, IRS1, p85α, klf15) and development 
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(MRF, MHC genes) were analysed. Key markers of protein metabolism for a catabolic 

response (MuRF1, MAFbx, 20 S proteasome) and anabolic signalling (Akt, mTOR, 4EBP1) 

were also investigated. The antioxidant enzymes (GPX1, SOD1, Catalase) and protein 

carbonyl content were measured in the respiratory muscle to examine the oxidative status of 

the fetal or newborn diaphragm. Local and systemic pro-inflammatory and anti-inflammatory 

cytokine markers were also analysed to estimate the inflammatory effects of treatment.  

The first study, (Chapter 5) aimed to determine the effect of duration (2-day, 14-day) of 

antenatal betamethasone exposure on the functional and molecular properties of the fetal 

diaphragm. The dosing regimen used in this study (50 % lower than the routine human 

clinical dose) did not affect fetal diaphragm muscle strength, growth, development, 

metabolism or oxidative status of preterm lamb. Moreover, different durations of exposure to 

antenatal betamethasone had no differential influence on the fetal lamb diaphragm. Our 

findings support the use of low-dose maternal betamethasone for lung maturation in preterm 

lambs. 

The second study (Chapter 6) aimed to determine the combined effects of preterm birth and 

2-day intra-amniotic (IA) lipopolysaccharide (LPS) exposure on diaphragm integrity in lambs 

delivered at 129-day gestational age (GA) and raised to 7-day postnatal age (PNA). Contrary 

to our hypothesis, no diaphragm weakness was evident at 7-day PNA after IA LPS 

exposure. Postnatal adaptations appeared to overcome the LPS-induced fetal diaphragm 

weakness at birth previously reported by our group. Other postnatal exposures such as the 

duration of mechanical ventilation and nutritional protein-intake significantly influenced 

postnatal diaphragm function and structure. LPS exposure increased the dependency of 

preterm lambs on mechanical ventilation. The increased duration of mechanical ventilation 

did not attenuate diaphragm strength, possibly due to a protective effect of mechanical 

ventilation against inflammation induced injury. 

The third study (Chapter 7) aimed to determine the short-term effect of low-dose and high-

dose dexamethasone in early postnatal life on the molecular properties of the diaphragm of 

lambs born preterm. High-dose early postnatal dexamethasone decreased PmTOR protein 

content, and increased IGF1, p85α, GPX1, MHCI, MHCII, IL6 mRNA levels in the diaphragm 

of preterm lambs after the first week of life. Low-dose early postnatal dexamethasone 

decreased PmTOR content and increased protein carbonyl content in the diaphragm 

muscle. There was no downstream effect of PmTOR inhibition, as indicated by the lack of 

change in other markers of muscle growth and metabolism. In addition, mechanical 

ventilation and nutrition were important postnatal factors influencing diaphragm development 
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in the acute postnatal period. Therefore, we conclude that a low-dose dexamethasone has a 

subtle influence on diaphragm integrity at 7-day PNA compared to high-dose 

dexamethasone. However, no detrimental, persistent influence of postnatal dexamethasone 

was evident in the diaphragm after one week of postnatal life. This finding is consistent with 

clinical evidence that suggests low-dose dexamethasone is a safer choice than high 

dexamethasone dose to obtain optimum respiratory benefits for preterm neonates. However, 

this study did not examine the long-term effect of low-dose dexamethasone on the preterm 

diaphragm. 

Therefore, the fourth study (Chapter 8) aimed to determine the long-term effect of preterm 

birth with or without low-dose postnatal dexamethasone on the diaphragm of lambs 

delivered preterm and raised to 2 months of age, relative to term lambs. The experimental 

data showed significant reduction of 20S proteolytic activity in the pre-pubertal diaphragm 

due to prematurity. Also, low-dose early postnatal dexamethasone mediated effects on 

glucocorticoid receptor regulation remained constant overall due to a balanced reciprocal 

change in the respective down and up-regulated target genes. Overall, either prematurity or 

early postnatal dexamethasone treatment did not significantly perturb metabolic, 

developmental or growth regulation of the preterm diaphragm compared to term-born lamb 

diaphragm at two months of age. Long-lasting effects of mechanical ventilation on the 

molecular outcomes of diaphragm at two months postnatal age were also not found. These 

findings support the use of low-dose dexamethasone for improved pulmonary outcomes in 

preterm subjects in the absence of any detrimental effect on the diaphragm. 

Taken together, the current thesis illustrates the absence of a detrimental effect of low-dose 

antenatal betamethasone on the fetal diaphragm, antenatal inflammation on the postnatal 

diaphragm, the short-term and long-term effect of postnatal dexamethasone and mechanical 

ventilation on postnatal diaphragm of preterm lambs. These findings provide novel insights 

on the molecular regulation of respiratory muscle growth, development and metabolism. The 

current thesis reassures clinicians that the use of low-dose steroids to treat preterm 

respiratory complications does not affect the respiratory musculature and ability to maintain 

independent breathing. Thus, the thesis findings may provide supporting literature for 

clinicians involved in the design of future randomised clinical trials for preterm respiratory 

failure using the low-dosing postnatal glucocorticoid regimen. 
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1. General Introduction 
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1.1 Overview and consequence of preterm birth  

Despite modern advancement in neonatal care, preterm birth remains the leading cause of 

perinatal morbidity and mortality in developed countries. Preterm birth is defined and sub-

categorised (Frey & Klebanoff 2016) according to gestational age (GA) at delivery: Preterm 

infants are born before 37 completed weeks of gestation. Late preterm infants are born 

between 34 and before 37 weeks of completed gestation, while moderate preterm infants 

are born between 32 and before 34 completed weeks of gestation. Very preterm infants are 

born between 28 and before 32 completed weeks of gestation; extremely preterm infants are 

born before 28 completed weeks of gestation. The frequency of occurrence of late preterm 

birth is higher compared to moderate, early and extremely preterm birth (Blencowe et al. 

2012; Frey & Klebanoff 2016). Preterm birth may occur after spontaneous labour with intact 

membranes or preterm premature rupture of the membranes (PPROM) or labour induction 

or caesarean delivery due to maternal or fetal indications (Goldenberg et al. 2008). 

Improved survival rates of preterm infants are evident with recent advances in science, 

technology, and the economy. However, associated morbidity rates have not significantly 

improved world-wide (Lawn et al. 2014). Modest progress to reduce preterm birth associated 

complications is due to a complex perinatal condition resulting from multiple etiologic 

pathways. Preterm birth complications are the second leading cause of death after 

pneumonia among children less than five years of age, accounting for nearly 1 million deaths 

in 2013 (Lawn et al. 2014). The morbidity associated with preterm birth includes not only 

short-term health issues but also long-term complications including acute respiratory, 

gastrointestinal, immunologic, central nervous system, hearing, and vision problems. Among 

these complications, respiratory dysfunction is the leading cause of death in preterm infants 

(Colin, McEvoy & Castile 2010). 

1.2 Preterm respiratory dysfunctions  

The transition from fetus to infant involves many complex adaptations at birth; the most 

important is the rapid and dramatic transition from liquid to air-filled lungs. Thus, the first 

breaths of life after birth crucially establish the function of the lungs as a gas exchange 

organ. The optimum gas exchange is achieved through matching of ventilation and 

perfusion, necessitating high workload of breathing which can only be achieved successfully 

by a matured and functional respiratory system. Preterm infants born early with the under-

developed respiratory system are less well equipped to deal with the transition of fetal 
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breathing to neonatal breathing. Proper and complete development of vital organ systems 

ideally requires an intrauterine environment in the final days of gestation. The prepartum 

increase in endogenous fetal cortisol that occurs in late gestation is a normal part of fetal 

development and causes a shift from cell proliferation toward differentiation and maturation 

(Fowden, Li & Forhead 1998). This natural exposure to cortisol is critical for alveolarisation, 

thinning of septae, increasing the pulmonary content of collagen, elastin and tropoelastin, as 

well as increasing the protein and lipid components of surfactant (Fowden, Li & Forhead 

1998). Consequently, the respiratory complications of preterm birth arise from an immature 

respiratory system that is not yet fully prepared to support spontaneous ventilation in the 

extra-uterine environment. The most frequent respiratory complications in the neonatal 

period are defined briefly herein for the clear understanding of the thesis context. 

Neonatal respiratory distress syndrome (RDS) is a condition of pulmonary insufficiency that 

naturally commences at or shortly after birth and increases in severity over the first two days 

of life (Sweet et al. 2013). RDS is an acute lung injury due to a deficiency in surfactant 

synthesis, lung immaturity, and hypoperfusion. Surfactant is a complex lipoprotein normally 

produced by alveolar type 2 cells at about 37 weeks of gestation as the fetal lung matures. 

Surfactant deficiency leads to high surface tension, making it difficult to inflate the alveoli. 

Alveolar collapse subsequently occurs, leading to diffuse atelectasis and decreased lung 

compliance. The incidence of RDS is inversely related to gestational age and is the most 

common cause of respiratory failure in the preterm infants (Sweet et al. 2013). 

Resuscitation, exogenous surfactant, continuous distending pressure or continuous negative 

pressure to establish and maintain functional residual capacity are the active interventions to 

manage and treat neonatal RDS (Ho et al. 2015).  

The absence of RDS at birth does not eliminate the risk of developing bronchopulmonary 

dysplasia (BPD) in preterm infants (Choi et al. 2005). Most premature infants do not 

experience RDS, but often require prolonged mechanical ventilation for apnea or poor 

respiratory effort, still putting them at risk for developing BPD (Allen et al. 2003). Thus, 

preterm infant survivors with or without RDS may develop BPD. BPD is a chronic, scarring 

lung disease that develops due to oxygen toxicity, prolonged mechanical ventilation and 

mostly because of early exposure of the fragile, surfactant-deficient immature lungs to air 

breathing. Although the definition of BPD has evolved over the past decade, it is defined 

currently as the need for oxygen (O2) supplementation for 28 days of life with severity of 

BPD defined by a “physiologic” assessment of the O2 requirement at 36 weeks 

postmenstrual age (Bhandari 2014). There is no specific or effective treatment available to 

date for BPD, since the aetiology of BPD is multifactorial, involving diverse molecular 
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signalling pathways (McEvoy et al. 2014). Male gender, low gestational age at birth, 

barotrauma and excessive oxygen supplementation in the delivery room are early risk 

factors of BPD (Gien & Kinsella 2011). Moreover, mechanical ventilation, hyperoxia, and 

neonatal infections are the risk factors that trigger an inflammatory process which in 

conjunction with immature pulmonary system represent the main antecedents of the BPD 

physiopathology (De Oliveira Peixoto & Costa 2016). Although perinatal advancements such 

as early surfactant replacement, O2 supplementation, mechanical ventilation, better invasive 

and non-invasive monitoring, total parenteral nutrition, and extracorporeal membrane 

oxygenation in the last four decades, BPD incidence, prevention or treatment has not 

significantly improved (Smith et al. 2005; Tropea & Christou 2012). Thus, BPD is associated 

with significant pulmonary and neurodevelopmental sequelae that continue to have health 

ramifications into childhood and beyond. 

1.3 Role of the diaphragm in preterm respiratory 

dysfunction 

The diaphragm is the mechanical pump for pulmonary ventilation. This skeletal muscle is 

responsible for establishing spontaneous unsupported breathing at birth (Rehan et al. 2001). 

The preterm diaphragm like other under-developed respiratory organs is substantially 

weaker than the term diaphragm (Lavin et al. 2013). The preterm diaphragm may work 

inefficiently due to the increased mechanical load imposed by highly compliant chest wall, 

poorly developed lungs, and lack of surfactant (Moss 2006). Developmental studies confirm 

that there are structural and functional differences between the fetal, neonatal and adult 

diaphragm despite their phenotypic similarities (Le Souef et al. 1988; Stuelsatz et al. 2012; 

Randolph & Pavlath 2015). Also, the preterm diaphragm is immature in the context of 

myosin heavy chain fibre content (Watchko & Sieck 1993; Keens et al. 1978), reduced 

oxidative capacity (Song & Pillow 2012), and under-developed calcium (Ca2) handling 

properties (Maxwell et al. 1983; West et al. 1999). Consequently, the immature preterm 

diaphragm must work at a higher fraction of its maximal capacity to generate sufficient 

inspiratory pressure which might predispose preterm infants to develop respiratory 

insufficiency. Chapter Two of this thesis reports the literatures regarding molecular and 

functional aspects of diaphragm development. 

Most preterm respiratory research efforts are focused on the immature lungs. However, the 

contribution of diaphragm weakness to preterm birth associated respiratory complications 

cannot be underestimated. To resolve the preterm respiratory complications, we need a 
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comprehensive knowledge of cellular regulations that govern preterm diaphragm 

development and function. Once the developmental regulation is established, we can then 

examine how the cellular networks are distorted in response to various clinical insults.  

1.4 Antenatal conditions and postnatal insults 

Besides being structurally and functionally immature, the preterm diaphragm is susceptible 

to injury resulting from different prenatal conditions and postnatal insults. Some other 

extrinsic factors that contribute to preterm diaphragm weakness are maternal nutrition, 

smoking, hypertension, genetics, and inflammation. Discussing the effects of all these 

factors associated with preterm birth is beyond the scope of current thesis. Instead, the 

current thesis specifically focuses on several prevalent prenatal and postnatal exposures: 

antenatal glucocorticoid; antenatal inflammation; postnatal glucocorticoid; and mechanical 

ventilation. In addition, due to the inevitable role of nutrition associated with preterm birth 

and neonatal outcome, we also acknowledge the role of nutrition in preterm birth associated 

respiratory complication. Chapter Three of this thesis illustrates the influence of clinically 

relevant exposures on developing diaphragm. 

1.4.1 Antenatal glucocorticoid 

In perinatal care, pregnant women with high risk of preterm delivery are administered 

glucocorticoids to accelerate fetal surfactant and lung maturation (Vassilakopoulos 2008). 

Antenatal glucocorticoids also decrease the risk of RDS development and significantly 

reduce the mortality rate of preterm infants by over 40 % (French et al. 2004). 

Betamethasone is the most commonly used antenatal glucocorticoid in Australia whereas 

dexamethasone is widely used internationally. High doses of maternal betamethasone exert 

a detrimental effect on the term rat pup diaphragm only after three weeks of postnatal age, 

when decreased contractile force and molecular remodelling is evident (Song et al. 2014). 

However, the effect of low-dose maternal betamethasone on fetal, preterm diaphragm is 

unknown, which is the focus of the first experimental study (Chapter 5). 

1.4.2 Antenatal inflammation 

Antenatal inflammation of the fetus results from chorioamnionitis, defined as inflammation of 

the chorionic and amniotic placental membranes. The primary mode of acquisition of 

chorioamnionitis is ascending bacterial infection; viral and fungal infections are relatively rare 

(Ericson & Laughon 2015). Chorioamnionitis may be clinically associated with maternal 



 

6 
 

fever, leukocytosis, tachycardia, uterine tenderness, malodorous amniotic fluid and preterm 

rupture of membranes (Galinsky et al. 2013). Alternatively, chorioamnionitis may present 

asymptomatically as a histologic finding and associated with polymicrobial, low virulence 

organisms such as Mycoplasma and Ureaplasma species (Galinsky et al. 2013). About 90 % 

of preterm births before 28 weeks (Goldenberg et al. 2008) and 70 % of preterm births 

before 30 weeks of gestation (Allen et al. 2000) are associated with intrauterine infection 

and/or inflammation.  

Intrauterine inflammation has a paradoxical effect on neonatal outcome. Although 

chorioamnionitis matures the fetal lung, increasing immediate survival through decreased 

respiratory distress, chorioamnionitis also predisposes infants to premature birth, fetal 

inflammatory response syndrome (FIRS), neonatal sepsis and adverse postnatal incidents 

(Ericson & Laughon 2015).  

In utero inflammatory exposure in the premature diaphragm down-regulates protein 

synthesis pathways leading to impaired contractile function and muscle weakness (Song et 

al. 2013b). In utero LPS exposure also induces mitochondrial electron transport chain 

dysfunction and oxidative stress in the preterm fetal diaphragm (Song et al. 2013c). 

Gestational age at the time of initial inflammatory exposures critically influences the extent of 

preterm diaphragm weakness. The timing of initial LPS exposure during a critical stage of 

development (100d GA) shows a greater, persistent impact on preterm diaphragm weakness 

compared to acute exposure (Karisnan et al., 2015a). Again, repeated LPS exposure does 

not exacerbate preterm diaphragm dysfunction. Rather, repeated LPS exposure induces 

tolerance through endotoxin reprogramming (Kallapur et al. 2007a). However, whether in 

utero LPS- induced preterm diaphragm weakness at birth persists in postnatal life is still 

unknown; this question is explored in the second experimental study (Chapter 6). 

1.4.3 Postnatal glucocorticoid 

Dexamethasone is the most widely used glucocorticoid in the postnatal period to improve 

pulmonary functions of preterm infants as well to facilitate their early extubation from 

mechanical ventilation. Contemporary use of postnatal corticosteroids differs markedly from 

that of the 1980-1990s: in 2013, most clinicians initiate dexamethasone treatment at ≤ 0.2 

mg/kg, tapering the treatment over a limited period. In addition to short-term side effects of 

dexamethasone treatment (hyperglycaemia, hypertension and impaired weight gain), reports 

emerged of other serious events including increased protein catabolism, cardiac hypertrophy 
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and gastrointestinal perforation (with treatment < 7 d age) and long term adverse 

neurodevelopmental outcomes (Barrington 2001; Stark et al. 2001b). 

Glucocorticoid-mediated diaphragm atrophy and weakness are studied extensively in adult 

animal models (Sasson et al. 1991; Eason et al. 2000; Maes et al. 2011; Qin et al. 2013). 

Contrasting outcomes are reported depending on the dose and duration of glucocorticoid 

treatment from randomised clinical trials, in vivo animal studies and in vitro studies. 

However, the effect of dexamethasone on the development and function of the newborn 

diaphragm is unknown. The optimum dose, duration, and timing of initiation of 

dexamethasone to maximise pulmonary outcomes and minimise detrimental side effects 

remain unclear. More precisely, the acute and chronic effect of postnatal dexamethasone on 

the preterm diaphragm is largely unknown which will be elucidated in the experimental study 

three (Chapter 7) and study four (Chapter 8), respectively. 

1.4.4 Mechanical ventilation 

Mechanical ventilation (MV) is a lifesaving therapy for critically ill patients with acute 

respiratory failure, mainly to support gas exchange. Other beneficial effects of mechanical 

ventilation include prevention of muscle fibre injury during sepsis, reversal of respiratory 

muscle fatigue and restoration of blood flow to vital organs (Vassilakopoulos & Petrof 2004). 

However, mechanical ventilation is frequently coined as a “double-edged sword” due to its 

potential complications such as tracheal injuries, cardiovascular compromise, infection, 

oxygen toxicity, ventilator-induced lung injury (VILI) and rapid onset of ventilator-induced 

diaphragm dysfunction (VIDD) (Vassilakopoulos & Petrof 2004; Powers et al. 2013). The 

successful weaning of the patients from MV largely depends on a healthy and functional 

diaphragm as it is the primary generator of inspiratory force (Jaber et al. 2011a). About 25 % 

of patients with mechanical ventilation experience difficulty in weaning. VIDD is considered a 

major contributor to problems in weaning patients from the ventilator (Bancalari & Claure 

2008; Daniel Martin, Smith & Gabrielli 2013). Potential mechanisms of VIDD involves muscle 

fibre atrophy (through reduced anabolism and enhanced catabolism) and reduced strength 

(due to contractile dysfunction) (Powers et al. 2013; Petrof et al. 2010). Additional underlying 

mechanisms of VIDD involve muscle fibre type remodelling (changed expression of MHC, 

myogenic determination factor (MyoD), myogenin), fibre injury (through disrupted myofibrils, 

altered mitochondrial respiration, increased vacuoles) and oxidative stress (Powers et al. 

2013; Petrof et al. 2010). The magnitude and rate of muscle atrophy are linearly proportional 

to the duration and modes of mechanical ventilation respectively (Powers et al. 2013). 

Published studies on VIDD refer almost exclusively to the adult diaphragm. However, the 
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susceptibility of the preterm infants to VIDD is currently unknown. Mechanical ventilation 

reduces diaphragm strength and generates diaphragm atrophy in the neonate and infant 

(Knisely, Leal & Singer 1988). Preterm babies may be more susceptible to VIDD compared 

with term and adult subjects owing to immature diaphragm structure, function and limited 

oxidative capacity (Song & Pillow 2012; Lavin et al. 2013). Development of VIDD in preterm 

infants would further impede the successful establishment of spontaneous breathing, 

potentially increasing the duration of mechanical ventilation and the risk of developing long 

term respiratory disorders such as BPD. The independent effect of mechanical ventilation on 

the preterm diaphragm was not assessed in this thesis: rather, the contribution of 

mechanical ventilation to diaphragmatic outcomes after intra-amniotic (IA) inflammation 

(Chapter 6), and postnatal glucocorticoid exposures (Chapter 7 and 8) were evaluated 

statistically. 

1.5 Ovine model of preterm birth 

Animal models play a crucial role in elucidating the effect of clinical stressors on preterm 

birth associated diaphragm dysfunction. Sheep are an ideal animal model for this preclinical 

research due to their similar developmental trajectory and physical factors (weight, size, and 

response) to human infants. For example, alveolar development in sheep and human is well 

advanced at the time of birth whereas for rat and mouse it occurs predominantly in the 

postnatal period (Kemp et al. 2010). Furthermore, sheep usually have an only singleton or 

twin pregnancies, offering practical advantages for acute postnatal management. Preterm 

lambs are managed in the extended postnatal care model using contemporary neonatal 

equipment and treatment protocols. Ovine fetal respiratory, growth and brain outcomes after 

multiple doses of antenatal maternal betamethasone are similar to those observed in human 

infants (French et al. 2004). Hence the lamb is a relevant model for the intended studies.  

1.6 Thesis aims and hypothesis 

Based on the literature and current gaps in knowledge described above, the research 

questions, hypotheses, and aims for my thesis are as follows: 
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1.6.1 Aim one  

Experimental study one (Chapter 5) aimed to examine how different durations (2 d, 14 d) of 

antenatal betamethasone influence functional and molecular properties of the fetal 

diaphragm of preterm lambs. 

1.6.2 Hypothesis one 

Longer and shorter durations of low–dose maternal betamethasone would impair the 

molecular properties of fetal diaphragm, and the magnitude of the detrimental effect will 

increase with longer duration of exposure. 

1.6.3 Aim two  

Experimental study two (Chapter 6) aimed to determine the combined effects of preterm 

birth and antenatal inflammation on diaphragm integrity in lambs delivered at 129 d 

gestational age and raised to 7 d postnatal age. 

1.6.4 Hypothesis two 

The combined effects of preterm birth and in utero inflammation would severely compromise 

the capacity of the diaphragm to cope with the increased work of breathing in the acute (7 d) 

postnatal period. 

1.6.5 Aim three  

Experimental study 3 (Chapter 7) aimed to examine how early exposure of low-dose and 

high-dose of postnatal dexamethasone influence the molecular properties of the diaphragm 

in the acute postnatal period (7 d) of lambs born preterm. I also aimed to establish if there is 

any additional, short-term impact of mechanical ventilation and nutrition on one-week old 

ovine diaphragm 

1.6.6 Hypothesis three 

Early postnatal dexamethasone exposure would impair the molecular properties of the one-

week-old ovine diaphragm, and the magnitude of the detrimental effect would increase with 

the higher dosing regimen. Additionally, long duration of mechanical ventilation and low 

protein intake in early postnatal life would have a significant detrimental effect on the 

diaphragm of preterm lambs in the 1st week of life. 



 

10 
 

1.6.7 Aim four 

Experimental study 4 (Chapter 8) aimed to determine the long-term effect of clinically 

relevant, postnatal dexamethasone administration on molecular properties of the diaphragm 

in lambs delivered at 129 d gestational age and raised to 2 months corrected age. I also 

evaluated if there is any additional long-term impact of mechanical ventilation on the two-

month-old ovine diaphragm. 

1.6.8 Hypothesis four 

Early postnatal dexamethasone would induce preterm diaphragm dysfunction which would 

persist in long term (2 months) and would be further affected by concurrent mechanical 

ventilation. 

1.7 Thesis structure 

In accordance with regulations of The University of Western Australia, the current thesis is 

organised as a series of six papers comprising published work and work prepared for 

publication. The candidate is first author or co-first author of the work. The Authorship 

Declaration (Page iv-v) provides details of the candidate’s contribution to this co-authored 

work. 

This thesis comprises nine chapters. The General Introduction (Chapter 1) sets the context 

of the thesis and summarises the overall aims and hypothesis. The literature review is 

presented as two review papers. The Ontogeny Review (Chapter 2) describes the molecular 

and functional aspects of diaphragm development. The Exposure Review (Chapter 3) 

outlines the effect of different clinical exposures on developing respiratory muscle focusing 

on functional and molecular aspects. The methodology is described in the General Methods 

(Chapter 4) and specific methods are described in the relevant sections of Chapters 5-8.  

The results are presented as four experimental studies, each addressing a distinct but 

related topic. Experimental Study 1 (Chapter 5) is a published paper that reports on the 

influence of antenatal glucocorticoid on the preterm diaphragm. Experimental Study 2 

(Chapter 6) is presented as a manuscript that has been submitted for publication and 

describes the influence of antenatal inflammation on the diaphragm during the acute 

postnatal phase. Experimental study 3 (Chapter 7) is presented as a manuscript in 

preparation for submission and describes the short-term effect of postnatal glucocorticoids 
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on the ovine diaphragm. Experimental study 4 (Chapter 8) is presented as a manuscript in 

preparation for submission addressing the long-term effect of postnatal glucocorticoids on 

the ovine diaphragm. A general discussion (Chapter 9) draws together the main findings, 

establishes the significance of the work and describes potential direction for future research 

in this area. All published works referred to in this thesis are cited using Harvard (UWA) style 

in Chapter 10. 

The published manuscript in Chapter 5, the manuscript re-submitted to the “Journal of 

Physiology” in Chapter 6, and the manuscript in Chapter 2 prepared for submission to 

“Anatomical Record” have been reproduced to ensure consistent thesis style and formatted 

according to the journal requirements. As a result, the language and formatting in these 

three chapters (Chapter 2, 5, 6) may vary from the remainder of the thesis which is written in 

Australian English.  
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2.1 Abstract 

The diaphragm is an indispensable skeletal muscle required for autonomous respiration at 

birth. Most of the morbidities and mortalities associated with preterm birth are due to 

respiratory complications arising from the underdeveloped respiratory system of the preterm 

infants. A fully functional and developed diaphragm and lungs can ameliorate a large 

proportion of morbidities and mortalities of preterm birth. However, many fundamental 

questions about diaphragm development remain unanswered. Given the functional 

importance of the diaphragm, a clear understanding of molecular, cellular, structural, and 

morphogenetic processes that govern its normal development is important. We discuss the 

embryogenesis, myogenesis, myofiber composition and phrenic motor neuron development 

and molecular regulation of protein metabolism in developing muscle with a specific focus on 

the diaphragm. Muscular embryogenesis of the human diaphragm occurs during the first 

trimester. Different regions of diaphragm have differential embryological origin in different 

species. Embryonic myogenesis is characterised by activation of myogenic regulatory 

factors (MRFs) which are expressed synergistically and govern muscle cell development, 

growth, and regeneration. Thus, primary followed by secondary myogenesis produce 

matured myofibers from muscle progenitor cells. Fetal, neonatal and adult diaphragm fibers 

express different proportions of MHC isoforms. The characteristic ontogenic transition of 

fiber types crucially regulates functional properties of the diaphragm muscle. The contractile 

capacity of the developing diaphragm also depends on the innervation and recruitment of 

phrenic motor neurons. Development of signaling pathways for protein metabolism and 

antioxidant capacity of the diaphragm depends on the stage of maturation and varies in 

different species. Thus, this review focuses on the current state of knowledge surrounding 

diaphragm development. 

2.2 Introduction 

The diaphragm is the critical inspiratory muscle responsible for establishing spontaneous 

unsupported breathing at birth (Rehan & McCool 2003). Motor units of the diaphragm 

undergo rapid neuromuscular development during the second half of pregnancy (Gransee, 

Mantilla & Sieck 2012). Matured and functional diaphragm is essential to establish 

independent ventilation at birth. Premature birth interrupts normal diaphragm development 

hence significantly impairs the ability of the diaphragm to support spontaneous breathing. 

The preterm diaphragm is functionally immature, as evidenced by a lower capacity to 
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generate twitch transdiaphragmatic pressures compared to that of term infants (Dimitriou et 

al. 2003). The increased mechanical load imposed by a highly compliant chest wall, low 

levels of endogenous surfactant and noncompliant, structurally immature lungs, present 

further challenges for the preterm diaphragm. Other intrinsic shortcomings of the preterm 

diaphragm include predominant fast myosin heavy chain fiber content, reduced contractile 

force, reduced antioxidant capacity and reduced ability to maintain intracellular ionic calcium 

(Ca2+) homeostasis (Keens et al. 1978; West et al. 1999; Lavin et al. 2013; Song et al. 

2013a; Song & Pillow 2012). In addition to these intrinsic issues, many other extrinsic factors 

including genetic, maternal, environmental, and clinical factors may also exacerbate preterm 

diaphragm weakness which will be focused on a separate review. To fully understand the 

effects of preterm birth on diaphragm function, it is important first to understand the normal 

structural, functional, and molecular aspects of diaphragm development. Postnatal 

diaphragm development in altricial species (e.g., rodents and cats) and prenatal diaphragm 

development in precocial species (e.g., sheep and primates) have many similarities to 

diaphragm developmental processes in humans (Maxwell et al. 1983; Watchko, Daood & 

Sieck 1998; Polla et al. 2004; Lavin et al. 2013). The purpose of the current review is to 

describe the structural, functional, and molecular aspects of normal diaphragm development 

in humans and species used in preclinical studies. 

2.3 Ontogeny and regulation of diaphragm development 

2.3.1 Embryology 

Human diaphragm embryogenesis occurs during the 4th – 12th weeks of gestation and is 

facilitated by embryonic folding. The embryological origins of the diaphragm are not 

completely understood. ‘Classical’ textbook descriptions based on anatomical dissections of 

embryological tissue, state that diaphragm muscle develops from four structures: the septum 

transversum, the pleuroperitoneal folds, the esophageal mesentery and the muscular body 

wall. Classically, the costal and crural diaphragm were considered likely to have separate 

embryological origins; the costal diaphragm develops from musculature in the septum 

transversum and muscular body wall, and the crural diaphragm develops from musculature 

of the esophageal mesentery.  

The use of immunohistochemical markers and rat gene knockout models has changed our 

understanding of diaphragm embryogenesis from that of the ‘classical’ description. 

Contemporary understanding is that the costal and crural diaphragm muscles of the rat arise 
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from muscle precursor cells in the pleuroperitoneal folds, with no contribution from the 

septum transversum, esophageal mesentery or muscular body wall (Babiuk et al. 2003). 

Muscle precursor cells and phrenic axons target the pleuroperitoneal folds at the level of the 

cervical spinal cord, after which, the folds descend to the level of the thoracic spinal cord. 

Muscle precursor cells and phrenic axons migrate along three axes, giving rise to the 

dorsolateral costal, sternal costal and crural diaphragm musculature (Allan & Greer 1997; 

Babiuk et al. 2003). However, the origin of the non-muscular component of the diaphragm 

remains unknown. 

2.3.2 Myogenesis and Morphogenesis 

After embryogenesis, muscle progenitor cells migrate from the somites to the 

pleuroperitoneal folds under the guidance of some signalling molecules and growth factors 

(Molkentin et al. 1996). The muscle progenitors then undergo myogenesis and 

morphogenesis for functional maturation (Kardon and Merrell  2013). Myogenesis, the 

process of building muscle, can be either developmental or regenerative. The similarities 

and distinctions between the phases of myogenesis are well described in a recent review 

(Tajbakhsh 2009). During embryonic myogenesis, the undifferentiated mesodermal 

progenitors commit to differentiation into myoblasts, a process characterised initially by 

expression of the determination factors paired box transcription factors Pax3, 7 and sine 

occulis homeobox protein Six1/4.  Subsequently the process is characterised by expression 

of the basic helix-loop-helix myogenic regulatory factors myf5 and MyoD (Bentzinger, Wang 

& Rudnicki 2012). The committed myoblasts then proceed through differentiation and 

irreversible cell cycle arrest stages to form myocytes which are multinucleated, non-mitotic 

cells. The enhanced expression of the differentiation factors, myogenin (MyoG) and muscle 

regulatory factor MRF 4 (Myf6), is required for the fusion of myocytes into multinucleate 

myofibers and for their further maturation (Blais et al. 2005; Bentzinger, Wang & Rudnicki 

2012). In the neonatal period, the number of myofibers remains constant, but each myofiber 

grows in size by fusion of satellite cells which are closely related to progenitors of somitic 

origin (White et al. 2010; Bentzinger, Wang & Rudnicki 2012; Yin, Price & Rudnicki 2013). In 

maturing muscle, some progenitors enter quiescence and become satellite cells, which form 

a heterogeneous pool of skeletal muscle stem cells for future growth or regeneration, if 

required. The remarkable regeneration capability of adult skeletal muscle is attributed to the 

satellite cells resident within their muscle stem cell niche or microenvironment (Collins et al. 

2005). Myogenesis is orchestrated precisely through a series of transcriptional controls 

governed by myogenic regulatory factors. The interaction with local connective tissue may 

also be an important determinant of diaphragm morphogenesis (Kardon and Merrell 2013). 
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Paired-related homeobox (Prx1) and transcription factor4 (Tcf4) gene expression is down 

regulated in the fetal diaphragm which may cause defects in the pleuroperitoneal fold-

derived muscle connective tissue, leading to development of congenital diaphragm hernia 

(CDH) (such as in exposure to the teratogenic nitrofen)(Takahashi et al. 2016). 

2.3.3 Myofiber development and contractile characteristics  

Skeletal muscle fibers are classified based on the myosin heavy chain (MHC) isoform 

expression. Embryonic fibers express the MHCembryonic isoforms, neonatal fibers express 

MHCneonatal isoforms, while adult slow-twitch type I fibers express the MHCslow isoforms, and 

adult fast-twitch type II fibers express MHCIIa, MHCIIx or MHCIIb isoforms. Fibers may also be 

“hybrids” which express multiple MHC isoforms. For example, adult fibers may co-express 

MHCslow  and MHC IIa; MHCIIa and MHCIIx; or MHCIIx  and MHCIIb (Schiaffino & Reggiani 1994). 

Different fiber types also express different contractile, non-contractile and enzymatic protein 

isoforms which also influence the contractile properties of the muscle (Schiaffino & Reggiani 

1994). 

Skeletal muscle undergoes notable structural changes during development in the second 

half of gestation; muscle fiber cross-sectional area (CSA) and fiber length increase, and 

there is a shift in fiber type proportions. Fetal muscle predominantly comprises fibers 

expressing the MHCembryonic and MHCneonatal isoforms and a small proportion of fibers 

expressing the MHCslow isoform. The human diaphragm consists of 80 % 

MHCembryonic/MHCneonatal and 20 % MHCslow isoforms at 16-24 w gestation (Watchko, Daood & 

Sieck 1998). With development, the MHCembryonic and subsequently MHCneonatal isoforms 

gradually disappear, and adult MHCslow, MHCIIa, MHCIIx and MHCIIb proportions slowly 

increase. By full term gestation, the proportion of MHCembryonic and MHCneonatal decreases to 15 

%, MHCslow increases to 30 %, and the proportions of MHCIIa and MHCIIx are 45 % and 10 %, 

respectively (Watchko, Daood & Sieck 1998). A high proportion of hybrid fibers are observed 

during the developmental transition to adult fiber type proportions in the rat diaphragm, with 

some myofibers co-expressing MHCembryonic, MHCneonatal, MHCIIa and MHCIIx isoforms 

(LaFramboise et al. 1991). Overall, the developmental change in diaphragm fiber type 

proportions is likely to increase diaphragm strength and facilitate the range of functions 

performed by the diaphragm, including the non-ventilatory behaviours of coughing and 

sneezing.  

Muscle fibers of the immature diaphragm are small and intrinsically weak (Sieck, Fournier & 

Blanco 1991; Johnson et al. 1994), with fibers expressing MHCneonatal and MHCslow producing 
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less force per cross-bridge cycle than fibers expressing MHCIIa and MHCIIx isoforms (Geiger 

et al. 2001a). Maturation of the diaphragm is associated with a shift to adult fiber types, an 

increase in fiber size and myofibril development including increased myosin density, new 

sarcomere formation and alignment (Williams & Goldspink 1971; Maxwell et al. 1983; West 

et al. 1999; Geiger et al. 2001a; Orliaguet et al. 2002). Myofibril developmental changes 

increase the capacity of the diaphragm to generate force and likely increase the 

transmission of force into mechanical work. The maximum specific force (maximum force 

normalized to cross-sectional area) of the diaphragm increases with maturation in the rat 

(Johnson et al. 1994), the baboon (Maxwell et al. 1983), and the lamb (Lavin et al. 2013). It 

is not just contractile proteins that need time to develop; titin and nebulin are non-contractile 

scaffolding proteins which facilitate sarcomere formation and arrangement (Isaacs et al. 

1992; Wang 1996), and stabilize skeletal muscle during contraction and stretch 

(Kontrogianni-Konstantopoulos et al. 2009). The association of titin with sarcomere formation 

and alignment in the developing diaphragm likely explains the reduction in susceptibility to 

stretch-induced damage with increased gestational age in the lamb (Lavin et al. 2013). The 

preterm diaphragm is likely more susceptible to injury from increased resistive loading by the 

high ratio of the chest wall to lung compliance and possibly from eccentric activation during 

expiration for the maintenance of end-expiratory lung volume (Kosch & Stark 1984). Overall, 

these results explain the lower transdiaphragmatic pressures (Pdi: an in vivo index of 

diaphragmatic force output) produced in response to phrenic nerve stimulation and maximal 

inspiratory pressures during crying in preterm infants, than in term infants (Dimitriou et al. 

2001, 2003).  

The contractile function of the diaphragm is also dependent on Ca2+ handling. Ca2+ is the 

trigger for skeletal muscle contraction. However, the capacity to release and re-sequester 

Ca2+ is likely reduced in the preterm diaphragm, due to the immaturity of the Ca2+ release 

system (Schiaffino & Margreth 1969; Zubrzycka-Gaarn & Sarzala 1980; Maxwell et al. 1983; 

C. Brandl et al. 1987; Arai et al. 1992). A reduction in the Ca2+ release will reduce cross-

bridge interaction and force production. The Ca2+ store, the sarcoplasmic reticulum (SR), is 

underdeveloped in the preterm baboon diaphragm compared to the term baboon (Maxwell et 

al. 1983). Development of the Ca2+ release system of skeletal muscle occurs during the first 

two postnatal weeks in the rat and is characterized by increased depth of t-tubule 

invaginations, increased size of the SR, and an increase the number of the junctional 

cisternae between the t-tubules and SR (Schiaffino & Margreth 1969). Messenger RNA 

expression of the ryanodine receptor (the channel responsible for the release of Ca2+) and 

calsequestrin (the Ca2+ binding protein in the SR) increases with muscle development in the 

rabbit (Zubrzycka-Gaarn & Sarzala 1980). Protein density and ATPase activity of the SR 
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Ca2+ transport ATPase (SERCA) responsible for the reuptake of Ca2+, also increases with 

development in the rabbit (Zubrzycka-Gaarn & Sarzala 1980). Isoforms of SERCA and 

calsequestrin switch from neonatal and slow isoforms to fast isoforms in type II fibers with 

development (Brandl et al. 1987; Arai et al. 1992). Consequently, the contraction and 

relaxation times in the immature diaphragm are significantly longer than in the mature 

diaphragm (Maxwell et al. 1983; Sieck, Fournier & Blanco 1991; Lavin et al. 2013). The 

longer contraction and relaxation time presents an interesting paradox, in that longer 

contractile times result in force summation and an increased relative force produced at lower 

frequencies of stimulation. 

Lastly, in vitro studies report a high level of fatigue resistance in the immature diaphragm. 

Diaphragm fatigue resistances are high at birth and decrease after that in altricial species 

including the rat (Watchko & Sieck 1993; Zhan et al. 1998) and the cat (Sieck, Fournier & 

Blanco 1991). Similarly, diaphragm fatigue resistance is high in the preterm and decrease 

during late prenatal development in precocial species such as the baboon (Maxwell et al. 

1983) and sheep (Lavin et al. 2013). Fatigue resistance is largely determined by the energy 

requirements and oxidative capacity of the muscle and is typically classified based on the 

muscle’s oxidative capacity (Burke 1981). Adult slow-twitch fibers (type I) and fast-twitch 

fibers with high oxidative capacity (i.e., type II) are fatigue resistant, and adult fast-twitch 

fibers with low oxidative capacity (i.e., type IIb, IIx fibers) are fatigable. Muscle fibers of the 

immature diaphragm have low oxidative capacity, measured by the activity of the oxidative 

enzyme succinate dehydrogenase (Smith et al. 1988; Sieck & Blanco 1991; Sieck, Cheung 

& Blanco 1991; Fratacci et al. 1996) and a low proportion of slow-twitch fibers (Watchko, 

Daood & Sieck 1998). However, the energy requirements of immature muscle are also low; 

characterized by low myosin density, low actomyosin ATPase activity, and slow, weak 

contractions. There is a strong inverse correlation between the developmental increase in 

MHC ATPase activity and fatigue resistance in the rat diaphragm (Watchko, Daood & Sieck 

1998). It may be, therefore, that the low energy requirement of the immature muscle 

outweighs the reduced oxidative capacity and overall improves fatigue resistance. 

The high fatigue resistance of the immature diaphragm reported from in vitro studies may not 

be comparable to in vivo measures of fatigue resistance. For example, the newborn rabbit 

diaphragm is reportedly less fatigue resistant than the adult rabbit diaphragm based on in 

situ measures in which fatigue resistance was evaluated as the ability to maintain mouth 

occlusion pressure during repetitive stimulations (Le Souef et al. 1988). The in vitro studies 

mentioned previously, measured fatigue resistance as the ability to maintain force during 

repetitive isometric stimulations in which force production occurs at a fixed muscle length 
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(Maxwell et al. 1983; Sieck, Fournier & Blanco 1991; Watchko & Sieck 1993; Zhan et al. 

1998; Lavin et al. 2013). In vivo, the diaphragm shortens during activation, and these 

concentric contractions have higher energetic requirements than isometric contractions 

(Potma & Stienen 1996; Ryschon et al. 1997; Hilber, Sun & Irving 2001). Thus, the 

increased energetic requirements for a concentric contraction may outweigh the low 

metabolic capacity of the immature diaphragm and result in increased fatigability. Based on 

these contrasting observations, extrapolation of in vitro measures of diaphragm fatigability to 

preterm infants should be made with caution. 

Adult fiber-type characteristics develop as the diaphragm matures during the perinatal 

period. Size and oxidative capacity increase in all fiber types but there is a preferential 

increase in cross-sectional area of type II fibers (Maxwell et al. 1983; Sieck, Fournier & 

Blanco 1991; Fratacci et al. 1996) and the oxidative capacity of type I fibers (Smith et al. 

1988; Sieck & Blanco 1991; Sieck, Cheung & Blanco 1991; Fratacci et al. 1996). Variations 

in MHC isoforms, SERCA isoforms and SR size, typical of adult fiber types, develop during 

the perinatal period. These developmental variations between fiber-types facilitate the range 

of functions of the adult diaphragm. 

Overall, the immature diaphragm muscle is weaker than the mature diaphragm and also 

faces an increased workload of breathing, due to the decreased lung and increased chest 

wall compliance of the preterm infant. The weak, immature diaphragm is required to operate 

at a higher proportion of its maximal capacity to sustain normal tidal breathing and therefore 

has less reserve capacity to cope with the increased workload of breathing, further 

increasing the likelihood of diaphragm fatigue and respiratory distress of the preterm infant. 

2.3.4 Phrenic motor neuron  

Diaphragm function is dependent not only on contractile function of the muscle fibers but 

also on the activity of the innervating phrenic motor neurons. Phrenic motor neuron 

development, primarily studied in rats and cats (Cameron et al. 1991a; Mantilla & Sieck 

2008; Prakash et al. 2000; Haddad & Farber 1991), is associated with significant changes in 

the size, electrophysiological properties, and motor unit innervation ratio. The developmental 

changes of the phrenic motor neuron match the developmental changes of diaphragm 

muscle fibers and the overall respiratory demands.  

In the adult, motor neurons innervating type I muscle fibers are typically smaller than motor 

neurons innervating type II fibers: type I motor neurons have the smallest diameter, followed 

by type IIa, with type IIb and IIx being the largest (Zajac & Faden 1985). Small motor 
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neurons have a higher input resistance, lower rheobase and slower axonal conduction 

velocity relative to large motor neurons (Burke 1981). Small motor neurons, innervating 

fatigue-resistant type I fibers, are recruited before larger motor neurons, innervating fatigable 

type II fibers (Henneman 1957; Burke 1981; Zajac & Faden 1985; Dick, Kong & Berger 

1987; Mendell 2005). Consequently, motor neuron recruitment order matches the contractile 

properties of the muscle fiber which it innervates.  

The functional recruitment of motor neurons and regulation of force production differs 

between the adult and developing diaphragm. In the adult cat, tidal breathing requires only 

~12 % of maximum transdiaphragmatic pressure (Pdi) and is achievable by activation of 

type I fibers alone (Sieck & Fournier 1989). In addition, Pdi increases in response to 

increased respiratory demands reaching ~30-50 % of its maximum capacity during hypoxia 

or hypercapnia or during airway occlusion, and maximum Pdi is only produced during non-

ventilatory behaviors such as the gag reflex and sneezing (Sieck & Fournier 1989). 

Increased Pdi is facilitated by a progressive recruitment of type I, IIa, IIx/IIb fibers. Hence, 

during normal tidal breathing, the adult diaphragm has a ‘reserve capacity,' meaning that 

motor unit recruitment, and thus force production, can be increased during times of 

increased respiratory demand. In comparison to the adult diaphragm, the developing 

diaphragm works close to maximal capacity during tidal breathing; with >90 % of phrenic 

motor neurons activated during tidal breathing in the two-week-old cat (Cameron et al. 

1991). The electrophysiological properties of immature phrenic motor neurons facilitate 

increased activation, as they are small in size, and have a high input resistance and low 

rheobase (Fulton & Walton 1986; Cameron et al. 1991; Cameron et al. 1991; Prakash et al. 

2000; Carrascal et al. 2005). The high recruitment of developing phrenic motor neurons is 

likely vital for the generation of adequate Pdi during tidal breathing but reduces the capacity 

for increased motor unit recruitment in response to increased respiratory demands.  

Greater force production in response to increasing respiratory demand can also be achieved 

by increasing motor unit firing frequency. Increased firing frequency is particularly important 

for the progressive increase in Pdi during the second half of inspiration (Iscoe et al. 1976), 

particularly in adult muscle. However, developing motor neurons have a prolonged action 

potential after-hyperpolarisation (Fulton & Walton 1986), which may limit their capacity to 

increase motor unit firing frequency (Navarrete & Vrbov 1983). Given that the developing 

diaphragm requires activation of a high proportion of motor units for the generation of tidal 

breathing, limitations to the firing frequency of developing phrenic motor neurons could 

further compromise the ability of the developing diaphragm to cope with increased 

respiratory demands. Alternatively, a reduced firing frequency of developing phrenic motor 
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neurons may go hand-in-hand with the long contractile times of the developing diaphragm 

muscle. The long contractile times result in force summation and maximum force production 

at lower stimulation frequencies. As such, stimulation at higher frequencies may not increase 

force production further.  

Lastly, immature motor units are also characterized by high innervations ratios and 

polyneuronal innervations of immature muscle fibers (Bagust, Lewis & Westerman 1973; 

Brown, Jansen & Van Essen 1976; O’Brien, Ostberg & Vrbová 1978; Burke 1981). 

Consequently, activation of individual motor neurons results in the recruitment of many 

muscle fibers and high force production. Increased fiber recruitment is likely important in the 

generation of adequate Pdi during tidal breathing in the preterm infant, given the intrinsic 

weakness of immature diaphragm muscle fibers. During phrenic motor neuron development, 

synapse elimination of polyneuronally innervated muscle fibers underlies the transition to 

mature mononeuronal fiber innervations and smaller motor units (Bagust, Lewis & 

Westerman 1973; Brown, Jansen & Van Essen 1976; O’Brien, Ostberg & Vrbová 1978; 

Burke 1981). These changes in motor unit innervations coincide with reduced motor neuron 

excitability and match the developmental increase in diaphragm muscle strength and 

stabilization of the chest wall. 

Overall, the preterm diaphragm works at a high proportion of maximum capacity during tidal 

breathing, due to the intrinsic weakness of the diaphragm fibers and the immature motor unit 

properties. High motor unit recruitment of the diaphragm is required to match the high 

respiratory demands of the preterm infant; however, high motor unit recruitment may result 

in diaphragm fatigue which would contribute to respiratory failure in the preterm infant.  

2.4 Molecular regulation of diaphragm development 

Skeletal muscle development and growth involves many cellular processes including 

differentiation, proliferation, hypertrophy, atrophy and cell death (apoptosis, necrosis, and 

autophagy). Complex regulatory networks govern these cellular processes intricately to 

ensure viable growth. The regulatory networks involved depend on the phase of 

development and metabolic state. We will extrapolate the molecular regulations in 

developing skeletal muscle to the diaphragm, due to lack of sufficient information regarding 

specific molecular regulation of diaphragm development. We speculate that the molecular 

events would be similar in all developing skeletal muscles, including the diaphragm. 
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2.4.1 Molecular events in normal protein metabolism in developing 

muscle 

Normal diaphragm development involves a dynamic and delicate balance between protein 

synthesis and protein degradation. Cross-talk and modulation among signaling pathways at 

different levels co-ordinate protein synthesis and degradation simultaneously to ensure a 

dynamic balance of metabolism (Bonaldo & Sandri 2013). Positive regulators of muscle 

growth include insulin-like growth factor 1 (IGF1), phosphatidylinositol-4,5-bisphosphate 3-

kinase (PI3K)/Akt and mammalian target of rapamycin (mTOR) pathways. Circulating IGF1 

precisely regulates both increased protein synthesis and satellite cell activation (Glass 

2005). Inhibition of the IGF1 pathway blocks a series of phosphorylation events through 

PI3K down regulating serine-threonine kinase Akt (Sartorelli & Fulco 2004). Akt controls both 

protein synthesis via mTOR and protein degradation via Forkhead box transcription factors 

family FOXO (Bonaldo & Sandri 2013) as depicted in Figure 2.1. Glycogen synthase kinase 

3 beta (GSK3β), myostatin–Smad3, nuclear factor kappa- B (NFκB) and mitogen-activated 

protein kinase (MAPK) pathways act as negative regulators of muscle growth. 
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Figure 2.1 Protein metabolic signalling in skeletal muscle 

The hallmark of cellular proteolysis is the up-regulation of the three-proteolytic systems, Ca2+ 
dependent ‘calpain’, lysosomal protease ‘cathepsins’ and the most importantly ubiquitin-proteasome 
system, ‘UPP’. Increased expression of atrophy-related genes mainly MAFbx and MURF1, the major 
component in E3 ubiquitin ligase system, is a primary regulatory step in the control of proteolysis. 
IGF1, acting via PI3K/AKT pathway, is the main signaling cascade controlling protein synthesis. IGF1 
regulates the phosphorylation and hence the activity of the downstream signal transducer molecules 
mTOR, 4EBP1 and pS706K, which ultimately controls the efficiency of the initiation step of protein 
translation. Adapted from Jackman & Kandarian (2004).  
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Three major proteolytic systems are involved in cellular protein degradation including 

cytosolic calcium-dependent ‘calpains’, lysosomal protease ’cathepsins’ and the ATP 

dependent ubiquitin-proteasome-pathway (UPP). Mounting evidence suggest a co-operative 

functional partnership among these proteolytic pathways during protein degradation (Nelson 

et al. 2012; Glickman & Ciechanover 2002). Cathepsins degrade membrane proteins and 

only mono-di ubiquitinated cytosolic proteins. Calapin and caspase-3 are involved in initial 

myofibrillar disassembly by actomyosin cleavage to produce smaller fragments that are 

finally degraded via the UPP, the principal degradation pathway. Polyubiquitinated protein 

degradation by ATP dependent UPP is a two-step process: 1) conjugation of multiple 

ubiquitin moieties to the substrate; and 2) degradation of the tagged protein by the 

downstream 26S proteasome complex. The total proteasome complex (26S) is composed of 

a core subunit (20S) and a regulatory subunit (19S). The 20S subunit can degrade oxidized 

proteins without ubiquitination (ub) whereas 26S degrades ubiquitinated proteins (Powers et 

al. 2013). The conjugation step involves three classes of proteins: E1 (ub. Activating), E2 

(ub. Conjugating), and E3 (ub. Ligating) enzymes. The specificity of the ubiquitin system is 

mainly determined by the E3 enzymes (Glickman & Ciechanover 2002; Jackman & 

Kandarian 2004). Since Enzyme 1 protein and 26S proteasome are constitutively active and 

abundant, E2/E3 proteins and their interaction are thought to be the primary regulatory step. 

So far, two unique ubiquitin E3 molecules have been identified, muscle atrophy F-box 

(MAFbx or atrogin1) and muscle ring finger-1 (MuRF-1) (Sartorelli & Fulco 2004). Other 

factors, such as reactive oxygen species (ROS) can also play an important regulatory role in 

the protein degradation process. ROS can activate calpain and caspase-3 by increasing 

cellular calcium concentration, and ROS can directly oxidize the myofilaments which can 

then be identified and degraded in the UPP pathway (Powers, Kavazis & DeRuisseau 2005). 

Oxidative stress accelerates proteolysis via several mechanisms. These include up-

regulating the expression level of several genes in the proteolytic pathway including 

autophagy, caspase-3; activating ubiquitin-proteasome machinery, calpain, mitogen-

activated protein kinase (MAPK) signaling and nuclear factor NFкB pathway (Powers et al. 

2011; Mitch and.Goldberg 1996). Oxidant damage may depress global muscle protein 

synthesis by decreasing phosphorylation of 4-EBP1 thereby blocking the initiation step 

(Powers at al., 2011). Mitochondria are the major source of ROS production in diaphragm 

muscle (Kavazis et al. 2009). Mitochondrial dysfunction and increased ROS production 

trigger oxidative stress-induced muscle atrophy in adult animal models (Smuder et al. 2010; 

Powers, Smuder & Criswell 2011). 
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2.4.1.1 Molecular development of protein metabolism in fetal and neonatal 

diaphragm 

Muscle growth occurs during the post-conceptual and early postnatal developmental period. 

Spontaneous diaphragm activity begins in fetal sheep from 45-day gestation and continues 

until close to full term at 147-day (Cooke & Berger 1990). In the human fetus, breathing 

activity is detectable by 11-13 weeks gestation and becomes more prevalent during the third 

trimester (Boddy & Dawes 1975). Aerobic metabolism is not well developed in the fetal 

diaphragm and other skeletal muscles (Griffiths, Baldwin & Berger 1994). The anaerobic 

metabolic system increases in respiratory and other skeletal muscle, throughout the fetal 

period, especially immediately after birth in sheep (Griffiths, Baldwin & Berger 1994). 

We focus on two ontogeny studies of developmental signaling (Song & Pillow 2012, Song et 

al. 2013a) in the ovine diaphragm and the relevant skeletal muscle ontogeny findings in 

porcine, and baboon models (Davis et al., 2008; Blanco et al., 2010; Wang et al., 2014). 

Activation of cellular components of anabolic (IGF1, NFκB) and catabolic (TNFα, calpain, 

and caspase) pathways in fetal sheep gradually decreases from 100-day of gestation until 

full term (~150-day) and then dramatically increase from 24-hour to 7-week after birth (Song 

& Pillow 2012). However, the expression level of other major components of the catabolic 

pathway, E2, C8, and E3, do not change during in utero development but are rapidly up-

regulated in the early postnatal period suggesting posttranscriptional regulation (Song & 

Pillow 2012). The rapid onset of FOXO, NFκB and peroxidase activity after birth are 

responsible for the early postnatal reactivation of proteolytic signaling (Song & Pillow 2012). 

Initiation of spontaneous pulmonary respiration at birth shifts the metabolic status causing 

increased respiratory muscle activity, rapid muscle growth, and accumulation of reactive 

oxygen species (ROS) (Asikainen et al., 1998; Matsubasa et al., 2002). Decreased 

proteolytic signaling and increased anti-oxidant capacity at near term in the diaphragm are 

the hallmarks of adaptive preparation to make a healthy start of extra-uterine life. However, 

preterm infants are born early before their systems are fully prepared to adapt to extra-

uterine life, and therefore are more susceptible to oxidative injury. 

The development, growth and metabolism of organs are regulated by intricate co-ordination 

of cellular genes, proteins and relevant signalling pathways. The developmental initiation, 

maturation and activation of these cellular components depends on the functional and 

phenotypic requirement of the organ and muscle. The functional and phenotypic 

requirements also vary in different species. For example, expression of the PI3K-Akt and 

MAPK pathways in fetal mouse lung increase in the earlier proliferation stages of 
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development and decrease before birth (Wang et al. 2005). However, Wallace et al. (2006) 

reports no change of MAPK, IGFII, platelet derived growth factor-B (PDGF-B), transforming 

growth factor-beta (TGFβ), except vascular endothelial growth factor (VEGF) in expansion-

induced proliferation of fibroblast and alveolar epithelial cells in fetal sheep lung. The 

ontogeny of insulin signalling in skeletal muscle was assessed during the prenatal period of 

the preterm baboon (Blanco et al. 2010). Total Akt content (both Akt1 and Akt2), IRS1 and 

p85α protein contents decrease progressively with gestational maturity in baboon skeletal 

muscle (Blanco et al. 2010). The insulin signalling pathway regulates both glucose and 

protein homeostasis. Insulin and IGF1 also play pivotal roles in embryonic, fetal and 

postnatal growth (Powell-Braxton et al. 1993; Griffiths, Baldwin & Berger 1994; Kimball et al. 

2002). 

The increased expression of IGF1 and myogenin mRNA at 85 days of ovine gestation 

indicates the differentiation stage of secondary myogenesis (Fahey et al. 2005a). Secondary 

myogenesis is complete by 20-week in human skeletal muscle (Barbet, Thornell & Butler-

Browne 1991). The majority of muscle differentiation and fiber formation occurs by 85 days 

in ovine and 59 days in porcine skeletal muscle (Fahey et al. 2005a). Thus, the gene 

expression regulating cellular development occurs at different time points in different 

species. Also, the timing and intensity of gene expression for myogenesis, structural genes, 

and energy metabolism are different during prenatal development of different pig breeds 

accounting for their different muscle phenotype (Cagnazzo et al. 2006). Thus, the regulation 

of cellular components is multi-factorial and finely tuned depending on the muscle type, 

species, as well as the functional and metabolic requirement of muscle and age of the 

subject.  

Increased translational efficiency in the early postnatal period contributes to the elevated 

levels of PIK, PKB, mTOR, p70s6k and 4EBP1 proteins at an early postnatal age in porcine 

muscle (Davis et al. 2008). However, protein synthesis rate declines with postnatal maturity 

(Davis et al. 2008). In contrast, a gene expression profiling study reported no change in the 

transcript level of mTOR, p70s6k and 4EBP1 with postnatal age in the skeletal muscle of 

nursing piglets (Jiang et al. 2010). The contrasting data on transcript and protein level 

indicates complex regulation at the translation initiation step via insulin and amino acids. 

Insulin and amino acid-dependent regulation of protein synthesis in skeletal muscle of 

neonates share common pathways downstream of protein kinase B (PKB); however, the 

upstream regulation is still unclear (Suryawan & Davis 2011). Also, the insulin signalling 

pathway regulating protein synthesis is well characterized, however, amino acid signalling 

toward mRNA translation is still not well revealed. Thus, the gain of respiratory muscle fibers 
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mainly occurs during embryonic development. Growth-related genes are highly expressed 

during the embryonic period in striated muscle (Wang et al. 2014). Postnatal growth occurs 

after birth via hypertrophy but the rate of growth declines with maturity. Again, genes 

regulating muscle atrophy and hypertrophy are up-regulated in the later prenatal period and 

early postnatal periods respectively. However, the expression pattern is reversed with 

increasing age in ovine skeletal muscle (Wang et al. 2014). As the preterm infants are born 

early, the increased expression of atrophy genes in the later prenatal period do not affect 

diaphragm muscle. 

2.4.1.2 Redox regulation 

Regulation of reducing and oxidizing (redox) state is critically important for cellular 

homeostasis for all body systems, including the metabolically active diaphragm. ROS play a 

dual role in a biological system: ROS act as mediators of phagocytosis, apoptosis, 

detoxification reactions, execution of precancerous cells, proliferation, migration, gene 

expression, immunity, and wound healing (Birben et al. 2012). ROS are also important 

signaling molecules in muscle contraction and adaptation (Musarò et al., 2010). The 

beneficial physiological effect of ROS may diminish when the concentration of ROS 

increases in the cell (Musaro et al. 2010). Every aerobic organism has an antioxidant system 

as an integrated defensive mechanism that neutralizes the adverse effects of ROS. Principal 

components of antioxidant defences are the endogenous ROS protective enzymes 

(superoxide dismutase {SOD}, catalase, glutathione peroxidase {GPX}), which inactivate 

reactive molecules to nonreactive intermediates. The non-enzymatic components of 

antioxidant defence are the ROS scavengers, which are lipid and water soluble, low 

molecular weight compounds including vitamins, beta-carotene, and uric acid (Noori 2012).  

The developmental regulation of intracellular antioxidant enzymes follows a species and 

age-dependent pattern (Asikainen et al. 1998). The ontogenic profile of antioxidant capacity 

in fetal and early postnatal lamb diaphragm (Song & Pillow 2012) suggests an adaptive 

response to the higher ROS produced due to the transition from a hypoxic tissue 

environment in utero to an oxygen-rich environment ex utero. Antioxidant gene expression 

(SOD, catalase, GPX 1) progressively increased with gestational age, peaking near term. 

The increased ROS accumulation (due to oxygen rich environment at birth) could activate 

FOXO and NF-kB pathways, leading to increased atrophy gene expression and increased 

protein degradation. In parallel, the activated FOXO and NFkB may induce further 

antioxidant gene expression to remove excess ROS back to the normal level (Song & Pillow 

2012). The diaphragm is acutely sensitive to local ROS accumulation compared to systemic 
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ROS accumulation (Song & Pillow 2012). The increased peroxidase activity in local tissue at 

birth may reflect an immediate defensive response to resolve the cytotoxic effects of ROS 

(Song & Pillow 2012). Also, the presence of many large mitochondria in the inter-myofibrillar 

space makes the preterm diaphragm highly oxidative (Song et al. 2013a). Thus, the 

immature oxidant defensive system in preterm infants may be unable to counteract the 

increased ROS produced on the initiation of air-breathing just after birth. 

The development of oxidative capacity of skeletal muscle are differentially regulated. The 

antioxidant enzyme-coding mRNA levels do not depend solely on oxygen consumption and 

exposure of individual organs, as reflected by their differential expression at different 

developmental timelines in different organs of the mouse (De Haan et al. 1994). The gene 

expression level and enzyme activity of antioxidant genes are not co-ordinately regulated in 

different developmental periods in the pulmonary system of rats (Chen & Frank 1993). The 

reported decrease in glutathione peroxidise mRNA levels in the late gestation of rat lungs 

(Chen & Frank 1993) contradicts another study reporting no change in glutathione peroxidise 

mRNA in the same developmental stage in rat lungs (Clerch & Massaro 1992). The 

enhanced oxidative capacity of ovine skeletal muscle via increased mitochondrial function 

regulated by estrogens and other transcripts is the hallmark of perinatal transition (Byrne et 

al. 2010). The magnitude and time course of the oxidative potential of developing diaphragm 

follow a fiber-specific pattern when compared with other skeletal muscle in postnatal periods 

(Smith et al. 1988). Fiber specific succinate dehydrogenase activity is low at birth but 

escalated at three weeks of postnatal age in cat diaphragm (Sieck & Blanco 1991). Taken 

together, immature antioxidant defence and dramatic ROS accumulation at birth make the 

preterm infants susceptible to oxidative stress. 

2.4.1.3 Apoptosis  

Skeletal myofibers are unique in that they are truly multinucleated and post-mitotic (Allen, 

Roy & Reggie Edgerton 1999). Apoptosis occurs at different stages of myogenesis to 

eliminate some undesired cells to regulate muscle cell size and shape (Sandri & Carraro 

1999). The role of apoptosis in postmitotic tissue is unclear, and the mechanism of 

“apoptotic nuclear death” is different to that of apoptosis in regular mono-nucleated cells 

(Dupont-Versteegden 2006). Apoptotic nuclear death is the elimination of a subset of 

myonuclei through the apoptotic like process during muscle atrophy to maintain a constant 

myonuclear domain size (Dupont-Versteegden 2006). The loss of myonuclei may 

functionally reduce the abundance of mRNAs encoding muscle proteins, which in turn helps 

shift the cells from anabolism to the catabolism that accompanies atrophy (Schwartz 2008). 
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Caspase-dependent and -independent pathways are involved in anti-apoptotic nuclear loss 

during different modes of skeletal muscle atrophy (Dupont-Versteegden 2006). Ample 

evidence suggests that apoptosis is strongly associated with sarcopenia (Welle 2002; Dirks-

Naylor and Lennon 2011). However, the role of apoptosis during perinatal diaphragm 

development is still unknown.  

2.5 Conclusion 

The fetal and neonatal periods are eventful with regard to metabolic adaptation, 

environmental influence, and internal homeostasis. Preterm babies face the challenge of the 

transition from continuous oxygen supply via the placenta to air breathing before they are 

developmentally and functionally ready. The added physiological and developmental  

disadvantages  such as increased mechanical load imposed by a highly compliant chest 

wall, low levels of endogenous surfactant and noncompliant, structurally immature lungs 

make them more susceptible to perinatal insults. There are different molecular and functional 

regulations at different stages of diaphragm development. Compared to other skeletal 

muscle, the developmental regulation of diaphragm is unique as the diaphragm carries the 

highest workload of breathing constantly from birth. The factors which are important in 

diaphragm development are complex, with interactions of multiple regulatory elements. The 

factors and intricate mechanisms that regulate normal diaphragm development need to be 

better understood. Thus, the developmental trajectory of the fetal and neonatal diaphragm 

warrants continued investigation. 
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3. Exposure review: The influence of relevant 

perinatal exposures on developing diaphragm: 

implications for preterm infants 
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3.1 Introduction 

Respiratory disease is the leading cause of death in the preterm infant (<37 week gestation). 

The immature preterm respiratory system is characterised by an irregular neural respiratory 

drive, stiff lungs with regions of inefficient gas exchange, a highly compliant chest wall, and 

underdeveloped respiratory muscles. Although compromised lung function is considered the 

primary contributor to respiratory disease in the preterm infant, the contribution of the 

immature respiratory muscle pump to respiratory disease, particularly impaired diaphragm 

function, garners little attention. The diaphragm needs to be fully functional at birth to 

support spontaneous breathing and preterm birth disrupts the normal development of the 

diaphragm. The preterm diaphragm is structurally and functionally immature at birth (Lavin et 

al. 2013) and is disadvantaged further by an increased work of breathing, arising from the 

stiff lungs and high chest wall compliance (Cameron et al. 1991). As a result, the preterm 

diaphragm has a high load-to-capacity ratio and works closer to maximal capacity to achieve 

tidal breathing, which may predispose preterm infants to diaphragm weakness, fatigue, and 

respiratory disease. Furthermore, the functional capacity of the immature diaphragm may be 

compromised by the numerous antenatal and postnatal exposures that are typically faced by 

preterm infants such as undernutrition (Brozanski et al. 1993; Prakash, Fournier & Sieck 

1993), inflammation (Song et al. 2013b,c), mechanical ventilation (Knisely, Leal & Singer 

1988), and exposure to glucocorticoids (Song et al. 2014). These clinically common 

exposures impact on the development and severity of respiratory insufficiency. The effects of 

these exposures on preterm diaphragm function are under-investigated but are an essential 

consideration when evaluating the respiratory function of preterm infants. Diaphragmatic 

dysfunction induced by antenatal and postnatal insults will compromise further the 

diaphragm function consequent to preterm delivery and likely accelerate the development of 

respiratory failure in early postnatal life as illustrated in Figure 3.1. 

Very limited information is available regarding the influence of antenatal and postnatal 

exposures on developing diaphragm. Consequently, the current review describes the 

relevant skeletal muscle effects from developing and developed experimental subjects to 

extrapolate the effect of clinical insults on developing respiratory muscle. The focus of the 

review is on how impaired diaphragm integrity resulting from these adverse exposures may 

contribute to respiratory distress in preterm infants. The timing of adverse exposures relative 

to gestation may critically influence the development and functional outcomes of the 

diaphragm, therefore, a brief review of myogenesis is provided. 
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Figure 3.1. Perinatal exposures associated with preterm birth. 

Maternal undernutrition, glucocorticoid exposure and chorioamnionitis are the common antenatal 
insults that critically determine preterm respiratory outcomes. Several crucial postnatal insults are 
shown here that also critically determine postnatal development of preterm infants. The regulatory 
mechanisms are different in response to different clinical stressors in premature population and 
depends on the gestational age of the subject at the time of exposure. The extent of these clinical 
insults and if they occur independently or in concert also determine the preterm respiratory outcomes.  

3.2 Myogenesis 

The susceptibility of the diaphragm to injury and dysfunction caused by external insults is 

linked intrinsically to the timing of the insult in relation to diaphragm muscle development. 

Myogenesis is the sequential process in which myogenic precursor cells develop into 

myoblasts, proliferate and differentiate into myotubes, and then fuse into myofibres. 

Myogenesis occurs in three distinct ‘waves’; a small proportion of total fibres are formed 

during primary myogenesis at 8 – 10 weeks of human gestation (Barbet, Thornell & Butler-

Browne 1991); which provides the scaffolding for the development of secondary myofibres at 

10 -19 week human gestation, and then tertiary myofibres, which are first visible at 16 - 17 

week human gestation (Draeger, Weeds & Fitzsimons 1987; Barbet, Thornell & Butler-

Browne 1991). Myofibres that develop from primary, secondary and tertiary myogenesis 

express different isoforms of contractile and non-contractile proteins which influence their 

contractile function. Myofibres can be classified based on their myosin heavy chain (MHC) 

isoform expression: myofibres that develop from primary myogenesis are slow-twitch type I 

fibres expressing the MHCslow isoform; myofibres that develop from secondary and tertiary 

myogenesis can be adult fast-twitch type II fibres expressing either MHCIIa, MHCIIx or MHCIIb 

isoforms or slow-twitch type I fibres expressing MHCslow (Schiaffino & Reggiani 1994). The 

term human diaphragm consists of 30 % MHCslow, 45 % MHCIIa, 10 % MHCIIx and 15 % 
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developing MHC isoforms (Watchko, Daood & Sieck 1998). The total number of muscle 

fibres is fixed after tertiary myogenesis (Wigmore & Stickland 1983) and subsequent muscle 

growth is characterised by hypertrophy through the proliferation and fusion of satellite cells 

to established myofibres (White et al. 2010; Pallafacchina, Blaauw & Schiaffino 2013). 

Primary myogenesis is robust and typically resistant to alterations. In contrast, secondary 

myogenesis is influenced by in utero and postnatal conditions. During secondary 

myogenesis, most of the total fibres are formed through hypertrophy. 

3.3 Cellular metabolism and major molecular pathways  

This review does not aim to provide a comprehensive description of the molecular pathways 

involved in skeletal muscle growth, homeostasis and atrophy, and the reader is instead 

directed to several excellent reviews on these topics (Braun & Gautel 2011; Sandri 2013; 

Schiaffino et al. 2013; Brook et al. 2016). It is important to recognise, however, that the 

principle mode of action of any of the influences that we describe herein operates via 

molecular pathways that influence muscle growth, maturation, atrophy and function. These 

molecular pathways operate within maturing or functional muscle fibres, as well as within the 

myoblasts/satellite cells that altogether contribute to both developmental hyperplasia and 

hypertrophy of muscle fibres. 

Muscle fibre growth occurs via precursor cell fusion (myonuclear accretion) or via increased 

protein-based anabolism within the myofibre per se (Sartorelli & Fulco 2004; Hasselgren et 

al. 2011). Conversely, a reduction in muscle mass/cells occurs via apoptosis, but usually 

occurs via antagonism of precursor cell proliferation/fusion, or via catabolism of proteins or 

organelles (proteolysis and autophagy) (Otto & Patel 2010; Schiaffino et al. 2013).  

Principle drivers of myoblast/satellite cell proliferation and differentiation include the paired-

homeobox transcription factors (Pax3 and Pax7) and myogenic regulatory factors (MyoD, 

Myf5, MRF4 and myogenin) (Relaix et al. 2006; Zammit et al. 2006; Collins et al. 2009) and 

signalling molecules including fibroblast and hepatocyte growth factors (FGF and HGF, 

respectively), wnt-β-catenin, growth hormone (somatotropin) and its effectors, the insulin-like 

growth factors, IGF1 and IGFII (Barton-Davis, Shoturma & Sweeney 1999; Dumont, Wang & 

Rudnicki 2015; Rudolf et al. 2016). Inhibitors of myogenic differentiation will of course have 

an antagonistic effect. The regulation of myogenic proliferation and differentiation is complex 

but the key regulatory molecules are the signalling molecules myostatin; notch; transforming 

growth factor β (TGF-β); inflammatory cytokines including tumour necrosis factor (TNF) and 
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interleukins (ILs); glucocorticoids, and a multitude of other signals and transducers (Carlson 

et al. 2009; Palacios et al. 2010; Lee et al. 2012; Dong, Pan & Zhang 2013).  

Muscle protein metabolism is regulated on many levels, but the dominant nexus for anabolic 

versus catabolic processes is the protein kinase B (AKT) and mechanistic target of 

rapamycin (mTOR) pathway. The activation of mTOR induces cell growth and muscle 

protein synthesis ( Zhu et al. 2004; Goodman et al. 2010; Bentzinger et al. 2013), and its 

inhibition by atrophy-causing “atrogenes” (FOXO, Atrogin-1, MuRF-1, et al.) and other 

effectors causes protein degradation and autophagy (Lee & Goldberg 2015). mTOR is well 

poised to fulfil this gatekeeper role because it functions as a sensor and transducer of both 

IGF/FGF/HGF (anabolic) and myostatin/TNF/glucocorticoid (catabolic) signalling and cellular 

nutrient levels (required for growth) (Amthor et al. 2009; Carlson et al. 2009; Dong, Pan & 

Zhang 2013; Dumont, Wang & Rudnicki 2015; Lee & Goldberg 2015). Therefore, many of 

the findings we report herein are related back to these principle drivers of diaphragm muscle 

homeostasis. 

3.4 Nutrition  

Antenatal and postnatal undernutrition are commonly associated with premature birth and 

likely influence diaphragm development. Maternal undernutrition and inadequate nutritional 

transfer via placental insufficiency induce intrauterine growth restriction (Godfrey & Barker 

1995; Brown & Hay 2016). Babies born at 26-30 week gestation are up to 10 times more 

likely to have intrauterine growth restriction than babies born at 40 week gestation (Gilbert & 

Danielsen 2003). Additionally, postnatal growth restriction resulting from low energy reserves 

(Frank & Sosenko 1988) and inadequate nutritional intake during early postnatal life 

(Embleton et al. 1999) is a ‘universal problem’ in preterm infants (Cooke, Ainsworth & 

Fenton 2004); affecting ~50 % of infants born at 501-1500 g in North American hospitals in 

2013 (Horbar et al. 2015). Thus, preterm infants are at an increased risk of both intrauterine 

and postnatal growth restriction resulting from undernutrition. Intrauterine growth restriction 

in late preterm babies (≥ 34 week gestation) is strongly associated with an increased risk of 

respiratory distress syndrome (RDS) (Gilbert & Danielsen 2003). Both intrauterine and 

postnatal growth restriction are implicated in the pathogenesis of bronchopulmonary 

dysplasia (BPD) (Korhonen et al. 1999; Lal et al. 2003; Dani & Poggi 2012). Undernutrition 

delays diaphragm development and weakens the developing diaphragm (Brozanski et al. 

1991, 1993; Prakash, Fournier & Sieck 1993). In adults, nutritional deprivation is associated 

with respiratory muscle weakness and likely compromises adult respiratory function (Arora & 
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Rochester 1982). Therefore, antenatal and/or postnatal undernutrition is likely to further 

compromise the contractile function of the immature diaphragm, thereby contributing to the 

increased risk of respiratory insufficiencies in the preterm infant.  

3.4.1 Incidence and consequences of undernutrition: Implications 

for the diaphragm 

3.4.1.1 Structure and function 

The effects of undernutrition on diaphragm development have not been studied extensively. 

However, existing data are consistent with the well-known effects of undernutrition on 

peripheral skeletal muscles. As such, inferences about the effects of undernutrition on 

diaphragm development can be drawn from the greater body of information known about the 

response of peripheral skeletal muscles to undernutrition. Undernutrition negatively affects 

growth, resulting in significantly lower body weights in undernourished babies. Muscle 

development is also impacted significantly by nutritional status; undernutrition is associated 

with significantly fewer and smaller muscle fibres (Wilson, Ross & Harris 1988; Brozanski et 

al. 1993; Prakash, Fournier & Sieck 1993; Fahey et al. 2005b), resulting in significantly lower 

muscle weights (Brozanski et al. 1993; Prakash, Fournier & Sieck 1993; Lefaucheur et al. 

2003; Fahey et al. 2005b; Ruiz-Rosado et al. 2013). The effect of the nutritional insult on the 

fetal and postnatal diaphragm muscle varies depending on developmental stage, and the 

type of undernutrition.  

Myofibre formation during secondary myogenesis is affected by nutritional status. 

Comparative studies in sheep, rats and guinea-pigs indicate undernutrition immediately 

before or during secondary myogenesis reduces the number of secondary myofibres formed, 

which preferentially affect fast type II fibres (Brozanski et al. 1993; Prakash, Fournier & Sieck 

1993; Dwyer et al. 1995; Zhu et al. 2004). The specific reduction in fetal fast type II fibres 

with maternal undernutrition is associated with changes to the contractile properties of the 

rat diaphragm. For example, maternal undernutrition in the rat causes intrinsic diaphragm 

weakness and an increase in fatigue resistance of the rat fetus (Brozanski et al. 1993; 

Prakash, Fournier & Sieck 1993), consistent with a proportional reduction in fast type II 

(fatigable) fibres.  

Fetal hypoplasia induced by maternal undernutrition before/during secondary myogenesis is 

widely regarded as irreversible, given the total number of muscle fibres is fixed after tertiary 

myogenesis, at least in pigs (Wigmore & Stickland 1983) and rodents (White et al., 2010). 
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Alterations to the diaphragm development in the rat by trans-gestational maternal 

undernutrition, including hypotrophy of type II fibres, intrinsic diaphragm weakness and 

increased fatigue resistance. These alterations to diaphragm development persist into 

adulthood despite postnatal nutritional rehabilitation restoring body weight (Brozanski et al. 

1993; Prakash, Fournier & Sieck 1993). Similarly, hypotrophy induced by a 50 % reduction in 

nutrition at 28 – 78-day gestation in fetal lambs, before or during secondary myogenesis, is 

still evident after 8 months of postnatal life (Zhu et al. 2006). Fast type II (glycolytic) fibres 

increased with 8-month of adequate postnatal nutrition despite irreversible hypoplasia (Zhu 

et al. 2006). Fibre type shifts may reverse the fibre type specific effects of undernutrition 

during myogenesis. Irreversible hypoplasia is subject to controversy however, as Daniel et 

al. (2007), using a similar dietary profile as Zhu et al. (2006) (50 % restriction in nutrition at 

30 – 70 d gestation in fetal lambs) reported myofibre numbers recovered to normal levels 

following 24 week of adequate postnatal nutrition. The mechanisms underlying the recovery 

in fibre number with adequate postnatal nutrition are unclear but potentially clinically 

relevant. Overall, maternal undernutrition occurring before or during secondary myogenesis 

in the human fetus will likely induce diaphragmatic hypoplasia and weakness, but whether 

these changes are reversible remains controversial. Irreversible hypoplasia and weakness of 

the preterm diaphragm could contribute to respiratory insufficiencies in the preterm infant, 

particularly if the undernutrition is prolonged during postnatal development. 

Undernutrition subsequent to the completion of myogenesis likely compounds the effects of 

maternal undernutrition before/during secondary myogenesis, further impairing diaphragm 

development and function. Undernutrition during postnatal life in mice, guinea-pigs and pigs 

is associated with reduced body and skeletal muscle weight gain (Goldspink & Ward 1979; 

Ward & Stickland 1993; Lefaucheur et al. 2003), similar to the effects of maternal 

undernutrition before/during secondary myogenesis. However, the reduction in muscle 

weight with postnatal undernutrition results from a reduction in fibre cross-sectional area, 

preferentially affecting fast type IIb fibres (Goldspink & Ward 1979; Ward & Stickland 1993; 

Lefaucheur et al. 2003). The reduction in fibre size is likely due, at least in part, to a 

reduction in the population of satellite cells during undernutrition (Woo et al. 2011). 

Furthermore, in rats, guinea pigs and pigs, undernutrition that extends beyond secondary 

myogenesis into postnatal life delays muscle development; indicated by a delayed 

disappearance of developmental fibre types and a reduction in muscle protein concentration 

(Brozanski et al. 1991; Ward & Stickland 1993; Lefaucheur et al. 2003). Glycolytic activity is 

also reduced as a consequence of postnatal undernutrition in pigs, consistent with a higher 

proportion of developmental fibres and lower proportions of adult fast type IIb fibres 

(Lefaucheur et al. 2003). Overall, diaphragm atrophy and delayed development induced by 
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antenatal and postnatal undernutrition will further reduce preterm diaphragm strength and 

delay the developmental increase in the functional capacity of the diaphragm.  

The effects of undernutrition on skeletal muscle structure and function are dependent on the 

type of nutrient deprivation as well as the timing of undernutrition during development. The 

aforementioned animal studies have induced undernutrition by reducing total calorie intake. 

However, particular vitamins are specifically important for diaphragm development. For 

instance, dietary intake of vitamin A is important in retinoid signalling, and a maternal diet 

deficient in vitamin A during early pregnancy in rodents is associated with the development 

of congenital diaphragmatic hernia (CDH), a failure of the pleuroperitoneal folds to close 

during embryogenesis (Wilson, Roth & Warkany 1953; Clugston & Greer 2007; 

Montedonico, Nakazawa & Puri 2008). Clinical trials in new-born infants with CDH also 

suggest a possible deterioration of retinol transport across the placenta independent of 

maternal retinol status (Beurskens et al. 2010), suggesting adequate retinoic acid signalling 

is required for normal diaphragm development.  

More recently, vitamin D is implicated in skeletal muscle development, which is particularly 

relevant considering studies report anywhere from 13 – 99 % of preterm infants are vitamin 

D deficient at birth (Monangi et al. 2014; Tergestina et al. 2014; Park et al. 2015). Vitamin D 

receptors are more prevalent in skeletal muscle of young rats compared to older rats (Ray et 

al. 2016) and both vitamin D receptors and CYP27B1, the enzyme responsible for 

conversion of precursor (25-hydroxyvitaminD) to its active vitamin D3 (1,25-dihydroxyvitamin 

D), have been identified in myoblasts and myotubes (Srikuea et al. 2012). Likewise, both 

active and inactive vitamins D3 regulate myoblast proliferation, differentiation and myotube 

size (Srikuea et al. 2012; Girgis et al. 2014), further emphasising the importance of vitamin D 

for skeletal muscle growth and differentiation. Vitamin D receptor knockout rats have 

reduced fibre size and delayed disappearance of developmental fibre types compared to 

wild type rats (Endo et al. 2003), and maternal diets low in vitamin D reduce skeletal muscle 

cross sectional area, increase inter-myofibrillar spaces and alters the expression of genes 

involved in myogenesis, protein catabolism and cytoskeletal organisation in muscles from rat 

offspring (Max et al. 2014). Furthermore, a postnatal diet deficient in vitamin D induces a 

selective atrophy and weakness of the diaphragm, while sparing the fast-twitch peripheral 

extensor digitorum longus (EDL) muscle (Ray et al. 2016), indicating a possible fibre type-

specific effect. Diaphragm atrophy and weakness is associated with upregulation of protein 

degradation pathways, through hyper-phosphorylation of FOXO3a, and associated with up-

regulation of protein synthesis pathways, through hyper-phosphorylation of Akt and PSK1 

(Ray et al. 2016). These results indicate vitamin D has an important and complex role in 
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regulating the molecular pathways that drive muscle growth and development. The same 

vitamin D deficient diet does not have an effect on the skeletal muscle structure and function 

in older rats (Ray et al. 2016), which is consistent with a decrease in vitamin D receptor 

expression with development and emphasises the importance of vitamin D in skeletal 

muscle development. The developing diaphragm may be particularly vulnerable to vitamin D 

deficiency.  

3.4.1.2 Major cellular mechanisms 

Nutrition has a profound effect on fetal and postnatal development through hormone 

receptor and gene interaction. Many hormones and growth factors act as nutritional signals 

and their receptors play a key role in mediating the effects of nutrition on numerous genes 

involved in differentiation, growth and metabolism (Gatford et al. 1997; Dauncey et al. 2001). 

Maternal undernutrition at the peri-conceptional period as well as before and/or during 

secondary myogenesis may have crucial effects on skeletal muscle and most probably 

diaphragm development. Maternal nutrition during mid gestation might have more profound 

influence on muscle development rather than maternal nutrition during peri conceptional 

period. As placental growth peaks mid gestation in sheep (which concurs with secondary 

myogenesis) most research studies focus on mid-gestational molecular changes in the 

placenta.  

Intermittent short-term maternal undernutrition decreases secondary myogenesis without 

affecting fetal weights and organ development in fetal sheep (Quigley et al. 2005; Sen et al. 

2016). In contrast, peri-conceptional undernutrition increases IGF1 mRNA expression, whilst 

decreasing myostatin levels in fetal sheep (and increasing the mRNA and protein abundance 

of the myostatin inhibitor, follistatin) (Lie et al. 2015). These pro-myogenic molecular events 

may compensate for the decrease in Myf5 protein abundance evoked by early embryonic 

undernutrition (Lie et al. 2015). Undernutrition at the peri-conceptional stage also decreases 

protein abundance of key insulin signalling molecules by altering micro RNA expression, 

which may contribute to insulin resistance phenotype in adult  sheep (Lie et al. 2014). 

Maternal undernutrition at peri-conception exerts a significant negative effect on the glucose-

insulin system of male lambs, however adrenal function remains unaffected in both male and 

female offspring (Smith et al. 2010). 

The reduced secondary myofibres in fetal skeletal muscle due to maternal undernutrition in 

early to mid-gestation (28-80 d) is mediated via diminished mTOR signalling, which, among 

many effects, reduces myoblast proliferation (Zhu et al. 2004). Unlike protein synthesis, 

protein degradation pathways are not affected by undernutrition at that time point (Zhu et al. 
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2004). The mTOR signalling is critical for nutrient sensing and to co-ordinate nutrient 

stimulated muscle growth (Zhu et al. 2004). Two negative regulators of mTOR activity 

(REDD1 and KLF15) are direct target genes of the glucocorticoid-receptor (GR) in skeletal 

muscle (Shimizu et al. 2011). Mutually exclusive crosstalk between the catabolic hormone 

signal (GR) and the anabolic machinery (mTOR) initiates a rational mechanism for fine-

tuning of muscle growth (Shimizu et al. 2011). Undernutrition at early-to mid-gestation also 

increases expression of IGF1 in fetal sheep skeletal muscle at 80-day gestation (Brameld et 

al. 2000). However, the IGF1 mRNA abundance declined after re-feeding at 140-day and 

IGF1 mRNA level is not influenced by undernutrition or re-feeding (Brameld et al. 2000). 

Protein degradation pathways appear to play a role in late gestation, at which time maternal 

undernutrition reduces protein accretion through enhanced proteolysis in fetal rat diaphragm 

(Johnson et al. 1986). Prolonged maternal undernutrition reduces fractional protein synthesis 

and degradation in the fetal rat diaphragm (Johnson & Dunham 1988).  

Neonatal muscle growth is highly sensitive to overall nutrient intake in pigs and this 

sensitivity declines with development (Davis et al. 2008). The abundance and or activation of 

positive regulators declines in 26-day old pigs compared to 7-day old pigs and similarly the 

negative regulators of protein synthesis are increased with increasing age (Davis et al. 

2008). Thus, the ontogenic profile of positive and negative regulators explains the 

developmental regulation of nutrition induced muscle growth. In the immature muscle, 

activation of an amino acid, insulin, and glucose mediated signalling cascade increases both 

protein quantity (initiation of translation) and cell numbers (enhanced satellite cell 

proliferation) (Davis & Fiorotto 2009). The high ribosome content at birth decreases as the 

muscle matures, partly explaining the feeding induced elevation of protein synthesis in 

immature muscle and its overall decline with development (Davis & Fiorotto 2009). Total 

parenteral nutrition and intravenous lipid administration in baboon does not improve preterm 

diaphragm development compared to glucose-only calories (Maxwell et al. 1994). Therefore, 

the adult fibre type transition during development is not altered by additional nutrition 

(Maxwell et al. 1994). 

3.4.2 Undernutrition: overview and clinical relevance  

Overall, based on the evidence available from other muscles, it is highly likely that 

diaphragm weakness resulting from undernutrition will further compromise the already weak 

preterm diaphragm. Undernutrition impairs lung maturation and function (Pike, Pillow and 

Lucas, 2012) and weakens chest wall muscles (Dias et al. 2004), which further increases the 

load-to-capacity ratio of the preterm diaphragm. The continual activation of the nutritionally 
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deprived, weak, preterm diaphragm at a high workload likely results in diaphragm fatigue. It 

is possible that diaphragm weakness and fatigue contribute to the increased incidence of 

BPD in preterm infants with low birth weight, who are nutritionally deprived and have 

increased energy demands (Kurzner et al. 1988; Yeh et al. 1989; Lal et al. 2003; Dani & 

Poggi 2012).   

Early nutritional intervention to increase growth rate and reduce co-morbidities has gained 

considerable attention amongst neonatal researchers. Vitamin A supplementation during 

gestation significantly reduces the incidence of congenital diaphragmatic hernia and 

improves lung maturation in rats (Babiuk, Thébaud & Greer 2004). Postnatal vitamin A 

supplementation is protective against ventilator-induced oxidative and catabolic injury of the 

rat diaphragm (Song et al, Unpublished data), and in the clinical setting, reduces the severity 

of BPD in very low weight infants dependent on mechanical ventilation (Shenai et al. 1987). 

On the other hand, nutritional intervention with earlier and/or larger amounts of amino acids, 

earlier and/or more lipids and increased total energy intake in very low weight infants with 

respiratory distress improves growth rate but does not reduce the incidence of BPD (Wilson 

et al. 1997); emphasising the importance of adequate nutrition in utero. Protracted 

diaphragm hypoplasia induced by undernutrition before/during secondary myogenesis may 

contribute to the persistence of BPD with postnatal nutritional interventions. Antenatal 

nutritional interventions to increase total energy intake before/during secondary myogenesis 

may be beneficial in preventing diaphragm hypoplasia and diaphragm contribution to 

respiratory insufficiencies.  

3.5 Inflammation 

Respiratory function of preterm infants is affected by chorioamnionitis and postnatal sepsis. 

Chorioamnionitis (inflammation of the feto-maternal placental membranes) is a risk factor of 

preterm birth (Goldenberg, Hauth & Andrews 2000). Chorioamnionitis typically presents 

asymptomatically, remaining undetected throughout gestation and identified as a histologic 

finding on placental examination after birth. About 70 % of preterm births before 30-week of 

gestation are associated with histologic chorioamnionitis (Allen et al. 2000). Preterm infants 

are also at a high risk of morbidities and mortality caused by postnatal sepsis (Kaufman & 

Fairchild 2004). Postnatal sepsis is a risk factor for the development of BPD (Van Marter et 

al. 2002), while the effects of chorioamnionitis on respiratory function in the preterm infant 

are more complex, associated with an initial decreased incidence of RDS but later increase 

in BPD (Kramer et al. 2009; Gantert et al. 2010; Been et al. 2011). (Kramer et al. 2009; 
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Gantert et al. 2010; Been et al. 2011). However, the role of the premature diaphragm in 

respiratory complications after exposure to both chorioamnionitis and postnatal sepsis is 

unknown. Diaphragm dysfunction is the main contributor to respiratory failure in 

experimental models of adult sepsis (Hussain, Simkus & Roussos 1985); sepsis reduces 

transdiaphragmatic pressure (Pdi), an in vivo index of diaphragmatic force output, and 

reduces diaphragm endurance in the adult rodent and dog (Hussain, Simkus & Roussos 

1985; Boczkowski et al. 1988; Leon et al. 1992). Given results of the adult diaphragm and 

the increased susceptibility of the preterm infant to respiratory insufficiency, chorioamnionitis 

and sepsis-induced dysfunction will likely accelerate diaphragm weakness and fatigue and 

contribute to respiratory failure in the preterm infant. 

3.5.1 Incidence and consequence of inflammation: implications for 

the developing diaphragm  

The underlying mechanisms responsible for sepsis-induced diaphragm dysfunction in the 

adult are well-established. In contrast, there are only a handful of studies investigating the 

effects of inflammation on the preterm diaphragm.  

Sepsis-induced diaphragm dysfunction in the adult is attributed to both impairment of the 

contractile filaments and atrophy of muscle fibres. Contractile dysfunction is mediated by 

increased levels of pro-inflammatory cytokines and oxidative stress (Lanone et al. 2005), 

which are associated with damage or alterations in multiple key components of the 

excitation-contraction coupling pathway. Damage to the sarcolemma and hyperpolarisation 

of the resting membrane potential is linked to reduced diaphragm electromyography activity, 

indicating failed action potential generation and propagation (Leon et al. 1992; Lin et al. 

1998). Alterations in Ca2+ handling (Stamm et al. 2001) and reduced myofilament Ca2+ 

sensitivity likely reduces the force capacity (Andrade et al. 1998). Reduced mitochondrial 

oxygen utilisation and reduced adenosine triphosphate production diminishes energy 

available for force production (Callahan & Supinski 2005). The resulting marked diaphragm 

dysfunction is the main contributor to respiratory failure in experimental models of adult 

sepsis (Hussain, Simkus & Roussos 1985).  
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3.5.2 Evidence for alterations of the developing diaphragm by 

Inflammation  

3.5.2.1 Structure and function 

In contrast to the adult diaphragm, the effects of inflammation on the preterm diaphragm are 

largely unknown. The preterm diaphragm is likely more susceptible to oxidative stress than 

that of the term or adult diaphragm because it has immature antioxidant defenses (Song & 

Pillow 2012) and is highly oxidative; having larger, more abundant mitochondria (Maxwell et 

al. 1983). A brief exposure to IA LPS impairs contractile function of the preterm lamb 

diaphragm, reducing maximum specific force (force normalised to cross-sectional area) by 

~30 % at birth (Song et al. 2013b). Conversely, the same LPS exposure impairs contractile 

function of the term lamb diaphragm by only ~20 % (Karisnan et al. 2017). The differential 

regulation of contractile properties despite the same LPS exposure, indicates the preterm 

diaphragm is more vulnerable to inflammation-induced dysfunction than its term counterpart. 

Furthermore, LPS-induced weakness of the preterm lamb diaphragm at birth persists for up 

to 21-day after exposure (Karisnan et al. 2015a). Long-lasting diaphragm dysfunction 

indicates LPS exposure may interfere with critical developmental programming of the 

diaphragm. A 30 % reduction in diaphragm strength, in an already compromised preterm 

diaphragm, could have major implications for the establishment of spontaneous breathing at 

birth and development of respiratory distress in early neonatal life. 

3.5.2.2 Major cellular mechanisms 

Intrauterine inflammation induced diaphragm weakness may result from atrophy and/or 

contractile dysfunction and both effects are mainly driven by inflammatory cascade with or 

without oxidative stress.  

Brief LPS exposures (10 mg) at 2-day and 7-day prior to delivery reduce diaphragm 

contractility but the underlying molecular effect is different depending on the LPS exposure 

time (Song et al. 2013b). LPS induced diaphragm dysfunction at 2-day was associated with 

transient activation of proinflammatory signalling activated NF-kB pathway, atrogin-1 

(MAFbx) expression and the 20S proteasome system. A 7-day LPS exposure directly 

affected the protein synthesis pathway through reduced activity of phosphorylated ribosomal 

protein S6 kinase beta-1 (p70S6K) and decreased proportions of MHCIIa fibres. However, a 

low-dose of IA LPS (4 mg) does not cause similar muscle wasting effects in the diaphragm 

after 2-day exposure (Karisnan et al. 2015a). LPS exposure 2-days before birth initiates a 
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characteristic elevation of systemic (Cheah et al. 2008; Kallapur et al. 2009) and local 

cytokines in the diaphragm (Song et al. 2013b); and lung (Kallapur et al. 2007b) at birth. The 

elevated cytokine concentration at birth was resolved to control levels by 7-days, as evident 

from data from an animal model of human chorioamnionitis (Song et al. 2013b). The pro-

inflammatory response consequent to a 7-day LPS exposure is followed by elevated protein 

carbonyls, a marker of oxidative stress in the diaphragm and in the lungs (Cheah et al. 2008; 

Kallapur et al. 2009; Song et al. 2013c).  

LPS exposure (10 mg) 7-days prior to delivery in preterm lambs initiates a 3-fold elevation in 

protein carbonyl content and a 10-fold increase in myeloperoxidase activity, suggesting 

neutrophil-derived modest oxidant activity in the fetal pulmonary system (Cheah et al. 2008). 

Also, oxidant activity is evident after 2-day LPS exposure in the fetal diaphragm (Song et al. 

2013c). Two underlying mechanisms for oxidative stress-mediated intra-amniotic LPS 

induced preterm diaphragm weakness include: 1) mitochondrial electron transport chain 

dysfunction; and 2) impaired Nrf2-mediated antioxidant signalling coupled with a reduced 

antioxidant response (Song et al. 2013c). LPS induced oxidative stress persists after 21-day 

of LPS exposure in fetal diaphragm (Karisnan et al. 2015a). Thus, the association of 

oxidative stress with endotoxin-induced respiratory muscle dysfunction is a well-established 

phenomenon (Supinski et al. 1996). 

Diaphragm weakness after IA LPS exposure may also arise independently of oxidative 

stress (Karisnan et al. 2015b). Blocking the nodal point of the inflammatory cascade, 

Interleukin 1 (IL-1) signalling with the recombinant human IL-1 receptor antagonist (rhIL-1ra) 

prevents the surge of systemic (plasma IL-6 protein) and local (diaphragm IL-1β mRNA) 

inflammatory markers and prevents diaphragm dysfunction but does not reduce markers of 

oxidative stress associated with chorioamnionitis. Thus IL-1 signalling may directly affect 

excitation-contraction coupling, through altered Ca2+ handling of myofilament rather than 

indirectly via myofibre atrophy and oxidative stress. This conclusion is consistent with the 

defined adult skeletal muscle sepsis mechanism (Friedrich et al. 2014). IL-1 is a well-

established focal point for pathogenesis of chorioamnionitis-induced fetal inflammation. 

However, fetal inflammatory responses are different from those in the adult (Ikegami et al. 

2003). Unlike adult respiratory muscle, the neonatal diaphragm is resistant to the catabolic 

effect of sepsis during endotoxemia provided substrate supply is maintained (Orellana et al. 

2002). 

The impact of initial LPS exposure and frequency of exposure on diaphragm function in 

preterm lambs were studied recently (Karisnan et al, 2015a). Gestational age at the time of 
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initial inflammatory exposures critically influenced the extent of preterm diaphragm 

weakness. The timing of initial LPS exposure during a critical stage of development (100-day 

GA) had a greater, and persistent impact on preterm diaphragm weakness compared to LPS 

exposure at later time points (107-day, 114-day GA). Again, repeated LPS exposure did not 

exacerbate preterm diaphragm dysfunction. Furthermore, unaltered cytokine levels in 

diaphragm and plasma suggest fetal immune tolerance to repeated LPS challenge may be 

through endotoxin reprogramming, similar to that which occurs in the lungs (Kallapur et al. 

2007b). 

Together, these mechanisms suggest that contractile dysfunction may play a more 

pronounced role in diaphragm muscle weakness rather than oxidative stress induced 

dysfunction and atrophy after inflammatory exposure. The severity of fetal diaphragm muscle 

dysfunction also critically depends on the gestational development at the time of LPS 

exposure. 

3.5.3 Inflammation: overview and clinical relevance 

Inflammation induces major diaphragm dysfunction in animal models of adult sepsis, which 

results in respiratory failure and death (Hussain, Simkus & Roussos 1985). Exposure to 

inflammation in utero impairs preterm diaphragm function at birth and the preterm diaphragm 

is more susceptible to in utero inflammation than the term diaphragm (Karisnan et al. 2017). 

Persistent diaphragm weakness following exposure to inflammation in utero (Karisnan et al. 

2015a) suggests that diaphragm dysfunction present at birth may persist into postnatal life 

and compromise respiratory function of the preterm infant; however, this hypothesis remains 

to be studied. Furthermore, the effects of postnatal sepsis on preterm diaphragm function 

are unknown and require investigation. The extrapolation of adult data to the preterm 

diaphragm should be made with caution, considering the different oxidative capacities 

between adult and preterm infants. Given the increased susceptibility of the preterm 

diaphragm to antenatal and postnatal inflammation, and the already compromised nature of 

the preterm diaphragm, inflammation is likely a major complication for postnatal diaphragm 

and respiratory function of the preterm infant.  

3.6 Mechanical Ventilation  

Mechanical ventilation is commonly used to facilitate gas exchange in preterm infants who 

are unable to breathe independently. According to a large multicentre study of  ~1 300 

babies in the United States, up to 83 % of extremely preterm infants (< 28 week gestation) 
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require mechanical ventilation (Blackmon et al. 2002). Despite providing essential life-

sustaining respiratory support, mechanical ventilation induces an inflammatory response that 

arrests alveolarisation and depresses surfactant production within the lung (Attar & Donn 

2002). Mechanical ventilation is not only associated with lung injury but impaired diaphragm 

function in adults; referred to as ventilator-induced diaphragm dysfuncion (VIDD) 

(Vassilakopoulos & Petrof 2004). VIDD is characterised by diaphragm wasting and 

weakness. The presence of diaphragmatic wasting and weakness in ventilated humans 

diagnosed with VIDD is supported by in vivo sonographic measures showing reduced 

diaphragm thickness and transdiaphragmatic pressures (Hermans et al. 2010; Grosu et al. 

2012). The combination of ventilator-induced lung injury and diaphragm dysfunction impedes 

weaning of adult patients from mechanical ventilation to spontaneous breathing: 40 % of the 

time patients spend on mechanical ventilation is devoted to weaning (Esteban et al. 1994), 

with extended time on mechanical ventilation due, at least in part, to VIDD. VIDD in the 

preterm infant, although not well characterised, will likely have major consequences on the 

ability of the preterm infant to breathe spontaneously.  

Much of what we understand about the characteristics and mechanisms of VIDD are based 

on adult animal studies, or adult human studies on intensive care unit (ICU) patients. In 

contrast, diaphragm function following mechanical ventilation in preterm infants is still 

unknown. Consequently, the VIDD literature is reviewed briefly to identify the important 

questions for the preterm diaphragm.  

3.6.1 Incidence and consequence of ventilator-induced dysfunction 

of the developed diaphragm: Implications for the developing 

diaphragm  

3.6.1.1 Function and physiology 

Diaphragm contractile function declines with increasing duration of mechanical ventilation in 

animal models of adult VIDD. The relationship between mechanical ventilation and in vitro 

diaphragm specific force is sigmoidal: 12-hours of mechanical ventilation induces rapid onset 

and large deficits in diaphragm specific force, which then doubles within the next 12-hours of 

mechanical ventilation ( Figure 3.2). Intrinsic strength of the diaphragm is nearly halved with 

just 24-hours of mechanical ventilation in rats (Powers et al. 2002), indicating that even short 

durations of mechanical ventilation induce severe weakness to the diaphragm. Further, 

mechanical ventilation increases susceptibility of the diaphragm to fatigue (Anzueto et al. 

1997). Mechanical ventilation induces major structural alterations to the diaphragm, which 
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likely contribute to the reduced strength of the diaphragm, including myofibrillar dissaray, an 

increased number of lipid vacuoles in the sarcoplasm, a decrease in mitochondrial size and 

damage to the mitochondria (Bernard et al. 2003). The proportion of abnormal myofibrils 

following mechanical ventilation correlates with, and likely contributes to, the reduced force 

capacity of the diaphragm after mechanical ventilation (Sassoon et al. 2002; 

Vassilakopoulos & Petrof 2004). Furthermore, atrophy of the diaphragm during mechanical 

ventilation amplifies diaphragm weakness. Mechanical ventilation in rats for 9 – 14-days 

reduces total diaphragm function by 85 % due to a 50 % decrease in the fibre cross-

sectional area and a 70 % reduction in specific force (Corpeno et al. 2014). Thus, VIDD 

compromising the existing functional deficits of the preterm muscle will likely critically impair 

capacity to sustain independent ventilation.  

 

Figure 3.2. Effects of mechanical ventilation on in vitro adult rat diaphragm function 

Mechanical ventilation increases diaphragm force decline in a sigmoidal fashion (R2 = 0.87). Data 
are drawn from Betters et al (2004), Gayan-Ramirez et al (2003), Le Bourdelles et al (1994), 
Powers et al (2002), Shanely et al (2003), Whidden et al (2009) and Yang et al (2002).   

 

The severity of VIDD is strongly related to respiratory rate. VIDD is more severe in small 

animals with high respiratory rates compared with large animals with low respiratory rates. In 

rabbits, mechanical ventilation with a respiratory rate of 40 – 50 breaths per minute for 3-

days reduced diaphragm strength by 51 % (Sassoon et al. 2002); in young adult pigs (20 – 

30 kg) mechanical ventilation with a respiratory rate of 16 – 19 breaths per minute for 5-days 

reduceds diaphragm strength by 31 % (Radell et al. 2002); while in baboons, mechanical 

ventilation at a respiratory rate of 12 breaths per minute for 11-days only reduced maximum 
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transdiaphragmatic pressure generation by 25 % (Anzueto et al. 1997). The increased 

severity of VIDD in small animals could be because unloading a diaphragm which is 

normally activated at a high rate causes greater damage, or because the higher rate of 

ventilation stretching the diaphragm causes greater diaphragm damage. The relationship 

between respiratory rate and VIDD has major implications for the preterm infant; the 

respiratory rate of healthy term infants is ~44 breaths per minute and decreases to ~26 

breaths per minute by two years of age (Fleming et al. 2011). The preterm infant with a high 

respiratory rate may therefore be more susceptible to VIDD.  

3.6.1.2 Major cellular mechanisms 

Numerous animal studies and recently some human studies confirm that prolonged 

mechanical ventilation promotes atrophy and contractile dysfunction in adult diaphragm. 

Potential mechanisms of VIDD involve atrophy (through reduced anabolism and enhanced 

catabolism), reduced strength (due to contractile dysfunction), muscle fibre type remodelling 

(changed expression of MHC), fibre injury (through disrupted myofibrils, altered 

mitochondrial respiration, increased vacuoles), muscle stem cell activation (MyoD and 

myogenin), and oxidative stress (Petrof, 2010; Powers et al., 2013). 

The rapid onset of mechanical ventilation induced diaphragmatic atrophy implicates the 

pronounced role of increased proteolysis rather than decreased protein synthesis as the 

dominant contributory factor to VIDD. The magnitude and rate of muscle atrophy is linearly 

proportional to the duration and modes of mechanical ventilation respectively (Powers et al. 

2013). Both slow and fast muscle fibres of the costal diaphragm shows remarkable atrophy 

by a significant reduction in CSA, increased atrophy related gene expression: MuRF1, 

MAFbx, increased caspase-3 expression, decreased antioxidant: glutathione after prolonged 

mechanical ventilation in human diaphragm (Levine et al. 2007). FOXO is a widely reported 

mediator of mechanical ventilation induced enhanced catabolism. Adeno-associated virus 

mediated direct delivery of dominant negative FOXO to the diaphragm inhibits activation of 

FOXO significantly (Smuder et al. 2015). As a result, the ubiquitin-proteasome system, the 

autophagy/lysosomal system and caspase-3 activities are inhibited, leading to attenuation of 

both atrophy and contractile dysfunction in rat diaphragm after prolonged mechanical 

ventilation (Smuder et al. 2015). FOXO1 up regulation and oxidative stress are important 

mediators in triggering proteolysis especially in the autophagy-lysosome system in 

mechanically ventilated human diaphragm muscle (Hussain et al. 2010). Prolonged 

mechanical ventilation increases levels of proteins involved in autophagy (ATG5, ATG7, 

beclin) and the number of autophagosomes in human diaphragm (Hussain et al. 2010). A 
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recent study confirms that mechanical ventilation independently and specifically increases 

the production of autophagosomes in the diaphragm (Azuelos et al. 2015). They show that 

separate administration of antioxidant (N-acetyl-Cysteine) and autophagy inducing 

compound (rapamycin) both promotes autophagy and prevents mechanical ventilation-

associated VIDD in mice (Azuelos et al. 2015). As autophagy has the ability to remove 

dysfunctional mitochondria (mitophagy) from the cell, enhanced autophagy triggered by 

mechanical ventilation is postulated as a beneficial adaptive response rather than contributor 

to diaphragmatic weakness (Azuelos et al. 2015). 

Apart from autophagy, other cellular proteolytic systems such as cysteine protease calpains 

(Ca2+-dependent), and caspase-3 (apoptotic marker) and atrogenes (proteasomal markers) 

are up-regulated in both animal and human diaphragm following prolonged mechanical 

ventilation (Petrof et al. 2010). Calpains disintegrate myofibrils by cleaving the Z-line 

associated proteins (titin, nebulin), whereas caspase-3 orchestrates myonuclear apoptosis in 

the diaphragm (Powers et al. 2013). Importantly, the calpain and caspase systems have a 

mutually reinforcing crosstalk regulation (Powers et al. 2012). Mitochondrial ROS emission is 

required for downstream activation of key proteases (calpains and caspase-3) in 

mechanically ventilated rat diaphragm (Powers et al. 2011). 

Mechanical ventilation-induced oxidative stress is a well-established early pathogenic event 

in the development of VIDD. Mechanical ventilation decreases antioxidant defence by 

variably repressing the antioxidant genes superoxide dismutase (SOD), catalase, glutathione 

peroxidase (GPX) and non-enzymatic antioxidant components in different animal models 

(Sassoon & Caiozzo 2009). Cellular ROS generating pathways that contribute to mechanical 

ventilation induced oxidative stress in the diaphragm include nitric oxide synthase, xanthine 

oxidase, nicotinamide adenine dinucleotide phosphate (NADPH) oxidase and the 

mitochondrial oxidant generating pathway (Sassoon & Caiozzo 2009). However, 

mitochondria are believed to be the main source of excessive ROS generation in the 

diaphragm during mechanical ventilation (Kavazis et al. 2009). Mitochondrial targeted 

antioxidant, a synthetic aromatic cationic tetrapeptide SS-31 (D-Arg-2′6′dimethylTyr-Lys-

Phe-NH2), prevents VIDD by selectively targeting the mitochondrial inner membrane and 

scavenging of mitochondrial oxyradicals (Powers et al. 2011). Prolonged mechanical 

ventilation reduces the activity of mitochondrial respiratory chain enzymes and mitochondrial 

biogenesis in human diaphragm due to diminished activity of AMPK and sirtuin-1 (key 

regulators of mitochondrial metabolism and biogenesis) (Picard et al. 2012). They further 

show lipid accumulation (a state of energetic substrate oversupply in human diaphragm, but 

not in murine model) when the breathing overload is taken over by the ventilator. The 
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relationship between lipid accumulation and mitochondrial dysfunction is controversial and 

needs further research. Mitochondrial morphological abnormalities characterized by 

excessive fission-fragmentation, specifically the intermyofibrillar mitochondrial population 

represent early events during mechanical ventilation which potentially contribute to the rapid 

onset of VIDD (Picard et al. 2015).  

Oxidative stress-induced activation of the intrinsic apoptotic pathway is evident in 

mechanically ventilated human diaphragm (Tang et al. 2011). In contrast, silencing Bcl2-

interacting mediator of cell death (Bim) suppress apoptosis in mechanically ventilated 

diaphragm (Tang et al. 2011). Redox sensitive NFκB signalling is required for enhanced 

expression of MuRF1 in the diaphragm and thus contributes significantly to diaphragm 

weakness by mechanical ventilation (Powers et al. 2012). The post translational activation of 

the Janus kinase/signal transducer and activator of the transactivation (JAK/STAT) signalling 

pathway induces mitochondrial oxidative stress in a positive feedback mechanism leading to 

a reduction of diaphragm contractility in mechanically ventilated patients (Tang et al. 2014). 

This critical regulation of JAK-STAT and oxidative stress is central to the downstream 

pathogenesis of clinical VIDD and thus offers a promising target for therapeutic treatment. 

The mechanisms of atrophy and contractile dysfunction are not identical as they can be 

uncoupled from one another (Petrof et al. 2010). For example, usage of an inhibitor of 

oxidative stress (oxypurinol) improves diaphragm contractility but does not prevent atrophy 

(Whidden et al. 2009). However, intermittent spontaneous breathing during the course of 

mechanical ventilation minimises muscle atrophy but does not improve contractility (Petrof, 

Jaber & Matecki 2010). 

3.6.2 Mechanical ventilation: overview and clinical relevance  

Mechanical ventilation is associated with reduced diaphragm strength and diaphragm 

atrophy in the neonate and infant (Knisely, Leal & Singer 1988). Nonetheless, the effects of 

mechanical ventilation on the preterm diaphragm remain relatively unexplored. The preterm 

diaphragm is likely more susceptible to VIDD than the adult diaphragm due to the high 

respiratory rates of infants (Fleming et al. 2011) and the increased susceptibility of the 

preterm diaphragm to oxidative stress (Maxwell et al. 1983; Song & Pillow 2012). Duration of 

mechanical ventilation is a strong positive predictor of BPD (Morley et al. 2008), and 

diaphragm dysfunction likely plays a fundamental role in impaired weaning from mechanical 

ventilation. Measurements of diaphragm function are good predictive tools for ventilator 

weaning success/failure (Harikumar et al. 2009; Currie et al. 2011; Dres et al. 2012; Barwing 
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et al. 2013). The tension-time index (representing the load-to-capacity ratio of the 

diaphragm) predicts success or failure to wean with 100 % accuracy (Harikumar et al. 2009; 

Currie et al. 2011), demonstrating the important balance between the functional capacity of 

the diaphragm and the load placed on it by the lungs and chest wall in the esablishment of 

adequate spontaneous ventilation.  

3.7 Glucocorticoids 

Antenatal and postnatal glucocorticoids are a common form of prevention and treatment of 

respiratory diseases in the preterm infant. Antenatal betamethasone is administered to 

mothers expected to deliver prematurely to facilitate lung maturation and surfactant 

production (Bolt et al. 2001, Brownfoot et al. 2013) 

. Similarly, postnatal dexamethasone has been used since the 1980’s to facilitate weaning of 

infants with severe BPD off mechanical ventilation. The potent anti-inflammatory properties 

of glucocorticoids make them an effective treatment to reduce the lung inflammation induced 

by in utero inflammation, postnatal sepsis and mechanical ventilation: lung inflammation 

plays a key role in the pathogenesis of BPD (Gupta et al. 2012). There is minimal research 

into the effects of glucocorticoids on the preterm diaphragm despite their wide application in 

the preterm infant for the prevention and treatment of respiratory disorders.  

3.7.1 Incidence and consequence of exogenous glucocorticoids on 

developed diaphragm: Implications for the developing 

diaphragm 

3.7.1.1 Function and physiology 

In adults, glucocorticoid administration is associated with serious adverse effects on skeletal 

muscle, including the diaphragm. Prolonged exposure to high-dose glucocorticoids is 

associated with reduced inspiratory muscle strength in patients treated for asthma and 

COPD (Decramer & Koenraad 1992) and reduced inspiratory muscle strength and 

endurance in patients without prior respiratory conditions (Weiner, Azgad & Weiner 1993). 

Diaphragm weakness results from glucocorticoid-induced atrophy, selective to type IIb/x 

fibres (Lewis, Monn & Sieck 1992; Dekhuijzen et al. 1995; Nava et al. 1996; Van Balkom et 

al. 1997; Prezant et al. 1998). The direct effects of excessive glucocorticoids on skeletal 

muscle are further compounded by glucocorticoid-induced myopathy due to appetite 
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suppression and consequent undernutrition and weight loss (see section 3.4 nutrition) 

(Lewis, Monn & Sieck 1992; Nava et al. 1996).  

The effects of glucocorticoid-administration on contractile function are variable based on in 

vivo animal models of adult glucocorticoid-induced myopathy: glucocorticoids either reduce 

maximum Pdi (Viires et al. 1990) or, alternatively, reduce diaphragm endurance without 

altering maximum Pdi (Ferguson, Irvin & Cherniack 1990). Similar contrasting effects of 

glucocorticoids are found in vitro: glucocorticoids either have no effect on specific force of 

the diaphragm (Moore et al. 1989; Lewis, Monn & Sieck 1992; Dekhuijzen et al. 1995; 

Prezant et al. 1998) or reduce the specific force of the diaphragm (Sasson et al. 1991; Van 

Balkom et al. 1997; Sassoon et al. 2008). When present, reduced diaphragm maximum 

specific force is correlated with the proportional increase in myofibrillar damage (Sassoon et 

al. 2008). Likewise, diaphragm fatigue may increase (Lewis, Monn & Sieck 1992), decrease 

(Van Balkom et al. 1997; Prezant et al. 1998) or be unchanged (Sasson et al. 1991; 

Dekhuijzen et al. 1995; Nava et al. 1996) by glucocorticoid exposure. The different outcomes 

between studies are likely due to differences in dose and duration of the steroids 

administered, and the use of different animal models and fatigue protocols (Dekhuijzen & 

Decramer 1992). Glucocorticoid-induced contractile dysfunction and atrophy are dose- and 

duration-dependent (Sasson et al. 1991; Prezant et al. 1998; Sassoon et al. 2008). For 

example, specific force and muscle fibre CSA of the diaphragm was unaffected in rabbits 

administered a 3-day 10 mg/kg/d course of methylprednisolone. However, at a higher 

methylprednisolone dose (80 mg/kg/d), force response to high stimulation frequencies was 

reduced after just one day, and force responses to all stimulation frequencies and type IIb 

fibre CSA were reduced after 3-days (Sassoon et al. 2008). Similarly, decreases in MHCIIb 

mRNA and type II fibre CSA are greater after a 10-week administration of dexamethasone 

than after a 2.5-week administration (Prezant et al. 1998). 

3.7.1.2 Major cellular mechanisms 

Glucocorticoid treatment causes skeletal muscle atrophy by genomic and non-genomic 

actions. Glucocorticoids inhibit muscle protein synthesis at the initiation stage of translation 

through blocking anabolic regulators such as insulin, IGF1 and leucine signalling (Menconi et 

al. 2007). Secondly, glucocorticoids inhibit the differentiation of satellite cells by repressing 

myogenesis through degradation of myogenin and myoD (nuclear degradation): Thirdly, 

glucocorticoid-induced muscle atrophy is characterized by down-regulation of IGF1-PI3K-Akt 

pathway, inhibiting mTOR- and β-catenin-mediated anabolism and activation of atrogenes 
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(FOXO, MURF1), autophagy related genes and myostatin (Hasselgren et al., 2007; 

Schakman et al., 2008).  

Another mechanism underlying glucocorticoid induced muscle atrophy involves inhibited 

transport of amino acids into the muscle, limiting availability of the building block required for 

protein synthesis (Schakman et al. 2013). Glucocorticoids repress ATF4, an anabolic 

transcription factor and one of the downstream targets of mTOR, a key component of the 

protein synthesis pathway (Adams 2007). ATF4 is required for the activation of transcription 

program for the cellular uptake of essential amino acids and synthesis of non-essential 

amino acids and aminoacyl-t-RNAs (Schakman et al. 2008). Thus, glucocorticoid 

administration may induce diaphragm weakness via several different mechanisms that inhibit 

cellular anabolic pathways. 

3.7.1.3 Evidence of alterations of the developing diaphragm by exogenous 

glucocorticoids  

The effects of glucocorticoids on the adult diaphragm cannot be extrapolated directly to the 

immature diaphragm for three key reasons. Firstly, glucocorticoids inhibit IGF1 signalling, an 

important regulator of myogenesis and hyperplasia (Engert, Berglund & Rosenthal 1996; 

Schiaffino & Mammucari 2011). Therefore, the time that glucocorticoid exposure occurs, 

relative to diaphragm development, likely influences its effects. Secondly, glucocorticoids 

induce atrophy by both decreasing the activity of anabolic pathways and increasing activity 

of catabolic pathways. Developmental changes in the activity of these anabolic and catabolic 

pathways of the diaphragm, such as IGF1 expression, may influence the effects of 

glucocorticoids (Song et al. 2013a). Thirdly, glucocorticoid exposure during in utero organ 

development may also alter genetic programming and long-term function (Fowden, Giussani 

& Forhead 2006; Gatford et al. 2000, 2008).  

What we do know about glucocorticoid exposure during development is that administration 

of glucocorticoids in premature infants and animal models is associated with reduced fetal 

weight and reduced fetal growth (Frank & Roberts 1979; Pratt et al. 1999; Halliday, 

Ehrenkranz & Doyle 2003b; Kumar & Seshadri 2005). Therefore, glucocorticoid 

administration may induce diaphragm dysfunction indirectly, through growth restriction. Two 

experimental studies examining the direct effects of antenatal betamethasone and postnatal 

dexamethasone on the rat diaphragm noted: 1) two doses of antenatal betamethasone, one 

prior and one during secondary myogenesis (Harris et al. 1989) induces long-term 

diaphragm weakness, long-term reduction in fast fibre gene and protein expression, and 

long-term reduction of Akt and 4EBP1 anabolic signalling, consistent with a genetic 
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reprogramming (Song et al. 2014); and 2) postnatal dexamethasone effects in rats are 

dependent on the age at the time of exposure with dexamethasone reducing the intrinsic 

force generating capacity and atrophy in newborn rats, but only inducing atrophy in 

adolescent and adult rats (Trang, Viires & Aubier 1992). While the rodent model is a valid 

model for studying the effects of steroids on developed skeletal muscle, differences in 

gestational and developmental trajectories compared to human infants limits translation of 

the above-mentioned studies. Additionally, both studies used high doses of glucocorticoids, 

well above the levels used in clinical practice. However, a low-dose of antenatal 

betamethasone (50 % lower than the routine clinical use) does not affect the development, 

growth, metabolism and functional properties of the fetal diaphragm (Mahzabin et al. 2017). 

Furthermore, the low-dose antenatal betamethasone is also sufficient to produce lung 

maturation without any significant negative effect in lambs (Kemp et al. 2016; Loehle et al. 

2010). Thus, low-dose antenatal glucocorticoid is increasingly used to achieve improved 

respiratory outcomes without significant side effects. Therefore, despite the wide use of 

glucocorticoids to reduce respiratory morbidity in the neonate, the effects of glucocorticoids 

on the neonatal diaphragm remain unknown. 

3.7.2 Glucocorticoids: overview and clinical relevance 

Early dexamethasone use as a prevention/treatment of BPD has diminished (Committee on 

Fetus and Neborn 2002) since the use of postnatal glucocorticoids in neonates was 

associated with skeletal muscle catabolism (Tsai et al. 1996), gastrointestinal perforation 

and long-term neurological deficits (Yeh et al. 1997; Stark et al. 2001b). However, delayed 

postnatal glucocorticoid use is associated with prolonged mechanical ventilation and an 

increased incidence of BPD, which is also a risk factor for neurological impairment (Walsh et 

al. 2005; Cheong et al. 2013). Whether there is a safe and effective dexamethasone dose 

which will improve pulmonary function with minimal side effects is unknown. It is critical that 

the effects of glucocorticoids on the immature diaphragm are investigated in order to inform 

best practice for postnatal glucocorticoid use in the preterm infant. Investigation into non-

fluorinated steroids, such as hydrocortisone, as an alternative anti-inflammatory treatment 

should also be considered. Non-fluorinated steroid mineralocorticoid activity may reduce 

adverse neurological outcomes (Karemaker et al. 2006; Watterberg et al. 2007; De Jong et 

al. 2011). Furthermore, non-fluorinated steroids are associated with less undernutrition-

induced myopathy in adult animal models (Dekhuijzen et al. 1993) which may be protective 

of diaphragm function.  
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3.8 Interactive effects of undernutrition, inflammation, 

mechanical ventilation and glucocorticoids on 

diaphragm muscle function  

An added complexity to the effects of undernutrition, inflammation, mechanical ventilation 

and glucocorticoids on the diaphragm is that preterm infants are often subject to multiple 

adverse exposures in series or parallel (Figure 3.1). The effects of these antenatal and 

postnatal exposures may be interactive.  

Exposure of preterm infants to undernutrition and glucocorticoids likely occurs 

simultaneously. Repeated maternal glucocorticoid administration reduces fetal birth weight 

(French et al. 1999) and, in the rat, reduces nutritional transfer to the fetus by altering 

placental size and structure (Hewitt, Mark & Waddell 2006). Maternal undernutrition also 

increases fetal exposure to endogenous glucocorticoids in the rat (Lesage et al. 2001). 

Therefore, undernutrition and glucocorticoid administration may induce myopathy both 

directly and indirectly.  

Chorioamnionitis is associated with in utero fetal growth restriction (Williams et al. 2000), 

and the effects of chorioamnionitis and growth restriction on the diaphragm may be additive. 

The pro-inflammatory effects of chorioamnionitis, postnatal sepsis and mechanical 

ventilation and the anti-inflammatory effects of glucocorticoids may be influenced by 

previous exposures. For example, chorioamnionitis alters the innate immune response of the 

preterm lamb (Kramer et al. 2007); and while a single exposure to LPS-induced 

chorioamnionitis causes diaphragm dysfunction at birth, repeated subsequent exposures do 

not increase the extent of diaphragm dysfunction further, despite increasing white blood cell 

counts (Karisnan et al. 2015a). Furthermore, the anti-inflammatory action of antenatal 

glucocorticoids is dependent on glucocorticoid administration timing relative to the onset of 

chorioamnionitis (Wolfe et al. 2013). Interactive effects between mechanical ventilation and 

sepsis, as well as mechanical ventilation and glucocorticoids, on diaphragm function has 

been reported in adult animal models. Mechanical ventilation protects the diaphragm from 

concurrent sepsis-induced dysfunction in the adult rat by reducing sarcolemmal damage 

from oxidative stress during sepsis (Ebihara et al. 2002); indicating mechanical ventilation 

may benefit diaphragm function in septic preterm infants in some circumstances. However, 

the timing of mechanical ventilation in relation to the onset of sepsis is likely crucial in 

determining diaphragm outcome, as mechanical ventilation initiated after sepsis exacerbates 

sepsis-induced diaphragm dysfunction (Maes et al. 2014). Lastly, glucocorticoids alter VIDD 
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in a dose-dependent manner: low dose steroids exacerbate VIDD, while high dose steroids 

may actually prevent VIDD by inhibiting calpain activity associated with mechanical 

ventilation in adult rats (Maes et al. 2010; Sassoon et al. 2011). Consequently, the dose, 

timing and interaction between antenatal and postnatal exposures/treatments requires 

consideration when evaluating their effects on the neonatal diaphragm and respiratory 

function.  

3.9 Future perspectives   

Common exposure of the preterm infant to undernutrition, inflammation, mechanical 

ventilation and high glucocorticoid levels likely compromises the structure and function of the 

preterm diaphragm. The preterm diaphragm has a reduced functional capacity and a high 

mechanical load due to immaturity of the respiratory system with premature birth. 

Furthermore, diaphragm dysfunction from antenatal and postnatal exposures could result in 

diaphragm weakness and fatigue. The load-to-capacity ratio of the neonate diaphragm 

measures success or failure to wean from mechanical ventilation with 100 % accuracy, 

emphasising the importance of the diaphragm in the establishment of independent 

breathing. A weakened diaphragm may contribute to respiratory distress and chronic 

respiratory diseases seen in the infant. The diaphragm needs to be considered when 

reviewing and treating respiratory insufficiencies in the preterm infant. To date, the influence 

of clinical exposures on the preterm diaphragm has garnered little attention and there are 

major outstanding questions (Table 3.1). The individual and combined effects of common 

clinical antenatal and postnatal exposures on the developing diaphragm warrants further 

investigation.
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Table 3.1: Current and outstanding knowledge on the influence of clinical exposure to undernutrition, inflammation, mechanical ventilation and 

excessive glucocorticoids on the development of the diaphragm. 

Exposure Current Knowledge Outstanding Questions 

Undernutrition  Undernutrition before secondary myogenesis induces long 

lasting, potentially irreversible, hypoplasia (Brozanski et al. 

1993; Prakash, Fournier & Sieck 1993; Zhu et al. 2004).  

 Undernutrition reduces type II fibre contribution to total 

muscle CSA (Goldspink & Ward 1979; Brozanski et al. 1993; 

Prakash, Fournier & Sieck 1993; Ward & Stickland 1993; 

Lefaucheur et al. 2003; Zhu et al. 2004) 

 Undernutrition delays muscle maturation (Brozanski et al. 

1991; Ward & Stickland 1993; Lefaucheur et al. 2003).  

 How does gestational age at 

exposure influence the effects of 

undernutrition on the developing 

diaphragm? 

 How does undernutrition of differing 

nature (i.e. low levels of specific 

nutrients) affect the developing 

diaphragm?  

 Does antenatal/postnatal nutritional 

intervention reverse the effect of 

undernutrition on the developing 

diaphragm?  

Inflammation  In animal models of adult sepsis, diaphragm dysfunction 

results in respiratory failure (Hussain, Simkus & Roussos 

1985).  

 In utero inflammation induces diaphragm weakness and 

atrophy (Song et al. 2013b,c; Karisnan et al. 2015a, b) 

 Does diaphragm dysfunction 

following in utero inflammation 

persist into postnatal life? 

 What are the effects of postnatal 

sepsis on preterm diaphragm 

function?  
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 The immature preterm diaphragm is more susceptible to 

inflammation-induced weakness than the more mature term 

diaphragm (Karisnan et al. 2017).  

 Molecular mechanisms of intra-amniotic lipopolysaccharide 

(LPS)-induced diaphragm weakness depend on timing and 

dose of LPS exposure 

 Interleukin-1 mediates the nodal inflammatory cascade 

(Karisnan et al. 2015b) 

 Oxidative stress may attribute via mitochondrial electron 

transport chain dysfunction and impaired erythroid 2-related 

factor 2 (Nrf2) signalling (Song et al. 2013c; Karisnan et al. 

2015a; Callahan & Supinski 2005) or may not be implicated 

(Karisnan et al. 2015b).  

 What is the effect of mechanical 

ventilation on inflammation-induced 

preterm diaphragm dysfunction? 

Mechanical Ventilation  Diaphragm weakness and atrophy is identified in infants and 

neonates after mechanical ventilation (Knisely, Leal & Singer 

1988). 

 Ventilator induced diaphragm dysfunction (VIDD) is well 

characterised in the developed diaphragm (Vassilakopoulos 

& Petrof 2004; Hermans et al. 2010; Grosu et al. 2012). 

 VIDD results from severe contractile dysfunction and disuse 

atrophy of the developed diaphragm muscle (Le Bourdelles 

et al. 1994; Powers et al. 2002; Yang et al. 2002; Gayan-

 What is the effect of the different 

duration and type of mechanical 

ventilation on the developing 

diaphragm? Does VIDD response is 

similar in developing diaphragm 

same as adult diaphragm? 

 How is VIDD influenced by positive 

end expiratory pressure? 
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Ramirez et al. 2003; Shanely et al. 2003; Betters et al. 2004; 

Whidden et al. 2009; Corpeno et al. 2014). 

 Contractile dysfunction and atrophy has a rapid onset (Powers 

et al. 2002; Shanely et al. 2002; Betters et al. 2004; Whidden et 

al. 2009) and is duration dependent (Powers et al. 2002; 

Sassoon et al. 2002; Corpeno et al. 2014). 

 Underlying mechanisms: Oxidative stress and increased 

proteolysis  

 How does tidal volume influence 

VIDD? 
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4. General methods 
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4.1 Lamb management 

Research experiments were performed at The University of Western Australia (UWA) with 

approval from the UWA Animal Ethics Committee (ethics approval details are included in the 

respective experimental chapters). All experiments were conducted in accordance with the 

guidelines of the National Health and Medical Research Council (NHMRC) Australian code 

for the care and use of animals for scientific purposes (2013).  

4.1.1 Ewe husbandry and delivery  

4.1.1.1 Breeding and Transport 

Ewes were bred at UWA Ridgefield Farm (Pingelly, WA). Ewes with a condition score of at 

least 2.5 and weighing at least 50 kg were deemed eligible for mating. Synchronised 

induction of anoestrus was achieved via insertion of a progesterone sponge (30 mg, Eazi-

BreedTM CIDR®, Zoetis, Sydney, Aust) to a depth of 7-10 cm into the ewe’s vagina. Sponges 

were removed after 14-days and ewes are joined with a ram one-day later (D0). Parity was 

determined by ultrasound scan at 50-80 d gestation. All ewes underwent veterinary 

inspection approximately 1 week prior to transport from Ridgefield Farm to the Large Animal 

Facility at UWA. Ewes approved for inclusion were commenced on pellet feed (Macco Feeds 

707: 16 % protein in dry matter, 12 MJ/kg dry matter; 200 g/d) one-week prior to transport 

from Ridgefield Farm to UWA. Pellet feed was gradually increased according to gestation (to 

a total of 600 g/d preterm ewes or 875 g/d for term ewes to meet the needs of a 60 kg 

pregnant ewe). Mineral supplements (20 mg/d) and oaten chaff (750 g/d) were provided 

daily. Feeds were divided into morning and afternoon feeds. Small amounts of oaten hay or 

Lucerne hay were provided in the afternoon feed. Ewes were vaccinated against Cheesy 

Gland and 5 clostridial diseases (Cydectin Eweguard SE B12 6 in 1 Vaccine and Wormer, 

Virbac Australia Pty. Ltd., Milperra, Australia) on arrival at UWA Large Animal Facility. 

4.1.1.2 Antenatal Treatment 

Preterm ewes were injected with intramuscular (IM) medroxyprogesterone acetate (150 mg, 

Pfizer, NSW, Australia) at 122 d gestation to prevent premature labour in response to 

glucocorticoid treatment. Betamethasone (5.7 mg, Merck Sharp & Dome, Australia) was 

administered to ewes 48-hour prior to delivery and repeated 24 hours later to promote fetal 

lung maturation. The ewes from fetal control group (Chapter 6) and term control (Chapter 8) 
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group received no antenatal exposure to medroxyprogesterone or betamethasone before 

delivery and represent naïve maturational controls. 

4.1.1.3 Delivery and humane killing 

Preterm ewes were premedicated with buprenorphine (0.01 mg/kg, 300 μg/mL, Indivior, Pty 

Ltd, NSW, Australia) and acepromazine (0.02 mg/kg, 2 mg/mL, Ceva Animal Health 

Australia, NSW, Australia) one hour prior to induction of anaesthesia at 129 d GA. Ewes 

were milked for colostrum, prior to intravenous (IV) anaesthetic induction (15 mg/kg sodium 

thiopental; Troy Laboratories, NSW, Australia). Ewes were intubated with a 9.0 mm tracheal 

tube and commenced on inhalational anaesthetic (Isofluorane 1.5-3.0 %, Maxcare). Preterm 

lambs were delivered via hysterotomy after instrumentation (see below). Term ewes 

delivered naturally (vaginally) at 148.3 d GA in their pens and stayed with their lambs for 1 

week prior to humane killing (150 mg/kg pentobarbitone). 

4.1.1.4 Fetal instrumentation 

Preterm lambs were exteriorised via hysterotomy and intubated with a 3.5 mm tracheal tube. 

Fetal lung fluid was suctioned from the tracheal tube (~ 60 mL) and the tracheal tube was 

occluded until delivery. Exogenous surfactant (Poractant alfa, 100 mg/kg, Chiesi 

Farmaceutici S.p.A., Palma, Italy) was instilled into the distal trachea with a feeding tube. 

The fetal head and neck of postnatal lambs were exteriorised for insertion of carotid arterial 

and jugular venous catheters (Chapter 6, 7). Vascular catheters (for chapter 8) were inserted 

into the umbilical vein (10 cm) and umbilical artery (15 cm) for delivery of intravenous fluids, 

antibiotics, inotropes, and monitoring of arterial blood gases. Cord blood was collected from 

the umbilical artery for baseline blood gas, plasma and white cell count. The lamb was dried 

and the umbilical cord clamped and cut.  

4.1.2 Postnatal management of preterm lamb 

Prenatal and postnatal lamb management, monitoring and treatment were carried out in the 

Preclinical Intensive Care Research Unit (PICRU) within the Large Animal Facility of UWA. 

PICRU is equipped and staffed to manage preterm newborn lambs using contemporary 

neonatal intensive care equipment and management protocols for 24 hours/day, 7 

days/week. 
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4.1.2.1 Resuscitation 

Newborn lambs were weighed and positioned prone on the neonatal warmer (CosyCotTM, 

Fisher & Paykel Healthcare, Auckland, NZ). The tracheal tube was connected to an infant 

resuscitator (NeopuffTM, Fisher and Paykel Healthcare, Auckland, New Zealand) and a 

sustained inflation delivered (30 cmH2O, 30 s, flow 8 L/min) using a fractional inspired 

oxygen (FIO2) of 0.30.  

4.1.2.2 Respiratory management 

The ventilatory support for short-term postnatal studies (Chapter 6, 7) and long-term 

postnatal study (Chapter 8) were different regarding initial mode of ventilation, as specified in 

the respective chapters. 

Preterm lambs were commenced on assist/control ventilation (VN500, Drager Medical, 

Lübeck, Germany) with volume guarantee (VG) of 6 mL/kg, using a maximum peak 

inspiratory pressure (PIP) of 30 cmH2O and an initial positive end-expiratory pressure 

(PEEP) of 9 cmH2O. PEEP was weaned to 7 cmH2O within 15 min after delivery. Ventilatory 

settings (VG, PEEP, FiO2, inspiratory time and rate) were adjusted subsequently to target 

mild permissive hypercapnia (PaCO2 45-55 mmHg) and peripheral oxyhaemoglobin 

saturation (SpO2) of 90-95 % whilst using the lowest achievable FiO2. Maximum PIP was 

adjusted to be 4-5 cmH2O above average PIP.  

The ventilatory mode was changed to mandatory minute ventilation (MMV) using a VG of 5-7 

mL/kg, and a mandatory minute volume of ~200-300 mL/kg/min, once lambs commenced 

breathing spontaneously. Pressure support for triggered non-mandatory breaths was 

adjusted to target permissive hypercapnia and spontaneous breath volumes of ~6 mL/kg, 

usually achieved with a physiological, triggered breathing frequency of 50-60 breaths/min. 

Lambs allocated to non-invasive ventilation (NIV) commenced graded de-escalation of 

respiratory support once they were sustaining 100 % spontaneous ventilation on MMV with 

an FiO2 < 0.3 and a peak inspiratory pressure (PIP) of ≤ 20 cmH2O to achieve a PaCO2 < 55 

mmHg with a VG set at < 7 mL/kg. NIV was commenced with bubble CPAP (FisherPaykel 

Healthcare, NZ) via the tracheal tube. Lambs sustaining tracheal tube CPAP for 12 hours 

were extubated to humidified high flow (8 L/min), and subsequent low flow oxygen if required 

prior to removal of respiratory support. Mechanical respiratory support and supplemental 

oxygen were ceased when lambs were able to sustain a SpO2 of > 90 % without apnoea or 

supplemental oxygen. A similar de-escalation of respiratory support was followed for lambs 
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allocated to mechanical ventilation, after an initial mandatory 96-hour period of mechanical 

ventilation had elapsed.  

Lambs were administered caffeine (15 mg/kg IV over 20 min) prior to the de-escalation of 

respiratory support, and caffeine was continued (5 mg/kg/d) as required over the first week 

of life. Glycopyrrolate (0.1 mg/kg IM, Aspen Pharmacare Aust. Pty. Ltd., NSW, Australia) 

was administered for excessive respiratory secretions. 

4.1.2.3 Reintubation Criteria:   

Lambs were reintubated if they displayed any of the following: 

1. persistent SpO2 < 90 % despite FiO2 > 0.5 and mean airway pressure > 12 cmH2O; 

2.  ≥ 4 apnoea events requiring resuscitation within an hour requiring bag and mask 

ventilation; 

3.  ventilatory failure (PaCO2 > 80 mmHg on two consecutive arterial gases > 30 min apart 

unresponsive to altered nasal HFOV amplitude +/- frequency); 

4. severe metabolic acidosis (base excess (BE) <-10 mmol/L) associated with sepsis. 

4.1.3 Randomisation and study specific treatment 

Randomisation of postnatal lambs and study specific treatments of glucocorticoid is 

described in the respective chapters. 

4.1.4 General care, medications, fluids, nutrition and growth 

4.1.4.1 Preterm lambs 

Continuous cardio-respiratory monitoring was maintained until lambs were weaned from all 

respiratory support and supplemental oxygen. Preterm lambs were actively warmed 

(CosyCotTM, Fisher & Paykel Healthcare, Auckland, NZ) as required to target a core 

temperature of 38.5-39.5 C (normothermic for lambs). Sedation was administered 

intermittently if the lamb became very active or for analgesia if required (0.01 mg/kg IM 

buprenorphine, Indivior Pty Ltd, Australia). Most lambs required minimal or no sedation. 

Lambs received prophylactic intravenous antibiotic cover (100 mg/kg piperacillin/tazobactam 

every 12 hours and 6 mg/kg gentamicin daily). Prophylactic antibiotics were continued until 

removal of intravascular catheters (usually 5-7 d). Gentamicin was changed to amikacin (10 
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mg/kg) in the event of suspected sepsis (hypothermia, hyperthermia, decreased interest in 

feeds, lethargy, neutropenia < 1000 x 106 cells/mL or neutrophilia > 5000 x 106 cells/mL). 

Preterm lambs were commenced on total daily fluids of 100 mL/kg (5 % glucose). Fluid 

intake was incremented by 20 mL/kg/d until a total intake of 200 mL/kg/d was attained. Oral 

feeds were commenced at two hour of life (20 mL/kg/d) with fresh ewe colostrum, and 

transitioned to lamb replacement formula (Maxcare, QLD, AU) after 24 hours. Oral feeds 

were increased by 15-20 mL/kg/d as tolerated and intravenous fluids were decreased 

accordingly. Feeds were suspended and full intravenous fluids recommenced if girth 

measurement increased by more than 3 cm within 24 hours, or gastric aspirate exceeded 5 

mL. 

The lambs were transitioned gradually from liquid feed onto a dry mash that was fed ad 

libitum along with oaten chaff and water available ad libitum. The dry mash was formulated 

by Dr John Milton of Independent Lab Services (Serpentaine WA) to provide 185 g CP and 

12.2 MJ ME/kg of dry matter and contained milled lupins, cereal grains, canola meal, cereal 

hay and straw with added essential macro and trace minerals and vitamins and lasalocid 

sodium to control coccidiosis. Preterm lambs were moved from the PICRU into a nursery 

pen after term gestation and attainment of clinical stability without respiratory support. 

Lambs had ad libitum access to formula milk (approx. 1500-2000 mL/d) and solid feed 

(creep 100 g/d plus oaten chaff) for 5 weeks, after which milk feeds were decreased to 1200 

mL/d for 1 week, then 1000 mL/d for 2 weeks, prior to study completion. 

Lambs were immunised against cheesy gland, tetanus and pulpy kidney (Glanvac® 3 for 

sheep: Zoetis, Pfizer, NSW, Australia) at 2 weeks corrected and 6 weeks corrected age.  

4.1.4.2 Term lambs 

Term lambs were kept with their respective ewes for 7-day then separated and placed in the 

nursery pen with the same ad libitum exposure to formula milk, creep and chaff, and same 

immunisation schedule as received by the preterm lambs after graduation from PICRU to the 

nursery. 

4.2 Post-mortem tissue collection and analysis 

Lambs were subjected to terminal humane killing according to specific study design with 

intravenous pentobarbitone (150 mg/kg; Pitman-Moore, Sydney, NSW, Australia). The mid-

costal portion of the left hemi-diaphragm was excised and snap-frozen in liquid nitrogen at -
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196 C for molecular experimentation. Frozen samples were stored at -80 oC prior to 

processing for RNA or protein extraction. 

4.3 RNA analysis 

4.3.1 RNA extraction 

RNA was extracted using the RNeasy Mini Kit (74104, Qiagen VIC, Australia) in accordance 

with the manufacturer’s instructions. Frozen diaphragm tissue (30 mg) was homogenised in 

300 µL ice-cold Buffer RLT (containing1 % v/v β-mercaptoethanol) using Tissue-Lyser LT 

(85600, Qiagen VIC, Australia). RNase-free water (590 µL) and proteinase K (10 µL, >600 

mAU/mL, 19131, Qiagen VIC, Australia) were added to each homogenate, mixed and then 

incubated at 55 oC for 10 min, followed by centrifugation at 10000 x g for 3 min. The 

supernatant was transferred to a new tube and supplemented with 0.5 volumes of 96 -100 % 

ethanol followed by gentle mixing. The lysate (700 µL) was transferred to an RNeasy Mini 

column (74104, Qiagen VIC, Australia) and centrifuged for 15 s at 8000 x g, after which the 

flow through was discarded, and the entire process repeated until all lysate was used. 

DNase 1 (10 µL, Qiagen VIC, Australia) and RDD Buffer (70 µL, Qiagen VIC, Australia) were 

added to the RNeasy membrane and the membrane was incubated at room temperature for 

15 min. Columns were washed with Buffer RW1 (350 µL, Qiagen VIC, Australia) and 

centrifuged for 15 s at 8000 x g and the flow through discarded. Buffer RPE (500 µL, Qiagen 

VIC, Australia) was then added to the RNeasy column, centrifuged at 8000 g for 15 s and 

the flow through discarded. This step was repeated, with centrifugation increased to 2 min at 

8000 x g. The RNeasy column was placed in a new 1.5 mL tube and 30 µL of RNase-free 

water was added and the samples were centrifuged for 1 min at 8000 x g. RNA 

concentration was determined and stored at -80 oC until required for reverse transcription. 

4.3.2 RNA quantification 

The concentration (ng/µL) and purity (A260/A280=1.8~2.2) of all RNA samples were 

determined by measuring the absorbance at 260 nm and 280 nm using a NanoDrop 

spectrophotometer (ND-1000, NanoDrop, Wilmington, Delaware, USA). 

4.3.3 cDNA synthesis 

Reverse transcription was performed using QuantiTect Reverse Transcription Kit (205311, 

Qiagen, VIC, Australia). RNA (1000 μg) was diluted in RNase free water to a total 12 µl. 
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DNA Wipe out Buffer (2 µL, Qiagen, VIC, Australia) was added to each sample and placed 

in a thermal cycler (PTC-100 Programmable Thermal Controller, MJ Research Inc., St. 

Bruno (Quebec), Canada) for 2 min at 42 oC and then immediately placed on ice. To each 

reaction, 1 µL of Quantiscript Reverse Transcriptase, 4 µl of 5X Quantiscript RT Buffer, 1 µ L 

RT Primer Mix and 1 µl of RNase free water was added (6 µl total), incubated at 42 oC for 15 

min, followed immediately by a 3 min incubation at 95 oC to inactivate the Quantiscript 

Reverse Transcriptase. The resulting 20 µL of cDNA was diluted 1:3 with RNase free water 

and kept at 4 oC for short term storage and -20 oC for long term storage. 

4.3.4 Primer design, validation and standard curve generation 

Primer pairs were designed using Primer-BLAST (Rozen & Skaletsky 2000) and synthesised 

by Gene Works (Adelaide, SA, Australia). All primers were designed using ovine specific 

sequences including introns to prevent amplification of genomic DNA. Amplification (qRT-

PCR) was performed using Rotor-Gene SYBR Green PCR master mix (Qiagen, VIC, 

Australia) on a Rotor-Gene thermal cycler (Qiagen, VIC, Australia). Primer specificity was 

confirmed by observation of a single PCR product by melt curve analysis. Primer sequences 

and predicted product sizes are shown in Table 4.1. 

Standards for each primer set were made using the Wizard SV Gel and PCR Clean-up 

System (A9281/2/5, Promega, Madison, WI, USA). Membrane binding solution (50 µL) was 

added to 50 µL of PCR product, mixed well, then added to the Wizard SV minicolumn, 

centrifuged at maximum speed (19000 xg) for 1 min and the flow through discarded. 

Membrane wash solution (700 µL, Promega, Madison, WI, USA) was added to the spin 

column and centrifuged for 1 min at maximum speed, followed by an additional 400 µL of 

membrane wash solution and centrifugation for 1 min. Fifty microlitres of dH2O was added to 

the column membrane in a new tube and centrifuged for 1 min at maximum speed. Purified 

cDNA was eluted and serially diluted to generate a 10-point standard curve for each primer 

set. Gene expression in the diaphragm muscle was normalised to the geometric mean of 

three reference genes (18S, Actin and GADPH). 

Table 4.1. Primers for qPCR (primer sequences, annealing temperatures (Tm), 
amplicon sizes (bp) and gene accession numbers). 

Gene  
Primer 
name 

Primer sequence (5`-3`) 
Tm 
(0C) 

Amplicon 
size (bp) 

Accession ID 

Atrophy Genes 
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MuRF1 
FP GGCTGCCAATCCCTACTGGA 

60 128 EU525163 
RP GATTCCGCTGCAGGCCGTACACTC 

MAFbx 
FP GGTACTGAAAGTCCTTGAAGACC 

60 198 EU492872 
RP GGCCTGGTGATTTGGATGTTG 

Inflammatory Genes 

IL-1β 
FP CCTTGGGTATCAGGGACAA 

60 317 
(Smeed et al. 
2007) RP TGCGTATGGCTTTCTTTAGG 

IL-6 
FP TCCAGAACGAGTTTGAGG 

60 236 
(Smeed et al. 
2007) RP CATCCGAATAGCTCTCAG 

TNFα FP ACACCATGAGCACCAAAAGC 
55 103 

EU276079 

  RP AGGCACAAGCAACTTCTGGA 

IL-10 FP TGCCTTCGGCAAAGTGAAGA 
55 259 

NM_001009327.1 

  RP GCAGGGCAGAAAACGATGAC 

Antioxidant Genes 

Catalase 
FP CGCCTGTGTGAGAACATTGC 

60 173 GQ421282 
RP TGCTGCACATAGGTGTGAAC 

SOD1 
FP GATCGCAGGCATCCAAAGT 

60 146 
JN033790 

 RP GCGACAGGCCACTGCCCAT 

GPX1 
FP AGGTGCTGCTCATTGAGAACG 

60 181 
NM_174076.3 

 RP TACTTCAGGCAATTCAGGATC 

MHC Genes 

MHCneo 
FP CCTACTGCTTCGTGGCTGACT 

60 108 XM_015098656.1 
RP CACCCAGCGTCCTGTTGTCT 

MHCIa FP AGTCAGAGAAGGAGCGGCTGGA 
60 215 

AB058898 

  RP TTGTCGAACTTGGGTGGGTTCTG 

MHCIIa FP AGTTCAGACCAAGAAATGGCAGT 
60 225 

AB058896 

  RP ATCCTCTTTCACTGTCAGAGTC 
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Myogenic regulatory factor (MRF) Genes 

Pax3 FP AGGCCACTTTACCACGGG 
60 256 

XM_015093551.1 

  RP TGCCGGGGTTCTCTCTTTTG 

Pax7 FP CTACCGGCATCTGTCATCCC 
60 262 

XM_015092880.1 

  RP TGCTCAGGATGCTCATCACC 

Myf5 FP TGCCATCCGCTACATTGAGA 
60 287 

XM_015094556.1 

  RP ATCCAGGTTGCTCTGAGTTGG 

MyoD FP CCCTGGTGACTTCAGCTGTT 
60 220 

NM_001009390.1 

  RP TACAAAGTCCCTGTCGCACC 

Myogenin FP TGTAAGGTGTGCAAGCGGAA 
60 191 

NM_001174109.1 

  RP TGCAGGCGCTCTATGTACTG 

Glucocorticoid receptor and its direct target Genes 

GRα FP TGGATGTTCCTCATGGCGTT 
60 

349 

 

NW_004080168.1 

  RP AAAACCGCTGCCAGTTCTGA 

IGF1 FP TCAGCAGTCTTCCAACCCAAT 
60 330 

NM_001009774.3 

  RP TGAGAGGCGCACAGTACATC 

IRS 1 FP ATCTAAGCGCCTATGCCAGC 
60 349 

XM_015093559.1  

  RP CATGTGGCCAGCTAAGTCCT 

p85α FP GATCTGAGCTGGGTCAGGG 
60 359 

XM_015101260.1 

  RP AGCAGGGGACAAAGCATCAA 

Klf15 FP TGCAGCAAGACGTACACCAA 
60 190 

XM_015102511.1 

  RP CGAACTTCTTCTCGCACACG 

Reference Genes 

18S RNA FP AACCCGGTCAGCCTCCTC 
60 241 XM_015092317.1 

 RP GCTGCCTTCCTTGGATGTG 

Actin FP GCCTCTCGCCTTCGCCGCTCC 
60 219 

NM_001009784 

  RP CACGTAGGAGTCCTTCTGGCCCAT 
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GAPDH FP CTGGCAAAGTGGACATCGTTGC 
60 197 

AF035421 

  RP AGCATCACCCCACTTGATGTTG 
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A 

 

 

 

Figure 4.1. qPCR quantification parameters. 

 (A) Melt curve analysis to confirm a single melt peak, (B) amplification plot, and (C) calculated 
standard curve for a representative gene (Actin mRNA). The threshold line (B) indicates the point at 
which all samples fall within the log-linear range of amplification. This enables the standard curve (C) 
for each gene to be calculated. 

B 

C 
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4.4 Protein analysis 

Cellular protein content was further analysed by extracting total protein or cytoplasmic and 

nuclear protein fractions. The total protein samples were used for western blot analysis and 

the 20S and carbonyl assays. The cytoplasmic and nuclear fraction samples were used for 

analysis of the cytosolic or nuclear component activities, respectively. 

4.4.1 Cytosolic and nuclear protein fractionation 

Frozen diaphragm muscle was ground using a mortar and pestle to an homogeneous 

powder in liquid nitrogen, and then suspended (9001271, Tissue Ruptor, Qiagen VIC, 

Australia) in 200 μL ice-cold CER I buffer (NE-PER Nuclear and Cytoplasmic Extraction 

Reagents (78833/78429, Thermo- Fischer Scientific, Waltham, MA, USA). The suspension 

was vortexed vigorously for 15 s and incubated on ice for 10 min. Ice-cold CER II buffer 

(Thermo- Fischer Scientific, Waltham, MA, USA) was added to the tubes which were then 

vortexed again for 5 s then incubated on ice for 1 minute. The suspension was transferred to 

a fresh eppendorf tube, vortexed for 5 s and centrifuged for 5 min at 16,000 × g in a 

microcentrifuge. The supernatant (cytoplasmic extract) was immediately transferred to a 

clean pre-chilled tube and stored at -20 0C until further use. 

To suspend the insoluble fraction (nuclear extract) produced in the previous step, 150 µL 

ice-cold NER (Thermo- Fischer Scientific, Waltham, MA, USA) buffer was added. The 

suspension was vortexed on the highest setting for 15 s every 10 min. The tube was placed 

on ice between each of the vortex rounds after a total of 60 min. The tube was centrifuged at 

16,000 × g in a microcentrifuge for 10 min. The supernatant (nuclear extract) was 

immediately transferred to pre-chilled tube and stored at -20 0C until required for further use. 

4.4.2 Total protein extraction 

Muscle samples were homogenised in ice-cold lysis buffer containing 20 mM 4-(2-

hydroxyethyl)-1-piperazine-ethanesulfonic acid pH 7.7, 2.5 mM MgCl2, 0.1 mM ethylene-

diamine-tetra-acetic acid, 20 mM β-glycero-phosphate, 100 mM NaCl, 0.1 % Triton-100, 500 

M dithiothreitol (DTT), 100 M sodium-orthovanadate (Na3VO4), 100 mM phenylmethane-

sulfonylfluoride, 0.01 % NP40 and protease inhibitor cocktail tablet (Roche, Castle Hill, 

Australia). Homogenates were subjected to six cycles of freeze-thaw. The supernatant was 

then centrifuged at 10 000 g for 25 min at 4 C0C and the total protein concentration was 

quantified. 
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4.4.3 Protein quantification 

The soluble protein fraction was quantified using a Bradford protein assay (Bradford 1976). 

Protein samples were quantified with reference to bovine serum albumin (BSA) protein 

standards. Known concentrations of BSA were prepared from acetylated BSA stock (10 

mg/mL) in 0.01 M PBS (100, 200, 300, 400 and 500 µg/mL). Each standard (10 µL) was 

aliquoted in duplicate into a 96-well-plate. Protein samples were diluted 1:20 in PBS and 

each sample was then aliquoted in triplicate onto the same plate. Bio-Rad solution (200 µL) 

(500-0006, Bio-Rad, NSW, Australia) was added to each well. After incubation for 5 min at 

room temperature with shaking, absorbance was measured at 595 nm using a BioTek plate 

reader (EL808, BioTek Instruments, Inc., Winooski, VT, USA). The protein concentrations 

were extrapolated from the BSA standard curve. 

4.4.4 Western blot 

4.4.4.1 Protein preparation, electrophoresis and transfer 

Protein samples were prepared by adding  5X protein loading buffer (0.313 M TRIS pH 6.8; 

10 % (w/v) SDS, 50 % (v/v) glycerol, 0.01 % (w/v) bromophenol blue, 0.5 M DTT) and then 

denatured at 95 C for 5 min. Total protein (50 μg) was then resolved on precast 4-20 % 

SDS-PAGE TGX gels in 1X Tris/Glycine/SDS Electrophoresis Buffer (1610771, Bio-Rad, 

NSW, Australia) at 80 Volts for 90 min. Precision Plus Protein Kaleidoscope pre-stained 

protein standards (#1610375, Bio-Rad, NSW, Australia) (4 µL per well) were included on 

each gel. After separation, the proteins were transferred onto 0.2 μm pore size nitrocellulose 

membranes (170-4158, Bio-Rad, NSW, Australia) using the Trans Turbo Blot system at 

2.5A, 25V for 7 min (Bio-Rad, NSW, Australia). Fluorescent visualization of the SDS-PAGE 

gels and corresponding blots using the Bio-Rad ChemiDoc MP imaging system was 

undertaken to monitor the transfer efficiency of the blotting process. Ponceau S (P-7170-1L, 

Sigma) was used to check the quality of protein transfer and to act as a loading control as 

normal loading controls (GAPDH and tubulin) were not applicable due to separation of 

nuclear versus cytoplasmic fractions. A loading control sample was loaded onto each gel to 

normalise for detection efficiencies across membranes. 

4.4.4.2 Blocking and probing membrane 

Following Ponceau S staining, the nitrocellulose membranes were washed 3 times (5 min 

each) in TBST (20 mM TRIS, 150 mM NaCl, 0.1 % Tween-20, pH 7.5). Nonspecific antibody 

binding was blocked with 5 % BSA in TBST for 1 h at room temperature. Excess BSA was 
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removed with three rinses with TBST (5 min each). Primary antibodies (diluted in 0.5 % BSA 

(w/v) in TBST) were then added to each membrane and incubated overnight at 4 oC. Primary 

antibodies used and their recommended dilutions for Western blotting are shown in Table 

4.2. Following incubation, membranes were washed 3 times (5 min each) in TBST. Donkey 

anti-rabbit horseradish peroxidase (HRP)-conjugated antibodies (Cell Signalling Technology, 

Danvers, MA, USA) diluted 1:3000 in 0.5 % (w/v) BSA in TBST were used to detect primary 

antibodies (Table 4 2). Membranes were incubated in secondary antibody for 1 h at room 

temperature, followed by 3 washes (5 min each) in TBST. Chemiluminescence signal was 

detected using the Clarity Chemiluminescence Substrate (Bio-Rad, NSW, Australia) or the 

Western Lightning Ultra Extreme Sensitivity Chemiluminescence Substrate (NEL111001EA, 

Perkin Elmer, Waltham, BA, USA) for proteins in high abundance, or medium to low 

abundance, respectively. Chemiluminescence signal was captured using the ChemiDoc MP 

Imaging System (Bio-Rad, NSW, Australia) and digital images were generated for analysis 

of protein content using Image lab software (Bio-Rad, NSW, Australia). 

Table 4.2.  List of Western blot antibodies  

Antibody name 

Host 
Species, 
antibody 
type 

Dilution 
Protein 
size 
(kDa) 

Catalogue 
number 

Source 

Primary Antibodies 

Phospho-Akt (Ser473) 
Rabbit, 
monoclonal  

1:2000 60 9271 

Cell 
Signalling 
Technology 
(CST) 
(Danvers, 
MA, USA) 

 

Total-Akt 
Rabbit, 
monoclonal  

1:2000 60 9272 

Phospho-
mTOR(Ser2448)  

Rabbit, 
monoclonal  

1:1000 289 2971 

Total-mTOR (7C10)  
Rabbit, 
monoclonal  

1:1000 289 2983 

Phospho-4E-BP1 
(Thr70)  

Rabbit, 
monoclonal  

1:1000 15-20 2855 

Total-4EBP1 
Rabbit, 
monoclonal 

1:1000 15-20 9452 

Phospho-p70 S6 
Kinase (Thr389) 
(108D2)  

Rabbit, 
monoclonal 

1:2000 70-85 9234 
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p70 S6 Kinase (49D7)  
Rabbit, 
monoclonal 

1:2000 70-85 2708 

Secondary Antibodies 

Anti–Rabbit IgG (H+L), 
HRP-linked 

Goat, 
polyclonal, 
HRP-linked.  

1:3000 
Not 
applicable 

7074S 

Cell 
Signalling 
Technology 
(CST) 
(Danvers, 
MA, USA) 

4.4.4.3 Membrane stripping, re-probing and image analysis 

Membranes were washed 3 times (5 min each) in TBST to remove the chemiluminescent 

substrate, then incubated in stripping buffer (21059, Restore Western Blot Stripping Buffer; 

Thermo Scientific, MA, USA) for 10 min at room temperature. The membranes were washed 

3 times (5 min each) in TBST, re-blocked in 5 % BSA (w/v) in TBST and probed with primary 

antibody. Stripping protocols were only used once for the detection of total (but not 

phosphorylated) proteins listed in Table 4.2. Chemiluminescent signals were captured using 

the ChemiDoc MP Imaging System (Bio-Rad, NSW, Australia). Chemiluminescence relative 

to arbitrary protein concentration was detected using Image Lab software (Bio-Rad, NSW, 

Australia). The data are presented as normalised values for phosphorylated protein against 

total protein content from the same blot. 

4.4.5 20S assay 

A fluorogenic assay kit (BML-AK740, Enzo Life Science, Farmingdale, NY) was used to 

measure the chymotrypsin-like protease activity of the 20S proteasome in frozen diaphragm 

samples. This assay detects the release of free 7-amino-4-methylcoumarin (AMC) 

fluorophore after the cleavage of the added substrate next to large hydrophobic residues by 

the chymotrypsin-like intrinsic protease activity of the diaphragm. Calibration standards were 

reconstituted according to kit protocol. A serial dilution of the 8 μM AMC calibration standard 

was prepared in assay buffer to a final volume of 50 μL to generate a fluorescence intensity 

standard curve. The DMSO stock of Suc-LLVY-AMC substrate was diluted five-fold in assay 

buffer (7.5 mM final concentration). Total protein lysates (test samples) were diluted four-fold 

depending on the protein concentration detected by the Bradford assay. The test samples 

and calibration standards (40 µL) were aliquoted in duplicate into the microtitre plate 

provided with the kit. Diluted substrate (10 µL) was then added to each well of the plate. The 

opaque half-volume plate was then incubated for 10 min at room temperature to allow 
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substrate/enzyme interaction. At endpoint, the fluorescence emission was measured 

(excitation: 360 nm, emission: 460 nm) in a fluorescence micro plate reader. Chymotrypsin-

like protease activity was detected relative to the standard curve. Activity of the 20S 

proteasome was expressed normalised to the total protein concentration. 

4.4.6 Carbonyl assay 

A Protein Carbonyl Colorimetric assay kit (10005020, Sapphire Bioscience Pty Ltd, NSW, 

Australia) was used to determine the carbonyl content in the frozen diaphragm muscle 

sample. Total protein lysate (100 µL) was transferred on eppendorf tube. PBS (100 µL) and 

800 µL of 2,4-Dinitrophenylhydrazine (DNPH) was added and incubated for 1 h at room 

temperature in the dark with brief vortexing every 15 min. After 1 h of incubation, 1 mL of 20 

% TCA was added and the tubes were vortexed, placed on ice for 5 min, then centrifuged at 

10000 g for 10 min at 4 C. The supernatant was discarded, and the pellet was resuspended 

in 1 mL of 10 % TCA. The tube was placed on ice for 5 min prior to repeat centrifugation 

(10000 g for 10 min at 4 C). The supernatant was discarded, and the pellet was 

resuspended in (1:1) ethanol/ethyl acetate mixture. The pellet was manually resuspended, 

and the ethanol/ethyl acetate wash was repeated two more times. After the final wash, the 

protein pellet was resuspended in 500 µL of guanidine hydrochloride followed by 

centrifugation to remove debris. Total protein lysate (100 µL) was used to prepare a control 

in exactly the same way, although the DNPH was replaced with 2.5 M HCl. Sample and 

control supernatants (220 µL) were transferred to 2 wells (100 µL/well), in a 96-well plate. 

Supernatants were taken from both sample and control tubes into the same micro titre plate. 

Absorbance was measured at 370 nm in a spectrophotometer. Analysis was performed 

according to the instruction manual and carbonyl content was normalised against total 

protein concentration. 
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5.1 Abstract 

5.1.1 Background  

Pregnant women at high risk of preterm delivery receive glucocorticoids to accelerate fetal 

lung maturation and surfactant synthesis. However, the effect of antenatal steroids on the 

developing diaphragm remains unclear. We hypothesized that maternal betamethasone 

impairs the fetal diaphragm, and the magnitude of the detrimental effect increases with 

longer duration of exposure. We aimed to determine how different durations of fetal 

exposure to maternal betamethasone treatment influence the fetal diaphragm at the 

functional and molecular levels.   

5.1.2 Methods  

Date-mated Merino ewes received intramuscular injections of saline (control) or two doses of 

betamethasone (5.7 mg) at an interval of 24-hour commencing either 2-day or 14-day before 

delivery. Preterm lambs were euthanized after caesarean delivery at 121d gestational age. 

In vitro contractile measurements were performed on the right hemi-diaphragm whereas 

molecular/cellular analyses used the left costal diaphragm.  

5.1.3 Results 

Different durations of fetal exposure to maternal betamethasone had no consistent effect on 

the protein metabolic pathway, expression of glucocorticoid receptor and its target genes, 

cellular oxidative status or contractile properties of the fetal lamb diaphragm.  

5.1.4 Conclusion: 

These data suggest that the potential benefits of betamethasone exposure on preterm 

respiratory function are not compromised by impaired diaphragm function after low-dose 

maternal intramuscular glucocorticoid exposure. 
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5.2 Introduction 

A functional respiratory system is critical to successfully transit from intrauterine fetal 

breathing to extra-uterine spontaneous breathing at birth. Preterm babies are born before 

their vital organs are sufficiently matured to support extra-uterine life. Not surprisingly, the 

incidence of respiratory failure is higher in preterm infants than any other time of life. 

Antenatal betamethasone is routinely administered to women at high risk of preterm delivery 

to minimise neonatal respiratory failure via acceleration of fetal lung maturation. More than 

85 % of infants born preterm (< 34 w) are exposed to glucocorticoids antenatally (Leviton et 

al. 1999; Bonanno, Fuchs & Wapner 2007). Other widely reported beneficial effects of 

antenatal corticosteroids in preterm neonates include improved surfactant production, and 

reductions in cerebroventricular haemorrhage, necrotizing enterocolitis, the need for 

respiratory support, infectious morbidity and neonatal death (Bonanno, Fuchs & Wapner 

2007). Conversely, the high potency and potential long-term adverse effects of 

glucocorticoid exposure on organ development is driving research to minimise effective 

glucocorticoid dose (Kemp et al. 2016). 

The effect of antenatal glucocorticoids on the developing respiratory muscles remains 

unclear. The premature diaphragm is structurally and functionally immature and 

characterised by a predominant fast twitch myosin heavy chain (MHC) composition (Keens 

et al. 1978; West et al. 1999), reduced contractile force production (Lavin et al. 2013), 

reduced antioxidant capacity (Song & Pillow 2012) and inefficient calcium (Ca2+) handling 

properties (Song & Pillow 2012). Increased mechanical load imposed by a highly compliant 

chest wall, low levels of endogenous surfactant and noncompliant, structurally immature 

lungs present further challenges for the preterm diaphragm. If maternal steroid exposure has 

detrimental effects on already compromised preterm diaphragm, this may cause severe 

diaphragm dysfunction and increase the risk of respiratory failure. 

In adults, glucocorticoid treatment causes significant skeletal muscle myopathy featuring 

contractile impairment and atrophy. Mechanistic understanding of glucocorticoid-induced 

myopathy is derived predominantly from adult rodent studies. The extent of adult muscle 

weakness depends on the dose, duration and type of steroid treatment (Dekhuijzen & 

Decramer 1992). Glucocorticoid-induced skeletal muscle atrophy is characterized by 

depressed protein synthesis and enhanced proteolysis (Sartorelli & Fulco 2004; Schakman, 

Gilson & Thissen 2008; Bonaldo & Sandri 2013). Atrophy reduces muscle mass and 

consequently force production, which is associated with impaired diaphragm function in adult 

rats (Eason et al. 2000). The catabolic action of glucocorticoid involves glucocorticoid 
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receptor (GR) activation along with a wide range of signalling mediators and local growth 

factors (Schakman et al. 2013). Additionally, glucocorticoids significantly increase the 

expression of stress and inflammation related genes in healthy adult human skeletal 

muscles (Viguerie et al. 2012). Thus, the complex mechanisms underlying glucocorticoid-

induced muscle weakness involve regulation of metabolic pathways and gene transcription 

and are studied extensively in adult skeletal muscle.  

Contrary to the adult diaphragm, the effect of glucocorticoids in preterm diaphragm is 

unclear. High dose (0.5 mg/kg) maternal intramuscular betamethasone given 7 days and 3 

days before birth impedes postnatal (21 d) diaphragm contractile function in rat pups (Song 

et al. 2014). Two, low dose (0.17 mg/kg) intramuscular betamethasone given to pregnant 

baboons at a 24 hour interval commencing 2 days prior to delivery decreased protein 

synthesis signalling in preterm but not term skeletal muscle (vastus lateralis), suggesting 

gestational age sensitivity to adverse consequences of glucocorticoid exposure (Blanco et 

al. 2014). In contrast, maternal intramuscular dexamethasone (12 mg) had no effect on the 

anabolic signalling pathway of fetal skeletal muscle (Jellyman et al. 2012). Thus, there is 

evidence of impaired postnatal diaphragm muscle function in response to high-dose 

maternal steroid and conflicting impact of antenatal glucocorticoids on other skeletal 

muscles, and an unclear impact of glucocorticoid dose on fetal skeletal muscle function.  

The current study aimed to determine the effect of different durations of antenatal 

betamethasone exposure on contractile function and muscle atrophy in preterm fetal lamb 

diaphragm using a low-dose maternal glucocorticoid treatment. We hypothesised that low-

dose antenatal betamethasone would impair the immature diaphragm by redirecting the 

protein homeokinetic process towards net protein catabolism, thus contributing to muscular 

atrophy and increase susceptibility to fatigue and dysfunction. We also hypothesised that 

fetal diaphragm atrophy and contractile dysfunction would be more evident in lambs exposed 

to maternal betamethasone at an earlier stage in development, where it could potentially 

exert a greater net catabolic impact on diaphragm development. 

5.3 Materials and Methods 

5.3.1 Experimental design 

All the experiments were approved by The University of Western Australia Animal Ethics 

Committee (RA/3/400/1023). Date-mated Merino ewes were randomly divided into three 

experimental groups. The control group (n = 6) received intramuscular (IM) saline injections 
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and two experimental groups received two IM injections of 5.7 mg (~0.1 mg/kg x 2 doses = 

0.2 mg/kg total exposure) betamethasone (Celestone from Shering Plough, Kenilworth, New 

Jersey) at an interval of 24 hours at either 2 days (n = 7) or 14 days (n = 8) prior to delivery. 

Two different time points were selected to observe the effect of acute short exposure (2 d) 

and long duration exposure (14 d) of the fetus to maternal betamethasone treatment. 

Preterm lambs delivered at 121 days gestational age (GA) via caesarean section were 

euthanised immediately with pentobarbitone (150 mg/kg, intravenous; Pitman-Moore, 

Sydney, NSW, Australia). The right hemi-diaphragm was removed for in vitro contractile 

measurements and the left costal hemi-diaphragm was snap frozen in liquid nitrogen for 

molecular and biochemical analyses. 

5.3.2 RNA isolation for RT-qPCR 

The left costal hemi-diaphragm (30 mg tissue) was homogenised and used for total RNA 

purification using the RNeasy Mini kit with on-column DNase treatment (Qiagen Pty Ltd., 

Doncaster, Australia). Isolated RNA (1000 ng) was reverse transcribed into complementary 

DNA (cDNA) in a 20 µL reaction using QuantiTect Reverse Transcription Kit (Qiagen Pty 

Ltd). Real-time amplification reactions were conducted using Rotor-Gene SYBR Green 

polymerase chain reaction (PCR) Kit (Qiagen Pty Ltd.) on Rotor-gene 6000 real-time PCR 

system (Corbett Life Science, Mortlake, Australia), under the following cycling conditions: 5 

min at 95 °C, 40 cycles of 3 s at 95 °C, 20 s at 60 °C and 20 s at 72 °C. Gene expression 

level was assessed for atrophy-related genes muscle ring-finger protein 1 (MuRF1) and 

muscle atrophy F-box (Atrogin-1/MAFbx) , glucocorticoid receptor alpha (GRα) and five of its 

direct target genes: insulin like growth factor 1 (IGF1), insulin receptor substrate 1 (IRS1), 

phosphoinositide-3-kinase regulatory subunit 1 (p85α), Krüppel-like factor 15 (klf15), 

interleukin-10 (IL-10), myosin heavy chain (MHC) isoforms (MHC neonatal, I, IIa, IIx), 

antioxidant genes (Catalase; GPX1, glutathione peroxidase 1, and SOD1, superoxide 

dismutase 1). Primers were designed on ovine specific mRNA sequence as described 

previously (Song & Pillow 2012; Lavin et al. 2013) and novel primers are listed in Table 5.1. 

The expression levels of genes of interest were normalised against the geometrical mean of 

18S RNA, GAPDH and β-actin genes. The 2-ΔΔCT method (Livak & Schmittgen 2001) was 

used to calculate change in gene expression relative to the control group. 

5.3.3 Protein fractionation for Western blot  

Cytosolic and nuclear protein fractions were prepared from 30 mg diaphragm tissue using 

NE-PER Nuclear and Cytoplasmic Extraction Kit with the inclusion of protease inhibitor 
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cocktail (Thermo scientific, Billerica, MA). Protein concentration was measured for 

cytoplasmic and nuclear fractions using the Bradford method (Sigma, Sydney, Australia). 

Protein samples (10 µg) were resolved on 4-15 % TGX stain free gels (Bio-Rad, Gladesville, 

NSW, Australia) and were transferred onto nitrocellulose membrane using a Trans Turbo 

Blot system (Bio-Rad). After blocking with phosphate-buffered saline containing 5 % 

skimmed milk, the membranes were incubated at 4 °C overnight with primary antibodies 

(Cell Signaling Technology, Carlsbad, CA, USA) of protein synthesis signalling components 

at a dilution of 1:1000 (mammalian target of rapamycin, mTOR; ribosomal protein s-6 kinase 

beta1, p70S6K) or 1:2000 (protein kinase B, Akt; translation initiation factors 4e-binding 

protein 1, 4EBP1). Bound antibodies were detected with anti-rabbit immunoglobulin 

conjugated with horseradish peroxidase 1:3000 dilution (Cell Signaling Technology) for 1 

hour at room temperature. The blots were developed by adding a SuperSignal West Pico 

Chemiluminescent Substrate (Thermo Scientific). Immunoreactive protein signals were 

quantified using ChemiDoc MP Imaging system (Bio-Rad). The values for phosphorylated 

protein were normalised to total protein content of the same blot.  

5.3.4 Biochemical assays of proteolysis and oxidative stress  

The total protein was extracted from 30 mg diaphragm tissue and protein concentration was 

measured as described previously (Song & Pillow 2012). The total protein content was used 

for assessing 20S proteasome levels (major component of ubiquitine proteasome pathway, 

UPP) and protein oxidation status. Chymotrypsin like protease activity in diaphragm samples 

were measured using a fluorogenic kit (BML-AK 740 assay kit, Enzo Life sciences, 

Farmingdale, NY) and normalised against total protein concentration. The protein carbonyl 

content (an indicator of cellular oxidation status) was measured using a commercially 

available colorimetric kit (Protein Carbonyl Colorimetric assay kit, Cayman, Ann Arbor, MI). 

5.3.5 Diaphragm contractile properties 

Contractile properties of diaphragm muscle were measured as described previously (Lavin 

et al. 2013). Briefly, longitudinal strips of diaphragm muscle fibers were mounted in an in 

vitro muscle test system (model 1205, Aurora Scientific In., Aurora, Canada) containing 

Kreb’s physiological salt solution (in mM: NaCl, 109; KCl, 5; MgCl2, 1; CaCl2, 4; NaHCO3, 24; 

NaH2PO4, 1; sodium pyruvate, 10). The Kreb’s solution was bubbled with carbogen (98 % 

O2, 5 % CO2) to maintain pH approximately at 7.4. The contractile parameters measured 

include maximum isometric tetanic force (Po), peak twitch force (Pt), time to peak (TTP), half 

relaxation time (1/2 RT) and maximum rate of force development (dF/dT) of twitch 
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contractions. The isometric force-frequency relationship was determined for stimulation 

frequencies of 1 – 80 Hz. Susceptibility to fatigue was evaluated from a series of 150 

maximum isometric tetanic contractions. The fatigue index (FI) was determined from the 

ratio of the force produced during the 150th contraction relative to the 1st contraction (Javen 

et al. 1996), in which a higher number indicates a greater fatigue resistance. The optimal 

muscle length (Lo) and mass of the diaphragm strip were recorded at the end of the 

experiment and used to estimate cross-sectional area (CSA) of the diaphragm strip 

assuming a muscle density of 1.056 g/cm3. To account for slight differences in the size of the 

dissected diaphragm strips, the absolute force was normalised to CSA and expressed as 

specific force (N·cm-2). 

5.3.6 Data analysis 

Data are presented as mean (standard deviation) or median (quartiles) using box and 

whisker plots showing all data points minimum to maximum. Graph Pad PRISM (version 

6.07, GraphPad Software, Inc, San Diego, CA) was used for statistical analysis. Normally 

distributed data were analysed using one-way ANOVA or unpaired t-tests as appropriate. 

For non-normally distributed data, differences between groups (control, 2 d betamethasone, 

14 d betamethasone) were assessed using Kruskal Wallis -multiple comparison test or 

Mann-Whitney U test. P < 0.05 was considered statistically significant.  

5.4 Results 

5.4.1 Lamb characteristics 

Pregnant Merino sheep in this study weighed between 55-85 kg. There were no significant 

differences in body weight or diaphragm weight between treatment and control groups 

(Table 5.2). The fetal sex distributions and whether fetuses were from singleton or multiple 

pregnancies are indicated in Table 5.2.  

5.4.2 Proteolytic signalling pathway 

Expression levels (mRNA) from MuRF1 and MAFbx (atrophy genes) did not change 

significantly after antenatal betamethasone (Figure 5.1a and 5.1b). The ubiquitin proteasome 

activity also remained unaffected as determined by the absence of significant differences in 

the 20S proteasome activity in the diaphragm samples (Figure 5.1c). 
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5.4.3 Anabolic signalling pathway 

Protein activity was evaluated for four intracellular mediators of anabolic signalling (Akt, 

mTOR, 4EBP1 and p70S6k). Protein activity was determined as the ratio of phosphorylated 

(active) over the total protein (P/T) content. There were no significant differences in protein 

activity of any of the examined signalling components in 2-day, 14-day treatment and control 

groups (p > 0.05, Figure 5.2). 

5.4.4 Glucocorticoid receptor and its direct target gene regulation 

Gene expression (mRNA) of GRα in fetal diaphragm of the 2-day and 14-day 

betamethasone group did not differ significantly from the control group (Figure 5.3a). mRNA 

levels of GRα target genes, IGF1, IRS1, p85α, klf15, IL-10 also remained unchanged versus 

controls after 2-day and 14-day low-dose antenatal betamethasone exposure (Figure 5.3b-f). 

5.4.5 Oxidative status 

Gene expression (mRNA) was determined for three antioxidant genes (Catalase, GPX1, and 

SOD1). Catalase or GPX1 expression did not change across different tested groups (Figure 

5.4a and b). However, SOD1 mRNA level was up-regulated significantly (Kruskal-Wallis 

multiple comparison; control vs. 2 d, p = 0.001) after a 2-day betamethasone exposure 

compared to control. The increased expression of SOD1 did not persist after a 14-day 

betamethasone exposure (Figure 5.4c). Protein carbonyl content remained unaltered in 

maternal glucocorticoid-treated groups compared to controls (Figure 5.4d). 

5.4.6 MHC gene expression 

MHC I and MHC neonatal gene expression did not differ between treatment and control 

groups (Figure 5.5a and b). However, MHC IIa gene expression was up-regulated after the 

2-day betamethasone exposure compared to control and the 14-day exposure groups 

(Figure 5.5c). The increase in MHC IIx expression level 2 days after betamethasone was 

significant only when compared to 14-day betamethasone exposure (Figure 5.5d). 

5.4.7 Contractile properties 

Contractile measurements including maximum tetanic force, peak twitch force, time to peak 

twitch force, half relaxation time, maximum rate of force development and fatigue index were 

not significantly different in fetal lamb diaphragm exposed to maternal betamethasone-
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treatment compared to controls (Table 5.3). The force-frequency data were normalised to 

the maximum isometric force and are presented in Figure 5.6. Two-day betamethasone 

exposure produced a small but significant decrease in normalised force at stimulation 

frequencies of 1 Hz and 5 Hz compared to controls (p < <0.05). The force-frequency 

relationship in the 14-day betamethasone group was similar to controls. 

5.5 Discussion 

We investigated cellular, molecular and functional properties of the diaphragm in a preterm 

fetal lamb model to elucidate the effect of antenatal steroid exposure on the preterm 

diaphragm. Our experimental observations do not support our hypothesis that antenatal 

steroid exposure would have significant detrimental effects on the integrity of the preterm 

diaphragm. Moreover, different durations of exposure to maternal antenatal glucocorticoid 

did not have any differential or consistent influence on the fetal lamb diaphragm.  

The maternal glucocorticoid dosage used in this study (two doses of 5.7 mg per dose 

betamethasone IM given at 24- hour intervals) is 50 % of the dose used for routine human 

clinical practice (two doses 11.4 mg betamethasone IM at 24- hour interval). Dosing 

regimens used in pregnant women originate from studies in sheep and have remained 

unchanged for over 40 years since the original randomised clinical trial (Liggins & Howie 

1972). Nonetheless, two 11.4 mg betamethasone doses frequently induce preterm labour in 

pregnant ewes, and the dose used for pregnant women is a subject of continuing debate. 

Our current experimental betamethasone dosing strategy does not induce preterm labour in 

sheep but is similar to the minimum dose required to produce lung maturation (Loehle et al. 

2010; Kemp et al. 2016). Thus, in the climate of redefining the optimal dosing strategy for 

antenatal steroids, our finding that a 50 % clinical dosing strategy has no adverse effect on 

the fetal diaphragm provides important support for a lower clinical antenatal betamethasone 

dosing protocol. 

Increased catabolism is a widely reported indicator of glucocorticoid-induced atrophy in adult 

skeletal muscle (Bonaldo & Sandri 2013; Schakman et al. 2013). The expression of the 

atrophy genes MuRF1 and MAFbx and UPP, the principal protein degradation pathway, 

remains unaltered in response to different durations of in utero steroid exposure in our 

current fetal lamb diaphragm study. The absence of an effect of betamethasone on the 

proteolytic pathway is consistent with our previous report in the rat pup diaphragm (Song et 

al. 2014). Our data relating to the atrophic response in fetal sheep diaphragm confirm that 
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the antenatal glucocorticoid exposures used in this study had no distinct molecular influence 

on protein catabolism in the preterm fetal diaphragm. 

Muscle atrophy may still arise from depression of the anabolic pathway in the absence of an 

effect on the catabolic pathway. To explore the protein synthesis signalling cascade, we 

evaluated four consecutive intracellular components: Akt, mTOR, 4EBP1, and p70S6K. The 

phosphorylated over total (P/T) Akt content (upstream molecule) was unaltered after 2 day 

and 14-day low dose betamethasone exposure used in this study. P/T mTOR protein content 

appears down-regulated by steroid exposure compared to control, however the absence of a 

significance difference between groups (p = 0.102) is consistent with the absence of effect of 

glucocorticoid on the downstream regulation of signalling molecules p70S6K and 4EBP1. In 

many instances, mTOR co-ordinately regulates 4EBP1 and p70S6K (Hara et al. 1998). 

However, under the influence of glucocorticoids, mTOR may differentially regulate p70S6K 

and 4EBP1 (Shah, Kimball & Jefferson 2000a). Our experimental observations show that 

antenatal betamethasone does not inhibit upstream or downstream mediators of the protein 

synthesis cascade in fetal lamb diaphragm, which contradicts our previous finding in 

postnatal rat diaphragm muscle. Multiple factors contribute to these contrasting results 

including difference in experimental animal species, use of a high dosage in the rat study 

and spontaneous breathing of pups from birth until experimentation.  

Relatively small sample size compromises the power of this study and therefore we cannot 

exclude the possibility of false negative errors in some observed results such as P-mTOR 

protein content. However, the absence of a significant change in absolute and relative 

diaphragm weights indicates the absence of muscle atrophy (loss) after low dose antenatal 

betamethasone treatment, which is consistent with the unaltered protein synthesis signalling 

found in our study.  

Decreased protein synthesis is a widely reported cause of adult muscle atrophy in response 

to glucocorticoid treatment (Savary et al. 1998). However, the glucocorticoid response varies 

depending on the gestational age at the time of administration (Blanco et al. 2014). 

Developmental differences in the effects of steroids may occur because glucocorticoid 

receptor and glucocorticoid metabolising enzymes are expressed differentially and regulated 

by developmental and tissue specific factors (Kalinyak et al. 1989; Speirs, Seckl & Brown 

2004). Glucocorticoids negatively influence insulin signalling and the associated protein 

synthesis pathway directly via binding and activating glucocorticoid receptors (GR). 

Subsequently GR translocate to the nucleus and bind to genomic glucocorticoid response 

elements to regulate the transcription of downstream target genes (Kuo et al. 2012). GRs 
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also disrupt insulin signalling through non-genomic mechanisms by increased association 

with phosphoinositide 3-kinases (PI3K) (Hu et al. 2009). Our data showed that GRα and its 

target genes (e.g. IRS1, p85α, klf15, IGF1, IL-10) were not affected at the transcriptional 

level by maternal steroid exposure, re-emphasising the lack of a negative effect of antenatal 

glucocorticoid on protein synthesis signalling. 

The absence of oxidative stress after antenatal betamethasone exposure in our fetal sheep 

diaphragms is evident from the indirect experimental measurement of short-lived reactive 

oxygen species (ROS). The antioxidant capacity of the fetus increases with advancing 

gestation to prepare for the oxygen rich extra-uterine life (Song & Pillow 2012). However, 

preterm infants have an underdeveloped antioxidant system which makes them more 

vulnerable to oxidative injury compared to mature infants (Asikainen et al. 1998). The 

transient up-regulation of SOD1 gene expression in the two-day steroid exposure group may 

be required to counteract increased ROS production. Consequently, protein carbonylation is 

not increased by the low-dose antenatal betamethasone applied in our experiment.  

The gene expression levels of different MHC isoforms were analysed to examine the effect 

of antenatal steroids on MHC expression in the preterm diaphragm. Antenatal 

betamethasone increased MHC IIa and IIx gene expression after a two-day exposure which 

did not persist after 14 days. On the other hand, MHC I mRNA level was not affected by 

maternal steroid exposure, potentially attributable to lower GR expression in slow twitch 

muscle compared to fast muscle fibres (Schakman et al. 2013). We were unable to report 

the MHC protein content in maternal steroid treated fetal diaphragm muscles due to lack of 

ovine specific antibodies. Considering the differential expression of MHC gene and proteins 

in the developing diaphragm (Eizema et al. 2003; Geiger et al. 2006), we speculate that if 

the gene expression levels translate proportionately into protein levels, we would expect a 

functional change toward fast contractile characteristics.  

We did observe a small reduction in normalised force at low stimulation frequencies after 2-

day betamethasone exposure. This result is consistent with the significant increase in fast 

type IIa and IIx MHC expression found in the 2 day group, given that the force-stimulation 

frequency relationship is right shifted in fast compared to slow fibres due to the shorter 

contraction/relaxation times in fast fibres (Close 1972). However, there were no significant 

changes in twitch contraction and relaxation times or susceptibility to fatigue in steroid 

treated fetal diaphragm samples compared to control, although this may be a product of the 

variability of the non-normalised data. Ultimately, the small changes in the MHC gene 

expression and the force–frequency relationship shown here are unlikely to have a 
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detrimental effect on contractile function in the diaphragm as motor output frequencies in the 

diaphragm rarely occur below 10 Hz (Kowalski et al. 2013; Butler, Hudson & Gandevia 

2014).  

These findings suggest that the low dose maternal betamethasone used in this study does 

not cause steroid-induced diaphragm weakness when administered two or 14 days before 

delivery. It should be acknowledged that muscle mass was measured without removal of the 

thin diaphragm ligament. Consequently, diaphragm CSA is likely to be slightly overestimated 

(see methods) resulting in a small, consistent underestimation of all specific force values in 

the present study. This is unlikely to affect the overall interpretation of our results, assuming 

that steroid exposure did not differentially affect diaphragm ligament mass. 

We acknowledge several other study limitations. Clinical translation of ovine studies to 

human clinical practice are further complicated by differences in doses, gestation periods, 

developmental trajectories and potential differential sensitivity to glucocorticoid receptors 

compared to human pregnancy. Effects of glucocorticoids on lung function and growth 

velocity in humans appear to be smaller than observed in animal models (Newnham & Jobe 

2009). Further studies are needed to explore if the early and late postnatal developmental 

events are influenced by maternal steroid exposure. 

Contrary to our hypothesis, our data suggest that low dose maternal betamethasone 

administered up to two weeks prior to delivery of the fetal lamb at 80 % gestation has no 

sustained detrimental effect on preterm diaphragm integrity in terms of protein metabolism, 

cellular oxidative status, MHC fibre type composition and functional properties. Our findings 

are consistent with the positive influence of antenatal betamethasone on fetal lung 

maturation established from clinical trials and animal studies. There is minimal evidence of 

adverse diaphragm function for the offspring following a single course of low dose antenatal 

betamethasone. Thus our preclinical research further supports the use of low dose antenatal 

glucocorticoid in the clinical settings for maximal respiratory benefits. 
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5.6 Tables 

Table 5.1: Novel primer sequences designed for real time PCR 

Gene 
Primer 
name 

Primer sequence (5’-3’) Accession No. 
Tm 
(oC) 

Amplicon 
size (bp) 

GRα FP TGGATGTTCCTCATGGCGTT NW_004080168.1  60 349 

  RP AAAACCGCTGCCAGTTCTGA    

P85α FP GATCTGAGCTGGGTCAGGG XM_015101260.1  60 359 

  RP AGCAGGGGACAAAGCATCAA    

IL-10 FP TGCCTTCGGCAAAGTGAAGA NM_001009327.1  55 259 

  RP GCAGGGCAGAAAACGATGAC    

klf15 FP TGCAGCAAGACGTACACCAA  XM_015102511.1  60 190 

  RP CGAACTTCTTCTCGCACACG    

IGF1 FP TCAGCAGTCTTCCAACCCAAT NM_001009774.3  60 330 

  RP TGAGAGGCGCACAGTACATC    

IRS1 FP ATCTAAGCGCCTATGCCAGC XM_015093559.1  60 349 

  RP CATGTGGCCAGCTAAGTCCT       

FP, forward primer; RP, reverse primer; GRα, glucocorticoid receptor alpha; P85α, phosphoinositide-3 
kinase regulatory subunit 1; IL-10, interleukin-10; klf15, Krüppel-like factor 15; IGF1, insulin like 
growth factor 1; IRS1, insulin receptor substrate 1. 
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Table 5.2: Fetal lamb characteristics 

 Control 2 d-Beta 14 d-Beta 

N 6 7 8 

Body weight (kg) 2.19±0.35 2.13±0.27 2.18±0.33 

Diaphragm weight (g) 2.19±0.58 2.25±0.52 2.01±0.61a 

Relative diaphragm weight (%) 0.099±0.012 0.100±0.014 0.080±0.035a 

Sex ratio (Male:Female) 3:3 5:2 5:3 

Pregnancy ratio (Singleton: Twin) 4:2 5:2 3:5 

Beta, Betamethasone; Relative diaphragm weight, diaphragm weight/body weight. Values are mean ± 
standard deviation. a indicates n=7 only for the diaphragm weight. 

Table 5.3: Diaphragm contractile properties 

 Control 2 d-Beta 14 d Beta 

n 6 7 8 

Po (N·cm-2) 9.83 ± 1.56 11.11 ± 2.62 11.39 ± 1.91 

Pt (N·cm-2) 5.97 ± 1.02 5.52 ± 1.65 6.09 ± 1.28 

TTP (s) 0.147 ± 0.010 0.135 ± 0.022 0.140 ± 0.020 

½ RT (s) 0.303 ± 0.022 0.255 ± 0.039 0.275 ± 0.019 

Max dF/dT (g/s) 544 ± 132 498 ± 135 471 ± 179 

Fatigue Index 0.51 ± 0.13 0.56 ± 0.09 0.52 ± 0.09 

Po, maximum specific force; Pt, peak twitch force; TTP, time to peak twitch force; ½ RT, half relaxation 
time; Max dF/dT, maximum rate of twitch force development. Values are mean ± standard deviation.  
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5.7 Figures 

 

Figure 5.1: Proteolytic Signalling  

MuRF1 (a) and MAFbx (b) mRNA levels and 20S proteasome activity (c) in diaphragm samples from 
control (n = 5) and maternal betamethasone treatment groups of 2 d (n = 6) and 14 d (n = 6, except n 
= 4 for MuRF1 RT-qPCR). Values are expressed relative to median of control group for RT-qPCR 
analysis. Arbitrary fluorescent units from 20S proteasome assay are normalized against total protein 
concentration of respective diaphragm samples. 
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Figure 5.2: Anabolic signalling.  

Ratio of phosphorylated / total protein content (P/T) of four components of anabolic signalling in 
diaphragm samples from control (n = 5), and 2 d (n = 6) and 14 d (n = 6) betamethasone exposure 
groups for Akt (a), mTOR (b), 4EBP1 (c), p70S6K (d). Box and whisker plots represent median, 
minimum and maximum values. 
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Figure 5.3:Expression levels of Glucocorticoid receptor and downstream target 
genes. 

Relative mRNA expression for GRα (a) its down regulated direct target genes IGF1(b), IRS1 (c) and 
up regulated direct target genes p85α (d), klf15 (e), IL-10 (f) in the fetal diaphragm muscle from 
control (n = 5), 2 d (n = 6) and 14 d (n = 6) betamethasone exposed animals. 
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Figure 5.4: Oxidation status.  

Relative mRNA expression for antioxidant genes Catalase (a), GPX1 (b), SOD1 (c) and protein 
carbonyl content (d) in the preterm diaphragm from control (n = 5), 2 d (n = 6) and 14 d (n = 6) 
betamethasone exposure groups. Data are expressed relative to median of control group. * p < 0.05. 
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Figure 5.5: Expression of MHC genes.  

MHCI (a), MHC neonatal (b), MHCIIa (c) and MHCIIx (d) mRNA levels in control (n = 5) and maternal 
steroid treatment groups of 2 d (n = 6) and 14 d (n = 6). Values are expressed relative to median of 
control group for RT-qPCR analysis * p < 0.05. 
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Figure 5.6: Diaphragm force-frequency relationship.  

Normalised force-frequency relationships for control (n = 6) and maternal steroid treatment groups of 
2 d (n = 7) and 14 d (n = 8). Values are mean ± SD.  * p < 0.05. 
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6.1 Key points summary 

 In utero inflammation weakens the fetal diaphragm and may 

contribute to the development of respiratory insufficiency in preterm 

infants. 

 We used an ovine model of chorioamnionitis to investigate the 

combined effects of preterm birth and in utero inflammation induced 

by intra-amniotic lipopolysaccharide exposure on diaphragm 

function and structure in early postnatal life.  

 Diaphragm function,structure and molecular properties at 7 d 

postnatal age was not significantly affected by in utero 

lipopolysaccharide exposure but was significantly influenced by 

postnatal management of the preterm lamb, including the duration of 

mechanical ventilation and nutritional protein intake. 

 LPS exposure increased dependency on mechanical ventilation, 

emphasizing the importance of studying the combined effects of 

common clinical complications on the developing diaphragm. 

 Overall, our data indicate rapid postnatal adaptations in the first 

week of life and emphasize the impact of postnatal management on 

minimizing the influence of in utero inflammation on diaphragm 

function in the preterm infant. 
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6.2 Abstract 

In utero inflammation exacerbates preterm diaphragm weakness at birth. Persistent 

diaphragm dysfunction resulting from immaturity and in utero inflammation may predispose 

preterm infants to postnatal respiratory failure. We determined the combined effects of 

preterm birth and in utero inflammation on postnatal diaphragm function in lambs. Lambs 

were exposed to intra-amniotic saline (N = 8) or 4 mg lipopolysaccharide (LPS; N = 9) 48 h 

before caesarean delivery at 129 d gestational age (GA, term = 150 d). Lambs were 

managed in an intensive care environment in accordance with routine clinical practice then 

killed at 7 d postnatal age (PNA; 136 d GA). Fetal control lambs were delivered at 136 d GA 

and killed immediately (N = 7). There were no significant differences in diaphragm contractile 

function, myosin heavy chain fibre characteristics, molecular markers of inflammation, 

protein metabolism or oxidative status, between saline and LPS groups. However, the 

contractile properties of the saline and LPS groups were significantly different to the fetal 

control group, indicating postnatal adaptations to extra-uterine life. Duration of mechanical 

ventilation and nutritional intake were important predictors of diaphragm function and 

structure at 7 d PNA. Importantly, LPS lambs had a greater reliance on mechanical 

ventilation than saline lambs. Although LPS-induced diaphragm weakness at birth did not 

persist at 7 d PNA, the increased reliance on mechanical ventilation after in utero 

inflammation highlights potential interactions between clinical complications associated with 

preterm birth that may affect diaphragm function and contribute to the development of 

respiratory failure during early postnatal life.   
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6.3 Introduction 

A functional respiratory system is essential for successful transition to independent gas 

exchange after birth. The underdeveloped and surfactant deficient respiratory system of the 

extremely preterm infant is inadequately prepared for this transition, resulting in development 

of respiratory distress syndrome soon after birth. Additionally, preterm infants without 

significant respiratory disease at birth may develop progressive respiratory failure over the 

first week of life (Eber & Zach 2001; Bland 2005). Accordingly, many preterm infants require 

mechanical respiratory support: recent data suggest at least 50 % of infants born earlier than 

30 weeks’ gestation require intubation and mechanical ventilation (Sweet et al. 2017).  

Until recently, respiratory disease in preterm infants was considered primarily a disease of 

lung immaturity. Consequently, the contribution of the diaphragm to respiratory disease in 

preterm infants has garnered little attention, despite the pivotal role of the diaphragm in 

spontaneous breathing. Like the lungs, the preterm diaphragm is structurally and functionally 

immature at birth (Keens et al. 1978; Dimitriou et al. 2001, 2003). Appropriate development 

of the diaphragm in utero is vital for establishing and sustaining spontaneous breathing from 

the time of birth (Mantilla & Sieck 2008). The newborn diaphragm needs to generate 

sufficient trans-pulmonary pressure to overcome the high surface tension of the newborn 

lungs, thereby facilitating resorption of fetal lung fluid and establishment of a functional 

residual capacity (Te Pas et al. 2008). Thereafter the diaphragm must continuously produce 

adequate trans-pulmonary pressures to sustain spontaneous breathing throughout postnatal 

life (Te Pas et al. 2008).  

Preterm birth disrupts normal diaphragm development: the immature diaphragm of the 

preterm infant is characterised by small muscle fibres (Sieck, Cheung & Blanco 1991; Sieck, 

Fournier & Blanco 1991; Fratacci et al. 1996), which have underdeveloped sarcoplasmic 

reticulum (Schiaffino & Margreth 1969; Maxwell et al. 1983), underdeveloped myofibrils 

(Williams & Goldspink 1971; Maxwell et al. 1983; West et al. 1999; Geiger et al. 2001a; 

Orliaguet et al. 2002) and a reduced antioxidant capacity (Song & Pillow 2012). 

Consequently, the force-generating capabilities of the preterm diaphragm are reduced 

(Dimitriou et al. 2001, 2003) and the diaphragm must operate at a greater proportion of its 

maximum capacity to achieve adequate ventilation. The impact of preterm birth on the 

capacity of the diaphragm to initiate and sustain independent ventilation after birth is unclear.  

Adverse antenatal and postnatal complications can further exacerbate respiratory 

dysfunction of the preterm infant. For example, chorioamnionitis, an inflammation of the fetal 
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membranes, is a histological finding in 70 % of preterm births before 30 w gestational age 

(GA) (Goldenberg, Hauth & Andrews 2000); the group most likely to develop early 

respiratory failure and chronic respiratory illness. Antenatal exposure of the fetus to 

inflammation alters postnatal organ development (Galinsky et al. 2013). The effects of 

antenatal inflammation on the fetal respiratory system are complex with initial acceleration of 

lung development contributing to decreased incidence of respiratory distress syndrome 

(Watterberg et al. 1996), but increasing the risk of long-term respiratory disorders such as 

bronchopulmonary dysplasia (Bose et al. 2011). The persistence of impact of in utero 

inflammation on postnatal diaphragm function in preterm infants is largely unknown. 

However, using an ovine model of chorioamnionitis, we have shown that in utero LPS 

exposure further compromises the integrity of the already weakened preterm diaphragm 

(Song et al. 2013b,c; Karisnan et al. 2015a,b; Karisnan et al. 2017).A short duration 

exposure to IA LPS at 2 d or 7 d before premature delivery at 129 d GA (term = 145 – 150 d 

GA) significantly impairs diaphragm development and function in the sheep, reducing fetal 

diaphragm contractile strength by ~30 % at birth (Song et al. 2013b). The LPS-induced 

diaphragm weakness at birth results from a transient increase in local and systemic pro-

inflammatory cytokines (interleukin-1 (IL-1) and interleukin-6 (IL-6)) and is associated with an 

upregulation of proteolytic pathways mediated by NF-kB, followed by a secondary reduction 

in protein synthesis (Song et al. 2013b). Importantly, when IA LPS injections were 

administered 21 d before premature birth the level of diaphragm weakness was similar to 

that when the LPS exposure occurred 7 d before birth, despite the absence of any overt 

differences in the level of inflammation (Karisnan et al. 2015a). These findings indicate in 

utero inflammation severely compromises diaphragm development. The combined effects of 

preterm birth and persistent diaphragm weakness resulting from in utero exposure to 

inflammation may contribute to the development of respiratory insufficiency over the first 

minutes, hours or days of life of the preterm infant. However, the impact of in utero LPS 

exposure on postnatal diaphragm function is still unknown. 

Using an established ovine model of chorioamnionitis (Berry et al. 2011; Kuypers et al. 

2012), we investigated the combined effects of preterm birth and a 2 d IA LPS exposure on 

diaphragm function and structure in lambs delivered at 129 d GA and raised to 7 d postnatal 

age (PNA). Furthermore, we aimed to identify the mechanisms underlying any potential 

changes in postnatal diaphragm structure and function. We hypothesized that in utero LPS 

exposure would promote structural and physiological changes which would exacerbate 

diaphragm dysfunction at 7 d PNA after preterm birth. We predicted that the additional 

dysfunction of the preterm diaphragm imposed by in utero exposure to a pro-inflammatory 
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stimulus would reduce the capacity of the preterm diaphragm to cope with the strenuous 

demands of spontaneous breathing after birth.   

6.4 Methods 

6.4.1 Ethical Approval  

Ewes were bred at The University of Western Australia (UWA) Ridgefield Farm. All 

experiments were performed at The University of Western Australia (UWA), with approval by 

the UWA Animal Ethics Committee (3/100/1301). All experiments conform to the guidelines 

of the National Health and Medical Research Council (NHMRC) Australian code for the care 

and use of animals for scientific purposes (2013) and the principles and regulations as 

described in the Editorial by Grundy (Grundy 2015).  

6.5 Experimental outline and animal management  

6.5.1 Antenatal management 

Date-mated ewes, pre-treated with intra-muscular (IM) medroxyprogesterone (150 mg; 

Pfizer) at 122 d gestation, were assigned randomly to an ultrasound guided IA injection of 

LPS in saline (LPS group; 4 mg, 2 mg/mL; E. coli 055:B5; Sigma Aldrich, USA; n = 9) or an 

equivalent volume IA saline injection (saline group; n = 8) at 127 d gestation. Ewes also 

received two doses of IM betamethasone (5.7 mg, Merck Sharp & Dome, USA) given at 24 h 

intervals, commencing 6 h after the IA injections, prior to caesarean section delivery at 129 d 

gestation of preterm lambs destined for 7 d postnatal care. Ewes were pre-medicated with 

IM Acepromazine (0.05 mg/kg, Ceva Animal Health Pty Ltd, Australia) and IM 

Buprenorphine (0.01 mg/kg, Indivior Pty Ltd, Australia) prior to anaesthetic induction with 

Thiopentone (15 mg/kg, Troy Laboratories, Australia), and maintenance anaesthesia with 

isofluorane (1.5-2.5 %). The fetal head and neck of saline and LPS lambs were exteriorised 

for insertion of carotid arterial and jugular venous catheters, oral intubation, and removal of 

lung fluid and administration of intratracheal surfactant (Curosurf®, 100 mg/kg; Chiesi 

Farmaceutici S.p.A., Italy). Lambs were then delivered. Fetal control lambs (N = 7; no 

antenatal maternal interventions) were delivered at the study endpoint (136 d gestation) and 

killed at delivery without intervention (pentobarbitone, 150 mg/kg IV; Pitman-Moore, 

Australia). IA LPS injection was confirmed by a Limulus amebocyte lysate (LAL) assay on 
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amniotic fluid samples obtained at delivery, in accordance with the manufacturers protocol 

(LAL QCL-1000; Lonza).   

6.5.2 Postnatal management 

Lambs were resuscitated immediately after delivery and were managed in accordance with 

routine clinical practice. Assist/control volume-guaranteed ventilation (5 – 7 mL/kg) was 

commenced immediately following delivery and changed to mandatory minute ventilation 

after commencement of spontaneous respiratory efforts. Ventilatory settings (volume 

guarantee, positive end-expiratory pressure, fractional inspired oxygen, inspiratory time and 

respiratory rate) were adjusted to target mild permissive hypercapnia (partial pressure of 

carbon dioxide in arterial blood (PaCO2) of 45 – 55 mmHg) and peripheral capillary 

oxyhaemoglobin saturation (SpO2) of 90 – 95 %. Maximum peak inspiratory pressure was 30 

cmH2O. Lambs were weaned from mechanical ventilation if they were breathing 

spontaneously and maintaining SpO2 of 90 – 95 % at a peak inspiratory pressure < 15 

mmHg and FiO2 < 0.25. Lambs were reintubated if they displayed any of the following: 

persistent SpO2 < 90 % despite FiO2 > 0.5 and mean airway pressure > 12 cmH2O; ≥ 4 

apnea events requiring resuscitation within an hour; ventilatory failure (PaCO2 > 80 mmHg 

on two consecutive arterial gases); or severe metabolic acidosis (base excess (BE) < -10 

mmol/L). Arterial blood pressure was monitored continuously and ionotropic support 

(dopamine 10 μg/kg/min) commenced for sustained mean pressure < 45 mmHg. 

Lambs received intravenous fluid support (5 % dextrose) and commenced enteral feeds at 2 

h (20 mL/kg/d) with fresh maternal colostrum, incrementing enteral feeds by 20 mL/kg/d and 

transferring to formula feeds at 24 h (MaxCare® Lamb & Kid, MaxumAnimal, Australia). 

Supplemental heating was adjusted to target normothermia (38.5-39.5 C) throughout 

postnatal life. Saline and LPS lambs were killed at 7 d (pentobarbitone, 150 mg/kg IV; 

Pitman-Moore, Australia). 

6.6 Tissue collection  

The diaphragm was excised immediately and the mid-costal portion of the right hemi-

diaphragm, including the attached ribs and central tendon, was maintained in mammalian 

Ringer’s solution (in mM; NaCl, 121; KCl, 5.4; MgSO47H2O, 1.2; NaHCO3, 25; HEPES, 5; 

glucose, 11.5 and CaCl2, 2.5: pH 7.3) bubbled with carbogen (5 % CO2 in O2) throughout 

careful dissection of muscle fibres for use in measurements of contractile function. Sections 

of the mid-costal portion of the left hemi-diaphragm were imbedded in tragacanth gum and 
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frozen in isopentane cooled in liquid nitrogen for histochemical analysis, and snap-frozen in 

liquid nitrogen for molecular analysis. Frozen samples were stored at -80 ºC until further 

analysis.  

6.7 Whole muscle diaphragm contractile properties  

Diaphragm contractile measurements were performed according to Lavin et al (2013) with 

modifications. Briefly, a longitudinal strip of intact muscle fibres were mounted in an in vitro 

muscle test system (1200A, Aurora Scientific, Aurora, Canada) containing mammalian 

Ringer’s solution (pH 7.3) bubbled with carbogen at 25 ºC (Segal & Faulkner 1985). 

Diaphragm contractile properties were measured at optimal muscle length (Lo) and included 

maximum tetanic force (Po), force-frequency relationship, peak twitch force (Pt), time to peak 

twitch force (TTP), twitch half-relaxation time (1/2 RT). Susceptibility to fatigue was 

evaluated from a series of 150 tetanic contractions of 330 ms duration repeated once every 

second. The fatigue index (FI) was determined from the ratio of the force produced during 

the 150th contraction relative to the 1st contraction (Javen et al. 1996), in which a higher 

number indicates a greater fatigue resistance. Force (g) was normalised to cross-sectional 

area (CSA) calculated from muscle fibre length, muscle mass and density (1.056 g·cm-3) 

(Mendez & Keys 1960) and presented as specific force (N·cm-2).  

6.8 Skinned fibre contractile function  

Individual fibres were dissected from the diaphragm, mounted on a force transducer (model 

BAM4C, SI Heidelberg, Germany) at 120 % resting length and chemically skinned by 

exposure to Triton X-100 for 12 min. All experiments were undertaken at room temperature 

(22-24 °C). The force-pCa relationship was determined by exposing skinned fibres to a 

sequence of highly buffered Ca2+-EGTA solutions of different known free Ca2+ 

concentrations. The Ca2+ buffered solutions were prepared by mixing different proportions of 

solution A and B (Table 6.1) to produce solutions with pCa in the range 7.00-4.70. Broad 

fibre type classifications were determined by exposing fibres to a sequence of Sr2+-EGTA 

buffered solutions of different known Sr2+ concentrations with pSr in the range 6.37-3.70. 

Maximum Ca2+-activated force was normalised to fibre cross-sectional area (estimated from 

fibre diameter measurements), and presented as specific force (mN·cm-2).  

The Ca2+- and Sr2+-activated force responses were expressed as a percentage of their 

respective maximum Ca2+- or Sr2+-activated force and plotted as a function of pCa or pSr. 
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The analysis of force-pCa and force-pSr curves were described previously (Bortolotto et al. 

2000; Cannata et al. 2010, 2011). The data collected from pCa/pSr experiments were fitted 

with sigmoidal curves using the software package GraphPad Prism (GraphPad Software, 

Inc., San Diego). Force-pCa curves were always described by a single sigmoid function and 

the parameters derived were the Hill coefficient (hCa) (maximum slope of the force-pCa 

curve) pCa10 and pCa50 (the amount of Ca2+ needed to produce 10 % and 50 % of maximum 

force, respectively).  

Fibres in which the force-pSr relationship could be described by a single sigmoid function 

were classified as ‘fast’ or ‘slow’ based on the difference in their relative sensitivity to Ca2+ 

and Sr2+ (West et al., 1999; Cannata et al., 2011). Fibres with pCa50 – pSr50 > 1.0 unit were 

classified as fast, and fibres with pCa50 – pSr50 < 1.0 unit were classified as slow. Fibres that 

could not be described by a single sigmoid function showed discontinuity in the central 

region and were better described as the sum of two sigmoid curves (F1 and F2). When pSr 

curves were best described by a double sigmoid, separate parameter of pSr50 and hsr were 

derived for the first and second sigmoid curves (pSr501, pSr502 and hSr1, hSr2) along with 

F1% (the proportion of the entire force-pSr curve described by the first sigmoid curve). 

These fibres were categorised as intermediate (pSr501 < 5.90, hSr1 < 2.0) or hybrid (pSr501 > 

5.90, hSr1 > 2.0), based on classifications of diaphragm muscle fibres described by Cannata 

et al. (2011).   

6.9 Immunohistochemistry: Myosin heavy chain (MHC) 

fibre typing and cross-sectional area (CSA) 

Transverse sections (8 µm) of frozen muscle were stained with anti-myosin heavy chain 

(MHC) specific antibodies: MHCIIa (mouse monoclonal IgG1; SC-71; DSHB, University of 

Iowa; dilution 1:25), MHCI (mouse monoclonal IgG2b; BA-D5; DSHB, University of Iowa; 

dilution 1:25), MHC embryonic (MHCemb) (rabbit polyclonal IgG; 2400104; Mimotopes; 

dilution 1:25) and MHC fast (MHCIIabx) (rabbit polyclonal IgG; 2400107; Mimotopes; dilution 

1:25). Primary MHCIIa was detected by goat anti-mouse IgG1 Alexa Fluor 488 (Jackson 

ImmunoResearch; dilution 1:500), MHCI was detected by goat anti-mouse IgG2b dylight 405 

(Jackson ImmunoResearch; dilution 1:500), and MHCemb and MHCIIabx were detected by anti-

rabbit IgG Alexa Fluor 594 (Invitrogen; dilution 1:500). Tiled images were captured at 20x 

magnification using a Nikon C2+ Confocal microscope (Nikon Corporation). Myofibre CSA 

was determined from haematoxylin and eosin (H&E) stained sections with tiled images 

captured at 20x using a Nikon Eclipse Ti inverter microscope (Nikon Corporation) and image 
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analysis performed using ImageJ (v1.51j8) software and ImageJ cell counter plugin 

https://imagej.nih.gov/ij/plugins/cell-counter.html).  

6.10 Molecular analyses 

6.10.1 RNA Isolation, Reverse Transcription and Quantitative 

PCR 

RNA purification, reverse transcription and quantitative PCR conditions were performed 

according to Mahzabin et al (2017). Diaphragm gene expression was assessed for atrophy-

related genes (muscle ring-finger protein 1 (MuRF1) and muscle atrophy F-box (Atrogin-

1/MAFbx), cytokine genes (interleukin-10 (IL-10), interleukin-1β (IL-1 β), interleukin-6 (IL-6) 

and tumour necrosis factor alpha (TNF-α)), antioxidant genes (glutathione peroxidase 1 

(GPX1), and superoxide dismutase 1 (SOD1)), myogenic regulatory factors (MRF) genes 

(paired box (PAX3, PAX7), myogenic factor 5 (MYF5), myogenic differentiation (MYOD and 

MYOG) and MHC genes (MHCemb, MHCI and MHCIIa). Novel primers are listed in Table 6.2; 

all other primers were described previously (Smeed et al. 2007; Zhu et al. 2010; Song & 

Pillow 2012; Mahzabin et al. 2017). Each primer set (total 19) was validated by generating 

standard curves from serial, 10-fold, dilutions of purified cDNA using Wizard SV gel and 

PCR clean up system (Promega, Madison, WI, USA). The fluorescent signal of samples, 

amplified from qPCR reaction, are presented as arbitrary concentrations normalised against 

housekeeping genes (18S RNA, GAPDH and β-actin) using GeNorm algorithm 

(Vandesompele et al. 2002). 

6.10.2 Total Protein Extraction 

Total cellular protein was extracted from 30 mg frozen diaphragm tissue according to Song & 

Pillow (2012). Protein concentration was measured in whole cell lysates using the Bradford 

method (Bradford 1976). Whole cell lysates were used for Western Blot and biochemical 

assays. 

6.10.3 Western Blot 

Total protein lysates (50 mg) were separated by electrophoresis using pre-cast 4-15 % TGX 

stain free gels (Bio-Rad, Gladesville, NSW, Australia) and transferred to nitrocellulose 

membranes using a Trans Turbo Blot system (Bio-Rad). Ponceau S staining (P-7170-1L, 

Sigma) was used to check the quality of protein transfer as well as a loading control. After 
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blocking with TBST (20 mM Tris, 150 mM NaCl, 0.1% v/v Tween-20, pH 7.5) containing 5% 

w/v bovine serum albumin (BSA), the membranes were incubated overnight with primary 

antibodies (Cell Signaling Technology, Carlsbad, CA, USA) against protein kinase B, Akt {p-

Akt (Ser473) (#9271); t- Akt (#9272)}, mammalian target of rapamycin, mTOR{ p-mTOR (Ser 

2448) (#2971); t-mTOR (#2983)}; translation initiation factors 4e-binding protein 1, 4EBP1{ 

p-4E-BP1 (Thr70) (#9455), t- 4E-BP1 (#9452)} at 4 ºC. Antibodies were used at a dilution of 

1:1000. Bound antibodies were detected with anti-rabbit immunoglobulin conjugated with 

horseradish peroxidase at 1:3000 dilution (Cell Signaling Technology) for 1 h at room 

temperature (22 - 24 °C). The blots were developed by adding Perkin Elmer Western 

Lightning ultra (NEL111001EA) and protein signals were quantified using ChemiDoc MP 

Imaging system (Bio-Rad). The membranes blotted with phosphorylated proteins (P) were 

stripped with Restore Western Stripping Buffer (Life Technologies, VIC, Australia, #2105) for 

10 min at room temperature, and re-blotted with corresponding total (T) proteins. The protein 

expression data are presented as normalised values for phosphorylated protein against total 

protein content of the same blot. 

6.10.4  Biochemical assays of proteolysis and oxidative stress 

The chymotrypsin like peptidase activity of the 20S proteasome (a major component of 

ubiquitin proteasome pathway, UPP) in the diaphragm was measured fluorometrically in 

crude extracts following the release of free 7-amido-4-methylcoumarin (AMC) from synthetic 

peptide (Suc-LLVYAMC) substrates (BML-AK 740 assay kit, Enzo Life sciences, 

Farmingdale, NY).  

The protein carbonyl content (an indicator of cellular oxidation status) was measured using a 

commercially available colorimetric kit (Protein Carbonyl Colorimetric assay kit, Cayman, 

Ann Arbor, MI). 

6.11 Statistical analysis  

Differences among treatment groups were assessed with one-way analysis of variance 

(ANOVA) with a priori Tukey multiple comparisons or Kruskal-Wallis H Test with a priori 

Mann-Whitney U tests, as appropriate. Mann-Whitney U tests were Bonferroni adjusted, with 

statistical significance accepted at p ≤ 0.017. The force frequency relationships were 

analysed using 2-way ANOVA. Independent one-way ANOVA with Tukey multiple 

comparisons or nonparametric Kruskal-Wallis with Mann-Whitney U tests were performed, 

as appropriate, where an interaction between both factors was detected with 2-way ANOVA 
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Wilks Lambda. Myofilament function in hybrid skinned muscle fibres were analysed by 

unpaired Students t-test. 

The outcome measures of diaphragm function may be affected by potential confounding 

variables associated with the postnatal management of preterm lambs including exposure to 

mechanical ventilation and nutritional status. The relationship between potential confounding 

variables and outcome variables was analysed using Pearson’s and Spearman’s bivariate 

correlation analyses, as appropriate. Outcome variables that correlated significantly with the 

confounding experimental variables were analysed via linear regression and ANCOVA 

analyses, as appropriate.  

Data are presented as mean ± standard deviation (SD) or as median (range). N denotes 

number of animals, n denotes number of diaphragm fibres. Statistical significance was 

accepted at p ≤ 0.05, unless otherwise stated. Analyses were performed on IBM SPSS 

Statistics software (Version 19, IBM Company 2010). 

6.12 Results  

6.12.1 Lamb descriptive data  

Lamb post-conceptual age at post-mortem (PM), body weight at PM, sex, pregnancy ratio 

and optimal muscle length for all groups are presented in Table 6.3. Body weight at birth is 

presented for saline and LPS groups in Table 6.3. Body weights at birth were corrected for 

amniotic fluid in the wool (dry body weight = 0.9 wet body weight). Body weight at PM was 

significantly lower in the saline (p = 0.004) and LPS (p < 0.001) groups compared with the 

fetal control group (dry weight equivalent).  

6.12.2 In vitro whole muscle contractile properties  

There were significant differences in diaphragm whole muscle contractile function between 

the fetal control group compared with the saline and LPS groups, but not between the saline 

and LPS groups (Figure 6.1).  

Maximum specific force (Po) was significantly higher in the saline group compared to the 

fetal control group (p = 0.007). Peak twitch force (Pt) was significantly lower in the saline 

group (p = 0.003) and LPS group (p < 0.001) compared with the fetal control group. TTP was 

significantly shorter in the saline and LPS groups compared with the fetal control group (p < 

0.001). Similarly, ½ RT was significantly shorter in the saline group (p = 0.01) and LPS 
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group (p < 0.001) compared with the fetal control group. Peak twitch force as a ratio of 

maximum tetanic force (Pt:Po) was significantly lower in the saline and LPS groups 

compared with the fetal control group (p < 0.001). The fatigue protocol reduced the force 

response to 40 Hz stimulation by approximately 50 – 55 %. There was no significant 

difference in the fatigue index between groups (p = 0.393).  

The relationship between stimulation frequency and force production was investigated from 

isometric contractions at 5-80 Hz, as displayed in Figure 6.1G. There was a significant 

interaction between treatment group and stimulation frequency (p = 0.014). The saline and 

LPS groups produced significantly lower specific force at 5 Hz stimulation, and the LPS 

group also produced significantly lower specific force at 10 Hz stimulation, compared to the 

fetal control group (p < 0.05). Additionally, the saline group produced significantly higher 

specific force at stimulation frequencies 30 Hz and above compared to the fetal control 

group (p < 0.05).  

There was a significant interaction between treatment group and stimulation frequency when 

the force-frequency relationships were normalized to maximum force produced within each 

group (p < 0.001; Figure 6.1H). The normalized force-frequency relationship was shifted to 

the right in the saline and LPS groups, producing significantly lower relative force at 

stimulation frequencies of 5-40 Hz, compared to the fetal control group (p < 0.05).  

6.12.3 Skinned fibre contractile properties 

The Ca2+- and Sr2+- activation parameters for single muscle fibres are presented in Table 

6.4. All force-pCa curves were described as single sigmoid curves (Figure 6.2). The 

maximum Ca2+-activated force was not significantly different between groups for fast, 

intermediate or slow fibres, but was significantly lower in hybrid fibres from the saline group 

compared to the fetal control group (unpaired Students t-test; p = 0.004; Table 6.4). There 

were no significant differences in the pCa10, pCa50 or hCa in fibres between the three groups 

(Table 6.4). The force-pSr curves were classified as normal, intermediate or hybrid based on 

Sr2+-activation parameters that govern the shape of the force-pSr curve (Figure 6.2B-D. A 

total of 82 fibres were studied, of which 62 (75 %) had force-pSr curves that were described 

by a single sigmoid curve. Of these 62 fibres, 59 fibres (95 %) were classified as fast fibres 

(pCa50 – pSr50 > 1.0 unit). The fetal control group and saline group had one and two fibre/s 

respectively, that were classified as slow (pCa50 – pSr50 < 1.0 unit). The proportion of fast, 

slow, hybrid and intermediate fibres for each treatment group are presented in Table 6.4. 
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6.12.4 MHC gene expression and fibre characteristics  

MHC expression was investigated at both the mRNA and protein level. MHCemb, MHCI, and 

MHCIIa mRNA expression was not significantly different between treatment groups (p > 0.05; 

data not presented). Furthermore, the percentage distribution of myofibres, stained for the 

expression of MHCemb, MHCI, MHCIIa, and MHCIIabx, was not significantly different between 

treatment groups (p > 0.05; Figure 6.3). In all treatment groups, all myofibres that stained 

positively for MHCIIabx also stained positively for MHCIIa; indicating that MHCIIb/x isoforms are 

always co-expressed with MHCIIa or that MHCIIa is the only fast adult isoform expressed at 

136 d PCA. MHC isoforms were expressed in four combinations: i) fibres expressed MHCI 

only; ii) fibres co-expressed MHCemb and MHCI; iii) fibres co-expressed MHCemb and 

MHCIIabx/IIa; and iv) fibres co-expressed MHCemb, MHCI and MHCIIabx/IIa. No fibres expressed 

MHCemb only or MHCIIIabx/IIa only. The CSA of individual myofibre types were not significantly 

different between treatment groups (p > 0.05; Figure 6.3).  

6.12.5 Molecular analyses  

6.12.5.1 Cytokine levels  

There was no significant difference in the local mRNA expression levels of pro-inflammatory 

genes, IL-1β (p = 0.412), IL-6 (p = 0.974), or TNF-α (p = 0.618), or anti-inflammatory gene, 

IL-10 (p = 0.875) between treatment groups (Figure 6.4).  

6.12.5.2 Anabolic and proteolytic markers 

Protein expression (phosphorylated over total, P/T) of three intracellular signalling 

components (Akt, mTOR, 4EBP1) were measured to evaluate anabolic signalling 

transduction cascades (Figure 6.5 A - C). There was no significant difference in P/T-Akt (p = 

0.572) or P/T-4EBP1 (p = 0.786) protein activity between treatment groups. There was a 

significant main effect of treatment on P/T-mTOR (p = 0.047; Kruskal-Wallis). However, a 

priori analyses did not reveal any significant difference in P/T-mTOR activity between 

treatment groups. 

MuRF1 gene expression, MAFbx gene expression, and 20S proteasome activity were 

measured to evaluate the proteolytic response of diaphragm (Figure 6.5 D - F). There was 

no significant difference in MuRF1 mRNA expression (p = 0.152), MAFbx mRNA expression 

(p = 0.431), or 20 S proteasome activity (p = 0.426) between treatment groups.   
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6.12.5.3 Oxidative status 

Expression (mRNA) of the antioxidant gene, SOD 1 was not significantly different between 

treatment groups (p = 0.092; Figure 6.6 A). However, mRNA expression of the antioxidant 

gene GPX 1, was significantly higher in the saline group compared to the fetal control group 

(p = 0.022; Figure 6.6 B). Protein carbonyl activity was significantly lower in the saline group 

compared to the fetal control group (p = 0.006; Figure 6.6 C).  

6.12.5.4 Myogenic regulatory factors (MRF) gene expression 

There was no significant difference in the gene expression for the myogenic regulatory 

factors, PAX3 (p = 0.610), PAX7 (p = 0.127), MYF5 (p = 0.465), MYOD (p = 0.161), and 

MYOG (p = 0.371), between treatment groups (data not presented).  

6.12.6 Independent predictors of diaphragm functional 

properties, structural properties and molecular properties at 7 

d PNA 

Differences between saline and LPS groups may have been influenced by confounding 

postnatal management that included mechanical ventilation and altered nutritional intake. 

Thus, for these two groups the relationship between diaphragm outcome variables at 7 d 

PNA, LPS exposure and potential confounding experimental variables (average protein 

intake and normalised duration of mechanical ventilation) was evaluated using correlation 

and linear regression. Availability of tissues varied for individual regression analyses (N = 14 

for diaphragm contractile function; N = 16 for skinned fibre measurements; N = 12 for MHC 

fibre characteristics; N = 16-17 for all molecular analyses).  

6.12.6.1 LPS exposure 

LPS exposure correlated positively with the normalised duration of mechanical ventilation 

required by postnatal lambs (R2 = 0.270, p = 0.032). The normalised duration of mechanical 

ventilation ranged from 3-54 h among saline lambs, and all lambs were successfully 

extubated before study completion. In comparison, normalised duration of mechanical 

ventilation among LPS lambs ranged from 4-143 h, with 4/8 lambs requiring respiratory 

support up until study completion.  
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6.12.6.2 Mechanical ventilation  

The unstandardised residual mechanical ventilation (component of mechanical ventilation 

not due to LPS exposure) significantly predicted several outcome measures. Duration of 

mechanical ventilation (residual) exhibited a moderate negative correlation with whole 

muscle specific force produced at stimulation frequencies ranging from 15-80 Hz (R2 ranged 

between 0.456 to 0.528; p < 0.01). Duration of mechanical ventilation explained ~51 % of 

the variation observed in diaphragm maximum specific force at 7 d PNA, independent of 

LPS exposure.  

Duration of mechanical ventilation (residual) exhibited a moderate negative correlation with 

the proportion of fibres expressing MHCemb + I (R2 = 0.363, p = 0.038), and a moderate 

positive correlation with IL-6 mRNA expression (R2 = 0.326, p = 0.021).  

6.12.6.3 Protein intake  

Average protein intake exhibited a moderate positive correlation with the MHCemb + IIa/IIabx 

proportions (R2 = 0.482, p = 0.012) and a strong negative correlation with the MHCemb + I + 

IIa/IIabx proportions (R2 = 0.731, p < 0.001). 

6.12.7 Diaphragm contractile properties and MHC fibre 

characteristics after correcting for respiratory support.  

Diaphragm contractile function and MHC fibre characteristics of saline and LPS lambs were 

compared after correcting for significant independent experimental variables. LPS exposure 

had no significant effect on the maximum specific force (p = 0.164; data not presented), 

force-frequency relationship (p = 0.577; data not presented), MHC fibre characteristics (p > 

0.05; data not presented), or IL-6 mRNA expression (p = 0.797; data not shown) after 

correcting for the unstandardised residual duration of mechanical ventilation or average 

protein intake, as appropriate.  

6.13 Discussion  

Diaphragm weakness associated with preterm birth is exacerbated by in utero exposure to 

inflammation (Song et al. 2013b,c; Karisnan et al. 2015a,b; Karisnan et al. 2017). We 

hypothesised that the combined effects of preterm birth and in utero inflammation would 

severely compromise the capacity of the diaphragm to cope with the increased work of 
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breathing in the acute (7 d) postnatal period. Contrary to our hypothesis, diaphragm function 

and structure at 7 d PNA was not significantly affected by in utero exposure to LPS. There 

was no significant difference in the contractile measurements from intact diaphragm fibres, 

Ca2+-activation properties of single skinned fibres, MHC fibre characteristics, or molecular 

markers of diaphragm development, growth and metabolism between saline and LPS lambs. 

The functional properties of diaphragms from the saline and LPS groups were significantly 

different to the age-matched fetal control lambs that were killed at delivery. The contractile 

properties of the diaphragms from saline and LPS lambs were typical of more mature 

animals, compared to the fetal control lambs, as described below. A clinically important 

observation from this study, however, was that lambs exposed to in utero inflammation were 

more dependent on mechanical ventilation in the intensive care unit. Furthermore, the 

duration of mechanical ventilation required by lambs, and the average protein intake during 

the first week of life, independently predicted diaphragm contractile function and MHC fibre 

characteristics at 7 d PNA. Our results emphasise how complex interactions between 

common clinical complications in the perinatal period influence the functional, structural and 

molecular development of the diaphragm after birth.  

6.13.1 Postnatal development of contractile properties in the 

immature diaphragm  

Despite having the same postconceptional age at death, the contractile properties of the 

preterm fetal control diaphragm differed markedly from the saline and LPS diaphragm. 

Contractile properties of the fetal control diaphragm were typical of immature skeletal 

muscle, displaying lower maximum specific force, higher peak twitch force, slower 

contraction times and a leftward shift of the force-frequency curve, compared to the saline 

and LPS groups. Slower twitch contraction and relaxation times would facilitate force 

summation thereby accounting for the higher specific force produced at low stimulation 

frequencies in the fetal control group. The higher twitch force to tetanic force ratio (Tw:Te) 

and leftward shift of the force-frequency relationship displayed by the fetal control group are 

typical contractile features of the immature diaphragm, as reported previously for sheep and 

cats (Lavin et al. 2013; Sieck et al. 1991). In contrast to the fetal control group, the 

contractile properties of the saline and LPS diaphragm were typical of more mature fetal 

lambs (Lavin et al. 2013). The greater specific force and faster contraction and relaxation 

times are likely to reflect an accelerated development of the structural and functional 

properties of the diaphragm that may include the transition from immature to adult protein 

isoforms (Brandl et al. 1987; Arai et al. 1992; Watchko, Daood & Sieck 1998), improved 



 

113 
 

myofilament function (Williams & Goldspink 1971; Maxwell et al. 1983; West et al. 1999; 

Geiger et al. 2001b; Orliaguet et al. 2002; Racca et al. 2013), and/or improved Ca2+ handling 

(Schiaffino & Margreth 1969; Zubrzycka-Gaarn & Sarzala 1980; Froemming & Ohlendieck 

1998).   

The longer contraction and relaxation times observed in the fetal control diaphragms could 

be accounted fora higher proportion of slow, fatigue resistant muscle fibres. However, MHC 

mRNA and protein expression was not significantly different between fetal control, saline and 

LPS groups, nor was there any significant difference in the susceptibility to fatigue between 

treatment groups. Immunohistochemical analysis showed that a small proportion of fibres 

expressed only MHCI isoforms; all other fibres co-expressed various combinations of MHC 

isoforms with MHCemb+IIa/IIabx the most abundant (~70 %). Skeletal muscle development is 

characterised by the disappearance of MHCemb isoforms (Watchko, Daood & Sieck 1998; 

Strbenc et al. 2006) and the preferential growth of secondary myofibres expressing MHCIIabx 

(Maxwell et al. 1983; Sieck, Fournier & Blanco 1991; Fratacci et al. 1996). It was surprising 

that we did not observe any changes in MHC expression, considering differences in whole 

muscle contractile properties between the saline and LPS diaphragm, compared with the 

fetal control diaphragm. However, the relationship between MHC expression and contractile 

function is reportedly less robust in fetal muscle compared to adult muscle (West et al. 1999; 

Lavin et al. 2013). 

The activation profiles of single muscle fibres were characterised based on differential 

sensitivity to Ca2+ and Sr2+, independently of MHC expression (West et al., 1999; Cannata et 

al., 2011). The proportion of fibres classified as pure fast-twitch fibres was 41 % in the fetal 

control group, 65 % in the saline group and 75 % in the LPS group. These proportions, are 

broadly consistent with the predominant fast-twitch phenotype of diaphragm fibres from fetal 

lambs of similar gestational age (Cannata et al. 2011), but do suggest a difference between 

the fetal control and postnatal saline and LPS groups that was not evident based on MHC 

expression. Slow-twitch muscle characteristics are thought to emerge later in gestation or 

after birth, with fibres from adult sheep diaphragm shown to exhibit a hybrid phenotype, 

where both fast- and slow-twitch muscle characteristics are present within each fibre 

(Cannata et al. 2011). In this study, transition from fast to slow fibres was seen in some 

fibres that exhibited either an intermediate or hybrid contractile phenotype. The combined 

proportions of slow, intermediate and hybrid fibres were higher in the fetal control group (~59 

%) compared to the postnatal saline group (~38 %). Only 25 % of fibres in the LPS group 

were classified as intermediate, and there were no slow or hybrid fibres present. These 

differences in activation characteristics suggest possible antenatal and postnatal influences 
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on the transition to a typical hybrid phenotype of adult diaphragm. Importantly, these results 

indicate that the activation characteristics are affected independently of changes in MHC 

expression and may reflect the increased mechanical load placed on the diaphragm during 

the transition from fetal to postnatal life, as suggested previously by Cannata et al (2011). 

The effects of preterm birth and in utero LPS exposure on myofilament function were also 

evaluated in single skinned fibres. The low and variable proportions of intermediate, hybrid 

and slow fibres expressed between the three groups made interpretation of the statistical 

analyses difficult. However, when considering the ‘pure fast’ fibres only, there were no 

significant differences in maximum Ca2+-activated force, Ca2+ activation threshold (pCa10) or 

Ca2+ sensitivity (pCa50) between all groups. Overall, our results suggest that the differences 

in whole muscle contractile function of the postnatal groups, compared to the fetal control 

group, are not due to differences in myofilament function.  

In the absence of any significant difference in MHC expression or myofilament function, the 

differences in contractile properties between the fetal control and postnatal lambs are likely 

related to developmental differences in Ca2+ handling. In rabbit skeletal muscle, expression 

of SERCA and the sarcoplasmic reticulum Ca2+ binding protein, calsequestrin, increase 

markedly in the first week after birth, while the expression of Ca2+ release channels remains 

constant (Froemming and Ohlendieck, 1998). A similar postnatal transition of Ca2+ handling 

proteins in the preterm lamb could explain the differences in twitch contraction times and 

maximum force production between fetal control and postnatal lambs observed in this study. 

Decreased SERCA activity in the fetal control diaphragm would increase the Ca2+ available 

to bind to troponin C, which would increase peak twitch force, while decreased calsequestrin 

levels would limit the total SR Ca2+ available for release, decreasing maximal force 

production. 

We demonstrated previously that protein synthesis in the diaphragm of preterm fetal lambs 

is suppressed by in utero LPS 7 d before birth (Song et al. 2013b). Contrary to these 

findings, LPS exposure in the present study had only minimal effects on the anabolic or 

proteolytic signalling pathways of the diaphragm at 7 d PNA. Although our previous study 

used a higher dose of LPS administered at an earlier GA, the current data suggest the 

inflammation-induced decrease in protein synthesis that is present at birth, does not persist 

after 7 d PNA (Song et al. 2013b). Thus, the adaptation of the protein synthesis pathways to 

early postnatal life appears consistent with the development of diaphragm function over the 

same period, which is not altogether surprising considering the regulation of anabolic 

signalling differs markedly between antenatal and postnatal development (Suzuki et al. 
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1998). We did observe a main effect of treatment group on mTOR phosphorylation levels, 

but post-hoc analyses did not reveal any specific group differences. These findings indicate 

that the anabolic pathway may be differentially regulated in the preterm diaphragm, but we 

cannot identify whether this may be mediated via in utero LPS exposure or postnatal 

development.   

Consistent with the lack of difference in the expression of genes in the protein synthesis and 

degradation pathways, the CSA of the 4 fibre types did not differ between treatment groups. 

Fibres which only expressed MHCI were larger than the 3 other fibre types, which co-

express MHCemb. The larger size of MHCI fibres compared with other fibre types is a 

distinguishing feature of an immature muscle (Maxwell et al. 1983; Sieck, Fournier & Blanco 

1991; Fratacci et al. 1996). The absence of any treatment effects of fibre CSA or protein 

synthesis/degradation pathways indicate that the functional capacity of the intact diaphragm 

was not influenced by myofibre atrophy or hypertrophy. 

Exposure to IA LPS had no significant effect on the pro-inflammatory or anti-inflammatory 

cytokine profiles of the preterm diaphragm at 7 d PNA. We showed previously that in utero 

LPS exposure induces a transient pro-inflammatory response that is resolved within 7 days 

(Song et al. 2013b). Therefore, it is unsurprising that we observed no significant change in 

the cytokine profile after 7 d PNA.  

Despite the similarity in inflammatory profiles between the three groups, the molecular 

markers of oxidative stress were different between the fetal control and saline groups. The 

saline lambs had higher antioxidant GPX 1 expression and lower protein carbonyl content 

compared to the fetal control lambs; which is consistent with the developmental changes in 

antioxidant capacity of the lamb diaphragm (Song & Pillow 2012). These changes in 

oxidative state were not evident in the LPS lambs, suggesting that the in utero LPS exposure 

may compromise the postnatal development of antioxidant defences. We showed previously 

that IA LPS exposure further impairs the already compromised anti-oxidant defences in 

preterm lambs and this effect is mediated by deficiency in erythroid 2-related factor 2 (Nrf2) 

signalling (Song et al. 2013c). However, it is unclear whether these changes in redox state 

would persist in the early postnatal period.  

In summary, the preterm diaphragm in an environment of standard postnatal care exhibits a 

clear functional advantage over the age-matched fetal control. Accelerated functional 

adaptation in the preterm diaphragm subject to postnatal care appears to be mediated by 

changes in Ca2+ handling proteins and activation status. The diaphragm also appears 
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resilient to prenatal LPS exposure, although reduced antioxidant capacity may infer a 

susceptibility to pathological stimuli in the long term. 

6.13.2 Independent postnatal predictors of diaphragm 

contractile properties and MHC fibre characteristics 

The premature birth of saline and LPS lambs was associated with postnatal complications, 

similar to the postnatal complications experienced by preterm newborn infants in the 

neonatal intensive care unit. Lambs were managed with a graded de-escalation of 

respiratory support to match, as closely as possible, the clinical management of preterm 

infants. Additionally, the immature intestine of the preterm lamb, like that of the preterm 

infant, does not tolerate large protein or osmotic loads (Book et al. 1975). Hence, slow 

progressive increases in feeding resulted in suboptimal enteral nutritional intake. Feed was 

also withheld when lambs were not tolerating enteral nutrition. This management strategy, 

whilst similar to the clinical setting, may have masked differences between the saline and 

LPS lambs by introducing an inherent variability. In the absence of any effect of in utero LPS 

exposure on our outcome measures of diaphragm structure and function, the saline and LPS 

groups were combined to investigate the independent effects of mechanical ventilation and 

postnatal protein intake on diaphragm function at 7 d PNA.  

6.13.2.1 Mechanical ventilation  

The duration of mechanical ventilation varied depending on the clinical requirements for 

each lamb, but predicted diaphragm contractile function, MHC fibre characteristics and 

inflammatory status at 7 d PNA. Increased duration of mechanical ventilation was associated 

with i) reduced specific force across a range of submaximal and maximal stimulation 

frequencies (15 – 80 Hz); and ii) and a decreased proportion of fibres expressing MHCemb + I. 

These results are consistent with previous studies, which show diaphragm weakness 

increases the need for mechanical ventilation in COPD patients (Budweiser, Jörres & Pfeifer 

2008), and that mechanical ventilation weakens the diaphragm in adult humans (Levine et 

al. 2008a; Jaber et al. 2011b) and adult animal models (Anzueto et al. 1997; Radell et al. 

2002; Sassoon et al. 2002; Betters et al. 2004; Corpeno et al. 2014). It is important to 

acknowledge that prior LPS exposure was associated with an increased requirement for 

mechanical ventilation during the 7 days of postnatal care. It is interesting then that there 

were no significant differences in diaphragm function or structure between saline and LPS 

groups, despite LPS lambs requiring longer durations of mechanical ventilation. This 
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observation highlights the complex interaction between antenatal and postnatal 

complications associated with preterm birth that will be discussed in more detail below. 

The duration of mechanical ventilation was not associated with any changes in fatigue 

resistance, or markers of muscle atrophy or oxidative stress, which are typical hallmarks of 

ventilator-induced diaphragm dysfunction in adults (Anzueto et al. 1997; Bernard et al. 2003; 

Kavazis et al. 2009; Corpeno et al. 2014). The differential effect of mechanical ventilation 

between adult and neonatal subjects may be influenced by the postnatal development of the 

diaphragm in preterm lambs. While the effects of mechanical ventilation on the preterm 

diaphragm remain relatively unexplored, mechanical ventilation is associated with smaller 

diaphragm fibres in the neonate and infant (Knisely, Leal & Singer 1988). Although the 

duration of ventilation correlated negatively with the proportion of fibres expressing MHCemb + 

I, there was no relationship between mechanical ventilation and diaphragm fibre cross-

sectional area in this study. The functional implications of this relationship remain unclear, as 

the proportion of fibres expressing MHCemb + I was low relative to other fibre types. This 

finding does however indicate an influence of mechanical ventilation on the structural 

development of the immature diaphragm.  

6.13.2.2 Postnatal nutrition  

Postnatal growth restriction resulting from inadequate nutritional intake during early postnatal 

life is a universal problem among preterm infants (Cooke, Ainsworth & Fenton 2004; Horbar 

et al. 2015). In this study, sub-optimal enteral protein intake was associated with impaired 

postnatal growth of both saline and LPS lambs, compared with in utero growth of the fetal 

control lambs. The saline and LPS lambs did not gain weight over the 7 postnatal days and 

consequently, weighed less than the fetal control lambs at postmortem. In contrast, De 

Matteo et al. (2010) reported a ~30 % increase in relative body weight during the first week 

of life in preterm lambs of a similar GA to that used in our study. The absence of postnatal 

weight gain in our study might be due to more reliance on mechanical ventilation and also 

probably general severity of illness rather than LPS as no difference was observed between 

saline and LPS treated lambs.. Importantly, diaphragm function of the postnatal lambs is 

typical of a more mature fetal lamb, despite postnatal lambs having a lower body weight.  

Previous studies indicate that undernutrition results in respiratory muscle weakness, and that 

developing skeletal muscle is more susceptible to nutritional regulation than adult skeletal 

muscle (Wilson, Mcclure & Dodge 1992). Undernutrition during development induces 

diaphragm weakness primarily by reducing the number and size of muscle fibres (Wilson, 

Ross & Harris 1988; Brozanski et al. 1993; Prakash, Fournier & Sieck 1993; Fahey et al. 
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2005b). Undernutrition causes preferential atrophy of fibres expressing MHCIIabx (Goldspink 

& Ward 1979; Ward & Stickland 1993; Lefaucheur et al. 2003) and delays the disappearance 

of developmental MHC isoforms, indicative of delayed diaphragm development (Brozanski et 

al. 1991). 

In the current study, postnatal protein intake was monitored between 129-136 d PCA, which 

is after secondary myogenesis (Fahey et al. 2005a,b). Average protein intake correlated 

with, but did not independently predict, diaphragm specific force produced at 30-80 Hz at 7 d 

PNA. However, we found no correlation between average protein intake and the myofibre 

CSA or the proportion of fibres which co-expressed MHCemb. Protein intake did predict the 

proportions of MHCemb + IIabx/IIa and MHCemb+ I + IIabx/IIa fibres at 7 d PNA. The positive correlation 

between average protein intake and MHCemb + IIabx/IIa and negative correlation with MHCemb + I + 

IIabx/IIa may indicate a shift towards a ‘fast fibre’ phenotype in lambs with higher protein intake. 

These results are consistent with previous studies, which found that undernutrition during the 

postnatal period increased MHCI expression at the mRNA and protein level (Harrison, 

Rowlerson & Dauncey 1996; White, Cattaneo & Dauncey 2000). Similarly, we can conclude 

that undernutrition during early postnatal period contribute towards the phenotypical shifts of 

the diaphragm muscle fibres but does not contribute towards diaphragm weakness as 

evident from our study. 

6.13.3 Challenges and translational advantages of large animal 

preclinical perinatal research 

We used a well-established ovine model of chorioamnionitis to determine the impact of in 

utero inflammation and preterm birth on postnatal diaphragm function. The preterm lamb 

model provides unique insight into the complex pathophysiological processes in the perinatal 

period that contribute to respiratory dysfunction in early postnatal life. In lambs, the 

developmental trajectories of major organs including the lungs, skeletal muscles, and 

gastrointestinal systems are similar to humans. The brain, however, is more developed in 

the preterm sheep compared to preterm humans (Bernhard, Kolmodin & Meyerson 1967). 

The stage of respiratory development at birth in our preterm lambs (129 d GA) is similar to 

that of human infants at 32 to 34 weeks of gestation (De Matteo et al. 2010) and our preterm 

lambs were managed in an extended postnatal care model using contemporary neonatal 

equipment and treatment protocols. Nonetheless, common postnatal clinical complications 

associated with chorioamnionitis and preterm birth impacted on the management of lambs in 

the saline and LPS groups, leading to higher than anticipated variance in our outcome 

measures. This study highlights the challenges faced in a large pre-clinical animal model of 
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preterm birth that makes it difficult to distinguish between multiple factors that may impact on 

respiratory muscle function. 

Along with several other groups (Kallapur et al. 2001; Berry et al. 2011; Kuypers et al. 2012) 

we have routinely used IA LPS administration in sheep as a model for chorioamnionitis. LPS 

is a component of Gram-negative bacteria that initiates an inflammatory response activated 

via CD14/TLR-4 receptors (Poltorak et al. 1998) and characterized by increased expression 

of IL-1, and IL-6, which is the dominant feature of clinical and subclinical chorioamnionitis, in 

the absence of bacterial infection (Dziegielewska, Andersen & Saunders 1998; Garnier et al. 

2001). Whilst severe forms of clinical chorioamnionitis can be induced by intra-venous and 

intra-peritoneal exposure to LPS, these models cause high-grade fetal inflammatory 

responses and are associated with high rates (>50%) of fetal loss (Galinsky et al. 2013). IA 

LPS exposures, as used in our study, reflect subclinical chorioamnionitis resulting in a low 

grade fetal inflammatory response and reduced fetal loss. 

We showed previously, that our ovine model of chorioamnionitis promotes accelerated lung 

development and enhanced surfactant production, but also disrupts normal alveolar 

development (Pillow et al. 2004) and impairs diaphragm function at birth in preterm lambs 

(Song et al. 2013b,c; Karisnan et al. 2015a,b; Karisnan et al. 2017). In our previous studies 

(Song et al. 2013b,c; Karisnan et al. 2015a,b; Karisnan et al. 2017), 10 mg LPS was 

administered at 114 d and 119 d gestations before preterm delivery of lambs at 121 d. 

However, in the current study we administered 4 mg LPS at 127 d gestation before preterm 

delivery at 129 d. Furthermore, the breathing activities of the lambs who survived 7 d postnatal 

period in the current study allowed the diaphragm muscle to function and stretch diffetrently 

than the lambs who were humanely killed as fetal control. The timing, dose difference of LPS 

and postnatal breathing of the lambs might be critical factors that determine the effect of LPS 

on respiratory muscle. Furthermore, chorioamnionitis impairs development of the innate 

immune system and enhances the already increased risk of postnatal sepsis in preterm infants 

(Kallapur et al. 2007a; Kramer et al. 2007; Wolfs et al. 2012; Melville & Moss 2013). LPS 

induced lung maturation is consistent with the reduced initial severity of postnatal respiratory 

distress in preterm infants born preterm in the presence of chorioamnionitis (Watterberg et al, 

1996). However, it is not uncommon for such infants to develop respiratory distress several 

days after delivery, progressing onto chronic respiratory illness. Thus, the acute postnatal care 

of preterm infants that have been exposed to chorioamnionitis often necessitates mechanical 

ventilation in the presence of inflammation and/or sepsis. 
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These well-established effects of in utero inflammation are consistent with the observation 

that our LPS exposed preterm lambs had an increased requirement for mechanical 

ventilation compared to the saline group. Several preterm lambs displayed symptoms 

consistent with postnatal infection, including: hypothermia or fever, vomiting, hypotension 

and either neutropenia or neutrophilia. However, postnatal sepsis was not determined 

decisively as routine blood cultures were not obtained, lambs were on continuous 

intravenous antibiotics, and white blood cell counts are dependent on the time blood 

samples were taken in relation to the onset of postnatal sepsis. It is also possible that LPS 

negatively impacted the respiratory control system and modulated the respiratory rhythm 

generation and diaphragm activity of LPS lambs, as found previously (Huxtable et al. 2011), 

thus contributing to the increased requirement for mechanical ventilation.  

It is interesting that there were no significant differences in diaphragm function or structure 

between saline and LPS groups, despite LPS lambs requiring longer durations of 

mechanical ventilation. This finding suggests a complex interaction between in utero 

inflammation, preterm birth, and mechanical ventilation. The combined effects of these 

complications were investigated in several previous studies. Ebihara et al. (2002) 

demonstrated a protective effect of mechanical ventilation on rat diaphragm function in the 

presence of LPS-induced sepsis. The protective effect occurred despite an increase in 

markers of oxidative stress, suggesting a complex interaction between mechanical and 

oxidative stresses in the presence of sepsis. Using an in vitro cell culture model, the authors 

demonstrated a synergistic interaction in which mechanical stress applied in the presence of 

oxidative stress enhanced sarcolemmal injury (Ebihara et al. 2002). Thus they propose that 

mechanical ventilation could prevent sarcolemmal injury by reducing the diaphragm myofiber 

mechanical stresses inherently associated with spontaneous breathing efforts. The potential 

protective effects of mechanical ventilation must be weighed against the likely development 

of ventilator-induced diaphragm dysfunction and the increased risk of chronic lung diseases 

including bronchopulmonary dysplasia that are well established complications associated 

with prolonged mechanical ventilation. Van Marter et al. (2002) investigated the combined 

effects of chorioamnionitis, mechanical ventilation and postnatal sepsis on the chronic lung 

disease outcomes of preterm infants. They found that although isolated chorioamnionitis is 

protective for chronic lung disease, prolonged mechanical ventilation and chorioamnionitis 

together appear to be more harmful than mechanical ventilation alone (Van Marter et al. 

2002). Collectively, these findings emphasise the importance of studying not just the 

individual effects but the combined effects of common clinical antenatal and postnatal 

exposures on the developing diaphragm and the potential development of chronic lung 

disease. 
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It should also be noted that saline and LPS treated groups were exposed to 

medroxyprogesterone in the 7 d prior to premature delivery, and to betamethasone in the 2 d 

prior to premature delivery. Medroxyprogesterone was administered to ewes to prevent 

spontaneous abortion associated with later betamethasone use. Betamethasone was 

administered to facilitate lung maturation and surfactant production. The fetal control group 

received neither medroxyprogesterone nor betamethasone as it is a complete naïve group, 

representing normal in utero development. It was not considered practical to include a 

second fetal control group receiving both antenatal medroxyprogesterone and 

betamethasone due to the high risk of preterm delivery in ewes after more than 48 hours of 

betamethasone exposure in late gestation. We previously showed that betamethasone 

exposure 2 days before preterm delivery has no effect on diaphragm function at birth 

(Mahzabin et al. 2017) so it is unlikely that it would affect diaphragm function at 7 d PNA. We 

cannot exclude the possibility that antenatal medroxyprogesterone influenced diaphragm 

contractile function in our preterm lambs; progesterone receptors are present in skeletal 

muscle myoblasts and myocytes, and progestins reduce the proliferation of bovine satellite 

cells in vitro (Sissom, Reinhardt & Johnson 2006). However, the influence of progesterone 

on skeletal muscle function is largely unknown (Gras et al. 2007; Smith et al. 2014).  

6.14 Conclusions 

Contrary to our hypothesis, diaphragm structure and function at 7 d PNA did not differ 

between saline and LPS groups. Furthermore, the difference in diaphragm function of the 

saline and LPS groups compared with that of the fetal control group suggests that the 

diaphragm adapts rapidly to the marked increase in workload associated with the transition 

from fetal to postnatal life in the first 7 d after preterm birth. However, in utero LPS exposure 

was associated with an increased dependency on mechanical ventilation in the intensive 

care unit. While postnatal events in managing the preterm lambs are complex, this study 

emphasises the importance of investigating the combined effects of common clinical 

antenatal and postnatal complications on respiratory development in an animal model with 

similar developmental trajectories to humans. The multitude of systems affected by preterm 

birth and in utero inflammation pose specific challenges for the isolation and investigation of 

in vivo mechanisms of muscle dysfunction and other clinical problems associated with the 

clinical care of preterm infants. 
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6.19 Tables 

Table 6.1: Composition (mM) of solutions used in skinned fibre experiments. 

Solution [EGTA] [Mg2+]total [Ca2+]total [Sr2+]total 

A 50 10.3 - - 

B 50 8.5 47.5 - 

S 50 8.5 - 40 

All solutions contained (mM): K+ (126); Na+ (37); HEPES (90); total ATP (8); creatine 
phosphate (10) and sodium azide (1). pH was 7.10 ± 0.01 at 23-25 °C. EGTA: ethylene 
Glycol-bis(β-aminoethyl Ether) N,N,N’,N’-Tetraacetic acid.  
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Table 6.2. Novel primer sequences designed on ovine specific mRNA sequences for 
qPCR 

Gene 
Primer 
Name   

Primer sequence (5’-3’) Accession No. 
Tm 
(ºc) 

Product 
Size 
(bp) 

PAX3 FP AGGCCACTTTACCACGGG XM_015093551.1 60 256 

 RP TGCCGGGGTTCTCTCTTTTG    

PAX7 FP CTACCGGCATCTGTCATCCC XM_015092880.1 60 262 

 RP TGCTCAGGATGCTCATCACC    

MYF5 FP TGCCATCCGCTACATTGAGA XM_015094556.1 55 287 

 RP 
ATCCAGGTTGCTCTGAGTTG
G 

   

MYOD FP CCCTGGTGACTTCAGCTGTT 
NM_001009390.
1 

60 220 

 RP TACAAAGTCCCTGTCGCACC    

MYO
G 

FP TGTAAGGTGTGCAAGCGGAA 
NM_001174109.
1 

60 191 

 RP TGCAGGCGCTCTATGTACTG    

FP, forward primer; RP, reverse primer; PAX3, paired box 3; PAX7, paired box 7; MYF5, myogenic 
factor 5; MYOD, myogenic differentiation; MYOG, myogenin. 
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Table 6.3. Lamb descriptive data.   

 Fetal control 

(N = 7) 

Saline 

(N = 8) 

LPS  

(N = 9) 

PCA at PM (d) 136.1 ± 0.9 136.8 ± 1.5 135.9 ± 1.1 

Sex ratio (M: F) 4:3 3:5 4:5 

Pregnancy ratio 
(singleton: twin) 

2:5 5:3 7:2 

Body weight at birth 
(kg) 

N/A 2.94 ± 0.41 (wet) 

2.65 ± 0.37 (dry 
equiv) 

3.26 ± 0.42 (wet) 

2.93 ± 0.38 (dry 
equiv) 

Body weight at PM 
(kg) 

4.04 ± 0.44 (wet) 

3.64 ± 0.4 (dry 
equiv) 

2.84 ± 0.37** (dry) 3.00 ± 0.31*** (dry) 

Lo (mm) 39.8 ± 6.1 (n = 7) 36.6 ± 4.3 (n = 7) 38.7 ± 4.0 (n = 7) 

Data are presented as mean ± SD, except for sex ratio and pregnancy ratio. PCA, postconceptional age; 
PM, post mortem; Lo, optimal muscle length; ** and *** significantly different from the dry body weight at PM 
of the fetal control group at p < 0.01 and p < 0.001, respectively. 
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Table 6.4: Ca2+ activation parameters of diaphragm fibres from fetal control, postnatal 
control and LPS treated preterm lambs.  

  Fetal control 

(n = 22, N = 5) 

Saline 

(n = 37, N = 6) 

LPS 

(n = 19, N = 4) 

Fibre type 
proportion 

(number) 

Fast 41 % (9) 65 % (24) 75 % (15) 

Intermediate 36.5 % (8) 11 % (4) 25 % (4) 

Hybrid  18 % (4) 19 % (7) 0 

Slow 4.5 % (1) 5 % (2) 0 

Max Ca2+-
activated 
force 
(mN/mm2) 

Fast 126.9 ± 48.9 106.3 ± 38.7 103.2 ± 23.5 

Intermediate 137.0 ± 24.5 111.2 ± 47.5 90.0 ± 35.4 

Hybrid 154.6 ± 23.7 87.4 ± 29.7* N/A 

Slow  53.9 114.6 ± 8.0 N/A 

pCa10 Fast 6.58 ± 0.04 6.61 ± 0.07 6.62 ± 0.09 

Intermediate 6.61 ± 0.05 6.65 ± 0.05 6.56 ± 0.07 

Hybrid 6.65 ± 0.09 6.58 ± 0.05 N/A 

pCa50 Fast 6.34 ± 0.06 6.34 ± 0.08 6.34 ± 0.08 

 Intermediate 6.36 ± 0.06 6.39 ± 0.05 6.27 ± 0.11 

 Hybrid 6.38 ± 0.07 6.34 ± 0.03 N/A 

hCa Fast 4.11 ± 0.57 3.56 ± 0.46 3.69 ± 0.74 

Intermediate 3.91 ± 0.83 3.85 ± 1.18 3.46 ± 0.67 

Hybrid 3.66 ± 0.89 3.99 ± 0.73 N/A 

Values are mean ± SD. n denotes number of fibres and N denotes number of animals. * significantly 
different to Fetal control (P < 0.05). pCax = indicates the amount of Ca2+ needed to produce “x” 
amount of force; hCa = the maximum slope of the force-pCa curve.  
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6.20 Figures 

 

Figure 6.1. Diaphragm contractile properties 

(A) maximum specific force (Po); (B) peak twitch force (Pt); (C) time to peak (TTP); (D) half relaxation 
time (1/2 RT); (E) peak twitch force as a ratio of maximum force (Pt:Po); (F) fatigue index (FI); (G) 
force-frequency relationship  displayed as specific force (N·cm-2); and (H) force-frequency relationship 
normalised to maximum specific for the fetal control, saline and LPS groups (N = 7). Box and whisker 
plots represent median, minimum and maximum values, and all data points are visible. Force-
frequency data are presented as mean ± SD. *, ** and *** significant difference between the saline 
group and fetal control group at p < 0.05,  p < 0.01 and p < 0.001, respectively. # and ### significant 
difference between the LPS group and fetal control group at p < 0.05 and p < 0.001, respectively.  
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Figure 6.2: Force frequency relationship 

(A) Force-pCa curve of ‘fast’ diaphragm fibres from fetal control (n = 13), saline (n = 24) and LPS (n = 
15) preterm lambs, expressed as a percentage of maximum Ca2+-activated force at pCa (-log [Ca2+]) 
4.7. Data are presented as mean ± SD, and n = number of fibres. (B-D) Fibres were classified as 
normal (single sigmoid curve), intermediate (double sigmoid curve, pSr501 < 5.90, hSr1 < 2.0) or hybrid 
(double sigmoid curve, pSr501 > 5.90, hSr1 > 2.0) based on Sr2+ activation parameters. 
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Figure 6.3: Diaphragm muscle fibre types and cross-sectional area (CSA) from fetal 
control, saline and LPS groups. 

(A) Muscle fibre sections were stained with a combination of MHCemb (red), MHCI (blue), MHCIIa 
(green) antibodies, a combination of MHCI (blue), MHCIIa (green), and MHCIIabx (red) antibodies, or H 
& E. Myofibre size (measured by CSA) was quantified from transverse sections stained with H & E. 
Graphs show (B) the proportion of myofibre types and (C) myofibre CSA. Data are presented as 
mean ± SD. MHC, myosin heavy chain. 
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Figure 6.4: Relative mRNA expression  

(A) IL-1β, (B) IL-6, (C) IL-10, and (D) TNF-α in the fetal control group (N = 7), saline group (N = 8) and 
LPS group (N = 8). Values are presented as arbitrary concentrations normalised against a geometric 
mean of three reference genes. Box and whisker plots represent median, minimum and maximum 
values, and all data points are visible. 
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Figure 6.5: Anabolic and proteolytic signalling in diaphragm 

Molecular components of anabolic and catabolic signaling from fetal control (N = 7), saline (N = 8) 
and LPS groups (N = 8, unless otherwise stated). (A) P/T-Akt protein content; (B) P/T-mTOR protein 
content; (C) P/T-4EBP1 protein content; (D) MuRF1 mRNA; (E) MAFbx mRNA; and (F) 20 S 
proteasome activity (N = 9 for LPS group). Protein content is presented as phosphorylated (P) protein 
content normalised to total (T) protein content. MuRF1 and MAFbx are presented as arbitrary 
concentrations normalised against a geometric mean of three reference genes. 20 S proteasome 
activity is normalised against total protein concentration. Box and whisker plots represent median, 
minimum and maximum values, and all data points are visible. Inserts show representative Western 
blots of phosphorylated and total protein for AKT, mTOR and 4EBP1. * significant main effect 
between treatment groups at  
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Figure 6.6: Expression (mRNA) of the antioxidant genes,  

(A) SOD1, (B) GPX1, and (C) protein carbonyl content in the fetal control (N = 7), saline (N = 8) and 
LPS groups (N = 8 for GPX1 and SOD 1 mRNA, N = 9 for protein carbonyl). Protein carbonyl content 
is normalised against total protein concentration. Box and whisker plots represent median, minimum 
and maximum values, and all data points are visible. * Significant difference between the saline group 
and fetal control group at p < 0.05. 
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7. Experimental study 3: The short-term molecular 

effect of postnatal dexamethasone on the preterm 

lamb diaphragm 
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7.1 Abstract: 

Postnatal glucocorticoids are used clinically to rescue preterm infants with severe respiratory 

distress syndrome to reduce lung inflammation and promote early extubation from 

mechanical ventilation. However, the short-term effect of postnatal dexamethasone on 

respiratory muscle is still unknown. We hypothesised that early postnatal dexamethasone 

exposure impairs preterm diaphragm integrity and the magnitude of the detrimental effect 

increases with higher dosing regimen. We aimed to determine the effect of low-dose and 

high-dose postnatal dexamethasone exposure on the molecular properties of diaphragm of 

preterm lambs after 7-day postnatal age (PNA). In addition, the short-term impact of 

mechanical ventilation and nutrition on preterm ovine diaphragm during acute postnatal 

phase were also assessed. 

Date-mated Merino ewes received intramuscular (IM) injections of medroxyprogesterone at 

122-day gestational age (GA) and betamethasone at 126-day GA. The preterm lambs were 

delivered at 129-day GA and managed in accordance with routine clinical practice. The 

newborn lambs were resuscitated and initially ventilated with assist/control volume-

guarantee ventilation (5 – 7 mL/kg). The lambs were extubated from respiratory support and 

reintubated if necessary following standard clinical management. The newborn preterm 

lambs were allocated randomly to three different groups: Dexamethasone naïve (control) 

group (n = 8); low dose dexamethasone group (n = 9); and high dose dexamethasone group 

(n = 7). The naïve (control) group received intravenous saline and dexamethasone groups 

received intravenous dexamethasone commencing 72-hour after birth as a tapered dose in 2 

divided daily doses. The low dose dexamethasone group received a modified DART trial 

regimen in the 1st week of life. The high dose dexamethasone group received the first seven 

days of the Cummings protocol . Lambs were euthanised at 7-day PNA and the left costal 

hemi-diaphragm was snap frozen in liquid nitrogen for molecular and biochemical analysis.  

Low-dose dexamethasone has a subtle influence on the development, growth and 

metabolism of diaphragm at 7-day PNA compared to high-dose dexamethasone. However, 

no detrimental influence of either high-dose or low-dose of postnatal dexamethasone on 

postnatal diaphragm was evident in the current study. Additionally, mechanical ventilation 

and nutrition influenced diaphragm properties in the acute postnatal phase. Thus, the 

absence of detrimental effect of low-dose dexamethasone in 1-week old postnatal 

diaphragm obtained from current study is important in the clinical context where lower dosing 

strategies with minimal side effects are increasingly emphasised.   
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7.2 Introduction 

Preterm birth compromises the complete development of organ systems. The under-

developed respiratory system of preterm infants often fails to cope with the high workload of 

respiration in the extra-uterine environment after birth. Consequently, a substantial 

proportion of preterm infants (80 % of infants born at 28 weeks’ gestation in Europe in 2015) 

develop respiratory distress syndrome (RDS) (Sweet et al. 2017). Some preterm infants with 

RDS depend on oxygen supplementation and respiratory support for a prolonged period. 

Postnatal glucocorticoid treatment is a rescue therapy for severe RDS necessitating high 

ventilatory pressures and/or very high oxygen requirement. Postnatal glucocorticoids also 

reduce lung inflammation, reduce the incidence of chronic lung disease, and promote early 

extubation from mechanical ventilation. Dexamethasone is a potent synthetic glucocorticoid 

that is used widely in the perinatal care. Postnatal glucocorticoids are given in the early 

(Halliday, Ehrenkranz & Doyle 2003a), moderately early (Doyle et al. 2017) or late (Halliday, 

Ehrenkranz & Doyle 2003b) postnatal period. However, postnatal glucocorticoid therapy is 

also accompanied by short-term adverse effects such as hyperglycaemia, hypertension, 

hypertrophic cardiomyopathy, gastrointestinal bleeding, gastrointestinal perforation and long 

term neurological sequelae (Stark et al. 2001a; Shinwell 2003). The optimum dose, duration 

and timing of initiation of dexamethasone treatment to maximise pulmonary outcomes and 

minimise detrimental side effects, remains unclear. In the context of this thesis, the acute 

effect of postnatal dexamethasone on the preterm diaphragm is largely unknown.  

The diaphragm is the prime mover of tidal air and primary generator of inspiratory force to 

establish independent breathing at birth. The preterm diaphragm is substantially weaker than 

the term diaphragm (Dimitriou et al. 2003; Lavin et al. 2013) and is characterised by 

immature contractile apparatus, reduced antioxidant capacity and inefficient calcium (Ca2+) 

handling properties (Keens et al. 1978; West et al. 1999; Lavin et al. 2013; Song & Pillow 

2012). Additionally, the work of breathing for preterm infants is increased by the high 

mechanical load imposed by a highly compliant chest wall, low levels of endogenous 

surfactant and immature lungs (Moss 2006). Furthermore, neonatal exposures such as 

mechanical respiratory support and/or glucocorticoid treatment can further compromise the 

integrity of the already weak and high work-load imposed preterm diaphragm. Prolonged 

mechanical ventilation impairs adult diaphragm function causing ventilator induced 

diaphragm dysfunction (VIDD). Ironically, diaphragm weakness due to VIDD is a major 

cause of failure to wean critically ill patients from mechanical ventilation (Petrof and Hussain 

2016). Glucocorticoids not only accelerate extubation from mechanical ventilation but also 
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affect adult skeletal muscle. Likewise, the use of postnatal glucocorticoids to facilitate earlier 

extubation from mechanical ventilation, may also have an adverse effect on preterm 

respiratory muscle. The early postnatal period marks the crucial developmental phase of the 

diaphragm (Trang et al., 1992; Song and Pillow, 2012) and glucocorticoid exposure during 

this time may alter diaphragm development and function. 

Glucocorticoid-mediated diaphragm atrophy and weakness have been studied extensively in 

adult animal models (Sasson et al. 1991; Eason et al. 2000; Maes et al. 2011; Qin et al. 

2013). Contrasting outcomes are reported depending on the dose and duration of 

glucocorticoid treatment from in vivo animal studies. Likewise, in vitro studies also report 

contrasting results. For example, dexamethasone enhances (Montano & Lim 1997), may not 

affect (Tsai, Saffitz & Billadello 1997) or may even inhibit (Te Pas, De Jong & Verburg 2000) 

cellular differentiation and proliferation in vitro. However, the mechanism of action of 

dexamethasone may vary in different cells and organs (Menconi et al. 2008) depending on 

the cellular stress and cell cycle phase (Hapgood, Avenant & Moliki 2016). Dexamethasone 

also potentially decreases Ca2+ influx through the sarcolemma in vitro, likely via a non-

genomic mechanism (Passaquin, Lhote & Rüegg 1998).  

Glucocorticoid signalling is conveyed mainly through intracellular glucocorticoid receptors 

(GRs). The glucocorticoid receptors disrupt insulin signalling downstream of the insulin 

receptor mainly via phosphatidylinositide 3-kinases (PI3K) through genomic (Kuo et al. 2012) 

and/or non-genomic (Hu et al. 2009) mechanisms. A high dose of glucocorticoid induces 

both genomic and non-genomic effects of the GR to resolve exacerbated inflammation 

(Buttgereit et al. 2002). Thus, the dose, duration and the timing to initiate glucocorticoid 

treatment essentially predict therapeutic efficacy. Taken together, the effect of early 

postnatal glucocorticoid therapy on the developing diaphragm of preterm infants needs to be 

understood further. 

The current study aimed to determine the effect of different dosing regimens of postnatal 

dexamethasone exposure on contractile and molecular properties of the diaphragm in lambs 

delivered at 128-day GA and raised to 7-day PNA. We also evaluated the relationship 

between diaphragm properties at 7-day PNA with several potential confounding 

experimental variables such as average protein intake and duration of mechanical 

ventilation. We hypothesised that dexamethasone would cause preterm diaphragm 

weakness and atrophy in a dose-dependent manner. We further hypothesised that 

concurrent mechanical ventilation would influence diaphragm integrity independently of 

dexamethasone treatment. 
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7.3 Methods 

7.3.1 Ethics 

All experiments were approved by The University of Western Australia Animal Ethics 

Committee (RA/3/400/1301) and were conducted in accordance with the guidelines of the 

National Health and Medical Research Council (NHMRC) Australian code for the care and 

use of animals for scientific purposes (2013).  

7.3.2 Experimental design and lamb management 

The experimental design is shown in Figure 7.1. Prenatal and postnatal lamb management 

procedures are described in detail in general methods section (Chapter 4). Date-mated ewes 

were pretreated with IM medroxyprogesterone (150 mg; Pfizer, NSW, Australia) at 122-day 

gestation. Ewes also received two doses of IM betamethasone (5.7 mg, Merck Sharp & 

Dohme, NSW, Australia) given at 24-hour intervals 48-hour prior to operative delivery. Ewes 

were pre-medicated for caesarean section with IM Acepromazine (0.05 mg/kg, Ceva Animal 

Health Pty Ltd, Australia) and IM Buprenorphine (0.01 mg/kg, Indivior Pty Ltd, Australia) prior 

to anaesthetic induction with Thiopentone (15 mg/kg, Troy Laboratories, Australia), and 

maintenance anaesthesia with isofluorane (1.5-2.5 %, Troy Laboratories, NSW, Australia). 

The fetal head and neck of postnatal lambs were exteriorised for insertion of carotid arterial 

and jugular venous catheters, oral intubation, removal of lung fluid and intratracheal 

surfactant (Curosurf, 100 mg/kg; Chiesi Farmaceutici S.p.A., Palma, Italy), then delivered. 

The lambs were allocated randomly into three experimental groups:  

1) Dexamethasone naïve (control) group (n = 8) 

2) Low dose dexamethasone group (n = 9) 

3) High dose dexamethasone group (n = 7) 
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Figure 7.1. Experimental outline for short-term effect of dexamethasone in diaphragm 

Three experimental groups and corresponding prenatal, postnatal exposures and treatments are 
shown according to gestational age (GA) time point (d, day). All lambs were delivered preterm at 129 
d GA via caesarean delivery. The dexamethasone naïve control group received similar prenatal and 
postnatal treatments as the low-dose and high-dose dexamethasone groups except they received 
intravenous saline instead of postnatal dexamethasone.  

 

7.3.3 Postnatal respiratory management and dexamethasone 

treatment 

Lambs were managed using routine clinical practice. Assist/control volume-guaranteed 

ventilation (5 – 7 mL/kg) was commenced immediately following delivery and changed to 

mandatory minute ventilation (MMV) after the commencement of spontaneous respiratory 

efforts. Ventilatory settings (volume guarantee, positive end-expiratory pressure, fractional 

inspired oxygen, inspiratory time and respiratory rate) were adjusted to target mild 

permissive hypercapnia (PaCO2 of 45 – 55 mmHg) and a SpO2 of 90 – 95 %. Maximum 

peak inspiratory pressure was 30 cmH2O. Lambs were weaned from mechanical ventilation 

if they were breathing spontaneously and maintaining SpO2 of 90 – 95 % at a peak 

inspiratory pressure < 15 mmHg and FiO2< 0.25. Lambs were reintubated if they displayed 

any of the reintubation criteria described in general method section (chapter 4).  

Intravenous dexamethasone (or saline) commenced 72-hour after birth as a tapered dose in 

2 divided daily doses. The low dose dexamethasone group received a modified DART trial 

regimen for seven days (Doyle et al. 2006): 0.15 mg/kg/d for 3-day, 0.1 mg/kg/d for 2-day, 
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and 0.05 mg/kg/d for 2-day; 0.75 mg/kg over 7-day . The high dose dexamethasone group 

received the first seven days of the Cummings protocol (Cummings et al., 1989): 0.5 mg/kg 

/d for 3-day, 0.3 mg/kg/d for 3-day, then then 0.27 mg/kg until PM; 2.67 mg/kg over 7-day. 

The control group received intravenous saline. Lambs were euthanised at 7-day PNA with 

pentobarbitone (150 mg/kg, intravenous; Pitman-Moore, Sydney, NSW, Australia). The left 

costal hemi-diaphragm was snap frozen in liquid nitrogen for molecular, biochemical and 

histochemical analysis. 

7.3.4 RNA Isolation, Reverse Transcription and Quantitative PCR 

Total RNA was isolated from frozen diaphragm tissue (30 mg) using the RNeasy Mini kit with 

on-column DNase treatment (Qiagen Pty Ltd., Doncaster, Australia). Extracted RNA (1000 

ng) was reverse transcribed into complementary DNA (cDNA) using QuantiTect Reverse 

Transcription Kit (Qiagen Pty Ltd). Real-time amplification reactions used Rotor-Gene SYBR 

green polymerase chain reaction (PCR) Kit (Qiagen Pty Ltd.) on a Rotor-Gene Q real-time 

PCR system (Corbett Life Science, Mortlake, Australia). Thermal cycling conditions 

comprised 5 min at 95 °C, 40 cycles of 3 s at 95 °C, 20 s at 60 °C and 20 s at 72 °C. Gene 

expression level was assessed for atrophy-related genes, glucocorticoid receptor alpha 

(GRα) and its direct target genes, myosin heavy chain (MHC) isoforms (MHCI, MHCIIa), 

antioxidant, cytokine and myogenic regulatory genes. The atrophy-related genes included 

muscle ring-finger 1 (MuRF1) and muscle atrophy F-box (Atrogin-1/MAFbx). The direct 

target genes of GRα included insulin like growth factor 1 (IGF1), insulin receptor substrate 1 

(IRS1), phosphoinositide-3-kinase regulatory subunit 1 (p85α) and Krüppel-like factor 15 (klf 

5). Antioxidant genes included glutathione peroxidase 1 (GPX1), and superoxide dismutase 

1 (SOD1). The cytokine genes included interleukin-1β (IL-1β), interleukin-6 (IL-6), and 

interleukin-10 (IL-10). Lastly, the myogenic regulatory factors (MRF) genes analysed 

included myogenic differentiation factor D (MyoD) and myogenin (MyoG). 

Primers were designed in-house on ovine specific mRNA sequences using Primer-Blast 

(Rozen & Skaletsky 2000) and purchased from Gene Works (SA, Australia). The cDNA 

template generated from each primer set was purified (Wizard SV gel and PCR clean-up 

system, Promega, Madison, WI, USA) and a standard curve was created using a 10 fold 

dilution series of purified cDNA template. Data are presented as relative expression 

normalised against the geometric mean of three reference genes (18 S RNA, GAPDH and β-

actin) following GeNorm algorithm (Vandesompele et al. 2002). 
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7.3.5 Total Protein extraction 

Protein was extracted from 30 mg frozen diaphragm tissue (Song & Pillow 2012). Whole cell 

protein lysates were analysed to determine total protein concentration using the Bradford 

method (Bradford 1976). Protein lysates were subsequently analysed using Western blot 

analysis, 20S proteasome assay and protein carbonyl assay. 

7.3.6 Western Blot analysis 

Isolated total protein samples (50 µg) were resolved on pre-cast 4-15 % TGX stain-free gels 

(Bio-Rad, Gladesville, NSW, Australia) and transferred onto a nitrocellulose membrane using 

a Trans Turbo Blot system (Bio-Rad). Ponceau S (P-7170-1L, Sigma) staining was used to 

check the quality of protein transfer as well as a loading control. Following transfer, the 

nitrocellulose membranes were washed 3 times for 5 min for each wash in TBST (20 mM 

Tris, 150 mM NaCl, 0.1 % Tween-20, pH 7.5). Nonspecific antibody binding was blocked 

with 5 % Bovine serum albumin (BSA) in TBST for one hour at room temperature. The 

nitrocellulose membrane was probed with primary antibodies (Cell Signalling Technology, 

Carlsbad, CA, USA) at 4 °C overnight for protein synthesis signalling components: protein 

kinase B, Akt (p-Akt (Ser473) (#9271)); mammalian target of rapamycin, mTOR (p-mTOR 

(Ser 2448) (#2971)); translation initiation factors 4e-binding protein 1, 4EBP1 (p-4EBP1 

(Thr70) (#9455)) at a dilution of 1:1000. Bound antibodies were detected with anti-rabbit 

immunoglobulin conjugated with horseradish peroxidase 1:3000 dilution (Cell Signalling 

Technology, Carlsbad, CA, USA) for one hour at room temperature. The blots were 

developed by adding Perkin Elmer Western Lightning ultra (NEL111001EA) and protein 

signals were quantified using ChemiDoc MP Imaging system (Bio-Rad). The membranes 

were blotted with phosphorylated proteins mentioned above and were stripped with Restore 

Western Stripping Buffer (Life Technologies, VIC, Australia, #2105) for 10 min at room 

temperature, and re-blotted with corresponding total (t) proteins (Cell Signalling Technology, 

Carlsbad, CA, USA): t-Akt (#9272), t-mTOR (#2983), t-4E-BP1 (#9452) at a dilution of 

1:1000 for overnight (at 4 °C). Data are presented as normalised values for phosphorylated 

protein against total protein content of the same blot. 

7.3.7 Biochemical Assays of oxidative stress and proteolysis 

The protein carbonyl content (an indicator of cellular oxidation status) in diaphragm was 

measured using a commercially available colorimetric kit (Protein Carbonyl Colorimetric 

assay kit, Cayman, Ann Arbor, MI). The activity of 20S proteasome in the diaphragm was 
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measured fluorometrically in total protein extracts using an assay kit (BML-AK740 assay kit, 

Enzo Life Sciences, NY, USA). The specific chymotrypsin-like protease activity of the 

proteasome was calculated according to kit instructions and normalised against total protein 

concentration. 

7.3.8 Data Analysis  

IBM SPSS Statistics software (Version 19, IBM Company 2010, New York) was used for 

statistical analysis, and Graph Pad PRISM (version 6.07, Graph Pad Software, Inc, San 

Diego, CA) was used for data presentation. The normality distributions of molecular 

outcomes were assessed with Shapiro-Wilk test of normality, and non-parametric data were 

log transformed or inversion transformed depending on the skewness score. Differences 

between treatment groups were assessed with one-way analysis of variance (ANOVA) with 

a priori Tukey multiple comparisons. Furthermore, 1-way-ANOVA was repeated including 

sex as a random variable to account for any sex-specific effect of glucocorticoid on the 

dependent molecular variables to compensate for insufficient power to evaluate sex as a 

factor.  

The relationship between diaphragm molecular properties at 7-day PNA and several 

potential confounding experimental variables were also evaluated. Collinear confounding 

variables identified from Pearson bivariate correlations were regressed against each other: 

the unstandardised residual of the regression was used as the independent contribution of 

the dependent collinear variable. The relationship between potential confounding variables 

and outcome variables was analysed using Pearson’s bivariate correlation and Spearman’s 

bivariate correlation analyses, as appropriate. Confounding experimental variables that 

correlated with the outcome variables were included in the linear regression analyses 

Outcome variables that correlated significantly with the confounding experimental variables 

were analysed with linear regression analyses. Lastly, outcome variables that correlated 

significantly with the independent variables were reanalysed while controlling for the 

independent experimental variables using one-way analysis of variance (ANCOVA) and two-

way ANCOVA, as appropriate  

Molecular data are presented as box and whisker plots showing all data points from 

minimum to maximum values. Significance was at the 0.05 level (* p< 0.05, **p<0.01.), 

unless stated otherwise. 
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7.4 Results 

7.4.1 Lamb Characteristics 

Lamb characteristics of each group are described in Table 7.1. There were no significant 

differences in body weight at post-mortem, postconceptional age at post-mortem, gestational 

age at birth and at post-mortem, average protein intake and normalised duration of 

mechanical ventilation (proportion) between any treatment groups. However, the low-dose 

dexamethasone group had a higher  number of male lambs than both the dexamethasone 

naïve control and the high-dose dexamethasone groups. Another notable difference is that 

high-dose dexamethasone group comprised only twin lambs unlike the other two 

experimental groups. 

Table 7.1. Lamb descriptive data of dexamethasone naïve control, low dose 
dexamethasone and high dose dexamethasone groups at 7-day PNA. 

 
Dexamethasone 
naïve control 

Low-dose 
dexamethasone 

High-dose 
dexamethasone 

N (male) 8 (3) 9 (6) 7 (4) 

Pregnancy ratio 

(Singleton: Twin) 
5:3 2:7 0:7 

Body weight at PM (kg) 2.8 (2.5, 3.2) 2.8 (2.5, 3) 2.7 (2.2, 3.1) 

PCA at PM (d) 136.8 (136,138) 135.6 (135 136) 136.3 (136, 137) 

GA at birth (d) 129.8 (128, 131) 128.4 (128, 129) 128.3 (128 129) 

GA at PM (d) 136.5 (135, 138) 135.4 (135, 136) 136.1 (136, 137) 

Average protein intake 
(g/kg/d) 

38.1 (27.7, 48.5) 28.9 (19.6, 38.3) 25.7 (21.3, 30) 

Normalised MV (proportion) 25.94 (8.5, 43.4) 20.6 (3.3, 38) 49.3 (1.1, 97.5) 

PCA, postconceptional age; GA, gestational age: PM, post-mortem: MV, mechanical ventilation. Values 
represent mean and lower bound, upper bound values for 95 % confidence interval for mean, except for 
pregnancy ratio. Total mechanical ventilation (h) was normalised against absolute postnatal age to obtain 
normalised (proportion) mechanical ventilation. 
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7.4.2 Proteolytic Signalling Pathway 

There were no significant differences observed in the expression levels of the atrophy genes 

MuRF1 and MAFbx (Figure 7.2 A, 7.2 B) nor in the 20S proteasome activity (Figure 7.2 C) in 

diaphragm muscle across the experimental groups.  
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Figure 7.2. Proteolytic signalling. 

MuRF1 (A) and MAFbx (B) mRNA expression and 20S proteasome activity (C) in diaphragm from 
dexamethasone naïve group (n = 8), low dexamethasone (n = 9) and high dexamethasone group (n = 
7, except n = 6 for relative mRNA expression of MuRF1 and MAFbx). Relative mRNA expression 
values are normalised against a geometric mean of three reference genes. 20S proteasome activity 
(C) normalised against total protein concentration.  
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7.4.3 Anabolic Signalling Pathway 

Protein activity for three intracellular mediators of anabolic signalling cascades (Akt, mTOR, 

4EBP1) was evaluated using the Western blot technique: data are presented as the ratio of 

phosphorylated (active) over the total protein (P/T) content (Figure 7.3). There were no 

significant differences in protein activity of Akt (Figure 7.3 A) and 4EBP 1 (Figure 7.3 C) 

between the treatment groups. A main effect of dexamethasone treatment was observed in 

P/T-mTOR activation ( p=0.006, Figure 7.3 B): mTOR activity was lower in both the low 

dexamethasone (p=0.007) and high dexamethasone (p=0.027) groups compared to 

dexamethasone naïve animals. However, no significant differences in phosphorylated mTOR 

levels were detected between low and high dexamethasone treatment.  
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Figure 7.3. The effects of postnatal dexamethasone on anabolic signalling. 

Phosphorylated protein content normalised against the total protein (P/T) for Akt (A), mTOR (B) and 
4EBP1 (C) in diaphragm samples from dexamethasone naïve (n = 7), low-dose dexamethasone (n = 
9) and high-dose dexamethasone (n = 7) groups. Values are expressed as phosphorylated protein 
activity (the upper blots in each panel) normalised against total protein content (the lower blots in 
each panels) (P/T). * p< 0.05, **p<0.01. 
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7.4.4 Glucocorticoid receptor and its direct target gene regulation 

The relative mRNA level of GRα and related genes are presented in Figure 7.4. There were 

no significant differences in mRNA levels of GRα (Figure 7.4 A), IRS1 (7.4 C) and klf15 (7.4 

E) between treatment groups. A main effect of dexamethasone treatment was observed for 

IGF1 (Figure 7.4 B, ANOVA: p = 0.03) and p85α (Figure 7.4 D, ANOVA, p=0.017): mRNA 

expression levels for both IGF1 (p = 0.027) and p85α (p = 0.014) genes were higher in high-

dose dexamethasone lambs compared to low-dose dexamethasone lambs. However, no 

significant differences were observed in IGF1 and p85α expression level in the low-dose and 

high-dose lambs relative to dexamethasone naïve lambs. 
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Figure 7.4. Glucocorticoid receptor and target gene expression. 

mRNA expression levels of GRα (A), its downregulated direct target genes IGF1 (B), IRS1 (C) and 
up-regulated direct target genes p85α (D), klf15 (E) in the postnatal diaphragm muscle from control (n 
= 7), low-dose dexamethasone (n = 9) and high-dose dexamethasone (n = 6) exposed animals. Data 
are presented as relative mRNA expression against a geometric mean of three reference genes. * p < 
0.05. 
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7.4.5 Myogenic Regulatory Factors (MRF) Gene Expressions 

MRF gene expression levels of MyoD and Myogenin (Figure 7.5 A, 7.5 B) were not  altered  

by treatment. 

 

 

Figure 7.5. Myogenic regulatory factor (MRF) gene expression. 

MyoD (A) and MyoG (B) mRNA expression levels in the diaphragm of dexamethasone naïve (n = 8), 
low dexamethasone (n = 9) and high dexamethasone (n = 6) exposed lambs. Relative mRNA levels 
are normalised against geometric mean of three reference genes for RT-qPCR analysis. 
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7.4.6 Oxidative Status 

The relative mRNA expression of antioxidant genes (SOD1, GPX1) and protein carbonyl 

activity are presented in Figure 7.6. The relative mRNA expression of SOD1 (Figure 7.6 A) 

was not different between the experimental groups. There was a main effect of 

dexamethasone treatment on GPX1 (ANOVA: p = 0.001) (Figure7.6 B) and carbonyl content 

(ANOVA: p = 0.007) (Figure 7.6 C): GPX1 mRNA level was higher in the high-dose 

dexamethasone group compared to the dexamethasone naïve control (p = 0.001) and the 

low-dose dexamethasone group (p = 0.008). Protein carbonyl content was higher in the low-

dose dexamethasone group (p = 0.006) compared to the dexamethasone naïve lambs. 
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Figure 7.6. Oxidative status of diaphragm 

The expression level of antioxidant genes SOD 1 (A), GPX 1 (B) and protein carbonyl content (C) in 
the postnatal diaphragm of dexamethasone naïve (n = 8), low dexamethasone (n = 9) and high 
dexamethasone (n = 7, except n = 6 for relative mRNA expression of SOD 1 and GPX 1) treated 
groups. Data are expressed as arbitrary concentration normalised against geometric mean of three 
reference genes. * p < 0.05, ** p < 0.01. 
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7.4.7 Local inflammation 

Pro-inflammatory cytokine IL-1β (Figure 7.7 A) and anti-inflammatory IL-10 (Figure 7.7 B) 

mRNA levels remained unaltered across the tested groups. However, pro-inflammatory IL-6 

(Figure 7.7 C) mRNA level was higher in the diaphragm of high-dose dexamethasone-

treated lambs compared to the dexamethasone naïve (p = 0.011) and the low-dose 

dexamethasone groups (p = 0.014). 
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Figure 7.7. Local inflammation. 

The relative mRNA expression of cytokines IL-1β (A), IL-10 (B) and IL-6 (C) from dexamethasone 
naïve (n = 8), low dexamethasone (n = 9) and high dexamethasone (n = 6) exposed lambs. Relative 
mRNA levels are expressed relative to the geometric mean of three reference genes for RT-qPCR 
analysis * p < 0.05. 
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7.4.8 MHC Gene Expression 

The relative mRNA expression of MHC genes are presented in Figure 7.8. Dexamethasone 

treatment showed a main effect for both of the MHCI (p = 0.001) and MHCIIa (p = 0.031) 

(Figure 7.8 A, 7.8 B) gene expression. MHCI expression was higher in the high-dose 

dexamethasone group compared to both dexamethasone naïve (p = 0.002) and low-dose 

dexamethasone (p = 0.005) groups. Furthermore, MHCIIa expression level was higher in the 

high-dose dexamethasone group compared to dexamethasone naïve (p = 0.026) lambs. 
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Figure 7.8. Expression of MHC genes. 

MHC I (A) and MHC II a (B) gene expression in dexamethasone naïve (n = 8), low dexamethasone (n 
= 9) and high dexamethasone (n = 6) treated lambs. Relative mRNA levels are expressed relative to 
the geometric mean of three reference genes for RT-qPCR analysis * p < 0.05. 
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7.4.9 Relationships of diaphragm molecular outcomes at 7-day PNA 

and confounding experimental factors 

The relationships between diaphragm molecular properties at 7-day PNA, dexamethasone 

treatment and potential confounding experimental variables (average protein intake and 

normalised duration of mechanical ventilation) was evaluated using correlation and linear 

regression. Collinearities were identified between average protein intake and 

dexamethasone treatment (r = -0.464, p = 0.026). Thus, the unstandardised residual protein 

intake (component of protein intake not due to dexamethasone treatment) was entered into 

the correlation and linear regression models. The residual average protein intake and 

duration of mechanical ventilation correlated with P/T-Akt and P/T-4EBP1 protein content 

and the MHCI and Klf15 mRNA levels, as outlined in Table 7.2. 

Table 7.2.Correlation analysis of dependent molecular outcomes and confounding 
experimental factors 

Confounding factor Dependent variables 

that correlated 

Bivariate correlation 

Correlation 
coefficient 

Significance, p 

Duration of mechanical 
ventilation 

MHC I 0.449 0.032 

P/T-Akt -0.479 0.021 

P/T-4EBP 1 0.438 0.037 

klf 15 0.464 0.026 

Residual protein intake P/T-Akt 0.473 0.026 

Klf 15 -0.426 0.048 

 

MHCI mRNA level was the only dependent variable that correlated with dexamethasone 

treatment (r = 0.616, p = 0.002) and duration of mechanical ventilation. High-dose 

dexamethasone treatment increased MHCI gene expression compared to naive control (p = 

0.009) and low-dose dexamethasone (p = 0.026) when corrected against duration of 

mechanical ventilation (ANCOVA, p = 0.008). 

Furthermore, no gender-specific effect of postnatal glucocorticoid on molecular outcomes of 

diaphragm at 7-day PNA was observed when 1-way-ANOVA was repeated with three 

experimental groups as above including sex as a random factor (Table 7.3). 
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Table 7.3. Analysis of variance with gender as random factor 

Molecular outcome Significant (p) value for sex effect Պ2 

MuRF1 0.689 0.097 

MAFbx 0.171 0.683 

20S proteasome 0.938 0.004 

GPX1 0.061 0.867 

SOD1 0.521 0.230 

Carbonyl content 0.565 0.166 

GRα 0.328 0.419 

IGF1 0.608 0.147 

IRS1 0.225 0.591 

P85α 0.99 0.98 

Klf15 0.449 0.299 

MHCI 0.909 0.008 

MHCIIa 0.951 0.002 

MyoD 0.775 0.050 

Akt 0.765 0.055 

mTOR 0.495 0.247 

4EBP1 0.621 0.140 

             Պ2=partial eta squared is the estimate of effect size 

 

7.5 Discussion 

Treatment with either low-dose or high-dose dexamethasone has no persistent detrimental 

effects on the preterm diaphragm after the first week of life. The molecular effects of 

postnatal dexamethasone were assessed relating to local protein metabolism including key 

markers for catabolic (MuRF1, MAFbx, 20S proteasome) and anabolic (Akt, mTOR, 4EBP1) 

responses as well as muscle growth (GR and direct target genes associated with 

metabolism) and development (MRF, MHC genes). We show decreased PmTOR protein, 
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and increased IGF1, p85α, GPX1, MHCI, MHCII, IL-6 mRNA levels in the diaphragm in 

response to a high dose of early postnatal dexamethasone during the acute postnatal phase 

of preterm lambs. Low-dose dexamethasone decreased PmTOR content and increased 

protein carbonyl content in the diaphragm muscle. There was no downstream effect of 

PmTOR inhibition, as indicated by other unaltered markers of muscle development, growth, 

and metabolism. Therefore, we conclude that low dexamethasone does not compromise 

diaphragm integrity after 7-day PNA. This finding is consistent with clinical evidence that low-

dose dexamethasone is a safer choice to high dose to treat the respiratory disease of 

preterm neonates (Tanney et al. 2011; Yates & Newell 2011). 

7.5.1 Catabolic Pathway 

The early postnatal dexamethasone treatments (both low-dose and high-dose) used for this 

study did not affect the cellular proteolytic response of diaphragm muscle at the end of the 

first week of life in preterm lambs. Our current finding contrasts with the previous reports of 

early postnatal dexamethasone exposure escalating muscle proteolysis in preterm infants 

(Tsai et al. 1996; Goudoever et al. 1994). Plasma amino acid concentration, plasma protein 

turnover rate, and urinary nitrogen balance were measured in these studies to detect the 

effect of dexamethasone on metabolic process of preterm infants. Likewise, multiple recent 

reports also suggest that high-dose postnatal dexamethasone enhances muscle atrophy in 

the neonatal muscle of chick and rat (Alamdari et al. 2010; Nakashima et al. 2016). These 

chick and rat studies reported increased atrophy gene expression levels (MuRF 1, MAFbx), 

increased histone acetyltransferase and decreased histone deacetylase activity in skeletal 

muscle after dexamethasone exposure. These studies used higher doses and longer 

duration of dexamethasone compared to the regimen used in the current study, which may 

account for the different outcomes observed. The absence of difference in the current study 

for the molecular measures of proteolytic response could be due to extreme variability 

present in the MuRF1, MAFbx gene expression levels. Sensitivity analysis by removing the 

extreme outliers (according to three interquartile range rules) from the low-dose 

dexamethasone group revealed that the increase in MuRF1 level in the high-dose 

dexamethasone group compared to the low-dose dexamethasone group just failed statistical 

significance (p = 0.064). Therefore, we cannot exclude the possibility that atrophy gene 

levels were not increased by high-dose dexamethasone, due to type II error.  
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7.5.2 Anabolic Pathway, muscle growth, and development 

Both low-dose and high-dose dexamethasone exposure reduced phosphorylated mTOR 

activity in the preterm diaphragm muscle after 7-day PNA compared to the diaphragm of the 

naïve control group. The upstream (P-Akt) and downstream (P-4EBP1) signalling 

components of mTOR remained unaltered. Moreover, IGF1 and p85α mRNA levels were 

elevated in the high-dose dexamethasone-treated diaphragm compared to the low-dose 

dexamethasone group. IGF1 and p85α are the upstream components and positive 

regulators of mTOR in the protein synthesis-signalling cascade. Increased IGF1 and 

decreased mTOR activity from our experimental data imply an alternate mechanism of 

mTOR inhibition (Wu et al. 2010) as there is evidence of IGF1 independent activation of 

mTOR (Goodman et al. 2010). Acute and chronic dexamethasone treatment decreases 

rates of pulmonary protein synthesis in young rats (Fussell and Kelly 1991) but whole body 

protein synthesis rate remains unaffected after dexamethasone treatment in preterm infants 

(Goudoever et al. 1994). Thus, protein synthesis rates are regulated differentially in different 

organs in different species. The depressed PmTOR activity in the present study suggests 

any trivial effect in ventilatory muscle supported by the unchanged protein activities of the 

other upstream and downstream signalling mediators in the same cascade.  

Growth suppression is one of the major side effects of postnatal dexamethasone treatment 

in both preterm infants and animal models (Vyas & Kotecha 1997; Halliday 2001). Growth 

restriction due to dexamethasone treatment may be associated with the suppression of the 

IGF1 axis (Bloomfield et al. 2001); however, other studies reported no direct association 

between dexamethasone treatment and IGF1 (Huysman et al. 2003). IGF1 is a peptide 

growth hormone that positively regulates muscle development including myogenesis and 

regeneration and is one of the up-regulated direct target genes of GRα (Florini, Ewton, and 

Roof, 1991; Duan, Ren and Gao, 2010). Glucocorticoids negatively influence insulin 

signalling (Braun & Marks 2015) mainly through interactions with the intracellular 

glucocorticoid receptor. The relationships and interactions of catabolic and anabolic 

mediators in regulating muscle development via the glucocorticoid receptor are well 

demonstrated (Shimizu et al. 2011). Dexamethasone exerts an anti-myogenic effect in vitro 

through modulation of protein synthesis signalling cascade (Kim et al. 2016) or through 

altering expression levels of MRF genes (Te Pas, De Jong, and Verburg, 2000). In the 

current study, we observed no significant effect of postnatal dexamethasone on the markers 

of diaphragm muscle growth and development such as the expression level of glucocorticoid 

receptor and its target genes and MRF genes except the depressed PmTOR, increased 

IGF1 and p85α. Thus, we conclude that dexamethasone has no detrimental impact on 
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overall diaphragm metabolism, growth, and development at the dosage and early postnatal 

timing used in this study. 

7.5.3 Oxidative Status  

We showed evidence of oxidative stress in the low-dose dexamethasone-treated diaphragm 

as indicated by higher protein carbonyl content relative to naïve lambs. The carbonyl content 

did not increase in the high-dose dexamethasone-treated group. The lack of increase in 

carbonyl content in the high-dose dexamethasone group may be explained by the increased 

expression of the antioxidant enzyme, GPX1 in these lambs. The in utero development of 

antioxidant defense mechanisms is likely equally developed across all the experimental 

groups since their gestational ages at post-mortem were not different. However, antioxidant 

enzyme expression is under complex and differential regulation along the developmental 

trajectory in all species (Chen & Frank 1993). High-dose early postnatal dexamethasone 

exposure elevates antioxidant enzyme activity in neonatal lungs of preterm guinea pigs and 

term rats (Dallas et al. 2004; Town et al. 1993). The current study suggests that antioxidant 

enzymes are also up-regulated selectively to counterbalance oxidative stress in neonatal 

lamb diaphragm after postnatal high-dose dexamethasone. However, the reason why low-

dose dexamethasone does not enhance antioxidant enzyme defense in the current study is 

unclear. Several animal studies showed positive neurodevelopment outcomes and improved 

survival after co-administration of dexamethasone and antioxidant therapy in the acute 

postnatal period (Herrera et al. 2010; Camm et al. 2011). 

7.5.4 Cytokine Response 

We also measured the expression profile of the key inflammatory mediators IL-1β, IL-6 and 

IL-10 in the diaphragm. Proinflammatory (IL-1β) and anti-inflammatory (IL-10) cytokine levels 

in the postnatal diaphragm were unaffected by low-dose and high-dose dexamethasone 

treatment. However, IL-6 was elevated in the diaphragms of the high-dose dexamethasone 

group compared to the dexamethasone naïve group. This interesting finding is opposed to 

the reduced pulmonary inflammation (including IL-6) reported in preterm infants in response 

to early postnatal dexamethasone (Dittrich et al. 2012). However, several studies report that 

high dose of glucocorticoid increase IL-6 levels in adult human and mouse hepatocyte 

(Dovio et al. 2006; Dittrich et al. 2012). IL-6 is a unique cytokine with both pro and anti-

inflammatory properties which are tightly regulated by suppressor of cytokine signalling 3 

(SOCS3), a well-known feedback inhibitor of IL-6 signalling (Dittrich et al. 2012). A 

dexamethasone increased IL-6 level may result via GR-mediated enhanced JAK/STAT 
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signalling and reduced expression of the negative feedback regulator SOCS 3 (Takeda et al. 

1998). Thus, elevated local IL-6 expression levels and other unaltered cytokines in the 

diaphragm imply that inflammation in the preterm diaphragm may be regulated differentially 

than lung inflammation. The elevated IL-6 does not have any detrimental effect on 

diaphragm function evident by unaltered force production after high-dose dexamethasone 

treatment (Christine Astell, unpublished data). 

7.5.5 Relationship between diaphragm molecular outcomes at 7-

day PNA with confounding experimental factors 

Dexamethasone treatment did not correlate with the normalised duration of mechanical 

ventilation, one of the confounding experimental factors. Rather, dexamethasone treatment 

had a moderate negative correlation with another confounding factor: average protein intake 

of lambs during 128 – 135-day PCA. This negative correlation suggests that increasing 

doses of dexamethasone treatment reduces average protein intake, which is consistent with 

the decreasing trend of average protein intake (Table 7.1) against dexamethasone treatment 

observed in the current study. Although, dexamethasone treatment did not cause any 

significant difference in the average protein intake (ANOVA, p = 0.071), failure to detect any 

significance may be due to the small sample size of the current study. 

The effect of postnatal dexamethasone on protein intake and growth outcome is regulated 

via complex mechanisms (hypothalamic orexigenic and anorexigenic balance) that differ with 

developing age (He et al. 2004). Dexamethasone treatment may differentially influence 

protein intake and growth at different postnatal ages. For example, postnatal 

dexamethasone treatment increases growth in the term newborn (Carroll 2001; He et al. 

2004) and causes growth failure in the preterm newborn (Halliday 2017). 

Residual protein intake (component of protein intake not due to dexamethasone treatment) 

had a moderate positive correlation with phosphorylated Akt protein content and moderate 

negative correlation with Klf15 mRNA level. This finding is consistent with the mounting 

evidence that feeding is a potent stimulus for muscle protein synthesis (Burd et al. 2009; 

Manjarín et al. 2016). Though protein intake correlated with these two molecular markers of 

protein metabolism, it did not subsequently predict any of these outcomes in the linear 

regression model. The study was not designed for predictive correlation and regression 

analysis; consequently, significance level might remain undetected due to limited sample 

size. Overall, the effect of nutrition on preterm respiratory muscle is largely unknown. 



 

163 
 

Duration of mechanical ventilation predicted several molecular outcomes such as MHCI, 

Klf15 gene expression, phosphorylated Akt and 4EBP1 protein content. The reason why 

mechanical ventilation had a positive correlation with Akt, but negative correlation with 

4EBP1 is unclear as they are the upstream and downstream mediators of protein signalling 

cascade-connected via mTOR. Our experimental evidence of dexamethasone-mediated 

inhibition of phosphorylated mTOR may explain this differential correlation. Also, we saw an 

increasing trend in phosphorylated 4EBP1 in high dose dexamethasone group although it 

was not different from the naive or the low-dose dexamethasone groups. Likewise, 

mechanical ventilation weakly predicted 4EBP1 protein content: 15.3 % variance in 4EBP1 

protein content could be explained by mechanical ventilation. However, mechanical 

ventilation did not correlate with PmTOR content, implying that the inhibition of mTOR shown 

in the current study was independently caused by dexamethasone treatment. Altogether 

these results suggest that mTOR might differentially regulate its downstream signalling 

molecule due to the influence of dexamethasone (Shah, Kimball & Jefferson 2000a). 

Mechanical ventilation significantly predicted MHCI expression level. However, MHCI 

regulation of dexamethasone treatment does not change when corrected for duration of 

mechanical ventilation, implying that both dexamethasone and mechanical ventilation have a 

significant effect on MHCI transcript level. There was no significant difference in MHC 

protein content in the diaphragm muscle between treatment groups (Christine Astell, 

unpublished data). Cellular gene and protein expression are regulated in a complex manner, 

most likely in different time points in different cells (Eizema et al. 2003; Geiger et al. 2006). 

Taken together, the MHC gene level in the preterm diaphragm is influenced in the acute 

postnatal period by the dexamethasone treatment and mechanical ventilation.  

The current investigation failed to detect any gender-specific effect of postnatal 

dexamethasone on acute postnatal diaphragm of preterm lamb (Table 7.2). The higher 

proportion of males in the low-dexamethasone group composition compared to the other two 

experimental groups may have had a subtle influence which remained undetected due to 

lack of sufficient power of the current study. Although, gender specific differences in fetal 

and neonatal development and survival are well-established, the clear mechanism remains 

obscure. There is evidence of lower mineralocorticoid receptor density in female placenta 

(Seckl & Holmes 2007) and differential translational isoforms of glucocorticoid receptors in 

human preterm female placenta (Saif et al. 2015). Also, neonatal respiratory regulation by 

steroids is also influenced by gender specific balance of neuropeptides and GABA receptors 

in the neonatal rat brain (Joseph et al. 2018). There were no differences in glucocorticoid 

receptor gene expression levels in the diaphragm among males and females (1 way ANOVA 
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with sex as random factor, p = 0.328; two-tailed t-test p = 0.208). However, the 

glucocorticoid receptor density was not analysed in the current study. Therefore, the 

possibility of gender specific differences in steroid receptor density or regulation in the 

preterm respiratory muscle relative to placenta or brain needs to be explored.  

In summary, low-dose dexamethasone has a subtle influence on the molecular properties of 

the diaphragm at 7 d PNA compared to high-dose dexamethasone. However, no detrimental 

influence of postnatal dexamethasone was evident. Thus, in contrast to our hypothesis, we 

found no evidence of atrophy in the postnatal diaphragm of preterm lambs irrespective of 

dosing regimen used in the current study. In addition, mechanical ventilation and nutrition 

are important postnatal factors that can influence molecular properties of the diaphragm in 

the acute postnatal phase.  
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8. Experimental study 4: The long-term effect of 

prematurity and low-dose postnatal 

dexamethasone on lamb diaphragm 
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8.1 Abstract: 

Postnatal glucocorticoids are widely administered in perinatal care to rescue preterm infants 

with severe respiratory disease due to their immediate beneficial effect on pulmonary 

function. However, postnatal steroid treatment affects the long-term neuro-development of 

preterm infants. Furthermore, there are very limited and contrasting reports on the long-term 

pulmonary outcomes following postnatal steroid treatment. More precisely, the long-term 

effect of postnatal steroids on respiratory muscles is currently unknown. This study aimed to 

determine the long-term effect of preterm birth, with and without postnatal glucocorticoid 

exposure on the diaphragm muscle of preterm lambs compared to term lambs at two months 

corrected postnatal age. 

Experimental groups included a naïve control group comprising lambs delivered naturally at 

term gestation (150-day, n = 8), and two preterm lamb groups, delivered at 129 d gestational 

age (GA): 1) Preterm saline (n = 13, except n = 8 for RNA analysis) and 2) Preterm 

Dexamethasone (n = 11, except n = 7 for RNA analysis). Ewes assigned to delivery of 

preterm lambs were pretreated with intramuscular (IM) medroxyprogesterone at 122-day GA 

and two doses of betamethasone at 126-day GA. The preterm lambs were initially 

resuscitated and ventilated as required following standard clinical practice. Dexamethasone 

(100 g/mL) or an equivalent volume of placebo (normal saline) was administered to the 

preterm lambs from 72-hour of life. Dexamethasone was administered intravenously in two 

divided doses at 12-hour intervals and tapered over 10-day by the protocol described in the 

DART trial (Doyle 2006). The left costal hemi-diaphragm was removed after humane killing 

at two months postnatal age and snap frozen in liquid nitrogen for molecular and 

biochemical analysis. 

The contemporary postnatal low-dose dexamethasone treatment of preterm lambs had no 

long-term detrimental effect on development, growth, protein metabolism or antioxidant 

capacity of the preterm diaphragm compared with the preterm dexamethasone naïve lamb 

diaphragm. The effect of prematurity on the molecular properties of diaphragm was also not 

evident from the current study when preterm dexamethasone naïve lamb diaphragm was 

compared with term control lamb diaphragms. We also did not see any long-lasting effect of 

mechanical ventilation on the diaphragm at two months postnatal age. These findings 

support the use of low-dose dexamethasone as a safe treatment for severe respiratory 

disease in preterm subjects. 
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8.2 Introduction 

Preterm birth interrupts the complete maturation of vital organ systems in the final days of 

gestation in the intrauterine environment. The underdeveloped respiratory system is 

essentially responsible for the initial challenge of initiating and sustaining independent 

breathing at birth for premature infants and is characterised by non-compliant, immature 

lungs, surfactant deficiency, and a weak diaphragm. Lungs are the primary organ 

responsible for efficient gas exchange. Nonetheless, the diaphragm is regarded as the 

mechanical pump of the pulmonary system and the primary generator of trans-pulmonary 

pressures required to sustain spontaneous breathing throughout postnatal life (Jaber et al. 

2011a). The preterm infants without significant respiratory disease at birth may develop 

progressive respiratory failure over the first week of life (Bland 2005; Islam et al. 2015). 

Consequently, many preterm infants (50 % of infants born at less than 30 weeks’ gestation) 

require oxygen supplementation and mechanical respiratory support (Sweet et al. 2017). 

Mechanical ventilation induces local inflammation that prolongs the need for further 

mechanical support and increases the risk of systemic infection and inflammation (Attar & 

Donn 2002; Gupta et al. 2012; Islam et al. 2015). Consequently, anti-inflammatory 

treatments comprise an important adjunct therapy for severe respiratory disease in preterm 

infants. 

Glucocorticoids are the potent anti-inflammatory drugs, that are administered in the early 

(Halliday, Ehrenkranz & Doyle 2003a), moderately early (Doyle et al. 2017) or late (Halliday, 

Ehrenkranz & Doyle 2003b) postnatal periods to rescue preterm infants with severe 

respiratory disease and to assist weaning from mechanical ventilation. However, high dose 

postnatal glucocorticoid therapy is clouded in controversy due to concerns of clinicians about 

short-term adverse effects (hyperglycaemia, hypertension, hypertrophic cardiomyopathy, 

gastrointestinal bleeding, perforation) (Stark et al. 2001b) and long term neurological 

sequelae (Shinwell 2003; Islam et al. 2015). 

The long-term follow-up studies of randomised control trials (RCT) of glucocorticoid use for 

severe respiratory disease in preterm infants, report inconsistent respiratory outcomes 

(Smith et al. 2011; Qin et al. 2017). High-dose postnatal glucocorticoids can have a 

detrimental (Smith et al. 2011) or beneficial (Nixon et al. 2007; Gross 2005) effects on long 

term pulmonary function. The improved lung mechanics after high-dose postnatal 

glucocorticoid treatment in preterm infants was attributed to shorter duration of mechanical 

ventilation and oxygen supplementation in the studies by Nixon et al. (2007) and Gross et al. 

(2005) compared to the poor lung mechanics observed in the study by Smith et al., (2011). 
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Thus, the gestational age, duration of mechanical ventilation and oxygen therapy 

predominantly predict the long-term effects of postnatal glucocorticoid therapy (Van Der 

Heide-Jalving et al. 2003; Islam et al. 2015). However, prolonged mechanical ventilation can 

also independently predict long term respiratory outcome (Riedel 1987). 

An understanding of the independent and combined effects of postnatal steroids and 

mechanical ventilation on respiratory muscles is necessary to gain a full appreciation of the 

effect of glucocorticoid on long-term respiratory outcomes. Dexamethasone is a potent 

synthetic glucocorticoid most widely used to treat postnatal respiratory diseases, but the 

dosing regimen is not empirically optimised yet. A low-dose postnatal dexamethasone 

treatment shows no strong association with adverse effects on long term pulmonary or 

neurological function (Doyle 2017). In contrast, high-dose postnatal glucocorticoid treatment 

exerts long term adverse effects on brain, cardiac, hepatic and renal systems of adult 

animals (De Vries et al. 2002, 2010; Liu et al. 2007; Claessens et al. 2012). Thus, there is 

the conflicting impact of postnatal glucocorticoids on long term pulmonary outcome and 

persistent adverse effects on different organ systems from animal studies. Moreover, there is 

very limited research on the long-term effect of postnatal glucocorticoids on skeletal muscle. 

A recent in vitro study reports that dexamethasone inhibits myogenesis via reduced myotube 

formation in cultured muscle cells by modulating myogenic regulatory factors (MRFs) and 

protein signalling cascades: insulin-like growth factor (IGF); phosphoinositide 3 kinase 

(PI3K); protein kinase B (AKT); and mammalian target of rapamycin (mTOR) (Kim et al. 

2016). However, the long-term effect of low-dose postnatal steroid exposure on respiratory 

muscle is currently unknown. 

Our current preclinical study aimed to determine the effect of preterm birth, with and without 

glucocorticoid treatment on the diaphragm compared with the term-born diaphragm after two 

months postnatal age. We hypothesised that preterm birth would have a long lasting 

influence on the respiratory muscle of the lamb. We also speculated that early postnatal 

dexamethasone exposure would alter long-term molecular signaling, protein composition 

and antioxidant capacity of the preterm diaphragm compared to the term diaphragm at two 

months and that these outcomes would be influenced by duration of early postnatal 

mechanical ventilation. 

8.3 Methods 

All animal work was conducted following the guidelines of the National Health and Medical 

Research Council code of practice for the care and use of animals for scientific purposes 
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and were approved by The University of Western Australia animal ethics committee 

(Approval Number: RA/3/100/1301).  

8.3.1 Experimental design 

We addressed our hypothesis as a supplementary investigation within a separate major 

study focusing on the independent effects of postnatal dexamethasone exposure and 

mechanical ventilation. Consequently, experimental groups included a naïve control group 

comprising lambs delivered naturally at term gestation (150-day, n = 8), and four preterm 

lamb groups, delivered at 129-day GA. The inclusion of four preterm lamb groups was 

designed to determine the independent and combined effects of preterm birth, postnatal 

dexamethasone treatment and initial mechanical ventilation on long-term properties of the 

diaphragm: these four preterm groups included: 1) a preterm control group (early 

commencement of non-invasive ventilation (NIV) and postnatal saline placebo, NIV/SAL, 

final n = 6); 2) a postnatal dexamethasone group (early commencement of NIV and a 10 d 

course of low-dose dexamethasone, NIV/DEX, final n = 7); 3) a postnatal mechanical 

ventilation group (minimum 4 d mechanical ventilation and postnatal saline placebo, 

MV/SAL, final n = 6); and 4) a combined postnatal ventilation and dexamethasone group 

(minimum 4-day mechanical ventilation and a 10-day course of low-dose dexamethasone, 

MV/DEX, final n = 5). The experimental outline is illustrated in Figure 8.1. 
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 Figure 8.1. Experimental outline in diaphragm for long-term effect of dexamethasone. 

Five experimental groups and corresponding prenatal, postnatal exposures and treatments are shown 
according to gestational age (GA) time point (d, day). 2 m postnatal age (PNA) for the term control 
lambs corresponds to 8 weeks from term delivery to humane killing; 2 m corrected PNA (cPNA) for 
the preterm lambs corresponds to 11 weeks from preterm delivery to humane killing. Term control 
lambs did not receive any prenatal or postnatal medications, representing naïve maturational control. 
All the four preterm lambs received antenatal medroxyprogesterone and betamethasone and 
postnatal feeds. The differences between preterm lamb groups were based on whether they received 
non-invasive ventilation (NIV) or mechanical ventilation (MV) and saline or dexamethasone.  

8.3.2 Lamb management:  

Prenatal and postnatal lamb management procedures are described in detail in general 

methods section .  

8.3.2.1 Antenatal Treatment 

Twin-bearing ewes were randomly assigned to surgical delivery at 129 +/- 1 d gestation, or 

natural delivery at term (~ 150-day gestation).  

Preterm ewes were injected with IM medroxyprogesterone acetate (150 mg, Pfizer, 

Australia) at 122-day gestation to prevent premature labour. Betamethasone (5.7 mg, Merck 

Sharp & Dome, Australia) was administered to the ewes 48-hour prior to delivery and 

repeated 2-hour later to promote fetal lung maturation. Term ewes received no antenatal 

exposure to medroxyprogesterone or betamethasone before delivery and represent naïve 

maturational controls. 
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8.3.2.2 Delivery and humane killing of ewes 

Ewes were premedicated with buprenorphine (0.01 mg/kg, 300 mcg/mL, Indivior, Pty Ltd, 

NSW, Australia) and acepromazine (0.02 mg/kg, 2 mg/mL, Ceva Animal Health Australia, 

NSW, Australia) one hour prior to induction of anaesthesia. Ewes were milked for colostrum, 

prior to intravenous (IV) anaesthetic induction (15 mg/kg sodium thiopental; Troy 

Laboratories, NSW, Australia). Ewes were intubated with a 9.0 mm tracheal tube and 

commenced on inhalational anaesthetic (Isofluorane 1.5-3.0 %, Troy Laboratories, NSW, 

Australia). Preterm lambs were delivered via hysterotomy after instrumentation (see below).  

Term lambs delivered naturally (vaginally) in their pens and stayed with their lambs for 1 

week prior to humane killing (150 mg/kg pentobarbitone). 

8.3.2.3 Fetal instrumentation 

Preterm lambs were exteriorised via hysterotomy and intubated with a 3.5 mm tracheal tube. 

Fetal lung fluid was suctioned from the tracheal tube (~ 60 mL) and the tracheal tube was 

occluded until delivery. The exogenous surfactant (100 mg/kg, Chiesi Farmaceutici S.p.A., 

Palma, Italy) was instilled into the distal trachea with a feeding tube. Vascular catheters were 

inserted into the umbilical vein (10 cm) and umbilical artery (15 cm) for delivery of 

intravenous fluids, antibiotics, inotropes, and monitoring of arterial blood gases. Cord blood 

was collected from the umbilical artery for baseline blood gas, plasma and white cell count. 

The lamb was dried and the umbilical cord clamped and cut.  

8.3.3 Respiratory management 

Preterm lambs were commenced on assist/control ventilation (VN500, Drager Medical, 

Lübeck, Germany) with volume guarantee (VG) of 6 mL/kg, using a maximum peak 

inspiratory pressure (PIP) of 30 cmH2O and an initial positive end-expiratory pressure 

(PEEP) of 9 cmH2O. PEEP was weaned to 7 cmH2O within 15 min after delivery. Ventilatory 

settings (VG, PEEP, FiO2, inspiratory time and rate) were adjusted subsequently to target 

mild permissive hypercapnia (PaCO2 45-55 mmHg) and peripheral oxyhaemoglobin 

saturation (SpO2) of 90-95 % whilst using the lowest achievable FiO2. Maximum PIP was 

adjusted to be 4-5 cmH2O above average PIP.  

The ventilatory mode was changed to mandatory minute ventilation (MMV) using a VG of 5-7 

mL/kg, and a mandatory minute volume of ~ 200-300 mL/kg/min, once lambs commenced 

breathing spontaneously. Pressure support for triggered non-mandatory breaths was 
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adjusted to target permissive hypercapnia and spontaneous breath volumes of ~6 mL/kg, 

usually achieved with a physiological, triggered breathing frequency of 50-60 breaths/min. 

Lambs allocated to NIV commenced graded de-escalation of respiratory support once they 

were sustaining 100 % spontaneous ventilation on MMV with an FiO2 <0.3 and a peak 

inspiratory pressure (PIP) of ≤ 20 cmH2O to achieve a PaCO2 < 55 mmHg with a VG set at < 

7 mL/kg. NIV was commenced with bubble CPAP (FisherPaykel Healthcare, NZ) via the 

tracheal tube. Lambs sustaining tracheal tube CPAP for 12-hour were extubated to 

humidified high flow (8 L/min), and subsequent low flow oxygen if required prior to removal 

of respiratory support. Mechanical respiratory support and supplemental oxygen were 

ceased when lambs were able to sustain a SpO2 of > 90 % without apnea or supplemental 

oxygen. A similar de-escalation of respiratory support was followed for lambs allocated to 

mechanical ventilation, after an initial mandatory 96-hour period of mechanical ventilation 

had elapsed.  

The reintubation criteria, feeding and other clinical monitoring are described in general 

method section (Chapter 4). 

8.3.4 Randomisation and postnatal dexamethasone treatment 

Dexamethasone (100 g/mL) or an equivalent volume of placebo (normal saline) was 

administered from 72-hour of life (~ equivalent to one-week human postnatal age). 

Dexamethasone was administered intravenously in two divided doses at 12-hour intervals 

and tapered over 10-day in accordance with the protocol described in the DART trial (Doyle 

2006): 0.15 mg/kg/d (3-day); 0.10 mg/kg/d (3-day); 0.05 mg/kg/d (2-day) and 0.02 mg/kg/d 

(2-day). 

8.3.5 Post-mortem tissue collection and analysis 

Lambs were euthanised at two month corrected postnatal age with intravenous 

pentobarbitone (150 mg/kg; Pitman-Moore, Sydney, NSW, Australia). The left costal hemi-

diaphragm was removed and the snap frozen in liquid nitrogen for molecular and 

biochemical analysis. 

8.3.6 RNA isolation for quantitative real-time PCR 

The protocol for RNA isolation, reverse transcription and quantitative PCR conditions were 

detailed previously (Mahzabin et al. 2017). Gene expression level was assessed for atrophy-
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related genes muscle ring-finger1 (MuRF1) and muscle atrophy F-box (MAFbx). Direct target 

genes of glucocorticoid receptor gene (GRα) includes, insulin-like growth factor1 (IGF1), 

insulin receptor substrate1 (IRS1), phosphoinositide-3-kinase regulatory subunit 1 (p85α) 

and Krüppel-like factor 15 (klf15). In addition, antioxidant genes: glutathione peroxidase 1 

(GPX 1)  and superoxide dismutase 1 (SOD1), and myogenic regulatory factors (MRF) 

genes: myogenic differentiation factor D (MyoD), and myogenin (MyoG) were also assessed 

in the current study. The primers used were either from our previous studies (Song & Pillow 

2012; Mahzabin et al. 2017) or designed in-house on ovine specific mRNA sequences 

(Table 4.1, Chapter 4). Standard curves for all genes were created using 10-fold dilution 

series of pooled and purified cDNA (Wizard SV gel and PCR clean-up system, Promega, 

Madison, WI, USA). Data are presented as relative expression of target genes normalised 

against the geometric mean of three reference genes (18S RNA, GAPDH and β-actin) using 

the GeNorm algorithm (Vandesompele et al. 2002). 

8.3.7 Total protein extraction 

Total cellular protein was extracted from 30 mg frozen diaphragm tissue according to our 

established protocol (Song & Pillow 2012). Protein concentration was measured in whole cell 

lysates using the Bradford method (Bradford 1976). The whole cell protein lysates were used 

for Western blot and biochemical assays. 

8.3.8 Western blot 

The whole cell lysates (50 µg) were resolved on pre-cast 4-15 % TGX stain-free gels (Bio-

Rad, Gladesville, NSW, Australia) and were transferred onto 0.2 μm pore size nitrocellulose 

membrane using a Trans Turbo Blot system (Bio-Rad). Ponceau S (P-7170-1L, Sigma-

Aldrich, Sydney, Australia) was used to check the quality of protein transfer and as a loading 

control. Nonspecific antibody binding was blocked with 5 % Bovine Serum Albumin (BSA) in 

TBST (20 mM Tris, 150 mM NaCl, 0.1 % Tween-20, pH 7.5) for one hour at room 

temperature. The nitrocellulose membrane was probed with primary antibodies (Cell 

Signalling Technology, Carlsbad, CA, USA) at 4 °C overnight for protein synthesis signalling 

components: protein kinase B, Akt (p-Akt (Ser473) (#9271)); mammalian target of 

rapamycin, mTOR (p-mTOR (Ser 2448) (#2971)); translation initiation factors 4e-binding 

protein1, 4EBP1 ( p-4E-BP1 (Thr70) (#9455)) at a dilution of 1:1000. Bound antibodies were 

detected with anti-rabbit immunoglobulin conjugated with horseradish peroxidase 1:3000 

dilution (Cell Signalling Technology, Carlsbad, CA, USA) for 1 hr at room temperature. The 

blots were developed by adding Perkin Elmer Western Lightning ultra (NEL111001EA) and 
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protein signals were quantified using ChemiDoc MP Imaging system (Bio-Rad). The 

membranes were blotted with phosphorylated proteins mentioned above and were stripped 

with Restore Western Stripping Buffer (Life Technologies, VIC, Australia, #2105) for 10-min 

at room temperature. The membranes were re-blotted with corresponding total (t) proteins 

(Cell Signalling Technology, Carlsbad, CA, USA): t-Akt (#9272), t-mTOR (#2983), t-4E-BP1 

(#9452) at a dilution of 1:1000 for overnight (at 4 °C). Data are presented as normalised 

values for phosphorylated protein content against total protein content of the same proetin in 

the same blot. 

8.3.9 Biochemical assays of proteolysis and oxidative stress 

Chymotrypsin-like protease activity in diaphragm samples was measured using a fluorogenic 

kit (BML-AK 740 assay kit, Enzo Life sciences, Farmingdale, NY) and normalised against 

total protein concentration. The protein carbonyl content (an indicator of cellular oxidation 

status) was measured using a commercially available colorimetric kit (Protein Carbonyl 

Colorimetric assay kit, Cayman, Ann Arbor, MI). 

8.3.10 Data analysis  

IBM SPSS Statistics software (Version 19, IBM Company 2010, New York) was used for 

statistical analysis, and Graph Pad PRISM (version 6.07, GraphPad Software, Inc, San 

Diego, CA) was used for data presentation.  

Molecular data are presented as box and whisker plots. Significance was defined at the 0.05 

level (*p < 0.05, **p<0.01, ***p < 0.001.), unless stated otherwise. 

Preliminary checks were conducted on the normality distribution of molecular outcomes 

(Shapiro-Wilk test of normality). Nonparametric dependent variables were log transformed or 

inversion transformed according to their skewness scores. Two-way analysis of variance (2-

way-ANOVA) was performed including only the preterm groups using dexamethasone 

treatment and ventilation as fixed factors. Pearson bivariate correlation analysis was 

conducted subsequently only with preterm groups to evaluate the importance of duration of 

mechanical ventilation as a factor for the remainder of the analysis. After performing the 2-

way ANOVA and correlation analysis, we justified combining the mechanical ventilation and 

early CPAP animals within preterm saline and preterm dexamethasone group (section 

8.4.1). The difference between term control, preterm saline and preterm dexamethasone-

treated lambs were assessed finally using 1-way-ANOVA with Sidak post hoc comparisons. 
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1-way-ANOVA was repeated including sex as a random factor to evaluate the sex-specific 

effect of glucocorticoid on the dependent molecular variables. 

8.4 Results 

8.4.1 Final study groups for analysis 

The intent of the original study design was to achieve a clear distinction between minimally 

invasive ventilation and prolonged mechanical ventilation groups. However, many NIV 

assigned newborn lambs required MV for a substantial period during the perinatal period 

which contaminates the simple separation of groups as MV and NIV. Furthermore, high 

mortality in the first 2-3 weeks of life eventually reduced the sample size in each group 

relative to the original plan. To address our primary hypothesis of the effect of postnatal 

dexamethasone on long-term diaphragm molecular signalling and protein content, we 

condensed the four groups of preterm lambs into 2 postnatal groups according to postnatal 

dexamethasone exposure. Consequently, the final experimental groups were: Term Control 

(n = 8), Preterm saline (n = 13) (combined NIV/SAL and MV/SAL groups) and Preterm 

Dexamethasone (n = 11) (combined NIV/dexamethasone and MV/ dexamethasone groups). 

Justification for this approach is provided below (Section 8.4.3) in the analysis of potential 

confounding factors.   

8.4.2 Lamb characteristics 

General characteristics of the term and preterm lamb groups are presented in Table 8.1 (for 

protein analysis) and Table 8.2 (for RNA analysis). Two separate tables of demographic data 

are presented because mRNA analysis was limited to 15 of the 24 preterm lambs due to 

extraction issues. However, there were no significant differences in the lamb characteristics 

presented between protein (Table 8.1) and RNA (Table 8.2) analysis evident by overlapping 

values of lower and upper bound 95 % confidence interval for the mean. Therefore, RNA 

analysis represents the subset of the population according to the demographic described 

and any difference observed for RNA analysis, is unlikely to be due to a population 

difference.  

Gestational age at birth and body weight at birth were lower in both preterm groups (p < 

0.001) compared to term lambs, as expected. Likewise, total respiratory support (p <0.001) 

and duration of mechanical ventilation (p = 0.001) were higher in both preterm groups 
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compared to term lambs. However, none of these parameters were different between the 

preterm saline and preterm dexamethasone groups.  
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Table 8.1. Lamb descriptive data for animals included in protein analysis. 

 Values represent mean and lower bound, upper bound values for 95 % confidence interval for mean, 
except for pregnancy ratio. Total respiratory support includes all the invasive (mechanical ventilation) 
and non-invasive (CPAP, oxygenation) interventions. In contrast, duration of mechanical ventilation 
includes only invasive interventions (total hours of intubation and mechanical ventilation). ** and *** 
represent p < 0.01 and p < 0.001, respectively. PM, post-mortem and MV, mechanical ventilation. 

  

 Term control Preterm saline Preterm dexamethasone 

Number of lambs (male) 8 (3) 13 (3) 11 (5) 

Pregnancy ratio 

(Singleton:Twin:Triplet) 
0:8:0 2:8:3 2:8:1 

Gestational age at Birth (d) 148.3 (145.9, 150.6) 129.1 (128.6, 129.5) *** 129.2 (128.7, 129.7) *** 

Corrected age at PM (d) 60.4 (56.6, 64.3) 57.4 (54.3, 60.4) 57.8 (53.9, 61.7) 

Body weight at birth (kg) 4.4 (3.8, 5.1) 2.9 (2.5, 3.2) *** 2.9 (2.5, 3.3) *** 

Body weight at PM (kg) 17.9 (14.9, 20.9) 19.6 (17.8, 21.5) 18.8 (16.5, 21.1) 

Total respiratory support (h) 0 252.2 (183.2, 321.7)*** 223 (151.4, 294.5)*** 

Duration of MV (h) 0 70.3 (47.2, 97.4) ** 70.2 (34.3, 106.1) ** 
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Table 8.2. Lamb descriptive data for animals included in RNA analysis 

 Term control Preterm saline 
Preterm 
dexamethasone 

Number of lambs (male) 8 (3) 8 (3) 7 (2) 

Pregnancy ratio 

(Singleton:Twin:Triplet) 
8:0:0 2: 3: 3 2: 4: 1 

Gestational age at Birth 
(d) 

148.3 (146, 151) 129.4 (129, 130) *** 129.3 (128, 130) *** 

Corrected age at PM (d) 60.4 (56.6, 64.3) 55.9 (52, 59.8) 59.7 (53.9, 65.4) 

Body weight at birth (kg) 4.4 (3.8, 5.1) 2.7 (2.3, 3.1) *** 2.8 (2.2, 3.4) *** 

Body weight at PM (kg) 17.9 (14.9, 20.9) 19 (16.1, 21.8) 18 (14.8, 21.2) 

Total respiratory support 
(h) 

0 193.5 (123.6, 263.4) *** 243.8 (122., 365) *** 

Duration of MV (h) 0 79.9 (47.9, 111.9) ** 78.1 (30.9, 125.4) ** 

Values represent mean and lower bound, upper bound values for 95 % confidence intervals for the 
mean, except for pregnancy ratio. Total respiratory support includes all the invasive (mechanical 
ventilation) and non-invasive (CPAP, oxygenation) interventions. In contrast, duration of mechanical 
ventilation includes only invasive interventions (total hours of intubation and mechanical ventilation). 
** and *** represent p < 0.01 and p < 0.001, respectively. PM, post-mortem and MV, mechanical 
ventilation. 

 

8.4.3 Effect of confounding variables on molecular outcomes  

The influences of confounding experimental variables such as mechanical ventilation and 

sex on the molecular properties of the adolescent ovine diaphragm were evaluated in the 

current study. 

A 2-way-ANOVA with dexamethasone treatment and ventilation as fixed factors for the 

dependent molecular variables did not show any significant effect of mechanical ventilation 

on diaphragm muscle of preterm lambs (p > 0.05) (Table 8.3). In addition, no significant 

correlation was found between the duration of mechanical ventilation and molecular 

outcomes of preterm lambs (p > 0.05) (Table 8.4). Therefore, the importance of mechanical 

ventilation was annulled for the remainder of the analysis. The subsequent analysis focused 
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on identifying the effect of dexamethasone on preterm diaphragm compared to preterm 

saline and term control groups (described in the following section). 

Furthermore, no sex-specific effect of glucocorticoid was observed when 1-way-ANOVA was 

repeated with three experimental groups as above including sex as a random factor (Table 

8.5). 

Table 8.3. Two-way ANOVA table for effect of dexamethasone and mechanical 
ventilation 

Molecular outcomes 
Significant p value of main effect 

Of dexamethasone Պ2 Of mechanical ventilation Պ2 

MuRF1 0.198 0.146 0.321 0.090 

MAFbx 0.937 0.001 0.332 0.085 

20S proteasome 0.027 0.221 0.075 0.149 

GPX1 0.790 0.007 0.957 0.000 

SOD1 0.126 0.199 0.755 0.009 

Protein carbonyl content 0.643 0.011 0.303 0.053 

GRα 0.314 0.092 0.639 0.021 

IGF1 0.024 0.382 0.560 0.032 

IRS1 0.044 0.320 0.789 0.007 

P85α 0.759 0.009 0.474 0.048 

Klf15 0.076 0.258 0.489 0.044 

MHCI 0.349 0.080 0.244 0.121 

MHCIIa 0.210 0.139 0.720 0.012 

MyoD 0.007 0.497 0.258 0.114 

Myogenin 0.224 0.131 0.981 0.000 

Akt 0.922 0.001 0.355 0.050 

mTOR 0.044 0.197 0.039 0.205 

4EBP1 0.215 0.000 0.07 0.323 

 Պ2=partial eta squared is the estimate of effect size that indicates how much of the variance in the 
dependent variable is explained by the independent variable or covariates. 
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Table 8.4. Correlation table of molecular outcomes with duration of mechanical 
ventilation 

Molecular outcomes Pearson coefficient, r Significance, p 

MuRF1 0.439 0.103 

MAFbx 0.093 0.743 

20S proteasome 0.261 0.217 

GPX1 0.061 0.830 

SOD1 -0.184 0.510 

Protein carbonyl content 0.286 0.175 

GRα 0.059 0.835 

IGF1 -0.014 0.960 

IRS1 -0.269 0.332 

P85α 0.128 0.650 

Klf15 0.049 0.862 

MHCI 0.363 0.183 

MHCIIa -0.007 0.980 

MyoD -0.149 0.596 

Akt -0.150 0.516 

mTOR 0.151 0.491 

4EBP1 0.297 0.169 

Table 8.5. Analysis of variance with sex as random factor 

Molecular outcomes Significant value for sex effect Պ2 

MuRF1 0.87 0.017 

MAFbx 0.70 0.089 

20S proteasome 0.58 0.150 

GPX1 0.58 0.171 

SOD1 0.80 0.036 
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Protein carbonyl content 0.33 0.441 

GRα 0.851 0.022 

IGF1 0.760 0.056 

IRS1 0.314 0.420 

P85α 0.06 0.863 

Klf15 0.76 0.056 

MHCI 0.335 0.439 

MHCIIa 0.668 0.103 

MyoD 0.512 0.203 

Akt 0.359 0.406 

mTOR 0.06 0.766 

4EBP1 0.916 0.004 

             Պ2=partial eta squared is the estimate of effect size. 

8.4.4 Effect of dexamethasone treatment on molecular outcomes of 

term and preterm diaphragm 

8.4.4.1 Proteolytic signalling  

The relative expression of atrophy genes MuRF1 (Figure 8.2 A) and MAFbx (Figure 8.2 B) 

were not different between the experimental groups. However, the ubiquitin-proteasome 20S 

activity was lower in preterm saline (p = 0.0005), and preterm dexamethasone (p = 0.0005) 

treated diaphragm compared to term control diaphragm muscle (Figure 8.2 C). 
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Figure 8.2. Proteolytic pathway. 

Atrophy gene MuRF1 (A) and MAFbx (B) expression in diaphragm from term control (n = 8), preterm 
saline (n = 8) and preterm dexamethasone group (n = 7). Relative mRNA expression values are 
normalised against a geometric mean of three reference genes. 20S proteasome activity (C) in 
diaphragm from term control (n = 8), preterm saline (n = 13) and preterm dexamethasone group (n = 
11). ***p<0.001. 

8.4.4.2 Anabolic Signalling Pathway 

The activity of intracellular mediators of the anabolic signalling pathway (Akt, mTOR, 4EBP1) 

was not different across the experimental groups (Figure 8.3 A, 8.3 B, 8.3 C). 
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Figure 8.3. Anabolic signalling. 

Protein activity of anabolic signalling cascade molecules Akt (A), mTOR (B), 4EBP 1 (C) in diaphragm 
samples from term control (n = 8), preterm saline (n = 12), and preterm dexamethasone (n = 11, 
except n = 9 only for Akt) groups. Values are expressed as phosphorylated protein activity normalised 
against total protein content. 
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8.4.4.3 Glucocorticoid receptor and its regulation of direct target genes 

GRα (Figure 8.4 A) mRNA expression was not different between the experimental groups. 

However, the expression levels of downstream direct target genes IGF1 and IRS1 (Figure 

8.4 B, 4C) were lower in preterm dexamethasone-treated groups compared to preterm saline 

(p = 0.031 for IGF1, p = 0.046 for IRS1) and term control (p = 0.011 for IGF1, p = 0.031 for 

IRS1 genes). In contrast, the relative expression of klf15 (Figure 8.4 D) was higher in the 

preterm dexamethasone-treated group compared to term control (p = 0.041). However, there 

were no differences in klf15 mRNA expression between the preterm saline controls 

compared to term control lambs. p85α (Figure 8.4 E) mRNA expression also remained 

unchanged between the experimental groups. 
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Figure 8.4. GR and target gene expression. 

The relative mRNA level of GRα (A),its downstream direct target genes IGF1 (B), IRS1 (C) and klf15 
(D), p85α (E) in the term born diaphragm muscle (n = 8) and postnatal diaphragm muscle of preterm 
saline (n = 8) and preterm dexamethasone ( n = 7) exposed lambs. Data are presented as relative 
mRNA expression against a geometric mean of three reference genes. *p< 0.05; ** p < 0.05. 

8.4.4.4 Oxidative status 

Relative mRNA expression of the antioxidant genes GPX1 and SOD1 were not different 

between experimental groups (Figure 8.5 A, 8.5 B). Furthermore, the protein carbonyl 
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content (Figure 8.5 C), a prominent indicator of cellular oxidation status, was not different 

between the experimental groups. 
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Figure 8.5. Oxidative status of the diaphragm. 

The relative mRNA expression of antioxidant genes GPX1 (A), SOD1 (B) in the diaphragm of term 
control (n = 8), preterm saline (n = 8) and preterm dexamethasone-treated group (n = 11). Data are 
expressed as arbitrary concentration normalised expression against geometric mean of three 
reference genes. The protein carbonyl content (C) in the diaphragm of term control (n = 8), preterm 
saline (n = 13) and preterm dexamethasone-treated group (n = 11) was normalised against total 
protein concentration. 

8.4.4.5 MHC Gene Expression 

MHCI and MHCIIa mRNA levels in preterm saline and preterm dexamethasone-treated 

groups did not differ from those in term control lambs (Figure 8.6 A, 8.6 B). 
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Figure 8.6. MHC gene expression. 

MHC I and MHC II a (A, B) relative mRNA expression in the term control diaphragm (n = 8) and 
postnatal diaphragm muscle of preterm saline (n = 8) and preterm dexamethasone (n = 7) exposed 
animals. Data are presented as relative mRNA expression against a geometric mean of three 
reference genes. 

8.4.4.6 Gene Expression of Myogenic Regulatory Factors (MRF)  

Gene expression levels of the MRF’s, MyoD (p = 0.125) and MyoG (p=0.282) were not 

different between term-born lambs, and preterm lambs at 2 m corrected age (Figure 8.7 A, 

8.7 B). 
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Figure 8.7. Myogenic regulatory factor (MRF) gene expression. 

MyoD (A), MyoG (B) gene expression levels in diaphragm of term control (n = 8), preterm saline (n = 
8) and preterm dexamethasone (n = 7) exposed lambs. Relative mRNA levels are normalised against 
geometric mean of three reference genes for RT-qPCR analysis. 

8.5 Discussion 

We evaluated the long-term effect of preterm birth with and without early postnatal low-dose 

dexamethasone exposure on diaphragm muscle gene expression and protein content, 
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relative to diaphragms from term-born control lambs. We demonstrated a reduced level of 20 

S proteolytic activity in preterm saline and preterm dexamethasone-treated lambs compared 

to term control diaphragm even after two months corrected postnatal age (11 weeks after 

birth). Furthermore, overall glucocorticoid receptor mediated regulation was constant due to 

a balanced reciprocal change in the respective down and up-regulated targets. Overall, 

either prematurity or early postnatal dexamethasone treatment did not perturb metabolic, 

developmental or growth regulation of the preterm diaphragm compared to term-born lamb 

diaphragm at 2 months of age. This finding is not surprising considering our previous report 

that early postnatal dexamethasone exposure in the first week of postnatal life has no short-

term detrimental effect on the preterm lamb diaphragm. 

8.5.1 Proteolytic response 

Experimental data showed no difference in the expression level of the atrophy genes 

(MuRF1 and MAFbx) but reduced level of 20S proteolytic activity in the preterm lamb 

diaphragm compared to term control group at 2-months corrected age. We showed 

previously that newborn term lambs have an escalated level of postpartum proteolysis (Song 

& Pillow 2012), which is likely an adaptive mechanism to protract neonatal survival after birth 

against mechanical and environmental stimuli such as a passive stretch of muscle and 

reactive oxygen species (ROS). Thus, our previous finding is consistent with the current 

finding implying that the preterm diaphragm may have a different adaptive response to 

postnatal stimuli compared to the term diaphragm. The reduced local proteolytic response in 

the diaphragm of preterm lambs may have long term, beneficial implications on preterm 

respiration. 

8.5.2 Anabolic signalling 

The effect of prematurity or early postnatal low-dose dexamethasone was not evident in the 

protein synthesis signalling cascades of diaphragm. Interpretation of our finding is 

complicated by the absence of similar studies of protein synthesis after low-dose 

dexamethasone in premature subjects. Published reports of high-dose dexamethasone 

effects on skeletal muscle are conflicting, with both no effect of dexamethasone on protein 

synthesis rate (Goudoever et al. 1994) or inhibited protein synthesis (Kim & Kim 1975) 

reported previously. Thus, the inconsistent reports on the effect of glucocorticoid on protein 

synthesis suggest the regulation of protein metabolism in the diaphragm is complex, and 

needs further exploration (Dardevet, Sornet & Grizard 1999; Shah, Kimball & Jefferson 

2000b). The absence of differences in the mediators of protein synthesis signalling in the 
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current study could be due to extreme variability present in the AKT phosphorylation level. 

Sensitivity analysis by removing those extreme outliers (according to three interquartile 

range rules) result in significant difference present in the preterm saline (p = 0.05) and 

dexamethasone lambs (p = 0.02) compared to term controls. Therefore, we cannot exclude 

the possibility that phosphorylated Akt content in protein synthesis pathway was not 

influenced by prematurity. However, the absence of any prematurity or dexamethasone 

effect on the downstream mediators of protein synthesis (mTOR, 4EBP1) also suggest no 

overall significant alterations in local protein synthesis regulations in adolescent respiratory 

muscle. 

8.5.3 Glucocorticoid-receptor and downstream target genes  

Glucocorticoids may negatively influence the protein synthesis pathway, as well as upstream 

insulin signalling directly via binding and activating glucocorticoid receptors. Intracellular 

glucocorticoid receptors, upon activation, translocate to the nucleolus to elicit a wide range 

of biological responses: from mitosis to apoptosis, and from metabolism to growth and 

development. Glucocorticoids exert genomic action via transcriptional regulation (Kuo et al. 

2012) and non-genomic action via increased association with PI3K (Hu et al. 2009). 

Therefore, we report the long-term effect of low-dose early postnatal dexamethasone 

exposure on protein metabolism and growth of respiratory muscle. The dexamethasone 

mediated down-regulation of IGF1 and IRS1 and up-regulation of Klf15 genes in the 

dexamethasone-treated preterm diaphragms compared to respective expressions of these 

genes in diaphragms of preterm saline and term controls is consistent with the previous 

reports on how the glucocorticoid receptor regulates its direct target genes (Hu et al. 2009; 

Morgan et al. 2009; Kuo et al. 2012; Kuo, Harris & Wang 2013). Overall, our results imply 

that the low-dose postnatal dexamethasone has a long-term subtle influence on growth and 

metabolism of the diaphragm; however, this influence does not disrupt glucocorticoid-

receptor-mediated overall regulation due to a balanced reciprocal change in the respective 

down and up-regulated targets.  

8.5.4 Myogenic regulatory factor genes 

Low-dose postnatal dexamethasone treatment did not alter MyoD and MyoG gene 

expression levels in preterm lamb diaphragm compared to term control lambs after two 

months postnatal age. Expression of the MyoD and MyoG genes is largely regulated by age 

(Fahey et al. 2005a). For example, these genes are highly expressed in postnatal and senile 

skeletal muscle but not in adult muscle (Musarò et al. 1995). Again, dexamethasone exerts 
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its metabolic effect in skeletal muscle and in other organs in age dependent manner (Savary 

et al. 1998). For example, dexamethasone suppresses myogenic differentiation in vitro by 

inhibiting MyoD and MyoG expression (Pansters et al. 2013). The current experimental 

design enables evaluation of the long-term prematurity effect or combined dexamethasone 

effect on MyoD and MyoG expression levels. The extreme outlier (as per three interquartile 

range rule) in the term control group of MyoD may have concealed any significant effect. 

Subsequent removal of that outlier after the sensitivity analysis presented a significant 

difference (p = 0.02) between preterm saline and dexamethasone group in MyoD 

expression. Therefore, it is likely that low-dose early postnatal dexamethasone had an age 

dependent effect on MyoD gene levels. However, current findings imply that postnatal 

dexamethasone does not perturb myogenic regulation in the adolescent (2 month corrected 

age) diaphragm muscle of the lambs. 

8.5.5 Long term effect of confounding variables on the preterm 

diaphragm 

Most of the preterm lambs (both in preterm saline and preterm dexamethasone-treated 

groups) required mechanical ventilation: the duration of mechanical ventilation depended on 

the clinical requirements of each lamb. Many of the NIV assigned lambs required extended 

re-ventilation for respiratory failure after early extubation. Furthermore, the severity of 

respiratory disease and requirement for ongoing ventilation differed between lambs. 

Therefore, it was important to consider whether the absolute duration of ventilation altered 

any molecular outcomes after low-dose dexamethasone treatment in the lamb diaphragm. In 

the current study, neither the initial mode of mechanical ventilation (2-way ANOVA) nor the 

duration of mechanical ventilation (Pearson bivariate correlation) had any significant effect 

on any molecular outcomes of the diaphragm at two months corrected postnatal age. 

However, the association between mechanical ventilation and diaphragm weakness is well 

substantiated from adult animal and clinical studies (Jaber et al. 2011a). Diaphragm 

inactivity incurred by mechanical ventilation produces severe injury and atrophy of 

diaphragm muscle fibre through the decreased cross-sectional area, increased oxidative 

injury and escalation of the proteolytic pathway (Tobin, Laghi & Jubran 2010). Different 

modes and setting of mechanical ventilation have a differential effect on respiratory muscles. 

The preterm diaphragm is immature at birth, hence likely to be more susceptible to 

ventilation induced injury. However, our finding contrasts with the outcomes of the 

randomised trials of NIV and MV showing; early NIV provides a better respiratory outcome to 

the children born preterm (Morley et al. 2008; Finer et al. 2010). The contrasting outcome 
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between the current preclinical study and the clinical studies may be due to species 

differences. Moreover, the infants included in the clinical trials were extremely preterm 

cohort (< 28 week GA) whereas the preterm lambs in this study represents late human 

preterm cohort. Therefore, it is not surprising that the gestational age when an intervention is 

initiated critically affects the long-term outcome. 

Undertaking a preclinical study with a large animal model focusing on perinatal physiology is 

challenging. Preterm lambs are susceptible to postnatal complications similar to preterm 

infants due to similar developmental trajectories and susceptibility to infection. Postnatal 

complications are multifactorial confounded with nutrition and other postnatal exposures as 

well as the impact of prenatal factors, gestational age, genetic and environmental 

predispositions. For these reasons, a controlled experiment with large animal models such 

as this is difficult to conduct and interpret. Most term infants are born by vaginal birth 

whereas the proportion of preterm infants born by caesarean is higher. The effects of vaginal 

vs caesarean birth are most profound in the 24 hours after delivery, rather than at 2 months 

age. The pragmatic approach adopted for the current experimental strategy is essentially 

simulate “true life” and term lambs represented the “ideal” lung development comparison. 

Furthermore, the potential effects of vaginal delivery of term lambs and caesarean delivery 

of preterm lambs and the differences in early postnatal managements between these two 

groups is expected to be inconsequential on the molecular properties of diaphragm after 2 

month period. 

The current study was unable to detect any gender-specific effect of postnatal 

dexamethasone on adolescent lamb diaphragm (Table 8.5). The average effect size of 

univariate analysis with gender as a random factor seems trivial. Moreover, the power of this 

study to identify gender difference was reduced substantially due to high initial mortality 

rates of the preterm lambs. The original plan of group size with n = 10 would have had 

sufficient power to detect moderate to large effects resulting from gender differences. Thus, 

the low power of the current study due to reduced group size might not be able to detect any 

trivial effect exerted by dexamethasone in a gender dependent manner. Moreover, we 

acknowledge the bias towards females in the final group composition partly due to higher 

rate of death of male preterm lambs with severe disease compared to females. 

In the current long-term study, mRNA analysis for preterm lambs was limited to 15 of the 24 

preterm lambs that survived up to two month corrected age. Extraction of mRNA from frozen 

diaphragm samples of preterm lambs was challenging due to low yield and poor quality of 

extracted RNA. The diaphragm is a fibrous tissue comprised of abundant tendons and 
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ligaments rich in lipids. This combination of fibrous and lipid-rich nature of diaphragm tissue 

obstructs the clean separation of RNA. Additionally, low cell density and the polynucleate 

nature of muscle tissue further confound the tissue homogenisation process which usually 

results in a low yield of RNA. However, the reason behind differential quantity and quality of 

RNA collected between term and preterm lambs is not clear. Thus, the reduced sample size 

of RNA analysis reduced the statistical power more than the protein outputs, particularly for 

detecting any sex effects of dexamethasone on gene expression levels. 

Taken together, the current study denotes that the preterm birth reduces 20s proteolytic 

response in adolescent diaphragm. Also, low-dose early postnatal dexamethasone used in 

this study has a subtle influence on glucocorticoid receptor mediated regulation without any 

major disruption in the overall regulation. In summary, this study does not show any 

significant harmful impact of either prematurity or contemporary postnatal low-dose 

dexamethasone treatment on molecular outcomes of adolescent respiratory muscle of 

lambs. We also did not see any long-lasting effect of mechanical ventilation on diaphragm at 

two-month postnatal age. These findings support the use of low-dose dexamethasone as a 

safe treatment to treat preterm respiratory disease for long-term beneficial outcome. 
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9. General discussion 

 

9.1 Overview 

Despite improved survival rates of preterm infants due to advances in perinatal care, preterm 

birth-associated morbidity remains the second leading cause of child death. Preterm birth-

associated morbidity includes respiratory dysfunction caused by an under-developed 

respiratory system. While the role of the lung is well understood in preterm respiratory 

dysfunction, the current understanding of the role of the diaphragm is very limited. As the 

diaphragm is the respiratory muscle responsible for establishing independent ventilation 

immediately after birth, understanding the molecular mechanisms of diaphragm development 

and growth in the peri-viable period is important. The preclinical studies presented in this 

thesis aimed to assess the molecular aspects of development, growth, metabolism, 

inflammation and oxidative status of the preterm diaphragm in response to common 

perinatal exposures. 

Using a preterm ovine model, this thesis examined multiple facets of diaphragm 

development and growth, in relation to the following common perinatal exposures: i) 

antenatal betamethasone in fetal lambs (Chapter 5); ii) in utero inflammation in the acute 

neonatal period (Chapter 6); iii) postnatal dexamethasone in the acute neonatal period 

(Chapter 7); and iv) postnatal dexamethasone in the long-term postnatal period (Chapter 8). 

The influence of other postnatal exposures, including the duration of mechanical ventilation 

(Chapters 6, 7, and 8) and nutritional protein intake (Chapters 5 and 6) on the postnatal lamb 

diaphragm were also assessed as confounders of outcome and discussed. This final chapter 

summarises the outcomes of four experimental studies on the prevalent perinatal exposures 

on the preterm ovine diaphragm, explores relevant clinical implications, outlines general 

limitations, and suggests areas of future investigation.  
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9.2 Thesis findings 

9.2.1 Effect of antenatal betamethasone on the fetal diaphragm of 

preterm lambs 

In case of anticipated preterm labor, two IM doses of betamethasone (each 11.4 mg, 24-

hours apart) are routinely administered to expectant mothers to improve neonatal respiratory 

outcomes. In preterm lambs, a reduction in the antenatal dose of betamethasone to 50 % of 

the routine human clinical dose is sufficient to produce lung maturation (Kemp et al. 2016; 

Loehle et al. 2010). As the effect of low-dose maternal steroids on the fetal diaphragm is 

unknown, the first study of this thesis measured the influence of dose-delivery interval (2-day 

and 14-day) of low-dose antenatal betamethasone exposure on the fetal diaphragm to 

evaluate the functional properties and molecular markers of muscle growth, development, 

metabolism and oxidative status. Neither short (2-day) nor long (14-day) exposures to low-

dose betamethasone had any detrimental effect on the fetal diaphragm properties of the 

preterm lambs. The absence of a negative effect of low-dose steroid exposure on the 

markers of diaphragm development and function is important considering ongoing concerns 

about adverse effects (such as fetal growth restriction and neuro-developmental delays) of 

the routine high-dose antenatal steroid in preterm animals and infants (Antonow-Schlorke et 

al. 2003; Chang 2014).  

In addition to antenatal steroids, chorioamnionitis is another common exposure for the 

preterm fetus. After exploring the effect of antenatal steroid on the fetal diaphragm, the 

second study of this thesis aimed to elucidate the effect of intrauterine inflammation on the 

diaphragm during the acute postnatal phase. An antenatal LPS protocol was used to mimic 

chorioamnionitis in the preterm lambs. The aim was to determine if in utero inflammation-

induced preterm diaphragm dysfunction that is present at birth (Song et al. 2013b,c;; 

Karisnan et al. 2015a,b; Karisnan et al. 2017) persists in the acute postnatal period.  

9.2.2 Effect of antenatal inflammation on the postnatal diaphragm 

of preterm lambs 

The influence of in utero LPS exposure 2-day before premature birth on the postnatal ovine 

diaphragm was assessed. Functional and structural characteristics, as well as molecular 

markers of local inflammation, protein metabolism, oxidative status and the developmental 

gene expression profile of the diaphragm, were not affected in the acute (7-day) postnatal 



 

198 
 

period after in utero LPS exposure. However, lambs exposed to LPS-induced in utero 

inflammation were more reliant on mechanical ventilation in the preclinical intensive care unit 

compared to control (saline exposed) lambs. Thus, the current findings imply that the LPS-

induced diaphragm weakness at birth does not persist in early postnatal life, possibly due to 

early postnatal adaptation. While these findings add to our understanding of the effects of in 

utero inflammation on the diaphragm in the acute postnatal period of preterm lambs, the 

effect of intrauterine LPS on the preterm lung is still unknown. Thus, the combined 

information on the effect of intrauterine LPS on the lung and the diaphragm would allow a 

comprehensive understanding of the preterm respiratory status consequent to antenatal 

inflammation.  

Preterm infants who do not display significant respiratory disease at birth may still develop 

progressive respiratory failure over the first week of life due to their vulnerable and immature 

pulmonary system (Bland 2005; Islam et al. 2015). Postnatal glucocorticoid treatment is 

used as a rescue therapy for severe respiratory distress syndrome which require high 

ventilatory pressures and a very high oxygen requirement. Despite the immediate 

improvements of pulmonary function, postnatal glucocorticoid administration is associated 

with several short-term adverse effects in preterm infants such as hyperglycaemia, 

hypertension, hypertrophic cardiomyopathy, gastrointestinal bleeding and gastrointestinal 

perforation (Stark et al. 2001a; Shinwell 2003). The precise effect of postnatal 

dexamethasone on the respiratory muscles during the acute postnatal period remains 

obscure: the third study of this thesis aimed to elucidate the effect of postnatal 

dexamethasone in the preterm ovine diaphragm. 

9.2.3 Short-term effect of postnatal dexamethasone on the preterm 

diaphragm 

The third study of this thesis assessed the short-term effects of low-dose and high-dose 

postnatal dexamethasone on the preterm ovine diaphragm. The local protein metabolism, 

muscle growth (GR and direct target genes associated with metabolism) and development 

(MRF and MHC genes) of the diaphragm consequent to early postnatal dexamethasone 

were examined in the acute postnatal phase. Both low-dose and high-dose dexamethasone 

reduced the activity (PmTOR) of the protein metabolism signalling cascade but did not 

change all other upstream and downstream mediators (Akt, 4EBP1) of this cascade. 

Paradoxically, high-dose dexamethasone increased the expression of genes involved in 

muscle growth (IGF1, p85α) and development (MHCI, IIa) and increased one of the markers 

of local inflammation (IL6). In addition, low-dose and high-dose dexamethasone exerted an 
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inconsistent and selective oxidative stress response, that was not detrimental to 1-week old 

ovine diaphragm function (Christine Astell, unpublished data). The current study shows that 

low-dose dexamethasone attenuates fewer molecular parameters of growth, development, 

metabolism and oxidative capacity of neonatal respiratory muscle than high-dose 

dexamethasone. This finding is consistent with clinical evidence that low-dose 

dexamethasone is safer than high-dose dexamethasone for the treatment of preterm 

respiratory disease (Tanney et al. 2011; Yates & Newell 2011). Exploring the long-term 

effect of low-dose early postnatal dexamethasone on the adolescent diaphragm in the future 

would be useful because there are conflicting reports on the long-term pulmonary outcomes 

of preterm infants due to postnatal glucocorticoid (Smith et al. 2011; Qin et al. 2017).  

9.2.4 Long term effect of postnatal dexamethasone on the term and 

preterm diaphragm 

The fourth study of this thesis assessed the long-term effects of preterm birth and early 

postnatal low-dose dexamethasone on the ovine diaphragm. Gene expression and protein 

content of diaphragm protein metabolism, growth and development were analyzed in two-

month-old diaphragm samples of preterm lambs with or without postnatal dexamethasone 

relative to term lambs. Neither prematurity nor the contemporary postnatal dexamethasone 

regimen used in this study had any significant detrimental effect on protein metabolic 

pathways, expression of genes for growth and development, or the cellular oxidative status 

of the diaphragm two months after birth. However, the diaphragm of preterm lambs after two 

months (corrected age) showed reduced 20S proteolytic activity compared to the diaphragm 

of term-born lambs, suggesting a persistent postnatal adaptation in preterm lambs. Postnatal 

low-dose dexamethasone did not appear to exert any effect on the proteolytic response in 

the preterm lambs, as no differences were observed between preterm saline and preterm 

dexamethasone lambs.  

The possibility of postnatal adaptations of preterm and term lambs being different is not likely 

due to the absence of any direct effect of prematurity between term control and preterm 

saline lambs for any other molecular parameters measured except for 20S proteasome 

activity. Furthermore, overall glucocorticoid receptor-mediated regulation in two-month-old 

diaphragm was constant due to a balanced reciprocal change in the respective down and 

up-regulated targets of the glucocorticoid receptor. It is possible that a larger sample size 

may detect a prematurity effect. Alternatively, dexamethasone may exert direct effects on 

the diaphragm muscle independent of preterm birth. Unfortunately, the independent effect of 

dexamethasone (not influenced by prematurity) on diaphragm muscle could not be 
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confirmed in the current experimental model without comparison with a term dexamethasone 

group. Altogether, the significant molecular differences detected in the current study, along 

with the unaltered diaphragm function and structure (Christine Astell, unpublished data) 

suggest low-dose early postnatal dexamethasone exposure is not detrimental to preterm 

respiratory muscle. Furthermore, no long-lasting effect of mechanical ventilation on the 

diaphragm was observed after two months postnatal age. These findings support the 

beneficial role of low-dose dexamethasone for positive long-term pulmonary outcomes in 

preterm infants. 

9.3 Wider implications 

The optimal dosing of antenatal glucocorticoids still remains unknown, despite initial studies 

showing benefits first appearing in the literature over 40 years ago (Liggins & Howie 1972). 

The reported duration of the beneficial effects of antenatal steroids ranges from 24 hours to 

7 days after initiation of treatment (Bonanno & Wapner 2009). Consequently, treating a large 

proportion of pregnant women (50 %) who remain undelivered two weeks after initial 

antenatal steroid treatment (Modi et al. 2001, Crowther et al. 2015) is challenging for 

clinicians. Hence, many clinicians administer repeat courses of antenatal steroids. However, 

excessive fetal exposure to steroids is associated with growth restriction and perturbed 

organ development in preterm subjects (Jobe et al. 1998; Aghajafari et al. 2002; French et 

al. 2004; Moss et al. 2005). Thus, optimising antenatal steroid dosing for the maximal 

beneficial outcome whilst minimising side-effects is urgently required. 

The dose-response of antenatal glucocorticoids depends on heterogeneous factors including 

pharmacokinetic properties of drugs, species, and the number of fetuses in utero (Ballabh et 

al. 2002; Kemp et al. 2016). For example, routine clinical doses of antenatal betamethasone 

frequently induce preterm labour in pregnant ewes but not in humans (Liggins et al. 1971; 

Wu et al., 2001). As betamethasone continues to exert effects on the fetus long after the 

maternal circulating betamethasone levels decline (Kemp et al. 2016), the effects of shorter 

(2-day) or longer (14-day) antenatal exposures to betamethasone in the current study may 

be useful to redefine the optimal dosing strategy for antenatal steroids. The current finding 

that antenatal betamethasone does not affect fetal diaphragm combined with positive lung 

outcome due to low-dose antenatal betamethasone (Kemp et al. 2016; Loehle et al. 2010), 

suggest a 50 % reduction in the routine clinical dose, may retain fetal maturational effects 

without harm. However, a rigorous evaluation of current versus reduced antenatal 

glucocorticoid doses for preterm infants is necessary to validate this speculation. 
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The second study showed the increased reliance on mechanical ventilation of IA LPS 

exposed preterm lambs did not affect the molecular properties of the diaphragm during the 

acute postnatal period. Rather, mechanical ventilation may have protected the diaphragm 

from LPS-induced dysfunction similar to the sepsis condition in adult rats (Ebihara et al. 

2002). The exact mechanism underlying the protective effect of mechanical ventilation on 

the septic diaphragm is not clear. Mechanical ventilation does not reduce the oxidative and 

nitrosative stress that occur during sepsis (Ebihara et al. 2002). Instead, mechanical 

ventilation might protect the contractile apparatus from injury by reducing the mechanical 

stress on myofibres inherently associated with spontaneous breathing efforts. Thus, the 

combined effects of inflammation, sepsis, and mechanical ventilation might be mediated by 

the complex interaction between the diaphragm contractile apparatus and factors such as 

oxidative capacity, local and systemic immune responses. These factors are profoundly 

influenced by the developmental phase and the workload of breathing after birth. Thus, 

increased dependency on mechanical ventilation of IA LPS exposed lambs in the current 

study could be related to independent breathing difficulties. The assumption could be 

confirmed by evaluating lung outcomes in a similar context.  

Both antenatal and postnatal inflammation have strong and complex associations with 

preterm birth and neonatal outcomes. Both antenatal and postnatal endotoxin exposures 

enhance the pathological inflammatory responses of the neonatal brain and pulmonary 

system (Bhandari 2014; Yanni et al. 2017). The mechanism of inflammation-induced injury is 

multi-faceted. Hence it is not clear if severe inflammatory cascades or the timing of LPS 

injection at a critical developmental phase is the actual predictor of injury. Conversely, 

antenatal inflammation may protect against injury mediated by postnatal inflammation 

(Lahra, Beeby & Jeffery 2009; Gisslen et al. 2014; Choi et al. 2016). The protective effect of 

antenatal inflammation may be related to endotoxin tolerance. However, local or systemic 

inflammation induced by different modes of LPS exposure may generate a differential 

immune response (Kallapur et al. 2007b; Gisslen et al. 2014). For example, fetal 

inflammatory response syndrome leads to a more pronounced risk of developing BPD than 

local IA inflammation (Yoon et al. 1999). Animal studies show that the different agonists and 

modes of administration of LPS produce different relative specificity or potency of response 

(Kallapur et al. 2014). Thus, in the second study, IA LPS induced local inflammation may 

have primed the immune response to protect the preterm respiratory muscle against the 

pathological effects of inflammation. 

The first report of effective treatment of mechanical ventilation-dependent BPD using 

postnatal dexamethasone (Mammel et al. 1983) was over three decades ago. To date, the 
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optimum dose of postnatal steroids in the treatment of preterm infants remains unclear. This 

ambiguity is problematic for clinicians as it impedes timely decision making regarding the 

risk: benefit ratio of steroid treatment. Clinicians frequently administer glucocorticoids in the 

early postnatal period to treat severely sick preterm neonates in perinatal care (Doyle et al. 

2017; Nuytten et al. 2017; Virkud et al. 2017). Despite the immediate improvement in 

patient’s ventilation, the use of early postnatal glucocorticoids increases the risk of cerebral 

palsy (Shinwell 2003; Islam et al. 2015). Consequently, the European consensus guideline 

(Sweet et al. 2017) recommends reserving postnatal glucocorticoid use for the infants who 

are ventilator dependent after the first 7- 14 days of life. However, such delays in initiating 

postnatal glucocorticoid use may potentially expose preterm infants to adverse effects of 

prolonged mechanical ventilation, necessitating protracted or repeated glucocorticoid 

treatment for successful extubation. Thus, the early postnatal glucocorticoid regimen used in 

the third study was specifically chosen to evaluate its effect on the neonatal diaphragm. The 

current finding provides important perspectives for clinicians to explore the effect of low-dose 

early postnatal dexamethasone on overall respiratory and lung outcomes of preterm infants.  

The fourth study assessing the long-term effect of low-dose early postnatal dexamethasone 

exposure on adolescent respiratory muscle evaluated the persisting effects of 

dexamethasone and mechanical ventilation on respiratory muscle after the intervention is 

withdrawn. No other large animal study to date has investigated the long-term effects of 

dexamethasone. The findings of this study suggest an element of recovery in the course of 

development, growth, and maturation. While preterm infants are often provided with for high-

quality service in tertiary neonatal centres, the adult health consequences of preterm birth 

are poorly monitored. To mitigate the long-term health risks of prematurity and improve the 

quality of childhood and adulthood of preterm infants, understanding the long-term impact of 

perinatal exposures on respiratory organs through basic research of this kind is pivotal. 

9.4 Limitations and future directions 

The appreciation of antenatal and postnatal inflammation as pathogenic factors of BPD is 

increasing, particularly given the advances in perinatal care such as lower levels of oxygen 

supplementation and the increasing use of non-invasive ventilation. Unfortunately, the 

second study could not confirm the presence of postnatal inflammation although several 

preterm lambs displayed symptoms consistent with postnatal infection, including 

hypothermia, fever, vomiting, hypotension, and neutropenia or neutrophilia. Postnatal sepsis 

could not be confirmed as routine blood cultures were not obtained and lambs were on 
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continuous intravenous antibiotics. White blood cell counts are dependent on the time blood 

samples are taken prior to the onset of postnatal sepsis. It is difficult to detect the exact 

timing of onset of postnatal sepsis. Nonetheless, independent and combined effects and 

mechanisms of prenatal and postnatal inflammation on the developing diaphragm are 

important to elucidate, because it will improve understanding of the inflammatory mechanism 

and its overall implications in perinatal physiology. Elucidating this complex interaction and 

mechanism of inflammation in a large animal model will encourage extending and applying 

the knowledge to treat inflammation-induced preterm diseases. 

Preterm newborn lambs in the third study were managed with routine clinical strategies 

according to animal ethics guidelines. The duration of mechanical ventilation for low-dose 

and naïve dexamethasone lambs varied according to individual clinical requirements, and 

these lambs received graded de-escalation of respiratory support. For the high-dose 

dexamethasone group, four lambs were treated with the same graded de-escalation of 

respiratory support, while three lambs received 96-hour of mandatory mechanical ventilation 

before de-escalation of respiratory support. All lambs were combined into a single group due 

to lack of any significant difference in the diaphragm properties of the three high-dose 

dexamethasone lambs receiving longer duration of mechanical ventilation compared to the 

four high-dose dexamethasone lambs with shorter duration of respiratory support. However, 

our statistical comparison is likely underpowered by low sample size (n = 4 and n = 3). The 

reason behind the differential respiratory support of the lambs in the same high-dose 

dexamethasone group is that the lambs which received 96-hour of mandatory mechanical 

ventilation were initially part of a long-term study. The high mortality rate of the lambs from 

high-dose dexamethasone treatment of the long-term study triggered the decision to 

abbreviate the initially long-term animals to the short-term study for ethical and logistic 

reasons. Changing the study design enabled the relevant and contemporary comparison of a 

low-dose and high-dose of dexamethasone on early postnatal diaphragm outcomes of the 

lambs born preterm. Although the high-dose dexamethasone treatment in the early postnatal 

period after preterm birth caused the imminent decline of life, no severe diaphragm 

dysfunction was observed in the acute postnatal phase. The reason for this paradoxical 

effect is unclear. However, it may be because the high-dose dexamethasone exerts an 

immediate detrimental effect on immature lungs, brain, and heart which are more crucial for 

the survival of preterm lambs rather than the diaphragm. 
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9.5 Conclusion 

A novel preclinical approach that couples large animal model of human health with molecular 

assays is embraced in this thesis to address clinically important questions for perinatal care. 

This thesis provides no evidence of a detrimental effect of low-dose antenatal 

betamethasone on the fetal diaphragm, antenatal inflammation on the postnatal diaphragm, 

or the short-term and the long-term effects of low-dose postnatal dexamethasone on the 

postnatal diaphragm of preterm lambs. These findings are relevant to the contemporary 

perinatal research field where safe, low-dosing glucocorticoid strategies that generate a 

beneficial response with minimal side-effects are a clinically relevant goal. The novel data 

generated in this thesis on the influence of prenatal and postnatal preclinical exposures on 

developing respiratory muscle reiterate the importance of the integrity of respiratory muscle 

for the sound pulmonary function of preterm infants. Additionally, these findings provide 

important perspectives for clinicians to explore the effectiveness of low dosing strategies to 

mitigate preterm reparatory complications accounting for the maximal outcome for lungs and 

respiratory muscle. The summary of current thesis findings and implications are described in 

Table 9.1 following section.
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9.6 Thesis Summary 

Table 9.1. Thesis summary table 

What was known and gap of knowledge What this thesis adds  Future research 

 Pregnant women at high risk of preterm 

delivery, routinely receive glucocorticoids 

to accelerate fetal lung maturation and 

surfactant synthesis. 

 The aantenatal dose of betamethasone 

50% lower than the routine human 

clinical dose is sufficient to produce lung 

maturation in sheep without any 

significant negative effect (Kemp et al. 

2016; Loehle et al. 2010). 

 There is evidence of impaired term 

diaphragm function due to high-dose 

maternal steroid (Song et al. 2014) and 

conflicting impact of maternal steroids on 

fetal skeletal muscle (Blanco et al. 2014; 

Jellyman et al. 2012). 

 Neither longer nor shorter delivery-

intervalof low-dose maternal steroid 

has any significant, detrimental effect 

on the development, growth, 

metabolism and functional properties of 

the fetal diaphragm. 

 Our finding further encourages to 

explore the use of low-dose maternal 

steroid for preterm infants in clinical 

settings and subsequently consider the 

low-dose maternal steroid as a routine 

human clinical dose in the treatment of 

preterm birth. 

 Further studies are needed to explore if 

the early and late postnatal development 

of diaphragm are influenced by low-dose 

and high-dose maternal steroid. 
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 However, the effect of low-dose maternal 

steroid on fetal diaphragm was unclear. 

 In utero inflammation, a common 

exposure among preterm infants and 

severely compromises fetal diaphragm 

integrity ( Song et al. 2013b,c; Karisnan 

et al. 2015a,b; Karisnan et al. 2017). 

 However, the impact of in utero LPS 

exposure on the postnatal diaphragm 

was still unknown. 

 

 Fetal diaphragm weakness induced by 

IA LPS exposure did not persist after 

one week of postnatal life. 

 The diaphragm adapts rapidly to the 

marked increase in workload 

associated with the transition from fetal 

to postnatal life in the first 7-day after 

preterm birth. 

 LPS exposure increased dependency 

on mechanical ventilation in the 

intensive care unit without any overt 

detrimental effect. 

 Exploration of prenatal and postnatal 

inflammation on developing respiratory 

system in large animal model would be 

informative for perinatal physiology. 

 Postnatal glucocorticoid administration in 

preterm infants improves short-term 

pulmonary function, reduces lung 

inflammation and accelerates early 

extubation from mechanical ventilation. 

 The postnatal glucocorticoid therapy also 

causes short-term adverse effects. 

 Glucocorticoid induces diaphragm 

atrophy and weakness in adult animal 

 Low-dose dexamethasone does not 

compromise molecular properties of 

diaphragm muscle at 7-day PNA. 

 Mechanical ventilation and nutrition are 

important postnatal factors that can 

influence diaphragm property in the 

acute postnatal phase 

 This finding is consistent with clinical 

evidence that low-dose dexamethasone 

 Time course experiments to explore 

combined effect of antenatal and 

postnatal glucocorticoid on diaphragm 

would reveal detail information on the 

development of molecular components 

that regulate respiratory muscle 

metabolism, growth and development. 
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models (Sasson et al. 1991; Eason et al. 

2000; Maes et al. 2011; Qin et al. 2013) 

 In vivo animal studies and in vitro studies 

report contrasting outcomes after 

glucocorticoid exposure on skeletal 

muscle depending on the dose and 

duration regimen. 

 However, the short-term effect of 

postnatal dexamethasone on respiratory 

muscle was still unknown. 

is a safer choice to that of high dose to 

treat the respiratory disease of preterm 

neonates 

 Randomised clinical trial studies report 

conflicting impact of postnatal 

glucocorticoid on the long-term 

pulmonary outcome of preterm infants 

(Smith et al. 2011; Qin et al. 2017) and 

persistent adverse effects on different 

organ systems from animal studies. 

 However, there is very limited research 

on the long-term effect of postnatal 

glucocorticoid on skeletal muscle 

especially effect on respiratory muscles 

was unknown. 

 Neither prematurity nor the early 

postnatal low-dose dexamethasone 

treatment significantly perturbs 

metabolic, developmental or growth 

regulations of the two-month-old 

diaphragm of lambs born preterm.. 

  Long term effect of low-dose early 

postnatal dexamethasone on respiratory 

system of preterm infants needs to be 

explored.  
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