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SUMMARY 

Worldwide, approximately 10% of all births are preterm (defined as delivery prior to 37 

completed weeks of gestation).  Preterm birth is the leading cause of perinatal mortality 

and morbidity, which may be attributed to the structural and functional immaturity of a 

number of organ systems after birth.  In the kidney, nephrogenesis (the development of 

nephrons) is ongoing in late gestation, with the final complement of nephrons normally 

only formed by 32-36 weeks gestation.  Therefore, in infants born preterm, the 

development of the kidney is often still ongoing at the time of birth; it is unknown, 

however, what effect this may have on renal development.  In addition, the preterm 

infant may be exposed to a number of factors in the extrauterine environment (such as 

supplemental oxygen therapy and exposure to nephrotoxic medications) that may further 

influence renal development, and may also lead to renal injury.  It was therefore 

hypothesised that preterm birth (and/or related factors in the postnatal care of the 

preterm neonate after birth) would adversely affect renal development and function in 

the neonatal period.  To address this hypothesis, studies of structural and functional renal 

development in human preterm neonates, as well as in preterm baboon, preterm lamb 

and neonatal mouse models, were undertaken.   

The aims of the first two experimental studies reported in this thesis were to determine 

the effects of preterm birth on renal function (Chapter 2) and renal morphology (Chapter 

3) in human neonates.  The preterm neonatal kidney was shown to be functionally 

immature during the first month of life, with a lower rate of creatinine clearance and 

higher sodium and protein excretion than neonates born at term.  Renal maturity was the 

major determinant of renal functional capacity; however, pathological proteinuria and 

high urinary neutrophil gelatinase associated lipocalin (NGAL) levels suggested that 

postnatal renal injury had also occurred in some neonates. The results of Chapter 3 

demonstrated that nephrogenesis was ongoing in the extrauterine environment following 

preterm birth.  Evidence of accelerated renal maturation, glomerular hypertrophy, and 

abnormal glomerular morphology suggest, however, that the ongoing nephrogenesis may 

have been impaired.  Dilation of glomerular capillaries was also observed in the lamb 

kidney following preterm birth (Chapter 4); if this persists, it is probable that glomerular 
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hypertrophy may in the long term result in glomerulosclerosis and subsequent nephron 

loss.   

In Chapters 5 and 6 of this thesis, specific factors commonly involved in the postnatal care 

of the preterm neonate were investigated as possible causes of impaired renal 

development.  As reported in Chapter 5, exposure to moderate hyperoxia (65% O2) did 

not appear to have any effect on postnatal nephrogenesis in a neonatal mouse model; 

there was no change in the maturation of glomeruli, and nephron endowment was within 

the normal range.  In early adulthood, however, glomerular hypertrophy was evident in 

the hyperoxia-exposed animals, which suggests the possibility of an underlying 

impairment in vascular development and/or injury.  As shown in Chapter 6, early 

postnatal treatment with the nephrotoxic medication ibuprofen (commonly used in the 

treatment of a patent ductus arteriosus in preterm neonates) resulted in a significant 

reduction in nephrogenic zone width; this may imply the early cessation of 

nephrogenesis.  

Overall, the findings of this series of studies suggest that the nephrogenic potential of the 

preterm neonate is not being reached after birth.  Ultimately, this may result in a deficit 

of functional nephrons in the preterm kidney, which is likely to have an adverse effect on 

both the short and long-term renal health of individuals born preterm.  It is essential that 

future research be focused on the identification of factors that adversely influence 

development of the preterm kidney, in order to develop strategies that can be 

implemented in the neonatal intensive care setting to optimise postnatal renal 

development.   
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PRETERM BIRTH 

 

1.1 EPIDEMIOLOGY OF PRETERM BIRTH  

1.1.1  DEFINITION 

Preterm birth is defined as birth prior to 37 completed weeks, or 259 days, of gestation 

(WHO, 1992).  As shown in Figure 1.1, preterm birth can be further subdivided according 

to severity (Goldenberg et al., 2008): near term (34-37 weeks gestation), moderately 

preterm (32-33 weeks gestation), very preterm (28-31 weeks gestation), and extremely 

preterm (less than 28 weeks gestation).  Twenty-three weeks of gestation is considered to 

be the limit of viability for a preterm neonate, with the recommended clinical practice for 

infants born prior to this age, and those at less than 400 g body weight, being the 

provision of palliative care only (AHA and AAP, 2006).   

Gestational age is conventionally determined by the timing of the mother’s last menstrual 

period (WHO, 1992).  For the most accurate assessment of gestational age, ultrasound 

measurements of fetal growth during pregnancy, as well as assessments of the physical 

and neurological maturity of the neonate after birth may also be made, such as through 

use of the Dubowitz clinical assessment criteria (Dubowitz et al., 1970). 

 

Figure 1.1: Preterm birth is defined as birth prior to 37 completed weeks of gestation, and is  
further subdivided according to severity: 23 weeks is considered the limit of viability for a preterm 
neonate, with neonatal/fetal death occurring before this time; 23-27 weeks extremely preterm; 
28-31 weeks very preterm; 32-33 weeks moderately preterm; 34-37 weeks near term.  Term 
infants are born after 37 completed weeks of gestation.   
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1.1.2  INCIDENCE 

Preterm birth currently accounts for 8.2% of all births in Australia (Laws et al., 2010), and 

12.3% in the USA (Mathews et al., 2011).  Worldwide, the rates of preterm birth average 

9.6% which equates to 12.9 million births annually (Beck et al., 2010).  In developing 

countries, however, the incidence of preterm birth is generally higher; for example, the 

rate of preterm birth in southern Africa is 17.5% (Beck et al., 2010).   

Within Australia, rates of preterm birth are highest within the Aboriginal and Torres Strait 

Islander population, with 13.3% of Indigenous babies born preterm compared to 8.0% in 

the non-Indigenous population (Laws et al., 2010).  Of all Australian states and territories 

in 2008, the highest rate of preterm birth (9.8%) was in the Northern Territory, with the 

lowest rate (7.5%) in New South Wales (Laws et al., 2010).  The majority (56.7%) of 

preterm births in Australia were of twins and higher order multiple births, whereas just 

6.6% of singletons were preterm (Laws et al., 2010).   

In general, the proportion of preterm births is different for each gestational age category, 

with the majority of preterm births being near-term; approximately 60-70% of preterm 

births are at 34-36 weeks gestation, 20% at 32-33 weeks, 15% at 28-31 weeks, and just 

5% of preterm births are at less than 28 weeks gestation (Goldenberg et al., 2008).  In 

Australia, 6.5% of the total births in 2008 were at 32–36 weeks gestation, 0.8% were at 

28–31 weeks gestation, and 0.9% at 20–27 weeks gestation (Laws et al., 2010), 

demonstrating that there was a very similar percentage of babies born extremely and 

very preterm.  It needs to be taken into account, however, that the babies born prior to 

23 weeks gestation would not have survived.   

Importantly, the incidence of preterm birth continues to rise worldwide (Martin et al., 

2006; Shennan and Bewley, 2006; Tracy et al., 2007).  The rates of preterm birth in 

Australia have risen from 6.4% in 1990 to 8.2% in 2008 (Roberts and Lancaster, 1999; 

Laws et al., 2010), and similarly in the USA rates have increased from 10.6% to 12.3% over 

the same time period (Heron et al., 2010; Mathews et al., 2011).  This increase in rates is 

largely attributed to the escalating use of assisted reproductive therapies, which has 

increased the number of multiple births, and in addition, the rise in the number of 

deliveries following clinical intervention (Slattery and Morrison, 2002; Goldenberg et al., 
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2008).  Shennan and Bewley (2006) have also suggested that more accurate assessments 

of gestational age in recent times may also be contributing to the rising percentage of 

neonates classified as being preterm.          

1.1.3  CAUSES OF PRETERM DELIVERY 

Preterm birth may occur due to the spontaneous onset of preterm labour, premature 

pre-labour rupture of membranes (PPROM), or may be clinically indicated due to 

maternal and/or fetal health risks; in each of these cases, the birth of the infant may be 

by vaginal or caesarean delivery (Goldenberg et al., 2008).  The majority of preterm births 

(approximately 40%) occur due to spontaneous preterm labour, 25% occur following 

PPROM, and 35% are clinically indicated (Goldenberg et al., 2008).   

The cause of preterm birth is often multifactorial in origin.  As reviewed by Goldenberg et 

al. (2008), a large number of risk factors for spontaneous premature labour and PPROM 

have been identified.  These include: maternal race (highest risk in black and Indigenous 

women, lowest risk in Hispanic and east Asian women), previous preterm delivery, a short 

time interval between pregnancies, low maternal body mass index, maternal smoking, 

multiple pregnancy, maternal stress, and also maternal medical conditions such as 

depression, cervical incompetence, thyroid disease, asthma, diabetes, and hypertension.  

The most significant contributor to preterm birth is intrauterine infection (including 

chorioamnionitis), which may be involved in up to 40% of preterm births (Goldenberg et 

al., 2000).  Clinical indications for preterm delivery include risk factors for maternal and 

fetal health such as pre-eclampsia, placental abruption, placenta praevia, 

chorioamnionitis, intrauterine growth restriction (IUGR) and abnormal amniotic fluid 

levels (oligohydramnios or polyhydramnios); in these cases labour will be medically 

induced, or an emergency caesarean will be performed.     

1.1.4  MORBIDITY AND MORTALITY 

SURVIVAL RATES 

Approximately 75% of perinatal deaths occur in neonates that were delivered preterm 

(Slattery and Morrison, 2002).  Rates of survival are strongly associated with gestational 
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age at birth, with the most immature neonates having the highest risk of perinatal 

mortality.  Infants born very preterm (28-31 weeks gestation) have survival rates at 

approximately 80%, whereas moderately preterm and near-term infants (born after 32 

weeks gestation) have survival rates similar to term infants, at near to 100% (Slattery and 

Morrison, 2002).  In neonates born extremely preterm (less than 28 weeks gestation), 

there is a significant drop in survival rates with every one week reduction in gestational 

age at birth; survival rates for neonates born at 23 weeks gestation are approximately 

20%, whereas 60% of neonates at 26 weeks gestation survive the perinatal period 

(Slattery and Morrison, 2002).   

Survival rates have significantly increased over the last two decades due to technological 

advancements and improvement in clinical care practices, in particular due to the 

administration of surfactant and antenatal glucocorticoids which aid lung maturation and 

function (Roberts and Dalziel, 2006; Stevens et al., 2007).  There is still much variation, 

however, in mortality rates between different countries, and also between hospitals 

within the same regions depending on their level of neonatal care (Saigal and Doyle, 

2008).  In studies conducted by the Victorian Infant Collaborative Study Group (Australia), 

the survival of infants born extremely preterm at 24 weeks gestation increased from 12% 

in 1985-1987 to 33% in 1991-1992, and further increased to 41% by 1997 (Doyle, 2004; Yu 

and Doyle, 2004).  Importantly, survival has also recently become possible for those 

neonates born at earlier gestational ages.  In those neonates born as young as 23 weeks 

gestation, there were no survivors in 1985-87, however 10% survived in 1991-1992, and 

41% survived in 1997 (Doyle, 2004; Yu and Doyle, 2004).  The most common causes of 

death in preterm neonates are related to infection, respiratory disease and cardiovascular 

disease (Barton et al., 1999; Elder and Zuccollo, 2005; Kitsantas, 2008). 

COMMON MORBIDITIES  

Although the mortality rates of preterm neonates have significantly decreased over time, 

there has been little change (or even an increase) in the percentage of neonates who 

suffer either neonatal (de Kleine et al., 2007; Fanaroff et al., 2007) or long-term (Yu and 

Doyle, 2004) disability or disease.  Compared to term-born infants, preterm neonates 

have significantly higher rates of illness and disease in the neonatal period; common 
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conditions include respiratory distress syndrome, early and late-onset sepsis, 

intraventricular haemorrhage, patent ductus arteriosus, and necrotising enterocolitis 

(Fanaroff et al., 2007).     

In the long-term, survivors of preterm birth suffer a multitude of both physical and 

neurological problems, which include: sensory loss (deficits in sight or hearing), cerebral 

palsy, cognitive deficits and behavioural problems (learning difficulties), respiratory 

disease, impaired growth, and functional disabilities (Hack, 2006; Moster et al., 2008; 

Saigal and Doyle, 2008).  The risk of long-term disease is strongly correlated with 

gestational age at birth; in a cohort of 903,402 subjects born in Norway between 1967-

1983 and assessed in 2003 (aged 20-36 years), 10.6% of those born at less than 28 weeks 

gestation, 8.2% born at 28-30 weeks, 4.2% at 31-33 weeks, and 2.4% at 34-36 weeks 

gestation were classified as having a medical disability that severely affected working 

capacity  (Moster et al., 2008).     

 

1.2  PHYSIOLOGY OF PRETERM BIRTH 

1.2.1  HAEMODYNAMIC CHANGES AT BIRTH 

At the time of birth, and in the early postnatal period, major transitional events occur as 

the neonate adjusts to extrauterine life.  This transition involves significant changes in 

both the structure and function of the fetal vasculature and organs. 

CARDIOVASCULAR CIRCULATION     

The most prominent of these changes is the transition from a parallel (fetal) to an in-

series (adult) cardiovascular circulation.  The clamping of the umbilical cord after birth 

firstly eliminates all blood flow from the placental circulation and necessitates the 

neonate to function independently.  Newborn neonates initiate their first breath within 

an average of 18 seconds after delivery (Saunders and Milner, 1978), or in the case of the 

preterm infant with immature lung function, resuscitation and ventilation also commence 

soon after delivery (AHA and AAP, 2006); the subsequent clearance of lung liquid and 

increased vascular surface area for gas exchange (through vasodilator activity and 
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structural alterations of pulmonary vessels) leads to an 80% drop in pulmonary vascular 

resistance (Blackburn, 2007; Gao and Raj, 2010).  Correspondingly, pulmonary blood flow 

rapidly increases from 138 ml/min/kg in the fetus to 245 ml/min/kg in the newborn (Gao 

and Raj, 2010).  The increased blood return through the pulmonary vein increases 

pressure in the left ventricle of the heart, which becomes the dominant ventricle after 

birth (Blackburn, 2007).  Increased left ventricular load is associated with structural and 

functional changes in the ventricular wall, with increased cardiomyocyte length, increased 

myofibril production, and an improved ability to generate force (Blackburn, 2007).  

Recent experimental studies in an ovine model have shown further remodeling of the 

myocardium following preterm birth, with altered cardiomyocyte maturation, stress-

related changes in the DNA, and increased collagen deposition in the heart (Bensley et al., 

2010).  Compositional changes to the wall of the aorta and pulmonary artery, as well as 

vascular injury have also been observed following preterm birth in the sheep model 

(Bensley et al., 2012).       

BLOOD PRESSURE AND DISTRIBUTION OF BLOOD FLOW 

Changes in blood pressure and the redistribution of blood flow after birth, as well as the 

activity of vasodilatory mediators and increased blood oxygen concentrations all 

contribute to the closure of three vascular shunts.  These shunts functioned in the fetus 

to enable oxygenated blood to reach the heart directly, and for the majority of blood flow 

to bypass the lungs in utero (Kiserud, 2005; Blackburn, 2007; Gao and Raj, 2010); namely, 

the foramen ovale (opening in the septum of the heart, connecting the left and right 

atrium), the ductus arteriosus (fetal vessel connecting the pulmonary artery and the 

aortic arch) and the ductus venosus (fetal vessel connecting the umbilical vein and the 

inferior vena cava).  Functional closure of the ductus arteriosus occurs in the majority of 

term neonates within 72 hours of birth, followed by anatomical closure which may take 

several weeks (Clyman, 2006; Blackburn, 2007).  In the preterm neonate, however, 

prolonged patency of the ductus arteriosus occurs in 65% of neonates born at less than 

30 weeks gestation (Clyman, 2006).  Treatment of a clinically significant patent ductus 

arteriosus involves either surgical ligation of the duct, or most commonly, 

pharmacological treatment with non-steroidal anti-inflammatory drugs (NSAIDs), either 

indomethacin or ibuprofen.      
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Importantly, there is a large increase in systemic arterial blood pressure after birth, rising 

from 30-40 mmHg at 28 weeks gestation in utero (Kiserud, 2005) up to approximately 75 

mmHg postnatally (Rudolph, 1970).  Blood flow redistribution is also evident after birth.  

The majority of fetal cardiac output (up to 50%) is directed to the placenta, 14% to the 

brain, 10-15% to the lungs, and less than 5% to the kidneys (Rudolph, 1970; Rudolph et 

al., 1971; Blackburn, 2007).  With the removal of the placental circulation and increased 

functional demand, however, blood flow to systemic organs in the newborn significantly 

increases; approximately 6% of cardiac output perfuses the kidneys by 12 hours after 

birth, increasing to 10% within the first two days (Blackburn, 2007).    

BLOOD OXYGEN CONCENTRATION  

Blood oxygen concentrations also change significantly in the transitional period after 

birth.  The intrauterine environment is relatively hypoxic (Rodesch et al., 1992; Fischer 

and Bavister, 1993), with blood oxygen saturation levels (SpO2) in the fetal circulation 

significantly lower than in the maternal circulation, averaging 45-55% (Finer et al., 2010).  

After term birth, SpO2 in the neonate rises rapidly, reaching 80-90% within the first five 

minutes (Kamlin et al., 2006; Rabi et al., 2006).  In preterm infants, supplemental oxygen 

therapy is commonly used in order to achieve sufficient blood oxygen saturation in 

immature lungs.  However, the neonatal blood oxygen saturation levels that are most 

favourable for postnatal growth and development, and the concentration of oxygen 

optimal for initial resuscitation (ranging from 21% to 100% (Tan et al., 2005; Rabi et al., 

2011)) or for the short to long-term care (Carlo et al., 2010) of the preterm neonate 

remain undefined and thus vary significantly between individual practitioners and 

between institutions (Deuber and Terhaar, 2011).   

Importantly, even very brief exposures to high oxygen concentrations are known to cause 

oxidative stress, leading to the production of oxygen free radicals which subsequently 

cause cellular injury and cell death (Vento et al., 2001; Vento et al., 2003).  The preterm 

neonate is particularly vulnerable due to low concentrations of antioxidants at birth 

(Georgeson et al., 2002; Lee and Chou, 2005); common diseases of prematurity such as 

bronchopulmonary dysplasia, retinopathy of prematurity, necrotising enterocolitis, 
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patent ductus arteriosus and periventricular leukomalacia are all strongly linked to 

oxidative stress in the preterm neonate (Saugstad, 2001). 

1.2.2  POTENTIAL CONSEQUENCES FOR THE PRETERM KIDNEY 

Preterm neonates are born at a time when organ development is still ongoing; therefore, 

they are prematurely and abruptly exposed to the extrauterine environment in which the 

organs of the preterm infants are often not structurally mature enough to function 

adequately.  The extrauterine environment differs significantly from the in utero 

environment which is optimal for fetal organogenesis.  In particular, blood oxygen 

concentration and systemic blood pressure are increased, the environmental 

temperature is colder, nutritional needs are not constantly supplied by the maternal 

circulation, exposure to medications is common, and the neonatal organs must function 

independently and at a higher level of demand.  Therefore, it is likely that any ongoing 

organ development in the preterm neonate after birth may be impaired.      

The kidney is one organ in which development is normally ongoing late in gestation 

(Saxen, 1987; Hinchliffe et al., 1991), and therefore is likely to be adversely affected by 

preterm birth.  Fetal fluid homeostasis is controlled by the maternal kidney via the 

placenta (Beall et al., 2008).  After birth, however, increased demand is placed on the 

neonatal kidney as it must function independently.  Postnatally, factors associated with 

the haemodynamic transition to extrauterine life (such as changes in blood pressure and 

flow distribution, and blood oxygen concentrations) as well as factors associated with the 

postnatal clinical care of the preterm neonate (including supplemental oxygen therapy 

and exposure to nephrotoxic medications) may influence renal development and function 

in the early postnatal period.  Given the increasing numbers of preterm neonates being 

born each year worldwide (Martin et al., 2006; Shennan and Bewley, 2006; Tracy et al., 

2007), and the potential for long-term renal disease following impaired renal 

development (Hoy et al., 2005), it is essential to determine the effects of preterm birth on 

renal development and function.  Furthermore, it is important to delineate the effects of 

individual haemodynamic/clinical factors in order to work towards optimising the renal 

health of neonates born preterm.  
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RENAL DEVELOPMENT AND MATURATION 

 

2.1  RENAL ANATOMY AND FUNCTION 

The fully formed human renal system consists of paired kidneys which are situated 

retroperitoneally on the posterior abdominal wall and inferior to the diaphragm at the 

level of the 12th thoracic to the 3rd lumbar vertebrae.  Each kidney is enclosed by a fibrous 

capsule, beneath which the parenchyma of the kidney is divided into an outer region of 

cortex and an inner region of medulla.  As shown in Figure 2.1, the parenchyma is also 

divided laterally into 8-18 conical lobes, named the renal pyramids (Kerr, 1999).  The base 

of each lobe, the papilla, is the region of urine flow from the collecting duct into the 

minor calyces through a porous cribiform plate (Hallgrimsson et al., 2003).  The minor 

calyces subsequently merge into two or three major calyces, forming the renal pelvis 

(Kerr, 1999); the medial region of the renal pelvis narrows and becomes continuous with 

the ureter.   

2.1.1  THE NEPHRON 

The kidney serves as a regulator of fluid homeostasis, acid-base and electrolyte balance, 

arterial blood pressure, metabolic waste excretion, and is also involved in hormone 

production.  All of these functions occur through the activity of the nephron, the 

fundamental functional unit of the kidney.  In the human kidney, nephron number can 

range from approximately 200,000 to over two and a half million (Puelles et al., 2011a).   

As shown in Figure 2.1, the major structural components of the nephron are the renal 

corpuscle and associated renal tubules.  The renal corpuscle is composed of the 

glomerulus (tuft of glomerular capillaries), surrounded by the Bowman’s capsule; blood 

flowing through the glomerular capillaries is filtered by a glomerular filtration barrier 

(Patrakka and Tryggvason, 2010), and the resultant filtrate passes through the Bowman’s 

space and into the proximal tubule.  Passage of the filtrate through each distinct region of 

the renal tubule (Figure 2.1) ultimately results in the reabsorption of essential molecules 

such as sodium (Chevalier, 2001) and protein (Christensen and Birn, 2001), and the 

dilution/concentration of the urine (Sands and Layton, 2009).                      
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Figure 2.1:  Graphic illustration of the structure of renal pyramids, based on Kerr (1999).  Each 
pyramid is capped by renal cortex in the outer kidney, in which all renal corpuscles are located. 
The cortex extends downwards on each side to form the lateral borders known as the renal 
columns.  Beneath the cortex is the outer stripe of the outer medulla (containing only thick 
ascending and descending tubules) and the inner stripe of the outer medulla (containing the loop 
of Henle of short-looped nephrons (shown on left)).  Long-looped nephrons (shown on right) 
extend into the inner medulla.  At the base of the pyramid, urine flows from the collecting duct 
through the porous cribiform plate of the papilla into the minor calyx.  Segments of the nephron 
include the renal corpuscle (RC), the proximal convoluted tubule (PCT), thin descending limb of 
the loop of Henle (tDL), thin ascending limb of the loop of Henle (tAL), thick ascending limb of the 
loop of Henle (TAL), distal convoluted tubule (DCT), and the connecting tubule (CT) which is 
continuous with the collecting duct. 
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2.2  RENAL DEVELOPMENT 

The human kidney develops through three successive and overlapping phases, beginning 

at 22 days of gestation (Saxen, 1987).  Initially, transient and largely non-functional 

structures known as the pronephros and mesonephros form, from which the mature 

kidney (metanephros) arises.  The pronephros and mesonephros stages of development 

are completed by 9 weeks gestation, with regression of the rudimentary tubules 

occurring from the 5th week.  During this time the nephric duct, a pivotal component of 

the developing excretory system, is formed (Dressler, 2006).  From the nephric duct all 

tubules originate, extending medially into a region known as the nephrogenic cord 

(Dressler, 2006).   

2.2.1  METANEPHROS 

Two distinct tissue types contribute to the formation of the metanephric kidney, with 

cells from both the mesenchymal nephric cord and the mesoderm-derived nephric duct 

involved (Saxen, 1987).  Formation of the permanent kidney begins in the 5th week of 

gestation (Osathanondh and Potter, 1963) with an outgrowth of cells from the caudal end 

of the nephric duct termed the ureteric bud.  Reciprocal interactions subsequently occur 

between the ureteric bud and the metanephric mesenchyme, a dense mass of embryonic 

cells located at the base of the nephric cord.  These interactions, primarily involving the 

Ret receptor (expressed on the tips of the ureteric bud) and its mesenchyme-derived 

ligand glial cell line-derived neurotrophic factor (GDNF) (Davies, 2003; Costantini and 

Shakya, 2006), result in the differentiation of the mesenchyme to form nephrons, and the 

growth and bifurcation of the ureteric bud to form the collecting ducts (Saxen, 1987).  For 

an up to date description on the molecular control of branching morphogenesis and 

nephrogenesis, see Faa et al. (2012).   

2.2.2  BRANCHING MORPHOGENESIS 

The architecture of nephron arrangement within the human kidney is derived through the 

process of branching morphogenesis (Figure 2.2); the efficiency of branching is regarded 

as an important determinate of final nephron endowment within the kidney.  As 
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described in the work of Osathanondh and Potter (1963), the development of the kidney 

occurs through four distinct periods:    

Period 1:  The first period of branching morphogenesis begins at week 5 of gestation and 

continues until the 14th-15th week.  The first branching of the ureteric bud is symmetrical 

and occurs at an angle of approximately 180°.  The subsequent generations of branching 

occur at increasingly narrower angles, and may be either symmetrical or asymmetrical.  

The first 5 generations of branches later dilate to form the renal pelvis and major and 

minor calyces. The following generation forms the papillary ducts, with the remainder 

forming individual collecting ducts.   

After the ureteric bud has branched for 3-5 generations, nephrons are induced to 

differentiate at the tips of the latest branches.  As the ampullae continue to divide, the 

point of attachment of nephrons that have already begun to form advance along with the 

bud tip, and the nephrons are carried forward to successive generations (Figure 2.2A). 

Overall, 6-8 generations of branches form distal to the minor calyces, and by the 

completion of period 1, ureteric bud branching is generally completed.                  

Period 2: Period 2 of development occurs from week 14-15 of gestation and continues 

until 20-22 weeks.  During this period, the ampullae no longer actively divide and can 

induce further nephrons to form at branch tips that have already generated a nephron 

during period 1.  When the second nephron for the branch point is formed, both are 

temporarily attached via their collecting tubules to the same ampullae.  The point of 

attachment of the first nephron then shifts away from the ampullae onto the collecting 

tubule of the newly formed second nephron.  This process of nephron attachment to a 

single collecting duct continues until 2-8 nephrons are formed in the arcade arrangement 

(Figure 2.2B). 

Period 3: Period 3 lasts from 20-22 weeks of gestation until the completion of 

nephrogenesis at 32-36 weeks of gestation.  During this period, the ampullae advance 

beyond the point of attachment of the nephrons in the arcade.  New nephrons that are 

formed at the ampullae attach individually to the terminal end of the ureteric branch.  A 

further 4-7 generations of nephrons are formed during this period (Figure 2.2C).  By the 

completion of period 3, the oldest (most mature) nephron is positioned near to the                 
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Figure 2.2:  Graphic illustration of the stages of branching morphogenesis, based on Osathanondh 
& Potter (1963). Period one (A) of branching morphogenesis involves the differentiation of 
nephrons, and the branching of ampullae.  Each nephron that is formed is carried from its point of 
attachment to successive generations of branches.  In period two (B) nephrons are induced at the 
tips of branches in which a nephron has already formed; the points of attachment of the 
nephrons shift from the ampullae to the collecting tubule of the previously formed nephron, in an 
arcade pattern. Nephrons formed in period three (C) attach individually to the terminal end of the 
ureteric branch.  The final architecture of the mature kidney involves up to 8-10 generations of 
nephrons (D), including 4-5 attached in arcades (periods one and two; inner cortex) and the 
remainder singly attached to the collecting duct (period three; outer cortex).  Ampullae are shown 
in blue, collecting tubules in white, vesicles in yellow, S-shaped bodies in orange, and mature 
nephrons in red.  
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medulla, and has the longest loop of Henle.  The most recently formed period 3 nephrons 

are positioned in the outer renal cortex beneath the renal capsule (Figure 2.2D).           

Period 4:  Period 4 begins when the final ampullae disappear at approximately 32-36 

weeks gestation.  During this period no new branches or nephrons are formed, and the 

period is characterised by interstitial growth and differentiation.  By the completion of 

this period of development each terminal branch has approximately 10 generations of 

nephrons attached to it (Figure 2.2D).  No new nephrons are formed following the 

completion of nephrogenesis, for the lifetime of the individual.    

2.2.3  NEPHROGENESIS 

Reciprocal signaling between the ureteric bud epithelium and the cells of the surrounding 

metanephric mesenchyme induces the formation of nephrons at the ampullae (Davies, 

2003).  Firstly, the mesenchymal cells condense into an aggregate adjacent to the tip of 

the ureteric bud.  Following this, the aggregated cells undergo a mesenchyme-to-

epithelial cell conversion, rapidly proliferating before forming a renal vesicle (Dressler, 

2006).  The vesicle then elongates and a cleft is formed in the proximal region to form a 

comma-shaped body.  A further cleft is subsequently generated in the distal region of the 

comma-shaped body, forming the S-shaped body (Osathanondh and Potter, 1963; Saxen, 

1987; Dressler, 2006).   

The S-shaped body is patterned along the proximal-distal axis; the upper (distal) limb 

fuses with the ureteric bud to form a continuous tubule, the cells of which  differentiate 

into cuboidal epithelium and elongate and twist to form the distal convoluted tubule 

(Dressler, 2006). The central region of the S-shaped body elongates and loops to form the 

loop of Henle, followed by the proximal convoluted tubule; the lower (proximal) limb of 

the S-shaped body develops into the renal corpuscle (Osathanondh and Potter, 1963; 

Saxen, 1987; Dressler, 2006).   

2.2.4  GLOMERULOGENESIS 

The renal corpuscle arises from the lower limb of the S-shape body through a process of 

glomerulogenesis.  Firstly, the inner cells of the lower cleft of the S-shape body 
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differentiate into the glomerular (visceral) podocytes, while the outer cells form the 

parietal podocytes which line the Bowman’s capsule (Osathanondh and Potter, 1963; 

Saxen, 1987; Dressler, 2006).  During the differentiation of podocytes, endothelial 

precursor cells from the mesenchyme invade the lower cleft, and differentiate to form 

the capillary loop (Abrahamson and Wang, 2003).  During this time both the podocyte 

epithelium and the developing endothelial cells actively synthesise the components 

required to form the shared glomerular basement membrane (GBM).  The podocytes fuse 

with the developing GBM and further differentiate to form foot processes; the 

endothelium flattens and becomes fenestrated (Abrahamson and Wang, 2003).      

GLOMERULAR CAPILLARISATION 

Current experimental evidence indicates that the metanephric mesenchyme is the source 

of endothelial progenitor cells, the angioblasts, which begin to divide within the lower 

cleft of the developing glomerular S-shaped body (Hyink et al., 1996; Abrahamson and 

Wang, 2003); the development of the glomerular capillaries therefore occurs through in 

situ vasculogenesis (Robert et al., 1998; Woolf and Loughna, 1998; Ballermann, 2005).   

Development of the glomerular vasculature is initiated following the secretion of growth 

factors from the differentiating podocytes, with vascular endothelial growth factor (VEGF) 

being the key growth factor responsible for the development and maintenance of the 

glomerular capillaries (Eremina and Quaggin, 2004).  Within the cleft of the developing 

glomerulus, the angioblasts undergo homotypic aggregation and form into pre-capillary 

cords (Ballermann, 2005).  The lumen of the cords is formed through transforming growth 

factor β1 (TGF-β1)-dependent apoptosis of a subset of endothelial cells (Fierlbeck et al., 

2003).  The final stage of glomerular capillary formation involves the flattening of the 

remaining endothelial cells along the glomerular basement membrane, and the formation 

of the extensive fenestrae (Ballermann, 2005); VEGF has been demonstrated to be critical 

to this process (Roberts and Palade, 1995; Eremina and Quaggin, 2004).  The glomerular 

capillaries are continuous with the afferent and efferent arterioles which enter/exit the 

renal corpuscle at the vascular pole.  The origin of the arterioles and larger renal vessels, 

however, is largely unknown (Woolf and Loughna, 1998).             



Chapter One 

17 
 

2.2.5  FUNCTIONAL DEVELOPMENT 

In utero, the fetal kidney does exhibit some function despite control of fluid homeostasis 

being provided by the maternal kidneys via the placenta.  Fetal urine constitutes an 

important component of the amniotic fluid, which is essential for fetal growth and 

development (Moritz and Wintour, 1999).  Progressive developmental changes in the 

kidney involve modification of renal blood flow, increased glomerular filtration rate (GFR; 

rate of flow of filtrate through the glomerular filtration barrier), and alterations in renal 

sodium handling.   

RENAL BLOOD FLOW 

Blood flow to the kidneys is very low during fetal life, with a fetus at 10-20 weeks 

gestation only receiving 5% of cardiac output (Rudolph et al., 1971).  Renal blood flow 

subsequently increases to approximately 9% following term birth, and 25% by adulthood; 

this is a high proportion of blood flow considering the combined adult kidneys constitute 

just 0.5% of total body mass (Rudolph et al., 1971; Satlin et al., 2003). 

The increase in renal blood flow throughout the period of renal development is due to 

increases in mean arterial pressure, cardiac output and primarily to a decrease in renal 

vascular resistance (Gruskin et al., 1970; Jose et al., 1971; Satlin et al., 2003).  Resistance 

of the afferent and efferent arterioles is a determinant of glomerular capillary pressure, 

and thus influences GFR.  The significant decrease in renal vascular resistance is likely due 

to changes in the balance of vasoconstriction via the renin-angiotensin system (RAS 

activity is inversely related to gestational and postnatal age (Smith et al., 1974)), and 

vasodilatory factors such as nitric oxide (Solhaug et al., 1996).  Furthermore, structural 

changes in the developing kidney, such as the formation of new vasculature and 

glomeruli, are also likely to reduce overall resistance.     

Besides an increase in total renal blood flow during development, there are also changes 

in the distribution of blood flow within the kidney, as has been demonstrated through 

experimental studies using various animal models.  During the last trimester of gestation, 

the perfusion rate for nephrons within all regions of the cortex remains stable (Robillard 

et al., 1981).  In the newborn, however, intrarenal blood flow is distributed primarily to 
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the inner cortex and medulla.  By six weeks of age, there is a significant increase in blood 

flow to the outer renal cortex (Robillard et al., 1981), likely related to increased 

endothelial nitric oxide synthase (eNOS) levels (Ratliff et al., 2007); this pattern of blood 

distribution continues into adulthood (Olbing et al., 1973).  

Overall, the haemodynamic adaptations of the fetal kidney to extrauterine life involves 

transformation from a high vascular resistance fetal organ with low blood flow, into a 

high blood flow, low vascular resistance organ, with primary blood supply to the renal 

cortex (Satlin et al., 2003).  The low blood flow to the outer renal cortex, as seen in animal 

models at the time of term birth, is likely due to the presence of developing, immature 

glomeruli in this region of the kidney.  It is unknown, however, whether this protective 

pattern of blood distribution is also present in the case of the preterm human neonate, 

where nephrogenesis is also ongoing following birth.    

GLOMERULAR FILTRATION RATE 

Assessments of glomerular function are achieved through the measurement of GFR.  GFR 

refers to the rate of flow of a either an exogenous (inulin) or endogenous (creatinine) 

filtration marker through the glomerulus, measured in ml/min and traditionally corrected 

for by body surface area (averaging 1.73 m2 in adults).  Serum creatinine levels, and the 

calculation of creatinine clearance (CCr; which takes into account both serum and urine 

creatinine levels) are common proxy measures of GFR for use in the clinical setting 

(Stevens et al., 2006).       

Glomerular filtration in the fetus begins after the first formation of nephrons at 

approximately 9 weeks of gestation (Satlin et al., 2003).  Measurements of GFR in utero 

show that it remains low, even when corrected for fetal body weight (Robillard et al., 

1975), but is strongly correlated with gestational age (Satlin et al., 2003).  There is a non-

linear increase in GFR over the period of gestation, with a more rapid increase occurring 

after approximately 34 weeks gestation (Arant, 1978; Satlin et al., 2003); this coincides 

with the timing of the completion of nephrogenesis.  

The pattern of increases in single nephron glomerular filtration rate (SNGFR) during 

nephrogenesis follows the centrifugal pattern of glomerular perfusion (Satlin et al., 2003); 
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the most mature nephrons have higher filtration rates than do the newly formed 

nephrons in the outer renal cortex (Aperia et al., 1977).  Increases in total kidney GFR 

throughout development are therefore primarily attributable to increased perfusion of 

nephrons, following changes in total renal blood flow and its distribution, and a drop in 

renal vascular resistance (Aperia et al., 1974; Robillard et al., 1981).  Furthermore, 

ongoing structural growth and maturation of nephrons leads to an increase in glomerular 

filtration surface area, and some increases in the permeability of the glomerular filtration 

barrier have also been reported (Goldsmith et al., 1986; Satlin et al., 2003).    

Immediately following birth, serum creatinine levels are equivalent to the fetal levels, 

which during the third trimester of gestation rise from 42 µmol/L at 23 weeks to 47 

µmol/L at term; the increase likely reflecting an increase in muscle mass (Moniz et al., 

1985).  In the first forty-eight hours following birth, however, serum creatinine levels 

significantly increase (Bueva and Guignard, 1994; Miall et al., 1999).  This is considered to 

be due in part to tubular creatinine reabsorption, as has been evidenced in a neonatal 

animal model (Matos et al., 1998), and also due to the inadequacy of glomerular filtration 

during the early postnatal period (Miall et al., 1999).  Peak serum creatinine levels are 

reached between postnatal days 2-4 of life, with the highest levels and most delayed 

timing of the peak creatinine level seen in neonates at the lowest gestational ages (Miall 

et al., 1999).   

GFR continues to increase postnatally; by one year of age, 90% of adult GFR levels have 

been reached.  GFR levels of 130 ml/min/1.73m2 in males and 120 ml/min/1.73m2 in 

females are considered to be normal for young adults (Stevens et al., 2006; Rhodin et al., 

2009). 

SODIUM EXCRETION 

An important measure of tubular function is the calculation of the fractional excretion of 

sodium (FENa), the percentage of sodium that is excreted and not taken up through 

tubular reabsorption.  The calculation of FENa takes into account both plasma and urine 

sodium, and is corrected by plasma and urine creatinine levels.  The primary rationale for 

examining the fractional excretion of sodium is to analyse the function of the Na+ 
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transporters in the proximal tubule, as these are responsible for the majority of sodium 

reabsorption within the nephron (Corman and Roinel, 1991).   

The FENa is very high in the fetus, decreasing from over 5% at 28 weeks gestation, to 

below 0.2% in the term newborn (Siegel and Oh, 1976); the term neonate therefore 

maintains a positive sodium balance (Engle, 1986) which is continued into adulthood.  

Unlike the adult kidney, however, the high retention of sodium in the neonate renders 

them with a limited capacity to excrete a sodium load, which may result in 

hypernatraemia and oedema (Dean and McCance, 1949; Aperia et al., 1972; Satlin et al., 

2003).  The inadequate increase in the FENa following a sodium load in the neonate is 

independent of GFR; therefore, it is likely due to blunted diuretic and naturetic responses 

to a sodium load, or differences in the structure of the renal tubule (Satlin et al., 2003).        

In experimental studies using animal models, differences in the renal handling of sodium 

have been shown to occur with increasing maturation.  In the young animal, there is 

reduced efficiency of sodium reabsorption in the proximal tubule and loop of Henle, with 

35% of filtered sodium reaching the distal tubule (Lelievre-Pegorier et al., 1983); in the 

adult kidney, just 5-10% of the filtered sodium passes through to the distal tubule (Malnic 

et al., 1966; Satlin et al., 2003).  Within the distal convoluted tubule, however, the 

reabsorption of sodium is much greater in younger animals, which may contribute to their 

high sodium retention (Aperia and Elinder, 1981; Satlin et al., 2003).     

Underlying the maturational changes in the FENa is likely the molecular upregulation of 

Na+ transport proteins that occurs after birth, and changes in tubular cell structure. With 

increasing maturation of the proximal tubule, there is a doubling of the basolateral 

surface area (Evan et al., 1983; Aperia and Larsson, 1984), and an increase in the 

abundance and activity of Na+/K+/ATPase transporters (Aperia et al., 1981b; Guillery et 

al., 1997) and Na+/H+ exchangers (Baum, 1990, 1992).  Similarly, there is a developmental 

increase in the urinary dilution/concentration capacity of the kidney, with increased 

activity of the NKCC2 (sodium, potassium, chloride) transporter in the ascending limb of 

the loop of Henle (Yasui et al., 1996), and also increased number and activity of epithelial 

sodium channels (ENaCs) in the collecting duct (Huber et al., 1999).   
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2.3  RENAL MATURATION 

Concurrent to, and also continuing beyond the period of nephrogenesis and 

glomerulogenesis, is the process of renal maturation.  Measures of structural maturity in 

the human fetal and neonatal kidney may be made by assessment of kidney weight and 

volume.  Furthermore, if a known portion of the kidney is available for analysis, full 

stereological assessment of nephron endowment may be undertaken.  It is common 

following investigations at autopsy, however, that only non-uniform portions of kidney 

tissue are available for analysis; however, measures of glomerular generation number, 

nephrogenic zone width, renal corpuscle size, and glomerular maturity may still be made 

successfully. The final structural maturity of the human kidney (besides ongoing growth 

by hypertrophy) is not reached until approximately two years of age.   

2.3.1  KIDNEY SIZE 

An Australian study of fetal growth (in fetuses assessed at autopsy) demonstrated a linear 

increase in kidney size occurs throughout gestation, with kidney weight increasing from 

an average of 4.5 g at 20-21 weeks gestation up to 33.3 g at 40-41 weeks (Cussen et al., 

1990).  The increase in kidney weight remains relative to increases in body weight, with 

kidney to body weight ratio stable at approximately 0.01 g/g from 20 weeks gestation 

until term (Mitropoulos et al., 1992). 

Unlike in utero, renal growth during the early postnatal period is non-linear, with the 

fastest rate of renal growth occurring during the first few weeks after birth (Zerin and 

Meyer, 2000).  The postnatal increase in kidney length gradually slows until 

approximately one year of age, when it reaches a stable rate of 2-3 mm/year; after 

approximately 10 years of age, the rate of renal growth slows further before ultimately 

ceasing in adulthood (Zerin and Meyer, 2000).  In adults, kidneys weigh on average 135 g 

(McNamara et al., 2008).               

2.3.2  NEPHRON ENDOWMENT 

Nephron number, the most important measure of renal functional capacity, has been 

shown through a number of experimental studies to be strongly correlated with renal size 
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(Gubhaju and Black, 2005; Zohdi et al., 2007; Gubhaju et al., 2009; Sutherland et al., 

2009).  However, unlike the linear growth of the kidney evident throughout gestation, it 

has been suggested that the formation of nephrons occurs at varying rates during each 

stage of development.  To date there have been just two studies that have reported 

changes in fetal nephron endowment throughout gestation (Hinchliffe et al., 1991; Gasser 

et al., 1993).  From the 10th to approximately the 17th week of gestation, Gasser et al. 

(1993) indicated that there is a very gradual increase in the number of nephrons.  From 

approximately the 18th week of gestation onwards, however, nephrogenesis occurs 

rapidly; this coincides with the period of glomerular arcade formation whereby 60% of 

nephrons are formed during the third trimester of pregnancy (Hinchliffe et al., 1991).  

From approximately the 32nd week of gestation, nephrogenesis reaches completion with 

no new nephrons formed after term birth in the human neonate (Hinchliffe et al., 1991; 

Gasser et al., 1993). 

Recent results from large-scale multi-racial studies have indicated that nephron number 

in the human kidney can differ 13-fold, ranging from 210,332 to 2,702,079 (Nyengaard 

and Bendtsen, 1992; Manalich et al., 2000; Hoy et al., 2003; Hughson et al., 2003; Keller 

et al., 2003; Douglas-Denton et al., 2006; McNamara et al., 2010); however, this is 

dependent on a large number of both genetic and environmental factors such as birth 

weight, age, ethnic background, and disease status.  Importantly, the full complement of 

nephrons is achieved prior to term birth; later nephron loss may occur with ageing and 

the onset of disease. 

Another measure of nephron endowment, to be made in circumstances when the full 

stereological assessment of nephron number is not feasible, is the medullary ray 

glomerular generation count (Hinchliffe et al., 1992b).  This method counts the number of 

glomeruli (and thus nephrons) visible in a histological section along one side of a 

medullary ray, from the inner to the outer renal cortex.  As with the assessment of 

nephron endowment, there have been just two previous studies to report changes in the 

number of glomerular generations with increasing gestational age (Hinchliffe et al., 

1992b; dos Santos et al., 2006).  There is a significant positive correlation between 

glomerular generation number and gestational age, whereby the number of generations 
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increases from about 4 at 24 weeks gestation to approximately 8-10 by term 

(Osathanondh and Potter, 1963; dos Santos et al., 2006). 

2.3.3  NEPHROGENIC ZONE WIDTH 

The nephrogenic zone is the area in the outer renal cortex of the kidney which contains 

developing glomerular structures including comma- and S-shaped bodies.  To date, only 

one research group has published studies regarding the assessment of nephrogenic zone 

width in the human fetal kidney (dos Santos et al., 2006; Fonseca Ferraz et al., 2008).  

Results of these studies have shown a significant inverse linear correlation between 

gestational age and nephrogenic zone width, which decreases from approximately 200 

µm at 24 weeks gestation to 100 µm prior to the cessation of nephrogenesis at 32-36 

weeks gestation (dos Santos et al., 2006; Fonseca Ferraz et al., 2008).  At the completion 

of nephrogenesis, only mature fully formed glomeruli are present in the superficial 

cortex, and therefore the measure of nephrogenic zone width is zero.   

2.3.4  RENAL CORPUSCLE SIZE 

The size of the renal corpuscle in the fetal kidney (cross-sectional surface area, measured 

by tracing the perimeter of the Bowman’s capsule), has been quantified throughout 

gestation in just two previous large-scale studies (Souster and Emery, 1980; Fonseca 

Ferraz et al., 2008).  Both studies examined differences in renal corpuscle size between 

inner-, mid- and outer-cortical glomeruli with increasing age.  Souster and Emery (1980) 

determined that there was a decrease in renal corpuscle size between 12 and 20 weeks 

gestation, after which time the size remained stable until birth.  In contrast, however, 

Fonseca Ferraz et al. (2008) demonstrated a significant increase in the size of the mid-

cortical glomeruli with increasing gestational age; there was no significant correlation 

between gestational age and glomerular size evident with the inner- and outer-cortical 

glomeruli.  In general, glomerular size throughout gestation averaged 3,000-5,000 µm2. 

At birth, it was found there was an immediate increase in renal copuscle size to 

approximately 7,000 µm2 in the newborn (Souster and Emery, 1980; Moore et al., 1993), 

and a steady postnatal increase in size has been noted in children examined from birth 

until 16 years of age where average renal corpuscle size in the oldest subjects measured 
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approximately 18,000 µm2 (Moore et al., 1993).  These postnatal increases in glomerular 

size likely relate to the increased functional demand of the kidney as body size increases, 

and thus glomerular hypertrophy occurs in order to increase glomerular filtration surface 

area.          

Glomeruli in the inner cortex (formed earlier in gestation) are generally larger than those 

present in the mid- to outer-cortex (Souster and Emery, 1980; Moore et al., 1993).  This 

pattern of glomerular size distribution continues through childhood (Moore et al., 1993); 

both an increased variation in glomerular volume within the kidney, and an increased 

mean glomerular volume is strongly associated with a low nephron endowment (Zimanyi 

et al., 2009; Puelles et al., 2011b).   

2.3.5  GLOMERULAR MATURATION 

Assessment of renal maturity may also be made histologically via the evaluation of 

changes in glomerular morphology (Vernier and Birch-Anderson, 1962; Thony et al., 1995; 

Naruse et al., 2000; Almeida and Mandarim-de-Lacerda, 2002; Lizardo-Daudt et al., 2002; 

Mishra et al., 2006; Takano et al., 2007).  As described previously in Section 2.2.3, 

individual nephrons develop from a vesicle, through to comma-shaped body followed by 

an S-shaped body, which are present within the nephrogenic zone of the outer renal 

cortex.  The lower limb of the S-shaped body then differentiates to form the glomerulus, 

with the most immature form of the renal corpuscle termed as being in the capillary loop 

stage of development (Naruse et al., 2000).  Immunohistochemical analyses of the 

developing glomeruli, using markers for mesenchymal, endothelial and epithelial cells, 

have further defined developmental stages according to the location of capillaries, 

podocytes and mesangium within the glomerular tuft (Naruse et al., 2000; Takano et al., 

2007).   

Quantification of the changes of glomerular morphology that occur during renal 

development has previously been reported in just four studies in the human fetus 

(Vernier and Birch-Anderson, 1962; Almeida and Mandarim-de-Lacerda, 2002; Lizardo-

Daudt et al., 2002; Takano et al., 2007), and in two studies in the neonate and infant 

(Thony et al., 1995; Takano et al., 2007).  The majority of these studies have investigated 
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changes in the V stage (vesicle), C stage (comma-shaped body), S stage (S-shaped body) 

and M stage (mature/vascularised glomerulus) with increasing gestational age (Almeida 

and Mandarim-de-Lacerda, 2002; Lizardo-Daudt et al., 2002; Takano et al., 2007).  Each 

report demonstrated a decrease in the proportion of V, C and S stage glomeruli with 

increasing age; this was concomitant with an increase in the proportion of mature 

vascularised glomeruli.  For example, Takano et al. (2007) showed that the percentage of 

V stage glomeruli decreased from 60% at 13-19 wks gestation to less than 10% by 35-39 

weeks, with a simultaneous increase in mature glomeruli from less than 10% to over 80% 

by term.             

Two studies further differentiated the M stage (mature) glomeruli into subdivisions based 

on the migration of podocytes within the glomerular tuft (Vernier and Birch-Anderson, 

1962; Thony et al., 1995).  Throughout gestation, Vernier and Birch-Anderson (1962) 

demonstrated that the percentage of mature glomeruli increased from 22% at 9 weeks 

gestation, up to 29% by 19 weeks.  Changes in glomerular maturation have not been 

examined using this criterion during the later stages of gestation.  Similarly, however, 

Thony et al. (1995) determined that in the neonatal kidney the percentage of immature 

glomeruli decreased from birth until approximately 2 years of age, whereby 94-100% of 

glomeruli were fully matured.  
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EFFECTS OF PRETERM BIRTH ON RENAL DEVELOPMENT               

AND FUNCTION 

Few studies to date have reported the effects of preterm birth on renal function in the 

neonatal period, and even fewer have investigated potential underlying structural 

adaptations in the kidney, such as changes in renal volume and nephron endowment.  

Given the increasing number of neonates surviving preterm birth, it is important to 

understand the consequences of preterm birth on the kidney and the implications this 

may have for long-term renal health. 

 

3.1  RENAL DEVELOPMENT 

3.1.1  KIDNEY SIZE 

Renal growth, measurable by renal ultrasound or magnetic resonance imaging (MRI), is 

used by many nephrologists as a predictor of future renal disease (van Venrooij et al., 

2010).  Importantly, kidney volume has been demonstrated through a number of 

experimental animal studies to be strongly correlated with nephron number (Zohdi et al., 

2007; Gubhaju et al., 2009; Sutherland et al., 2009); others, however, have not found this 

association (Murawski et al., 2010).  Kidney volume is also likely to be highly dependent 

on factors such as tubular and interstitial mass, renal blood flow, body weight, and 

glomerular size; therefore, it is often difficult to make predictions of renal functional 

capacity and nephron endowment based on fundamental structural parameters such as 

kidney size (Lodrup et al., 2008).   

In a recent report by van Venrooij et al. (2010), normal postnatal renal growth in preterm 

neonates (born at less than 31 weeks gestation) was established.  Renal length and 

volume were found to be significantly correlated with both gestational age at birth, and 

body weight.  Huang et al. (2007) assessed postnatal renal growth in preterm neonates 

compared to age-matched control neonates that were assessed soon after birth.  This 

study concluded that the kidney weight to body weight ratio was significantly increased in 

preterm neonates compared to controls, perhaps reflecting increased renal blood flow or 
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accelerated postnatal growth following preterm birth.  From 31 weeks gestation, 

however, the renal growth rate was significantly reduced in the preterm neonates 

compared to the controls.  Conversely, Kent et al. (2009) found that kidney volume, as 

measured by MRI, was not different between term-born infants and preterm neonates 

(born at less than 29 weeks gestation) assessed at term-equivalent age.  In the most 

comprehensive study of renal growth in preterm neonates, involving 466 infants and 

1898 ultrasound measurements, Drougia et al. (2009) determined that kidney length was 

significantly decreased in preterm neonates (born 28-34 weeks gestation) compared to 

those born at term, from three months through to two years of age.  Furthermore, in 

preterm children assessed at term-equivalent age through to 18 months of age, the 

kidney was of a slimmer shape compared to term-born infants (Schmidt et al., 2005), 

which potentially reflects decreased radial glomerular generation formation.    

3.1.2  NEPHROGENESIS 

Human nephrogenesis is normally ongoing until 32-36 weeks gestation in utero (Hinchliffe 

et al., 1991).  In preterm infants born before the completion of nephrogenesis, nephron 

formation may be ongoing following birth in the postnatal environment (Rodriguez et al., 

2004; Gubhaju et al., 2009).  This is likely a suboptimal environment for renal 

development to occur (Gubhaju et al., 2011), and may therefore result in impaired renal 

development and structural alterations in the preterm kidney.    

NEPHRON ENDOWMENT 

To date there have been only two studies in humans that have assessed glomerular 

generation number following preterm birth, as a proxy measurement of nephron 

endowment.  In a recent study by Faa et al. (2010), which assessed the kidneys of 12 

preterm neonates and three term neonates collected at autopsy, glomerular generation 

number was significantly reduced in the preterm kidneys compared to the controls; 

however, nephrogenesis had likely not been completed in a number of these neonates.  

In an earlier autopsy study by Rodriguez et al. (2004), preterm infants born at less than 28 

weeks gestation were divided into groups according to postnatal age (less than 40 days 

(short-term survival) or 40 days or more (long-term survival)), and further separated 
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according to whether renal failure was observed in the neonatal period.  The results of 

this study indicated that glomerular generation number was significantly reduced in all 

preterm neonates compared to term controls.  Glomerular generation number, within the 

group of infants with a long survival period, was further significantly reduced in the 

infants with renal failure compared to those with normal renal function.  Twenty-five 

percent of the preterm infants in this study, however, were also IUGR.  IUGR is a known 

cause of impaired renal development (Hinchliffe et al., 1992a; Manalich et al., 2000), and 

thus likely affected the results of this study.   

Glomerular generation number has also been assessed in studies involving a preterm 

baboon model of preterm birth (Gubhaju et al., 2009; Sutherland et al., 2009); the 

baboon has been demonstrated to be an ideal model of human renal development 

(Gubhaju and Black, 2005).  The baboon neonates (all born at an appropriate weight for 

gestational age; AGA) were delivered preterm at a time point equivalent to 27 weeks 

gestation in humans, and maintained after birth until postnatal day 21.  Postnatally, the 

baboon neonates were cared for in a similar manner to human preterm neonates within a 

primate neonatal intensive care unit (for a detailed description of the preterm baboon 

clinical care and treatments, see Thomson et al. (2004)).  In contrast to the findings of 

Rodriguez et al. (2004), in the preterm baboon kidney there was no difference in 

glomerular generation number between the preterm neonates and the gestational 

control and term neonates (Gubhaju et al., 2009).  However, it is to be noted that 

nephrogenesis was still ongoing in the baboon kidney at the time of assessment.   

In the preterm baboon model, nephron number was also stereologically assessed using 

the physical disector/fractionator method (Bertram, 1995).  Total nephron number 

ranged from 193,983 to 334,316 in preterm baboons assessed at postnatal day 21, and 

138,078 to 304,186 in term-born baboons; there was no significant difference in nephron 

endowment between groups (Gubhaju et al., 2009).  Importantly, however, nephron 

density was significantly reduced in the preterm kidney (83,840 nephrons/g) compared to 

term controls (193,400 nephrons/g) (Gubhaju et al., 2009).  As total nephron number was 

not reduced, and renal corpuscle size was also not affected, this decrease in nephron 

density in the preterm kidney likely reflects a postnatal increase in tubular and/or 

interstitial mass. 
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ABNORMAL GLOMERULAR MORPHOLOGY 

Morphologically abnormal glomeruli, exhibiting an enlarged Bowman’s space and 

shrunken glomerular tuft, have been commonly observed in the outer renal cortex of 

preterm baboon kidneys (Gubhaju et al., 2009; Sutherland et al., 2009).  Studies by 

Gubhaju et al. (2009) have reported that the number of abnormal glomeruli varied 

considerably between individual neonates, ranging from 0.2% to 18% per kidney.  

Immunohistochemical analyses showed that the affected glomeruli were at an immature 

stage of development, and that the glomerular tufts were poorly capillarised.  An 

essential growth factor for glomerular capillary development, VEGF, was expressed in the 

affected glomeruli; however, the level of expression was not quantified (Gubhaju et al., 

2009; Sutherland et al., 2009).   

Given the immature morphology of the glomeruli, and their localisation to the superficial 

renal cortex, it is likely that it is newly formed glomeruli that are affected by preterm 

birth.  Furthermore, the difference in the percentage of affected glomeruli between 

individuals suggests that it may be factors in the postnatal environment (which vary 

between neonates) that are leading to the glomerular abnormalities rather than preterm 

birth per se.  To date, however, the pathogenesis of the glomerular abnormalities is 

unknown.  Given that the grossly abnormal glomeruli are unlikely to be functional, this 

suggests that there may be a deficit of functional nephrons in the preterm kidney after 

birth, which in turn may adversely affect the functional capacity of the kidney. 

 

3.2  RENAL FUNCTION 

Renal function in the preterm neonate is likely affected by both renal immaturity and also 

injury during the postnatal period.  Despite the range of studies performed to date, 

standard levels of urinary constituents in the neonate, especially those of the preterm 

neonate, are not yet clearly defined.  It is important for future studies, therefore, to be 

focused on determining standard values for the assessment of preterm renal function, 

and also toward the identification of robust biomarkers for the early diagnosis of renal 

injury in the neonatal period.   
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3.2.1  SODIUM BALANCE 

Studies that have assessed the fractional excretion of sodium during the neonatal period 

have determined that sodium excretion is significantly higher in preterm neonates 

compared to term controls (Siegel and Oh, 1976; Aperia et al., 1981a), and it significantly 

decreases with increasing gestational (Gallini et al., 2000) and postnatal age (Ross et al., 

1977; Sulyok et al., 1979; Aperia et al., 1981a; Gallini et al., 2000; Giapros et al., 2007).  

Interestingly, sodium balance has been shown to be altered very little by nutritional 

intake, suggesting that a negative sodium balance is unavoidable at birth (Bonsante et al., 

2011).  With increasing renal maturity, however, a positive sodium balance (low FENa) is 

achieved, which is essential for the growth and development of the neonate and the 

maintenance of fluid homeostasis (Engle, 1986).   

3.2.2  GLOMERULAR FILTRATION RATE 

During the first week of life following preterm birth GFR is significantly lower in preterm 

neonates than in term-born controls (Siegel and Oh, 1976; Finney et al., 2000; Schreuder 

et al., 2009), and is positively correlated with both gestational age at birth, and postnatal 

age (Clark et al., 1989; Gordjani et al., 1998; Iacobelli et al., 2009).  Compared to term 

neonates, the rate of increase in GFR after birth is slower in neonates born preterm 

(Bueva and Guignard, 1994; Gordjani et al., 1998).  Up until two months of age there are 

similar findings, with a number of studies observing an increasing GFR concurrent to 

increasing gestational and postnatal ages (Ross et al., 1977; Fawer et al., 1979; Sulyok et 

al., 1979; Aperia et al., 1981a; Wilkins, 1992; Bueva and Guignard, 1994; Gallini et al., 

2000; Cuzzolin et al., 2006; Thayyil et al., 2008).  Although a number of studies have now 

been performed in this area, there is still a lack of clear definition regarding expected GFR 

values in the preterm neonate.  Recently published standard curves of GFRs in neonates 

born at 27-31 weeks gestational age, from 7 to 28 days of life, will go some way in aiding 

in the clinical interpretation of renal function in this particular group (Vieux et al., 2010). 

Given that age has been found to be a strong determinant of GFR, the low rate of 

filtration observed in the preterm neonate after birth is likely primarily resultant from 

renal immaturity (a low number of functional glomeruli), and is also likely to be 
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influenced by differences in renal blood flow and vascular resistance.  It is essential that 

GFR is monitored in the postnatal period following preterm birth, as a low GFR may 

impair renal drug clearance, leading to nephrotoxicity and potentially adverse effects on 

nephrogenesis (Schreuder et al., 2011).   

3.2.3  ACUTE KIDNEY INJURY 

The current diagnosis of acute kidney injury (AKI) is based on the RIFLE system, which 

categorises the stages of increasing AKI severity: Risk, Injury, Failure, Loss and End-stage 

kidney disease (ESKD) (Bellomo et al., 2004); this system was further modified following 

recommendations from the Acute Kidney Injury Network (Mehta et al., 2007).  The initial 

clinical indication of AKI risk includes a 50% increase in serum creatinine (or ≥ 0.3 mg/dl 

within a 48 hour period), and/or a urine output less than 0.5 mg/kg/h for a period of six 

hours (Bellomo et al., 2004; Mehta et al., 2007).  In addition to the changes in urine 

output and GFR, AKI may also result in proteinuria (Parikh et al., 2010).  Importantly, a 

definition of AKI for use in a neonatal-specific population has not yet been developed.  

The causes of AKI in the preterm neonate are primarily pre-renal in origin, arising from 

conditions which affect renal perfusion such as hypotension, hypoxia and sepsis 

(Stapleton et al., 1987; Cataldi et al., 2005); these in turn lead to apoptotic, necrotic and 

inflammatory processes within the kidney (Ueda and Shah, 2000; Bonventre, 2007).  AKI is 

reported to occur in 8% to 24% of preterm neonates admitted to neonatal intensive care 

units (Stapleton et al., 1987; Hentschel et al., 1996).  Importantly, AKI in the preterm 

neonate may subsequently lead to long-term chronic renal disease (Abitbol et al., 2003).   

In a study involving 172 preterm neonates by Cataldi et al. (2005), the risk factors for AKI 

were found to be maternal and neonatal drug administration (NSAIDs and antibiotics, 

especially ceftazidime), a low Apgar score, and a patent ductus arteriosus.  Interestingly, 

gestational age at birth did not affect risk of AKI; however, the majority of AKI cases (79%) 

weighed less than 1.5 kg at birth (Cataldi et al., 2005).  In a larger study by Cuzzolin et al. 

(2006), involving 281 preterm neonates, a number of risk factors for AKI were also 

identified. These included maternal NSAID administration, low Apgar score, respiratory 

distress syndrome, neonatal drug administration (antibiotics and NSAIDs), and clinical 
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interventions (intubation at birth, catheterization, phototherapy, and mechanical 

ventilation).  The largest study conducted to date was performed by Walker et al. (2011); 

the medical records of 66,526 preterm neonates (born ≤ 30 weeks gestation) from 286 

hospitals throughout the USA and Puerto Rico were assessed.  In this study, just 4% of 

neonates had been given the diagnosis of renal dysfunction and/or renal failure.  The 

predominant risk factors for renal dysfunction/failure were low gestational age at birth 

and low birth weight.  Further risk factors included: vasopressor, indomethacin, and 

antibiotic administration, intraventricular haemorrhage (grade III or IV), a patent ductus 

arteriosus, necrotising enterocolitis, culture positive sepsis, high frequency ventilation, 

male gender and non-white race.  Importantly, mortality rates were significantly higher in 

neonates with renal dysfunction and/or renal failure (Walker et al., 2011). 

DIAGNOSIS OF ACUTE KIDNEY INJURY 

Given the importance of the early diagnosis and treatment of AKI, there has been much 

recent focus on the discovery of novel urinary biomarkers.  In a systematic review of the 

current literature, Parikh et al. (2010) determined that the molecules with the most 

promise for the diagnosis of established AKI include interleukin-18 (IL-18), kidney injury 

molecule-1 (KIM-1), N-acetyl-beta-D-glucosaminidase (NAG) and neutrophil gelatinase-

associated lipocalin (NGAL); the most encouraging biomarkers for the early diagnosis of 

AKI also included NGAL, IL-18, fatty acid binding protein (FABP) and cystatin-C.   

Urinary NGAL levels have been assessed in preterm neonates with mixed results.  

Normative values for urinary NGAL in preterm neonates with uncomplicated clinical 

courses have indicated a greater variation in females than males (Huynh et al., 2009).  

Studies have also shown that the highest NGAL levels are evident in the neonates that are 

critically ill, with or without evidence of renal dysfunction (Lavery et al., 2008; Parravicini, 

2010).  In particular, NGAL has been suggested to be a promising biomarker of late-onset 

sepsis (Parravicini et al., 2010).  Urinary NGAL levels also strongly correlated with 

gestational and postnatal age (Lavery et al., 2008; Huynh et al., 2009), perhaps reflecting 

the renal production of NGAL during nephrogenesis (Gwira et al., 2005) which may be still 

ongoing during the early postnatal period.  Further research is required, therefore, in 
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order to discover a suitable biomarker of AKI for the prediction of renal injury in the 

preterm neonate. 

3.2.4  PROTEINURIA 

Proteinuria (the presence of high levels of protein in the urine) may be of glomerular 

and/or tubular origin.  The number of different proteins that have been identified in the 

human urinary proteome is 1,543 (Adachi et al., 2006); due to the function of the 

glomerular filtration barrier and tubular reabsorption capabilities, however, proteins are 

normally only present at very low levels in urine unless renal function is impaired.  The 

presence of proteins with a high molecular weight (HMW) in the urine, such as albumin, is 

indicative of a disruption in the integrity of the glomerular filtration barrier (Mathieson, 

2004).  Low molecular weight (LMW) proteins, such as β2-microglobulin, however, pass 

freely through the glomerulus and undergo reuptake via proximal tubule cells (Tomlinson, 

1992; Christensen and Birn, 2001).  LMW protein levels in the urine are not routinely 

measured in the clinical setting, although they may be important markers of tubular cell 

injury (Rosner, 2009; Parikh et al., 2010). 

In the preterm neonate, few studies have been conducted to examine urine protein 

excretion.  In general, the results of these studies have shown a high variability in urine 

albumin levels between individual neonates (Clark et al., 1989; Fell et al., 1997), with the 

highest levels exhibited by those with a low gestational age at birth and those that are 

clinically unstable (Galaske, 1986; Clark et al., 1989; Tsukahara et al., 1994; Fell et al., 

1997; Awad et al., 2002).  The majority of these studies have only been conducted during 

the first week of life following preterm birth; however, in a study by Tsukahara et al. 

(1994) urine albumin levels were assessed in preterm and term neonates over the first 28 

days of life.  Urine albumin levels were found to remain relatively stable postnatally 

throughout the study period in the preterm neonates, whereas in the term neonate urine 

albumin was seen to decrease with increasing postnatal age.  This result suggests the 

glomerular filtration barrier following preterm birth is structurally immature, until beyond 

one month of age.  Urinary β2-microglobulin levels have also been shown to be 

significantly greater in the preterm infant compared to term-born infants throughout the 

first month of life (Aperia et al., 1981a; Tsukahara et al., 1990; Tsukahara et al., 1994), 
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and are decreased with increasing gestational and postnatal age (Takieddine et al., 1983).  

Similarly, levels of α1-microglobulin and retinol binding protein (RBP) are higher in 

preterm neonates than neonates born at term (Clark et al., 1989; Fell et al., 1997; Awad 

et al., 2002).  To date, however, it remains unclear whether the increased urinary high- 

and low- molecular weight protein levels reported in preterm babies are associated with 

renal immaturity and/or renal injury. 

 

3.3  LONG-TERM EFFECTS ON RENAL HEALTH 

The majority of studies conducted to date suggest that renal development and function 

are indeed impaired following preterm birth, which may have significant implications for 

the long-term renal health of individuals born preterm.  In support of this, a number of 

recent epidemiological studies have strongly linked preterm birth with the development 

of hypertension, and also renal dysfunction; it is possible that underlying these 

associations may be a nephron deficit at the beginning of life in individuals born preterm.      

3.3.1  CONSEQUENCES OF A REDUCED NEPHRON ENDOWMENT 

In recent studies by Rodriguez et al. (2004; 2005), it was suggested that preterm birth 

may lead to impaired nephrogenesis, resulting in a reduced nephron endowment.  An 

adequate number of functional nephrons is deemed to be essential to maintaining 

optimal renal health throughout life, with a low nephron endowment being strongly 

linked to both the development of hypertension and renal disease later in life (Hoy et al., 

2005; Ingelfinger, 2008). 

Nephron number per kidney is highly variable, and can occur in the range of 

approximately 200,000 to over 2 million in the general human population (Nyengaard and 

Bendtsen, 1992; Manalich et al., 2000; Hoy et al., 2003; Hughson et al., 2003; Keller et al., 

2003; Douglas-Denton et al., 2006; McNamara et al., 2010).  The number of nephrons 

formed is dependent on two main factors: the extent of ureteric bud branching and the 

ability of the mesenchymal cells to differentiate (Moritz and Cullen-McEwen, 2006).  As 

Shah and colleagues explained (Shah et al., 2004), even a relatively minor decrease in the 

efficiency of nephrogenesis, through either of these two processes, can lead to a major 
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deficit in nephron endowment.  Severe deficits in nephron number, such as occur in the 

rare disorder oligomeganephronia, are associated with unavoidable progressive renal 

failure and subsequent death from uremia at an early age (Suzuki et al., 2005).  Although 

more subtle nephron deficits do not necessarily lead to overt renal dysfunction, there has 

been considerable evidence put forward to associate a reduced nephron endowment 

with both an increased susceptibility to renal disease and the development of 

hypertension (Hoy et al., 2005; Ingelfinger, 2008).   

The Brenner hypothesis (Brenner and Chertow, 1994) further postulates that a nephron 

deficit reduces glomerular filtration surface area leading to systemic and glomerular 

hypertension.  In the kidney, remaining nephrons undergo structural and functional 

adaptations, such as glomerular hypertrophy and permselectivity changes, in order to 

meet the increasing excretory requirements (Brenner and Mackenzie, 1997).  This leads 

to glomerular hyperfiltration, which renders the glomeruli susceptible to 

glomerulosclerosis, and in turn a further decrease in filtration surface area occurs; this 

process thus perpetuates a vicious cycle, eventually resulting in significant nephron loss 

(Brenner et al., 1988; Brenner and Chertow, 1994).  Similarly, a secondary insult to the 

functional capacity of the kidney, such as occurs with obesity or diabetes, may also 

overwhelm the compensatory structural and functional changes in the remaining 

nephrons leading to further nephron loss, a subsequent decline in renal function, and the 

onset of significant renal disease (Nenov et al., 2000).  

HYPERTENSION 

There is strong epidemiological evidence to link preterm birth to the development of 

hypertension in adulthood.  In middle-aged adults, there has been found to be a 

significant inverse correlation between systolic blood pressure and gestational age at 

birth (Siewert-Delle and Ljungman, 1998; Cooper et al., 2008); a study by Cooper et al. 

(2008) demonstrated that there was a 0.53 mmHg reduction in systolic blood pressure for 

every one week increase in gestational age at birth.  Importantly, the inverse association 

between blood pressure and gestational age has also been observed in young adults 

(Kistner et al., 2000; Doyle et al., 2003; Hack et al., 2005; Johansson et al., 2005; Keijzer-
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Veen et al., 2005 ; Keijzer-Veen et al., 2007; Lawlor et al., 2007), and even in children that 

were born preterm (Stevenson et al., 2001; Bonamy et al., 2005; Bonamy et al., 2007).  

3.3.2  KIDNEY SIZE, MORPHOLOGY, AND FUNCTION 

KIDNEY SIZE 

Studies that have assessed kidney size (length and/or volume as determined using 

ultrasound measurements) in preterm-born children and adults have in general 

demonstrated a reduction in kidney size compared to individuals that were born at term.  

Children assessed at primary school age (6-12 years) have in recent studies been shown 

to exhibit a significant reduction in kidney length and volume (absolute and/or relative to 

body size) compared to age-matched children that were born at term (Rakow et al., 2008; 

Zaffanello et al., 2010; Kwinta et al., 2011); however, it is to be noted that there have also 

been two earlier studies that found no effect of preterm birth on kidney size in children 

(Vanpee et al., 1992; Rodriguez-Soriano et al., 2005).  Interestingly, Zaffanello et al. 

(2010) demonstrated a significant reduction in kidney size in children born at 26-28 weeks 

gestation, compared to those born at 30-31 weeks gestation; this is the first study to 

demonstrate that the severity of prematurity has an effect on kidney growth.  There has 

been only one study to date that has examined the effect of preterm birth on kidney size 

in adulthood.  Keijzer-Veen et al. (2010) demonstrated that at 20 years of age, following 

preterm birth at less than 32 weeks gestation, adults had a significantly decreased kidney 

length and volume (both absolute and relative) compared to individuals born at term; this 

difference was only statistically significant in females.   

RENAL MORPHOLOGY 

In a case study of six individuals born preterm (22-30 weeks gestation) and assessed at 

15-52 years of age, Hodgin et al. (2009) described typical findings of post-adaptive focal 

segmental glomerulosclerosis (FSGS), including glomerulomegaly, mild effacement of 

podocyte foot processes, and proteinuria in the absence of nephrotic syndrome.  All six 

patients had no history of other risk factors for FSGS, such as diabetes or long-standing 

hypertension, which suggests that it may be the preterm birth and/or low birth weight 
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(possibly leading to impaired renal development) which has predisposed these individuals 

to renal pathology in adulthood (Hodgin et al., 2009).   

RENAL FUNCTION 

Low birth weight is strongly linked to the development of renal disease in later life (Hoy et 

al., 1999; Vikse et al., 2008; White et al., 2009; Benz and Amann, 2010).  The effects of 

preterm birth per se (just one of the known causes of low birth weight) on renal function 

in children and adults has to date, however, only been investigated in a small number of 

studies with inconclusive results.   

In school-aged children, Rakow et al. (2008) found no difference in GFR or urinary levels 

of HMW and LMW proteins in children born at less than 32 weeks gestation, compared to 

those that were born at term.  Similarly, Vanpee et al. (1992) determined that there was 

no difference in renal function in preterm and term-born children at 8 years of age, 

despite lower GFR and higher urine albumin levels being evident in the preterm group at 

9 months of age.  Two studies have also been conducted to examine renal function in 

young adults (20-30 years of age), with both Keijzer-Veen et al. (2007) and Kistner et al. 

(2000) finding no effect of preterm birth on GFR or albuminuria.   

In contrast, however, a study by Rodriguez-Soriano et al. (2005) showed that GFR was 

significantly reduced in preterm-born children compared to term controls, with 

impairments in electrolyte excretion also evident.  In children examined at 6-8 years of 

age, Iacobelli et al. (2007) also demonstrated microalbuminuria in 8.3% of the preterm 

children; this was associated with factors such as neonatal hypotension and increased 

catch-up growth.  Furthermore, in a cohort of 19 year old young adults, those who were 

born preterm as well as intrauterine growth restricted (IUGR) had a significant reduction 

in glomerular filtration rates (Keijzer-Veen et al., 2005).  Increased risk of renal demise 

was also evident in individuals born preterm and who were also obese during childhood 

(Abitbol et al., 2009).   

Given these results in preterm-born children and adults, there is some suggestion that 

preterm birth (particularly in combination with other insults that affect the growth and 

functional capacity of the kidney) may result in progressive renal failure later in life.  
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Future research will be required, however, in order to definitively determine the 

consequences of preterm birth on life-long renal function. 
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HYPOTHESIS AND AIMS 

The focus of this thesis is to examine the effects of preterm birth on renal development 

and function in the neonatal period, and further to investigate specific factors involved in 

the postnatal care of the preterm neonate which may affect renal development.   

 

4.1  HYPOTHESIS 

As shown in Figure 4.1, it was hypothesised that preterm birth, and related factors 

involved in the postnatal care of the preterm neonate, would adversely affect renal 

development and function and lead to renal injury; this thesis is primarily focused on the 

initial effects of preterm birth on the neonatal kidney.  Additionally, it was also 

hypothesised that preterm birth would ultimately result in a nephron deficit, which in 

turn would lead to an increased susceptibility to develop renal disease later in life. 

 

Figure 4.1:  Hypothesis flow diagram.  It was proposed that preterm birth would impair 
nephrogenesis and lead to glomerular and/or tubular injury.  In turn, these changes would result 
in impaired renal function in the neonate, and also a reduced nephron endowment.  This may be 
further influenced by exposure to postnatal insults such as supplemental oxygen therapy and 
treatment with nephrotoxic medications.  Ultimately, a nephron deficit would increase the 
susceptibility of the preterm neonate to developing renal disease later in life.  
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Specifically, it was hypothesised that preterm birth would impair renal development, 

leading to a reduced number of glomerular generations compared to aged-matched 

controls with normal renal development.  Furthermore, morphologically abnormal 

glomeruli, with an enlarged Bowman’s space and shrunken glomerular tuft, were likely to 

be observed in the outer renal cortex of the human preterm kidney.  Functionally, it was 

postulated that following birth preterm neonates would have significantly lower 

creatinine clearance and higher sodium excretion than neonates born at term.  In 

addition, it was hypothesised that there would be a significantly greater level of urine 

protein (albumin and β2-microglobulin) and urinary NGAL excretion in preterm neonates 

compared to term controls.  It was also hypothesised that ibuprofen treatment would 

impair renal development in the early postnatal period.  Furthermore, it was postulated 

that exposure to high oxygen concentrations after birth would adversely affect the 

development of glomerular capillaries and result a reduction in nephron endowment.  

 

4.2  AIMS 

To address these hypotheses, studies in the human preterm neonate (Chapters 2 and 3), 

as well as in animal models of preterm birth (Chapters 4, 5 and 6) were undertaken.  The 

specific aims of each of these studies are listed below: 

Chapter 2: To determine the effects of preterm birth on renal function in the human  

  neonate during the first month of life.  

Chapter 3:  To determined the effects of preterm birth on postnatal renal   

  development and renal morphology in the human neonatal kidney. 

Chapter 4: To determine the effects of preterm birth on glomerular capillary length  

  and surface area in the preterm lamb kidney. 

Chapter 5: To determine the effects of neonatal hyperoxia exposure on renal   

  development in a mouse model. 

Chapter 6: To determine the effects of neonatal ibuprofen treatment on renal  

  development in a preterm baboon model. 
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4.3  STUDY DESIGN 

The first two experimental chapters (Chapters 2 and 3) are focused on describing the 

effects of preterm birth on renal development and function in human neonates during 

the early neonatal period.  These studies were initially commenced by another Ph.D 

student in our laboratory, Dr. Lina Gubhaju, with the preliminary findings of the research 

presented in her Monash University Ph.D thesis entitled The Effect of Preterm Birth on the 

Kidney (Gubhaju, 2009); in the current thesis, these studies have been completed and the 

final manuscripts have been generated (Chapters 2 and 3). 

In the first experimental chapter (Chapter 2), preterm neonates were prospectively 

recruited for the assessment of renal function (creatinine clearance, the fractional 

excretion of sodium, and urinary albumin, β2-microglobulin, and NGAL excretion) from 

postnatal day 3 to day 28.  Indices of renal function in these neonates were compared to 

normal renal function in term-born neonates during the first month of life.  Chapter 3 

describes an assessment of renal structural development in the human neonate following 

preterm birth; kidneys collected at autopsy in preterm neonates (24-35 weeks gestational 

age, 2-42 days postnatal survival) were compared to those of postconceptional age-

matched controls to determine whether preterm birth affects the normal growth 

trajectory of the kidney.  Furthermore, whether morphologically abnormal glomeruli 

were observed in the human preterm kidney (as has been commonly seen in the baboon 

kidney following preterm birth) was also determined.  Similarly, Chapter 4 also focuses on 

the effects of preterm birth on the structural development of the kidney.  Using a 

preterm lamb model, in which the lambs were delivered moderately preterm and 

ventilated for three days after birth, the length and surface area of the glomerular 

capillaries was assessed.           

Two factors involved in the postnatal care of the preterm neonate that may potentially 

influence renal development were assessed in Chapters 5 and 6; by using carefully 

controlled animal studies, many of the confounding factors associated with studies in 

human infants can be eliminated.  In Chapter 5, the effects of neonatal hyperoxia 

exposure on the developing kidney were investigated in a neonatal mouse model (where 

nephrogenesis is ongoing postnatally for approximately 7 days following birth).  
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Supplemental oxygen therapy is a common treatment for the preterm neonate in order 

to raise blood oxygen levels in underdeveloped lungs; to determine whether hyperoxia 

exposure would affect renal development, glomerular maturity, nephron endowment and 

glomerular size were assessed.  In Chapter 6, a clinically relevant preterm baboon model 

was used to determine the effects of early postnatal ibuprofen administration on renal 

development following preterm birth; ibuprofen (a NSAID) is commonly administered to 

preterm neonates in order to treat a patent ductus arteriosus, and is known to have 

adverse effects on renal function.   

 



Chapter One 

43 
 

REFERENCES 

1. Abitbol CL, Bauer CR, Montane B, Chandar J, Duara S, Zilleruelo G. 2003. Long-term follow-up of 
extremely low birth weight infants with neonatal renal failure. Pediatr Nephrol 18:887-893. 

2. Abitbol CL, Chandar J, Rodriguez MM, Berho M, Seeherunvong W, Freundlich M, Zilleruelo G. 
2009. Obesity and preterm birth: additive risks in the progression of kidney disease in children. 
Pediatr Nephrol 24:1363-1370. 

3. Abrahamson DR, Wang R. 2003. Development of the glomerular capillary and its basement 
membrane. In: Vize PD, Woolf AS, Bard JBL, editors. The Kidney: From Normal Development to 
Congenital Disease. Sydney: Academic Press. 

4. Adachi J, Kumar C, Zhang Y, Olsen JV, Mann M. 2006. The human urinary proteome contains more 
than 1500 proteins, including a large proportion of membrane proteins. Genome Biol 7:R80. 

5. AHA, AAP. 2006. 2005 American Heart Association (AHA) guidelines for cardiopulmonary 
resuscitation (CPR) and emergency cardiovascular care (ECC) of pediatric and neonatal patients: 
neonatal resuscitation guidelines. Pediatrics 117:e1029-1038. 

6. Almeida J, Mandarim-de-Lacerda C. 2002. Quantitative study of the comma-shaped body, S-
shaped body and vascularized glomerulus in the second and third human gestational trimesters. 
Early Hum Dev 69:1-13. 

7. Aperia A, Broberger O, Elinder G, Herin P, Zetterstrom R. 1981a. Postnatal development of renal 
function in pre-term and full-term infants. Acta Paediatr Scand 70:183-187. 

8. Aperia A, Broberger O, Herin P. 1974. Maturational changes in glomerular perfusion rate and 
glomerular filtration rate in lambs. Pediatr Res 8:758-765. 

9. Aperia A, Broberger O, Herin P, Joelsson I. 1977. Renal hemodynamics in the perinatal period. A 
study in lambs. Acta Physiol Scand 99:261-269. 

10. Aperia A, Broberger O, Thodenius K, Zetterstrom R. 1972. Renal response to an oral sodium load 
in newborn full term infants. Acta Paediatr Scand 61:670-676. 

11. Aperia A, Elinder G. 1981. Distal tubular sodium reabsorption in the developing rat kidney. Am J 
Physiol 240:F487-491. 

12. Aperia A, Larsson L. 1984. Induced development of proximal tubular NaKATPase, basolateral cell 
membranes and fluid reabsorption. Acta Physiol Scand 121:133-141. 

13. Aperia A, Larsson L, Zetterstrom R. 1981b. Hormonal induction of Na-K-ATPase in developing 
proximal tubular cells. Am J Physiol 241:F356-360. 

14. Arant BS, Jr. 1978. Developmental patterns of renal functional maturation compared in the human 
neonate. J Pediatr 92:705-712. 

15. Awad H, el-Safty I, el-Barbary M, Imam S. 2002. Evaluation of renal glomerular and tubular 
functional and structural integrity in neonates. Am J Med Sci 324:261-266. 

16. Ballermann BJ. 2005. Glomerular endothelial cell differentiation. Kidney Int 67:1668-1671. 

17. Barton L, Hodgman JE, Pavlova Z. 1999. Causes of death in the extremely low birth weight infant. 
Pediatrics 103:446-451. 

18. Baum M. 1990. Neonatal rabbit juxtamedullary proximal convoluted tubule acidification. J Clin 
Invest 85:499-506. 



Chapter One 

44 
 

19. Baum M. 1992. Developmental changes in rabbit juxtamedullary proximal convoluted tubule 
acidification. Pediatr Res 31:411-414. 

20. Beall M, van den Wijngaard J, van Gemert M, Ross M. 2008. Placental and fetal water flux. In: Oh 
W, Guignard J, Baumgart S, Polin R, editors. Nephrology and Fluid/Electrolyte Physiology. 
Philadelphia PA, USA: Saunders Elsevier. p 3-19. 

21. Beck S, Wojdyla D, Say L, Betran AP, Merialdi M, Requejo JH, Rubens C, Menon R, Van Look PF. 
2010. The worldwide incidence of preterm birth: a systematic review of maternal mortality and 
morbidity. Bull World Health Organ 88:31-38. 

22. Bellomo R, Ronco C, Kellum JA, Mehta RL, Palevsky P. 2004. Acute renal failure - definition, 
outcome measures, animal models, fluid therapy and information technology needs: the Second 
International Consensus Conference of the Acute Dialysis Quality Initiative (ADQI) Group. Crit Care 
8:R204-212. 

23. Bensley JG, De Matteo R, Harding R, Black MJ. 2012. Preterm birth with antenatal corticosteroid 
administration has injurious and persistent effects on the structure and composition of the aorta 
and pulmonary artery. Pediatr Res 71:150-155. 

24. Bensley JG, Stacy VK, De Matteo R, Harding R, Black MJ. 2010. Cardiac remodelling as a result of 
pre-term birth: implications for future cardiovascular disease. Eur Heart J 31:2058-2066. 

25. Benz K, Amann K. 2010. Maternal nutrition, low nephron number and arterial hypertension in later 
life. Biochim Biophys Acta 1802:1309-1317. 

26. Bertram J. 1995. Analysing renal glomeruli with the new stereology. Int Rev Cytol 161:111–172. 

27. Blackburn S. 2007. Maternal, Fetal, and Neonatal Physiology - A Clinical Perspective, Third Edition 
ed. St Louis Missouri USA: Elsevier. 

28. Bonamy A, Bendito A, Martin H, Andolf E, Sedin G, Norman M. 2005. Preterm Birth Contributes to 
Increased Vascular Resistance and Higher Blood Pressure in Adolescent Girls. Pediatr Res 58:845–
849. 

29. Bonamy AK, Martin H, Jorneskog G, Norman M. 2007. Lower skin capillary density, normal 
endothelial function and higher blood pressure in children born preterm. J Intern Med 262:635-
642. 

30. Bonsante F, Iacobelli S, Chantegret C, Martin D, Gouyon JB. 2011. The effect of parenteral 
nitrogen and energy intake on electrolyte balance in the preterm infant. Eur J Clin Nutr 65:1088-
1093. 

31. Bonventre JV. 2007. Pathophysiology of acute kidney injury: roles of potential inhibitors of 
inflammation. Contrib Nephrol 156:39-46. 

32. Brenner B, Garcia D, Anderson S. 1988. Glomeruli and blood pressure. Less of one, more the 
other? Am J Hypertens 1:335-347. 

33. Brenner BM, Chertow GM. 1994. Congenital oligonephropathy and the etiology of adult 
hypertension and progressive renal injury. Am J Kidney Dis 23:171-175. 

34. Brenner BM, Mackenzie HS. 1997. Nephron mass as a risk factor for progression of renal disease. 
Kidney Int 52 (Suppl. 63):S124-S127. 

35. Bueva A, Guignard J. 1994. Renal function in the preterm neonate. Pedatric Research 36:572-577. 

36. Carlo WA, Finer NN, Walsh MC, Rich W, Gantz MG, Laptook AR, Yoder BA, Faix RG, Das A, Poole 
WK, Schibler K, Newman NS, Ambalavanan N, Frantz ID, 3rd, Piazza AJ, Sanchez PJ, Morris BH, 
Laroia N, Phelps DL, Poindexter BB, Cotten CM, Van Meurs KP, Duara S, Narendran V, Sood BG, 



Chapter One 

45 
 

O'Shea TM, Bell EF, Ehrenkranz RA, Watterberg KL, Higgins RD. 2010. Target ranges of oxygen 
saturation in extremely preterm infants. N Engl J Med 362:1959-1969. 

37. Cataldi L, Leone R, Moretti U, De Mitri B, Fanos V, Ruggeri L, Sabatino G, Torcasio F, Zanardo V, 
Attardo G, Riccobene F, Martano C, Benini D, Cuzzolin L. 2005. Potential risk factors for the 
development of acute renal failure in preterm newborn infants: a case-control study. Arch Dis Child 
Fetal Neonatal Ed 90:F514-519. 

38. Chevalier RL. 2001. The moth and the aspen tree: sodium in early postnatal development. Kidney 
Int 59:1617-1625. 

39. Christensen EI, Birn H. 2001. Megalin and cubilin: synergistic endocytic receptors in renal proximal 
tubule. Am J Physiol Renal Physiol 280:F562-573. 

40. Clark PM, Bryant TN, Hall MA, Lowes JA, Rowe DJ. 1989. Neonatal renal function assessment. 
Arch Dis Child 64:1264-1269. 

41. Clyman RI. 2006. Mechanisms regulating the ductus arteriosus. Biol Neonate 89:330-335. 

42. Cooper R, Atherton K, Power C. 2008. Gestational age and risk factors for cardiovascular disease: 
evidence from the 1958 British birth cohort followed to mid-life. Int J Epidemiol. 

43. Corman B, Roinel N. 1991. Single-nephron filtration rate and proximal reabsorption in aging rats. 
Am J Physiol 260:F75-80. 

44. Costantini F, Shakya R. 2006. GDNF/Ret signaling and the development of the kidney. Bioessays 
28:117-127. 

45. Cussen L, Scurry J, Mitropoulos G, McTigue C, Gross J. 1990. Mean organ weights of an Australian 
population of fetuses and infants. J Paediatr Child Health 26:101-103. 

46. Cuzzolin L, Fanos V, Pinna B, di Marzio M, Perin M, Tramontozzi P, Tonetto P, Cataldi L. 2006. 
Postnatal renal function in preterm newborns: a role of diseases, drugs and therapeutic 
interventions. Pediatr Nephrol 21:931-938. 

47. Davies J. 2003. Development of the ureteric bud. In: Vize PD, Woolf AS, Bard JBL, editors. The 
Kidney: From Normal Development to Congenital Disease. Sydney: Academic Press. 

48. de Kleine MJ, den Ouden AL, Kollee LA, Ilsen A, van Wassenaer AG, Brand R, Verloove-Vanhorick 
SP. 2007. Lower mortality but higher neonatal morbidity over a decade in very preterm infants. 
Paediatr Perinat Epidemiol 21:15-25. 

49. Dean RF, McCance R. 1949. The renal responses of infants and adults to the administration of 
hypertonic solutions of sodium chloride and urea. J Physiol 109:81-97. 

50. Deuber C, Terhaar M. 2011. Hyperoxia in very preterm infants: a systematic review of the 
literature. J Perinat Neonatal Nurs 25:268-274. 

51. dos Santos A, Fonseca Ferraz M, Pinto Rodriguez M, Dos Reis M, Miranda Corrêa R, de Paula 
Antunes Teixeira V, da Cunha Castro E. 2006. Assessment of renal maturity by assisted 
morphometry in autopsied fetuses. Early Human Development 82:709-713. 

52. Douglas-Denton RN, McNamara BJ, Hoy WE, Hughson MD, Bertram JF. 2006. Does nephron 
number matter in the development of kidney disease? Ethn Dis 16:S2-40-45. 

53. Doyle LW. 2004. Evaluation of neonatal intensive care for extremely low birth weight infants in 
Victoria over two decades: I. Effectiveness. Pediatrics 113:505-509. 

54. Doyle LW, Faber B, Callanan C, Morley R. 2003. Blood pressure in late adolescence and very low 
birth weight. Pediatrics 111:252-257. 



Chapter One 

46 
 

55. Dressler GR. 2006. The cellular basis of kidney development. Annu Rev Cell Dev Biol 22:509-529. 

56. Drougia A, Giapros V, Hotoura E, Papadopoulou F, Argyropoulou M, Andronikou S. 2009. The 
effects of gestational age and growth restriction on compensatory kidney growth. Nephrol Dial 
Transplant 24:142-148. 

57. Dubowitz L, Dubowitz V, Goldberg C. 1970. Clinical assessment of gestational age in the newborn 
infant. J Pediatr 77:1-10. 

58. Elder DE, Zuccollo JM. 2005. Autopsy after death due to extreme prematurity. Arch Dis Child Fetal 
Neonatal Ed 90:F270-272. 

59. Engle W. 1986. Development of fetal and neonatal renal function. Seminars in Perinatology 
10:113-124. 

60. Eremina V, Quaggin SE. 2004. The role of VEGF-A in glomerular development and function. Curr 
Opin Nephrol Hypertens 13:9-15. 

61. Evan AP, Gattone VH, 2nd, Schwartz GJ. 1983. Development of solute transport in rabbit proximal 
tubule. II. Morphologic segmentation. Am J Physiol 245:F391-407. 

62. Faa G, Gerosa C, Fanni D, Monga G, Zaffanello M, Van Eyken P, Fanos V. 2012. Morphogenesis 
and molecular mechanisms involved in human kidney development. J Cell Physiol 227:1257-1268. 

63. Faa G, Gerosa C, Fanni D, Nemolato S, Locci A, Cabras T, Marinelli V, Puddu M, Zaffanello M, 
Monga G, Fanos V. 2010. Marked interindividual variability in renal maturation of preterm infants: 
lessons from autopsy. J Matern Fetal Neonatal Med 23 Suppl 3:129-133. 

64. Fanaroff AA, Stoll BJ, Wright LL, Carlo WA, Ehrenkranz RA, Stark AR, Bauer CR, Donovan EF, 
Korones SB, Laptook AR, Lemons JA, Oh W, Papile LA, Shankaran S, Stevenson DK, Tyson JE, 
Poole WK. 2007. Trends in neonatal morbidity and mortality for very low birthweight infants. Am J 
Obstet Gynecol 196:147 e141-148. 

65. Fawer CL, Torrado A, Guignard JP. 1979. Maturation of renal function in full-term and premature 
neonates. Helv Paediatr Acta 34:11-21. 

66. Fell JM, Thakkar H, Newman DJ, Price CP. 1997. Measurement of albumin and low molecular 
weight proteins in the urine of newborn infants using a cotton wool ball collection method. Acta 
Paediatr 86:518-522. 

67. Fierlbeck W, Liu A, Coyle R, Ballermann BJ. 2003. Endothelial cell apoptosis during glomerular 
capillary lumen formation in vivo. J Am Soc Nephrol 14:1349-1354. 

68. Finer N, Saugstad O, Vento M, Barrington K, Davis P, Duara S, Leone T, Lui K, Martin R, Morley C, 
Rabi Y, Rich W. 2010. Use of oxygen for resuscitation of the extremely low birth weight infant. 
Pediatrics 125:389-391. 

69. Finney H, Newman DJ, Thakkar H, Fell JM, Price CP. 2000. Reference ranges for plasma cystatin C 
and creatinine measurements in premature infants, neonates, and older children. Arch Dis Child 
82:71-75. 

70. Fischer B, Bavister BD. 1993. Oxygen tension in the oviduct and uterus of rhesus monkeys, 
hamsters and rabbits. J Reprod Fertil 99:673-679. 

71. Fonseca Ferraz M, dos Santos A, Cavellani C, Rossi R, Correa R, dos Reis M, de Paula Antunes 
Teixeira V, de Cunha Castro E. 2008. Histochemical and immunohistochemical study of the 
glomerular development in human fetuses. Pediatr Nephrol 23:257-262. 

72. Galaske RG. 1986. Renal functional maturation: renal handling of proteins by mature and 
immature newborns. Eur J Pediatr 145:368-371. 



Chapter One 

47 
 

73. Gallini F, Maggio L, Romagnoli C, Marrocco G, Tortorolo G. 2000. Progression of renal function in 
preterm neonates with gestational age < or = 32 weeks. Pediatr Nephrol 15:119-124. 

74. Gao Y, Raj JU. 2010. Regulation of the pulmonary circulation in the fetus and newborn. Physiol Rev 
90:1291-1335. 

75. Gasser B, Mauss Y, Ghnassia J, Favre R, Kohler M, Yu O, Vonesch J. 1993. A quantitative study of 
normal nephrogenesis in the human fetus: its implication in the natural history of kidney changes 
dur to low obstructive uropathies. Fetal Diagnosis and Therapy 8:371-384. 

76. Georgeson GD, Szony BJ, Streitman K, Varga IS, Kovacs A, Kovacs L, Laszlo A. 2002. Antioxidant 
enzyme activities are decreased in preterm infants and in neonates born via caesarean section. Eur 
J Obstet Gynecol Reprod Biol 103:136-139. 

77. Giapros V, Papadimitriou P, Challa A, Andronikou S. 2007. The effect of intrauterine growth 
retardation on renal function in the first two months of life. Nephrol Dial Transplant 22:96-103. 

78. Goldenberg R, Culhane J, Iams J, Romero R. 2008. Epidemiology and causes of preterm birth. 
Lancet 371:75-84. 

79. Goldenberg RL, Hauth JC, Andrews WW. 2000. Intrauterine infection and preterm delivery. N Engl 
J Med 342:1500-1507. 

80. Goldsmith DI, Jodorkovsky RA, Sherwinter J, Kleeman SR, Spitzer A. 1986. Glomerular capillary 
permeability in developing canines. Am J Physiol 251:F528-531. 

81. Gordjani N, Burghard R, Leititis J, Brandis M. 1998. Serum creatinine and creatinine clearance in 
healthy neonates and prematures during the first 10 days of life. Eur J Pediatr 148:143-145. 

82. Gruskin AB, Edelmann CM, Jr., Yuan S. 1970. Maturational changes in renal blood flow in piglets. 
Pediatr Res 4:7-13. 

83. Gubhaju L. 2009. Effect of preterm birth on the kidney. In: Department of Anatomy and 
Developmental Biology: Monash University. 

84. Gubhaju L, Black MJ. 2005. The baboon as a good model for studies of human kidney 
development. Pediatr Res 58:505-509. 

85. Gubhaju L, Sutherland MR, Black MJ. 2011. Preterm birth and the kidney: implications for long-
term renal health. Reprod Sci 18:322-333. 

86. Gubhaju L, Sutherland MR, Yoder BA, Zulli A, Bertram JF, Black MJ. 2009. Is nephrogenesis 
affected by preterm birth? Studies in a non-human primate model. Am J Physiol Renal Physiol 
297:F1668-1677. 

87. Guillery EN, Huss DJ, McDonough AA, Klein LC. 1997. Posttranscriptional upregulation of Na(+)-
K(+)-ATPase activity in newborn guinea pig renal cortex. Am J Physiol 273:F254-263. 

88. Gwira JA, Wei F, Ishibe S, Ueland JM, Barasch J, Cantley LG. 2005. Expression of neutrophil 
gelatinase-associated lipocalin regulates epithelial morphogenesis in vitro. J Biol Chem 280:7875-
7882. 

89. Hack M. 2006. Young adult outcomes of very-low-birth-weight children. Semin Fetal Neonatal Med 
11:127-137. 

90. Hack M, Schluchter M, Cartar L, Rahman M. 2005. Blood pressure among very low birth weight 
(<1.5 kg) young adults. Pediatr Res 58:677-684. 



Chapter One 

48 
 

91. Hallgrimsson B, Benediktsson H, Vize PD. 2003. Anatomy and histology of the human urinary 
system. In: Peter D. Vize ASW, Jonathan B. L. Bard, editor. The Kidney: From Normal Development 
to Congenital Disease: Academic Press. p 149-164. 

92. Hentschel R, Lodige B, Bulla M. 1996. Renal insufficiency in the neonatal period. Clin Nephrol 
46:54-58. 

93. Heron M, Sutton P, Xu J, Ventura S, Strobino D, Guyer B. 2010. Annual summary of vital statistics: 
2007. Pediatrics 125:4-15. 

94. Hinchliffe SA, Lynch MR, Sargent PH, Howard CV, Van Velzen D. 1992a. The effect of intrauterine 
growth retardation on the development of renal nephrons. Br J Obstet Gynaecol 99:296-301. 

95. Hinchliffe SA, Sargent PH, Chan YF, van Velzen D, Howard CV, Hutton JL, Rushton DI. 1992b. 
"Medullary ray glomerular counting" as a method of assessment of human nephrogenesis. Pathol 
Res Pract 188:775-782. 

96. Hinchliffe SA, Sargent PH, Howard CV, Chan YF, van Velzen D. 1991. Human intrauterine renal 
growth expressed in absolute number of glomeruli assessed by the disector method and Cavalieri 
principle. Lab Invest 64:777-784. 

97. Hodgin JB, Rasoulpour M, Markowitz GS, D'Agati VD. 2009. Very low birth weight is a risk factor 
for secondary focal segmental glomerulosclerosis. Clin J Am Soc Nephrol 4:71-76. 

98. Hoy WE, Douglas-Denton RN, Hughson MD, Cass A, Johnson K, Bertram JF. 2003. A stereological 
study of glomerular number and volume: preliminary findings in a multiracial study of kidneys at 
autopsy. Kidney Int Suppl:S31-37. 

99. Hoy WE, Hughson MD, Bertram JF, Douglas-Denton R, Amann K. 2005. Nephron number, 
hypertension, renal disease, and renal failure. J Am Soc Nephrol 16:2557-2564. 

100. Hoy WE, Rees M, Kile E, Mathews JD, Wang Z. 1999. A new dimension to the Barker hypothesis: 
Low birth weight and susceptibility to renal disease. Kidney Int 56:1072-1077. 

101. Huang HP, Tsai IJ, Lai YC, Cheng CH, Tsau YK. 2007. Early postnatal renal growth in premature 
infants. Nephrology 12:572-575. 

102. Huber SM, Braun GS, Horster MF. 1999. Expression of the epithelial sodium channel (ENaC) during 
ontogenic differentiation of the renal cortical collecting duct epithelium. Pflugers Arch 437:491-
497. 

103. Hughson M, Farris ABI, Douglas-Denton R, Hoy WE, Bertram JF. 2003. Glomerular number and 
size in autopsy kidneys: The relationship to birth weight. Kidney Int 63:2113-2122. 

104. Huynh TK, Bateman DA, Parravicini E, Lorenz JM, Nemerofsky SL, Sise ME, Bowman TM, Polesana 
E, Barasch JM. 2009. Reference values of urinary neutrophil gelatinase-associated lipocalin in very 
low birth weight infants. Pediatr Res 66:528-532. 

105. Hyink DP, Tucker DC, St John PL, Leardkamolkarn V, Accavitti MA, Abrass CK, Abrahamson DR. 
1996. Endogenous origin of glomerular endothelial and mesangial cells in grafts of embryonic 
kidneys. Am J Physiol 270:F886-899. 

106. Iacobelli S, Bonsante F, Ferdinus C, Labenne M, Gouyon JB. 2009. Factors affecting postnatal 
changes in serum creatinine in preterm infants with gestational age <32 weeks. J Perinatol 29:232-
236. 

107. Iacobelli S, Loprieno S, Bonsante F, Latorre G, Esposito L, Gouyon JB. 2007. Renal function in early 
childhood in very low birthweight infants. Am J Perinatol 24:587-592. 



Chapter One 

49 
 

108. Ingelfinger JR. 2008. Disparities in renal endowment: causes and consequences. Adv Chronic 
Kidney Dis 15:107-114. 

109. Johansson S, Iliadou A, Bergvall N, Tuvemo T, Norman M, Cnattingius S. 2005. Risk of high blood 
pressure among young men increases with the degree of immaturity at birth. Circulation 112:3430-
3436. 

110. Jose PA, Logan AG, Slotkoff LM, Lilienfield LS, Calcagno PL, Eisner GM. 1971. Intrarenal blood flow 
distribution in canine puppies. Pediatr Res 5:335-344. 

111. Kamlin CO, O'Donnell CP, Davis PG, Morley CJ. 2006. Oxygen saturation in healthy infants 
immediately after birth. J Pediatr 148:585-589. 

112. Keijzer-Veen M, Finken M, Nauta J, Dekker F, Hille E, Frolich M, Wit J, van der Heijden A. 2005 Is 
blood pressure increased 19 years after intrauterine growth restriction and preterm birth? A 
prospective follow-up study in The Netherlands. Pediatrics 116:725-731. 

113. Keijzer-Veen M, Schrevel M, Finken M, Dekker F, Nauta J, Hille E, Frolich M, van der Heijden B. 
2005. Microalbuminuria and lower glomerular filtration rate at young adult age in subjects born 
very premature and after intrauterine growth retardation. J Am Soc Nephrol 16:2762-2768. 

114. Keijzer-Veen MG, Devos AS, Meradji M, Dekker FW, Nauta J, van der Heijden BJ. 2010. Reduced 
renal length and volume 20 years after very preterm birth. Pediatr Nephrol 25:499-507. 

115. Keijzer-Veen MG, Kleinveld HA, Lequin MH, Dekker FW, Nauta J, de Rijke YB, van der Heijden BJ. 
2007. Renal function and size at young adult age after intrauterine growth restriction and very 
premature birth. Am J Kidney Dis 50:542-551. 

116. Keller G, Zimmer G, Mall G, Ritz E, Amann K. 2003. Nephron number in patients with primary 
hypertension. New England Journal of Medicine 348:101-108. 

117. Kent AL, Jyoti R, Robertson C, Gonsalves L, Meskell S, Shadbolt B, Falk MC. 2009. Does extreme 
prematurity affect kidney volume at term corrected age? J Matern Fetal Neonatal Med 22:435-
438. 

118. Kerr JB. 1999. Atlas of Functional Histology. London UK: Mosby. 

119. Kiserud T. 2005. Physiology of the fetal circulation. Semin Fetal Neonatal Med 10:493-503. 

120. Kistner A, Celsi G, Vanpee M, Jacobson SH. 2000. Increased blood pressure but normal renal 
function in adult women born preterm. Pediatr Nephrol 15:215-220. 

121. Kitsantas P. 2008. Underlying and multiple causes of death in preterm infants. Journal of Data 
Science 6:125-134. 

122. Kwinta P, Klimek M, Drozdz D, Grudzien A, Jagla M, Zasada M, Pietrzyk JJ. 2011. Assessment of 
long-term renal complications in extremely low birth weight children. Pediatr Nephrol 26:1095-
1103. 

123. Lavery AP, Meinzen-Derr JK, Anderson E, Ma Q, Bennett MR, Devarajan P, Schibler KR. 2008. 
Urinary NGAL in premature infants. Pediatr Res 64:423-428. 

124. Lawlor DA, Hubinette A, Tynelius P, Leon DA, Smith GD, Rasmussen F. 2007. Associations of 
gestational age and intrauterine growth with systolic blood pressure in a family-based study of 
386,485 men in 331,089 families. Circulation 115:562-568. 

125. Laws PJ, Li Z, Sullivan EA. 2010. Australia’s mothers and babies 2008. Perinatal statistics series no. 
24. Cat. no. PER 50 Canberra: AIHW. 



Chapter One 

50 
 

126. Lee YS, Chou YH. 2005. Antioxidant profiles in full term and preterm neonates. Chang Gung Med J 
28:846-851. 

127. Lelievre-Pegorier M, Merlet-Benichou C, Roinel N, de Rouffignac C. 1983. Developmental pattern 
of water and electrolyte transport in rat superficial nephrons. Am J Physiol 245:F15-21. 

128. Lizardo-Daudt HM, Edelweiss MIA, dos Santos FT, de Cassia Alves Schumacher R. 2002. Diagnosis 
of the human fetal age based on the development of the normal kidney. J Brasileiro de Patologia e 
Medicina Laboratorial 38:135-139. 

129. Lodrup AB, Karstoft K, Dissing TH, Nyengaard JR, Pedersen M. 2008. The association between 
renal function and structural parameters: a pig study. BMC Nephrol 9:18. 

130. Malnic G, Klose RM, Giebisch G. 1966. Micropuncture study of distal tubular potassium and 
sodium transport in rat nephron. Am J Physiol 211:529-547. 

131. Manalich R, Reyes L, Herrera M, Melendi C, Fundora I. 2000. Relationship between weight at birth 
and the number and size of renal glomeruli in humans: A histomorphometric study. Kidney Int 
58:770-773. 

132. Martin J, Hamilton B, Sutton P, Ventura S, Menacher F, Kirmeyer S. 2006. Births: final data for 
2004. Natl Vital Stat Rep 55:1-101. 

133. Mathews TJ, Minino AM, Osterman MJ, Strobino DM, Guyer B. 2011. Annual summary of vital 
statistics: 2008. Pediatrics 127:146-157. 

134. Mathieson P. 2004. The cellular basis of albuminuria. Clinical Science 107:533 - 538. 

135. Matos P, Duarte-Silva M, Drukker A, Guignard JP. 1998. Creatinine reabsorption by the newborn 
rabbit kidney. Pediatr Res 44:639-641. 

136. McNamara BJ, Diouf B, Douglas-Denton RN, Hughson MD, Hoy WE, Bertram JF. 2010. A 
comparison of nephron number, glomerular volume and kidney weight in Senegalese Africans and 
African Americans. Nephrol Dial Transplant 25:1514-1520. 

137. McNamara BJ, Diouf B, Hughson MD, Douglas-Denton RN, Hoy WE, Bertram JF. 2008. Renal 
pathology, glomerular number and volume in a West African urban community. Nephrol Dial 
Transplant 23:2576-2585. 

138. Mehta RL, Kellum JA, Shah SV, Molitoris BA, Ronco C, Warnock DG, Levin A. 2007. Acute Kidney 
Injury Network: report of an initiative to improve outcomes in acute kidney injury. Crit Care 
11:R31. 

139. Miall LS, Henderson MJ, Turner AJ, Brownlee KG, Brocklebank JT, Newell SJ, Allgar VL. 1999. 
Plasma creatinine rises dramatically in the first 48 hours of life in preterm infants. Pediatrics 
104:e76. 

140. Mishra S, Dinesh A, Kaul JM. 2006. Morphological and morpho-metrical study of human renal 
development during mid-gestation period. J Anat Soc India 55:5-10. 

141. Mitropoulos G, Scurry J, Cussen L. 1992. Organ weight/bodyweight ratios: growth rates of fetal 
organs in the latter half of pregnancy with a simple method for calculating mean organ weights. J 
Paediatr Child Health 28:236-239. 

142. Moniz CF, Nicolaides KH, Bamforth FJ, Rodeck CH. 1985. Normal reference ranges for biochemical 
substances relating to renal, hepatic, and bone function in fetal and maternal plasma throughout 
pregnancy. J Clin Pathol 38:468-472. 

143. Moore L, Williams R, Staples A. 1993. Glomerular dimensions in children under 16 years of age. J 
Pathol 171:145-150. 



Chapter One 

51 
 

144. Moritz K, Wintour E. 1999. Functional development of the meso- and metanephros. Pediatr 
Nephrol 13:171-178. 

145. Moritz KM, Cullen-McEwen LA. 2006. Kidney development and fetal programming. In: Wintour 
EM, Owens JA, editors. Early Life Origins of Health and Disease. New York: Eurekah.com & Springer 
Science+Business Media. 

146. Moster D, Lie RT, Markestad T. 2008. Long-term medical and social consequences of preterm 
birth. N Engl J Med 359:262-273. 

147. Murawski IJ, Maina RW, Gupta IR. 2010. The relationship between nephron number, kidney size 
and body weight in two inbred mouse strains. Organogenesis 6:189-194. 

148. Naruse K, Fujieda M, Miyazaki E, Hayashi Y, Toi M, Fukui T, Kuroda N, Hiroi M, Kurashige T, Enzan 
H. 2000. An immunohistochemical study of developing glomeruli in human fetal kidneys. Kidney Int 
57:1836-1846. 

149. Nenov VD, Taal MW, Sakharova OV, Brenner BM. 2000. Multi-hit nature of chronic renal disease. 
Curr Opin Nephrol Hypertens 9:85-97. 

150. Nyengaard JR, Bendtsen TF. 1992. Glomerular number and size in relation to age, kidney weight, 
and body surface in normal man. The Anatomical Record 232:194-201. 

151. Olbing H, Blaufox MD, Aschinberg LC, Silkalns GI, Bernstein J, Spitzer A, Edelmann CM, Jr. 1973. 
Postnatal changes in renal glomerular blood flow distribution in puppies. J Clin Invest 52:2885-
2895. 

152. Osathanondh V, Potter E. 1963. Development of human kidney as shown by microdissection. III. 
Formation and interrelationship of collecting tubules and nephrons. Archives of Pathology 76:290-
302. 

153. Parikh CR, Lu JC, Coca SG, Devarajan P. 2010. Tubular proteinuria in acute kidney injury: a critical 
evaluation of current status and future promise. Ann Clin Biochem 47:301-312. 

154. Parravicini E. 2010. The clinical utility of urinary neutrophil gelatinase-associated lipocalin in the 
neonatal ICU. Curr Opin Pediatr 22:146-150. 

155. Parravicini E, Nemerofsky SL, Michelson KA, Huynh TK, Sise ME, Bateman DA, Lorenz JM, Barasch 
JM. 2010. Urinary neutrophil gelatinase-associated lipocalin is a promising biomarker for late onset 
culture-positive sepsis in very low birth weight infants. Pediatr Res 67:636-640. 

156. Patrakka J, Tryggvason K. 2010. Molecular make-up of the glomerular filtration barrier. Biochem 
Biophys Res Commun 396:164-169. 

157. Puelles VG, Hoy WE, Hughson MD, Diouf B, Douglas-Denton RN, Bertram JF. 2011a. Glomerular 
number and size variability and risk for kidney disease. Curr Opin Nephrol Hypertens 20:7-15. 

158. Puelles VG, Zimanyi MA, Samuel T, Hughson MD, Douglas-Denton RN, Bertram JF, Armitage JA. 
2011b. Estimating individual glomerular volume in the human kidney: clinical perspectives. 
Nephrol Dial Transplant. 

159. Rabi Y, Singhal N, Nettel-Aguirre A. 2011. Room-air versus oxygen administration for resuscitation 
of preterm infants: the ROAR study. Pediatrics 128:e374-381. 

160. Rabi Y, Yee W, Chen SY, Singhal N. 2006. Oxygen saturation trends immediately after birth. J 
Pediatr 148:590-594. 

161. Rakow A, Johansson S, Legnevall L, Sevastik R, Celsi G, Norman M, Vanpee M. 2008. Renal 
volume and function in school-age children born preterm or small for gestational age. Pediatr 
Nephrol 23:1309-1315. 



Chapter One 

52 
 

162. Ratliff B, Rodebaugh J, Sekulic M, Solhaug M. 2007. Glomerular eNOS gene expression during 
postnatal maturation and AT1 receptor inhibition. Pediatr Nephrol 22:1135-1142. 

163. Rhodin MM, Anderson BJ, Peters AM, Coulthard MG, Wilkins B, Cole M, Chatelut E, Grubb A, 
Veal GJ, Keir MJ, Holford NH. 2009. Human renal function maturation: a quantitative description 
using weight and postmenstrual age. Pediatr Nephrol 24:67-76. 

164. Robert B, St John PL, Abrahamson DR. 1998. Direct visualization of renal vascular morphogenesis 
in Flk1 heterozygous mutant mice. Am J Physiol 275:F164-172. 

165. Roberts CL, Lancaster PA. 1999. Australian national birthweight percentiles by gestational age. 
Med J Aust 170:114-118. 

166. Roberts D, Dalziel S. 2006. Antenatal corticosteroids for accelerating fetal lung maturation for 
women at risk of preterm birth. Cochrane Database Syst Rev 3:CD004454. 

167. Roberts WG, Palade GE. 1995. Increased microvascular permeability and endothelial fenestration 
induced by vascular endothelial growth factor. J Cell Sci 108 ( Pt 6):2369-2379. 

168. Robillard JE, Kulvinskas C, Sessions C, Burmeister L, Smith FG, Jr. 1975. Maturational changes in 
the fetal glomerular filtration rate. Am J Obstet Gynecol 122:601-606. 

169. Robillard JE, Weismann DN, Herin P. 1981. Ontogeny of single glomerular perfusion rate in fetal 
and newborn lambs. Pediatr Res 15:1248-1255. 

170. Rodesch F, Simon P, Donner C, Jauniaux E. 1992. Oxygen measurements in endometrial and 
trophoblastic tissues during early pregnancy. Obstet Gynecol 80:283-285. 

171. Rodriguez-Soriano J, Aguirre M, Oliveros R, Vallo A. 2005. Long-term renal follow-up of extremely 
low birth weight infants. Pediatr Nephrol 20:579-584. 

172. Rodriguez MM, Gomez A, Abitbol C, Chandar J, Montane B, Zilleruelo G. 2005. Comparative renal 
histomorphometry: a case study of oligonephropathy of prematurity. Pediatr Nephrol 20:945-949. 

173. Rodriguez MM, Gomez AH, Abitbol CL, Chandar JJ, Duara S, Zilleruelo GE. 2004. 
Histomorphometric analysis of postnatal glomerulogenesis in extremely preterm infants. Pediatr 
Dev Pathol 7:17-25. 

174. Rosner MH. 2009. Urinary biomarkers for the detection of renal injury. Adv Clin Chem 49:73-97. 

175. Ross B, Cowett R, Oh W. 1977. Renal functions of low birth weight infants during the first two 
months of life. Pediatr Res 11:1162-1164. 

176. Rudolph AM. 1970. The changes in the circulation after birth. Their importance in congenital heart 
disease. Circulation 41:343-359. 

177. Rudolph AM, Heymann MA, Teramo KAW, Barrett CT, Raiha NCR. 1971. Studies on the circulation 
of the previable human fetus. Pediatr Res 5:452-465. 

178. Saigal S, Doyle LW. 2008. An overview of mortality and sequelae of preterm birth from infancy to 
adulthood. Lancet 371:261-269. 

179. Sands JM, Layton HE. 2009. The physiology of urinary concentration: an update. Semin Nephrol 
29:178-195. 

180. Satlin LM, Woda CB, Schwartz GJ. 2003. Development of function in the metanephric kidney. In: 
Vize PD, Woolf A, Bard JBL, editors. The Kidney: From Normal Development to Congenital Disease. 
Sydney: Academic Press. 



Chapter One 

53 
 

181. Saugstad OD. 2001. Update on oxygen radical disease in neonatology. Curr Opin Obstet Gynecol 
13:147-153. 

182. Saunders RA, Milner AD. 1978. Pulmonary pressure/volume relationships during the last phase of 
delivery and the first postnatal breaths in human subjects. J Pediatr 93:667-673. 

183. Saxen L. 1987. Organogenesis of the Kidney. Cambridge, UK: Cambridge University Press. 

184. Schmidt IM, Chellakooty M, Boisen KA, Damgaard IN, Kai CM, Olgaard K, Main KM. 2005. 
Impaired kidney growth in low-birth-weight children: Distinct effects of maturity and weight for 
gestational age. Kidney Int 68:731-740. 

185. Schreuder MF, Bueters RR, Huigen MC, Russel FG, Masereeuw R, van den Heuvel LP. 2011. Effect 
of drugs on renal development. Clin J Am Soc Nephrol 6:212-217. 

186. Schreuder MF, Wilhelm AJ, Bokenkamp A, Timmermans SM, Delemarre-van de Waal HA, van 
Wijk JA. 2009. Impact of gestational age and birth weight on amikacin clearance on day 1 of life. 
Clin J Am Soc Nephrol 4:1774-1778. 

187. Shah MM, Sampogna RV, Sakurai H, Bush KT, Nigam SK. 2004. Branching morphogenesis and 
kidney disease. Development 131:1449-1462. 

188. Shennan A, Bewley S. 2006. Why should preterm births be rising. BMJ 332:924-925. 

189. Siegel SR, Oh W. 1976. Renal function as a marker of human fetal maturation. Acta Paediatr Scand 
65:481-485. 

190. Siewert-Delle A, Ljungman S. 1998. The impact of birth weight and gestational age on blood 
pressure in adult life.  A population-based study of 49-year-old men. AJH 11:946-953. 

191. Slattery MM, Morrison JJ. 2002. Preterm delivery. Lancet 360:1489-1497. 

192. Smith FG, Jr., Lupu AN, Barajas L, Bauer R, Bashore RA. 1974. The renin-angiotensin system in the 
fetal lamb. Pediatr Res 8:611-620. 

193. Solhaug MJ, Ballevre LD, Guignard JP, Granger JP, Adelman RD. 1996. Nitric oxide in the 
developing kidney. Pediatr Nephrol 10:529-539. 

194. Souster L, Emery J. 1980. The sizes of renal glomeruli in fetuses and infants. J Anat 130:595-602. 

195. Stapleton F, Jones D, Green R. 1987. Acute renal failure in neonates: Incidence, etiology and 
outcome. Pediatr Nephrol 1:314-320. 

196. Stevens LA, Coresh J, Greene T, Levey AS. 2006. Assessing kidney function--measured and 
estimated glomerular filtration rate. N Engl J Med 354:2473-2483. 

197. Stevens TP, Harrington EW, Blennow M, Soll RF. 2007. Early surfactant administration with brief 
ventilation vs. selective surfactant and continued mechanical ventilation for preterm infants with 
or at risk for respiratory distress syndrome. Cochrane Database Syst Rev:CD003063. 

198. Stevenson CJ, West CR, Pharoah PO. 2001. Dermatoglyphic patterns, very low birth weight, and 
blood pressure in adolescence. Arch Dis Child Fetal Neonatal Ed 84:F18-22. 

199. Sulyok E, Varg F, Gyory E, Jobst K, Czaba I. 1979. Postnatal development of renal sodium handling 
in premature infants. J Pediatr 95:787-792. 

200. Sutherland MR, Gubhaju L, Yoder BA, Stahlman MT, Black MJ. 2009. The effects of postnatal 
retinoic acid administration on nephron endowment in the preterm baboon kidney. Pediatr Res 
65:397-402. 



Chapter One 

54 
 

201. Suzuki H, Tokuriki T, Saito K, Hishida A, Suzuki K. 2005. Glomerular hyperfiltration and 
hypertrophy in the rat hypoplastic kidney as a model of oligomeganephronic disease. Nephrology 
Dialysis Transplantation 20:1362-1369. 

202. Takano K, Kawasaki Y, Imaizumi T, Matsuura H, Nozawa R, Tannji M, Suyama K, Isome M, Suzuki 
H, Hosoya M. 2007. Development of glomerular endothelial cells, podocytes and mesangial cells in 
the human fetus and infant. Tohoku J Exp Med 212:81-90. 

203. Takieddine F, Tabbara M, Hall P, Sokol RJ, King KC. 1983. Fetal renal maturation. Studies on 
urinary beta 2 microglobulin the neonate. Acta Obstet Gynecol Scand 62:311-314. 

204. Tan A, Schulze A, O'Donnell CP, Davis PG. 2005. Air versus oxygen for resuscitation of infants at 
birth. Cochrane Database Syst Rev:CD002273. 

205. Thayyil S, Sheik S, Kempley ST, Sinha A. 2008. A gestation- and postnatal age-based reference 
chart for assessing renal function in extremely premature infants. J Perinatol 28:226-229. 

206. Thomson MA, Yoder BA, Winter VT, Martin H, Catland D, Siler-Khodr TM, Coalson JJ. 2004. 
Treatment of immature baboons for 28 days with early nasal continuous positive airway pressure. 
Am J Respir Crit Care Med 169:1054-1062. 

207. Thony HC, Luethy CM, Zimmermann A, Laux-End R, Oetliker OH, Bianchetti MG. 1995. 
Histological features of glomerular immaturity in infants and small children with normal or altered 
tubular function. Eur J Pediatr 154:S65-68. 

208. Tomlinson PA. 1992. Low molecular weight proteins in children with renal disease. Pediatr Nephrol 
6:565-571. 

209. Tracy S, Tracy M, Dean J, Laws P, Sullivan E. 2007. Spontaneous preterm birth of liveborn infants 
in women at low risk in Australia over 10 years: a population-based study. BJOG 114:731-735. 

210. Tsukahara H, Fujii Y, Tsuchida S, Hiraoka M, Morikawa K, Haruki S, Sudo M. 1994. Renal handling 
of albumin and beta-2-microglobulin in neonates. Nephron 68:212-216. 

211. Tsukahara H, Yoshimoto M, Saito M, Sakaguchi T, Mitsuyoshi I, Hayashi S, Nakamura K, Kikuchi 
K, Sudo M. 1990. Assessment of tubular function in neonates using urinary beta 2-microglobulin. 
Pediatr Nephrol 4:512-514. 

212. Ueda N, Shah SV. 2000. Tubular cell damage in acute renal failure-apoptosis, necrosis, or both. 
Nephrol Dial Transplant 15:318-323. 

213. van Venrooij NA, Junewick JJ, Gelfand SL, Davis AT, Crumb TL, Bunchman TE. 2010. Sonographic 
assessment of renal size and growth in premature infants. Pediatr Radiol 40:1505-1508. 

214. Vanpee M, Blennow M, Linne T, Herin P, Aperia A. 1992. Renal function in very low birth weight 
infants: normal maturity reached during early childhood. J Pediatr 121:784-788. 

215. Vento M, Asensi M, Sastre J, Garcia-Sala F, Pallardo FV, Vina J. 2001. Resuscitation with room air 
instead of 100% oxygen prevents oxidative stress in moderately asphyxiated term neonates. 
Pediatrics 107:642-647. 

216. Vento M, Asensi M, Sastre J, Lloret A, Garcia-Sala F, Vina J. 2003. Oxidative stress in asphyxiated 
term infants resuscitated with 100% oxygen. J Pediatr 142:240-246. 

217. Vernier R, Birch-Anderson A. 1962. Studies of the human fetal kidney. Journal of Pediatrics 60:754-
768. 

218. Vieux R, Hascoet JM, Merdariu D, Fresson J, Guillemin F. 2010. Glomerular filtration rate 
reference values in very preterm infants. Pediatrics 125:e1186-1192. 



Chapter One 

55 
 

219. Vikse BE, Irgens LM, Leivestad T, Hallan S, Iversen BM. 2008. Low birth weight increases risk for 
end-stage renal disease. J Am Soc Nephrol 19:151-157. 

220. Walker MW, Clark RH, Spitzer AR. 2011. Elevation in plasma creatinine and renal failure in 
premature neonates without major anomalies: terminology, occurrence and factors associated 
with increased risk. J Perinatol 31:199-205. 

221. White SL, Perkovic V, Cass A, Chang CL, Poulter NR, Spector T, Haysom L, Craig JC, Salmi IA, 
Chadban SJ, Huxley RR. 2009. Is low birth weight an antecedent of CKD in later life? A systematic 
review of observational studies. Am J Kidney Dis 54:248-261. 

222. WHO. 1992. Complications of labour and delivery (O60-O75) In: International classification of 
diseases and related health problems. 10th revision. : WHO: Geneva. 

223. Wilkins BH. 1992. Renal function in sick very low birthweight infants: 1. Glomerular filtration rate. 
Arch Dis Child 67:1140-1145. 

224. Woolf AS, Loughna S. 1998. Origin of glomerular capillaries: is the verdict in? Exp Nephrol 6:17-21. 

225. Yasui M, Marples D, Belusa R, Eklof AC, Celsi G, Nielsen S, Aperia A. 1996. Development of urinary 
concentrating capacity: role of aquaporin-2. Am J Physiol 271:F461-468. 

226. Yu VY, Doyle LW. 2004. Regionalized long-term follow-up. Semin Neonatol 9:135-144. 

227. Zaffanello M, Brugnara M, Bruno C, Franchi B, Talamini G, Guidi G, Cataldi L, Biban P, Mella R, 
Fanos V. 2010. Renal function and volume of infants born with a very low birth-weight: a 
preliminary cross-sectional study. Acta Paediatr 99:1192-1198. 

228. Zerin JM, Meyer RD. 2000. Sonographic assessment of renal length in the first year of life: the 
problem of "spurious nephromegaly". Pediatr Radiol 30:52-57. 

229. Zimanyi MA, Hoy W, Douglas-Denton R, Hughson MD, Holden LM, Bertram JF. 2009. Nephron 
number and individual volumes in Caucasian and African American subjects. Nephrol Dial 
Transplant 24:2428-2433. 

230. Zohdi V, Moritz KM, Bubb KJ, Cock ML, Wreford N, Harding R, Black MJ. 2007. Nephrogenesis and 
the renal renin-angiotensin system in fetal sheep: effects of intrauterine growth restriction during 
late gestation. Am J Physiol Regul Integr Comp Physiol 293:R1267-1273. 

 

  



 

56 
 

 

 

REVIEW 1: 

PRETERM BIRTH AND THE KIDNEY: 
IMPLICATIONS FOR LONG-TERM 

RENAL HEALTH 

 

 

 

 

 



 

57 
 

CHAPTER ONE (REVIEW 1) DECLARATION 

 

In Review 1, the nature and extent of my contribution to the work was the following: 

Nature of contribution Extent of contribution (%) 

Wrote some sections 20% 
 
The following co-authors contributed to the work.  

Name Nature of contribution 
Extent of 

contribution (%) 
student co-authors only 

Lina Gubhaju Wrote majority of sections 70% 

M. Jane Black Assisted in writing some sections  10% 
 

Candidate’s 
Signature 

 Date 

  
Declaration by co-authors 
The undersigned hereby certify that: 

(1) the above declaration correctly reflects the nature and extent of the candidate’s contribution 
to this work, and the nature of the contribution of each of the co-authors. 

(2) they meet the criteria for authorship in that they have participated in the conception, 
execution, or interpretation, of at least that part of the publication in their field of expertise; 

(3) they take public responsibility for their part of the publication, except for the responsible 
author who accepts overall responsibility for the publication; 

(4) there are no other authors of the publication according to these criteria; 
(5) potential conflicts of interest have been disclosed to (a) granting bodies, (b) the editor or 

publisher of journals or other publications, and (c) the head of the responsible academic unit; 
and 

(6) the original data are stored at the following location(s) and will be held for at least five years 
from the date indicated below: 

 

Location(s) Department of Anatomy & Developmental Biology, Monash University 

 
 

 Signature Date 

Lina Gubhaju  

 M. Jane Black  

 
 

 



Review

Preterm Birth and the Kidney:
Implications for Long-Term Renal Health

Lina Gubhaju, PhD1, Megan R. Sutherland, BBiomedSc, Hons1, and
M. Jane Black, PhD1

Abstract
Although the majority of preterm neonates now survive infancy, there is emerging epidemiological evidence to demonstrate that
individuals born preterm exhibit an elevated risk for the development of hypertension and renal impairment later in life, thus
supporting the developmental origins of health and disease hypothesis. The increased risk may potentially be attributed to a
negative impact of preterm birth on nephron endowment. Indeed, at the time when most preterm neonates are delivered,
nephrogenesis in the kidney is still ongoing with the majority of nephrons normally formed during the third trimester of
pregnancy. A number of clinical studies have provided evidence of altered renal function during the neonatal period, but to
date there have been limited studies describing the consequences of preterm birth on kidney structure. Importantly, studies
in the preterm baboon have shown that nephrogenesis is clearly ongoing following preterm birth; however, the presence of
abnormal glomeruli (up to 18% in some cases) is of concern. Similar glomerular abnormalities have been described in
autopsied preterm infants. Prenatal and postnatal factors such as exposure to certain medications, hyperoxia and intrauterine
and/or extrauterine growth restriction are likely to have a significant influence on nephrogenesis and final nephron
endowment. Further studies are required to determine the factors contributing to renal maldevelopment and to identify
potential interventional strategies to maximize nephron endowment at the start of life, thereby optimizing long-term renal health
for preterm individuals.

Keywords
preterm birth, kidney, nephrogenesis

Introduction

Over the past 2 decades, both the incidence of preterm birth and

survival following preterm birth have substantially increased in

developed countries.1,2 Preterm birth is associated with an

increased risk of morbidity and mortality in the neonatal period

and this is largely attributed to the underdevelopment of vital

organs, in particular those organs that undergo marked growth

and maturation during late gestation. Although there has been

considerable research into the effects of preterm birth on devel-

opment of the lungs and strategies implemented, considerably

less is known of the effects of preterm birth on the kidneys.

This is important because nephrogenesis (the formation of

nephrons) predominantly occurs in late gestation at a time

when most preterm infants are likely to be delivered. Given that

a reduced nephron endowment is linked to the etiology of

hypertension and susceptibility to renal disease,3 it is impera-

tive to gain an understanding of how preterm birth affects

renal structural and functional development. Indeed, there is

now convincing epidemiological evidence to demonstrate

that the antecedents of adult disease can often originate in

early life,4-6 and in support of the developmental origins of

health and disease hypothesis there is substantial recent

epidemiological evidence linking preterm birth with an increase

in blood pressure in later life7-15; this may be a consequence of a

reduced nephron endowment in individuals born preterm.

This review provides an overview of the current knowledge

relating to the effects of preterm birth on renal development

and function in the neonate and the implications for long-

term renal health. Key directions for future research are also

identified.

Preterm Birth

Preterm birth (birth prior to 37 complete weeks of gestation)

can be subclassified depending upon severity: very preterm

(<32 weeks gestation) and extremely preterm (<28 weeks

gestation).16,17 Survival of preterm neonates, particularly those
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born extremely preterm, has also improved substantially

through the 1990s such that neonates born at 25 weeks of gesta-

tion now have a chance of survival as high as 79%.18 At the

time when most preterm neonates are delivered, many of the

vital organs are still undergoing rapid development and matura-

tion. In particular, nephrogenesis in the human kidney is not

complete until 34 to 36 weeks of gestation.19 Furthermore,

renal insufficiency is commonly observed in preterm neonates,

with the incidence of renal failure in infants admitted to neona-

tal intensive care ranging from 8% to 24%.20-23

Kidney Development

Development of the permanent kidney, the metanephros,

begins at approximately day 30 of gestation with the outgrowth

of the ureteric bud from the Wolffian duct.24 Subsequent events

include invasion of the mass of metanephric mesenchyme by

the ureteric bud, followed by reciprocal inductive interactions

that leads to the dichotomous branching of the ureteric bud and

the formation of nephrons at the ureteric bud tips.25 Impor-

tantly, the majority of nephrons are formed from week 20 until

34 to 36 weeks of gestation.19,26 For a comprehensive review of

mammalian kidney development, refer to Moritz et al.25,27

Coinciding with the formation of the first nephrons, fetal

urine production begins at approximately 9 to 10 weeks of

gestation and this forms a significant component of the amnio-

tic fluid volume.28-31 In utero, renal vascular resistance is high

and both renal blood flow and glomerular filtration rate (GFR)

are low.29,31 Tubular reabsorption begins by week 12 to 1431; in

general, the fetal renal tubules excrete large amounts of

sodium.28 At birth, there is an increase in cardiac output, renal

blood flow, and a decrease in vascular resistance, thereby

increasing GFR.32-34 In term newborns, GFR has been shown

to double during the first 2 weeks of life.35,36

The Effect of Preterm Birth on
Nephrogenesis

Given that nephrogenesis is still ongoing prior to *34 weeks

of gestation, it is likely that there will be alterations in the struc-

tural development of the kidney in neonates born at less than 34

weeks of gestation. These potential structural changes have to

date been studied by examining kidney size.37-40 Further mor-

phometric analyses have also been undertaken to determine

whether there is a reduction in nephron endowment following

preterm birth.41-43

Kidney Size

An advantage of using ultrasound and MRI to measure kidney

volume and length in human participants is that it can be done

in vivo. For example, Huang et al37 examined kidney volumes

of 56 preterm neonates born prior to 34 weeks of gestation at 14

to 96 days after birth. The study found that absolute kidney

volumes were significantly larger in preterm neonates with a

postconceptional age (defined as the sum of gestational age and

postnatal age in weeks) equivalent to less than 31 weeks of

gestation (a time-point when nephrogenesis would most likely

still be ongoing) compared to controls (comprised of neonates

with a gestational age at birth ranging from 28 weeks to

40 weeks) that were examined within 48 hours after birth.

This increase in absolute kidney size may be due to the greater

functional demand on the neonatal kidney leading to glomeru-

lar hypertrophy and hyperfiltration following preterm birth.

Conversely, neonates with a postconceptional age equivalent

to 31 weeks of gestation or greater (a time-point when nephro-

genesis would have ceased or is close to ceasing) had signifi-

cantly smaller absolute kidney volumes compared to controls.

In contrast, however, Kent et al39 recently reported no differ-

ences in absolute kidney volume or kidney volume relative to

body weight in preterm neonates (born at 25-28 weeks gestation)

compared to term-born controls. MRI measurements were

undertaken once the neonate reached term-corrected age (age

equivalent to 37-40 weeks of gestation) in the preterm neonates

and within the first 4 weeks of life in the term newborns. In an

older cohort of infants, Schmidt et al40 found that relative kidney

volume was significantly smaller in preterm infants (born at less

than 37 weeks gestation) at 3 months of term-corrected age com-

pared to 3-month-old term infants. The differences observed

between studies are most likely attributed to the varying postna-

tal ages at the time of assessment.

To date, a study by Keijzer-Veen et al44 is the only study

that has examined renal size in preterm individuals in adult-

hood. In that study, 20-year-old adult preterm individuals (born

at less than 32 weeks of gestation) had significantly smaller

absolute and relative left kidney lengths and volumes compared

to 20-year-old term controls; the difference was only signifi-

cant in females.38

To date, there have been very few studies that have

examined the effect of preterm birth on the morphometric

structure of the kidney. In this regard, it is important to gain

an understanding of whether preterm birth adversely affects

nephron number, as this has important implications for

long-term renal health.

Glomerular Generation Number

The medullary ray glomerular generation counting

method43,45-47 is a useful index of renal maturity and nephron

endowment that can be utilized in the analysis of nonuniform

portions of the kidney which are collected at autopsy. To date,

there have been only 2 published human studies (apart from

case studies) investigating the effect of preterm birth on post-

natal nephrogenesis. In a study by Rodriguez et al,43 the num-

ber of glomerular generations was compared between term and

preterm infants44; compared to term-born infants, the number

of glomerular generations in the kidney was significantly

reduced in all of the preterm groups. It is important to note

when interpreting the data from this study, however, that many

of the infants in the preterm groups were also intrauterine

growth-restricted (IUGR). Therefore, it is difficult to ascertain

whether the reduction in glomerular generations observed in
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the preterm infants is due to IUGR or preterm birth per se.

A recent study by Faa et al41 also found marked interindividual

variability in the number of glomerular generations in kidneys

from autopsied preterm neonates. It was not described in this

study whether any of the preterm neonates were also growth-

restricted.

Nephron Number Estimation in a Nonhuman Primate
Model of Preterm Birth

Due to the complexity of the postnatal care of the preterm

human infant and the confounding factors associated with

human autopsy studies, it is important to undertake controlled

animal studies in an appropriate model to examine the effects

of preterm birth on nephrogenesis. We have previously shown

that the baboon is an ideal model to study human nephrogenesis

since it very closely matches that of the human, with nephro-

genesis ceasing prior to term by 175 days gestation (term ¼
185 d gestation).48 Appropriate for gestational age (AGA)

baboons were delivered preterm (125 days of gestation). This

time-point is equivalent to approximately 27 weeks gestation

in humans and considered to be extremely premature.42,49

Following birth, the baboon neonates were ventilated in the

neonatal intensive care unit for a maximum period of 21 days.

Similar to findings in preterm neonates,37 kidney weight and

volume relative to body weight were significantly higher in the

preterm baboon neonates compared to gestational age-matched

controls, suggesting a greater functional demand on the neona-

tal kidney following the transition from the intrauterine to the

extrauterine environment as well as the increased demand of

postnatal growth. Nephrogenesis was found to continue in the

extrauterine environment following preterm birth, with struc-

tural evidence of ongoing nephrogenesis (ureteric bud, meta-

nephric mesenchyme, Comma- and S-shaped bodies in the

outer renal cortex) accompanied by a significant increase in

the number of glomerular generations and nephron number

by postnatal day 21.42 Total nephron number ranged from

193 983 to 334 316 in baboons born at term and 138 078 to

304 186 in preterm baboons at postnatal day 21. There was

a significant decrease in glomerular density (glomeruli/gram)

in the preterm kidneys compared to the gestational controls

suggestive of altered renal growth and potentially an increase

in tubular mass. Nephron number was estimated using

unbiased stereology, the gold standard method for the deter-

mination of nephron number.50 However, the small sample

size and wide variation in the nephron number results due

to biological variability51 must be noted when interpreting the

nonhuman primate studies.

Preterm Birth Increases the Risk of Abnormal Glomerular
Development

Alarmingly, abnormal glomeruli with a dilated Bowman’s

space and shrunken glomerular tuft (Figure 1) were often pres-

ent in the superficial renal cortex of kidneys from the preterm

baboons (ranging from 0.2% to 18% per kidney).42,52

Importantly, similar abnormal cystic glomeruli have been

observed in the outer cortex of autopsied preterm kidneys.53

The localization of these abnormal glomeruli to the outer cor-

tex strongly suggests that the abnormalities are present only in

glomeruli that were newly formed following preterm delivery;

therefore, glomeruli formed in the extrauterine environment

appear to be ‘‘at risk.’’ The variability in this proportion of

abnormal glomeruli in preterm kidneys may be attributed to

differences in the postnatal care of the preterm neonate. How-

ever, to date, no clear link between postnatal management and

the number of abnormal glomeruli has been determined.52

Immunohistochemical analyses indicated that the tuft of

the most grossly abnormal glomeruli was composed primarily

of podocytes, suggestive of a relatively immature stage of devel-

opment.42,52 Furthermore, abnormal glomeruli were poorly

vascularized; we postulate that these poorly vascularized

glomeruli would never have become functional. Given that

in some kidneys up to 18% of glomeruli were abnormal, this

subsequent reduction in the endowment of functional

nephrons will likely have adverse consequences on renal

function in the preterm neonate.

Renal Function in Preterm Neonates

In the literature, studies of renal function in preterm neonates

have varied in the postnatal time-points examined, ranging

from the first few days following birth,54-58 several weeks

following birth,35,36,59 to several months following birth.60-62

Studies conducted in clinically stable preterm neonates demon-

strate that plasma creatinine significantly correlates with

Figure 1. Representative photomicrograph of a preterm human
kidney, exhibiting an abnormal glomerulus with an enlarged Bowman’s
space and shrunken glomerular tuft. These abnormal glomeruli
were only found in the outer renal cortex of preterm human kidney
suggesting that they were formed in the extrauterine environment.
Scale bar ¼ 100 mm.
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gestational age such that it is highest in the most preterm

neonates and decreases gradually with increasing postnatal

age.36,55,56 Similarly, studies have also shown that creatinine

clearance (CrCl; an estimate of GFR) increases with increasing

gestational age at birth and increasing postnatal age.36,61 The

fractional excretion of sodium, a measure of tubular function,

is inversely related to gestational age at birth and decreases with

postnatal age.36,61

Acute renal failure, defined as a sustained extreme decline

in creatinine clearance ranges in incidence from 8% to 24%
in preterm neonates.63 Causes of renal failure include renal

hypoperfusion, asphyxia, respiratory distress syndrome, and

maternal and neonatal exposure to nephrotoxic medications

such as antibiotics and indomethacin (a nonsteroidal anti-

inflammatory drug [NSAID]).23 This is particularly relevant

to the extremely preterm infants who encounter greater morbid-

ity and are thus administered a number of potentially nephro-

toxic drugs which may lead to renal failure.23,64,65

Novel Methods to Examine Renal
Function in Preterm Neonates are Required

It is important to note that creatinine levels (used to estimate

GFR in preterm neonates) are strongly influenced by maternal

creatinine levels in the first few days after birth and they are

also highly dependent on muscle mass. Furthermore, creatinine

clearance requires a timed urine collection and corresponding

serum measurement, which is often difficult to obtain in the

clinical setting. Serum cystatin C has also been suggested to

be a useful and accurate measure of GFR in preterm neonates

since it is filtered completely by the glomerulus and is

not affected by muscle mass.66-68 However, obtaining serum

samples from preterm neonates, particularly the extremely

preterm neonates, is often difficult. In terms of tubular

function, estimation of the fractional excretion of sodium is

influenced by factors such as sodium intake and sodium sup-

plementation, which often vary between neonates. Therefore,

other clinical measures of glomerular and tubular function are

necessary for an accurate and efficient evaluation of renal

function in preterm neonates.

Measurement of high-molecular weight proteins (albumin)

and low-molecular-weight proteins (b2-microglobulin,

a1-microglobulin, and retinol-binding protein) in urine are

useful assessments of glomerular69-71 and tubular72 function,

respectively; however, to date there has been limited studies

undertaken in preterm neonates. In utero, albumin, b2-microglo-

bulin, and a1-microglobulin content in amniotic fluid have been

shown to decrease significantly with increasing renal matura-

tion.73,74 Due to renal immaturity during the neonatal period,

it has been shown that neonatal urinary protein content is also

elevated compared to adults.75,76

Based on current findings, urinary albumin levels appear to

remain elevated in preterm neonates compared to term

neonates, with levels increasing with decreasing gestational

age and also in the setting of neonatal illnesses.56,77-80 For

example, a study by Tsukahara et al77 found that urinary

albumin levels remained high throughout the first month of life

in moderately preterm neonates, whereas in term newborns,

urinary albumin levels gradually decreased during the first

month of life. Urinary albumin levels also appear to be higher

with decreasing gestational age at birth.79 For example, Fell

et al79 reported that urinary albumin levels were significantly

elevated on the first day of life in neonates born extremely pre-

term (24 – 28 wk gestation) compared to term and preterm

infants delivered after 29 weeks of gestation.

Urinary levels of low-molecular-weight proteins are also

significantly elevated in preterm neonates compared to full-

term neonates.35,56,75,77,78,81 For instance, Tsukahara et al77

found that after birth, b2-microglobulin levels reached a peak

on day 7 of life and gradually decreased; however, levels

remained significantly elevated throughout the first month of

life in preterm neonates compared to term neonates. To date,

it remains unclear whether the increased urinary high- and

low-molecular weight protein levels reported in preterm neo-

nates relates to renal immaturity and/or injury.

Urinary NGAL: An Emerging Biomarker
of Acute Renal Injury in Preterm Neonates

Neutrophil gelatinase-associated lipocalin (NGAL) has also

been previously used as an early indicator of intrinsic renal

injury following ischemia and nephrotoxic exposure in

animals82 and following cardiopulmonary bypass and renal

transplantation in adults and children.83 Recently, there have

been 3 studies that have examined urinary NGAL as a mea-

sure of renal function in preterm neonates. Refer to Parravi-

cini84 for a comprehensive review of the clinical utility of

urinary NGAL in the neonatal setting. To date, levels of urin-

ary NGAL have been found to correlate with gestational age

and birth weight in preterm neonates, with those in the lower

birth weight categories demonstrating greater variability.85

Furthermore, reference values of urinary NGAL in clinically

stable preterm neonates without risk factors for renal impair-

ment have been established.83,86

Future research must be directed toward utilizing urinary

NGAL in the clinical setting to identify and/or predict renal

injury in preterm neonates. Studies thus far suggest that there

is wide variability amongst preterm neonates in both the levels

of urinary protein and urinary NGAL; it is therefore important

to determine the potential prenatal and/or postnatal factors con-

tributing to this variability.

Factors That May Influence the Development
and Function of the Preterm Kidney

There are a number of prenatal and postnatal factors associated

with preterm birth that are likely to have an adverse effect on

the developing kidney and which may account for the variabil-

ity in glomerular abnormalities observed in the preterm kidney.

These include intrauterine and extrauterine growth restriction,

exposure to antenatal medications/glucocorticoids, postnatal

exposure to a hyperoxic environment, and the administration
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of nephrotoxic medications. The consequences of some of

these prenatal and postnatal factors have been well described

in the literature, whereas others require further research.

Intrauterine and Extrauterine Growth Restriction

A significant proportion of preterm infants are IUGR,

with poor growth of the IUGR fetus linked to the induction

of preterm delivery.87 It is conceivable that the IUGR preterm

neonate will be more vulnerable to renal insults since it

has been well established that IUGR leads to a low nephron

endowment88-90 and renal dysfunction.91 A study by Drougia

et al92 suggested that kidney length (corrected for body weight

and surface area) remains smaller for up to the second year of

life in preterm neonates that were also small-for-gestational age

(SGA) compared to those that were an appropriate size for

gestational age (AGA). In contrast, Keijzer-Veen et al38 found

no differences in absolute or relative renal size between AGA and

SGA preterm adults. However, in another study, Keijzer-Veen

et al93 reported lower GFR and higher urinary albumin excretion

in adults born extremely preterm who were also SGA, compared

to those born preterm and AGA. These studies suggest that renal

size may not always be reflective of renal function.

In general, preterm infants do not achieve the normal rate of

growth ex utero as that in utero, therefore resulting in extrauter-

ine growth restriction (EUGR).94,95 Extrauterine growth

restriction in premature neonates (defined as growth below the

10th percentile of intrauterine growth expectation95) is also

likely to have significant implications for ongoing nephrogen-

esis and consequently on renal function in adult life. In this

regard, Bacchetta et al96 demonstrated lower GFRs (albeit in

the normal range) in very preterm (<30 weeks gestation) chil-

dren examined at 7 years of age that were either IUGR or

EUGR, compared to children with appropriate prenatal and

postnatal growth. This is the only study to date that has demon-

strated the importance of adequate postnatal growth of the pre-

term neonate in determining later renal functional capacity.

Future research in this area is essential in order to ascertain

ways in which to achieve optimal renal development in the

NICU setting. Potentially, renal size can be measured postna-

tally in living preterm neonates to compare renal growth in

neonates that have grown appropriately to those that have been

growth-restricted ex utero. Furthermore, longitudinal studies

examining both renal function and size in EUGR preterm indi-

viduals in adulthood will be necessary in order to determine

whether these observations persist into adulthood.

Antenatal Glucocorticoids

Improved survival of preterm neonates can be largely attributed

to the use of antenatal glucocorticoids.97 Studies have

shown that antenatal glucocorticoids increase renal functional

maturation by increasing mean arterial pressure, renal blood

flow, and GFR,30,34,98-102 suggesting that nephrogenesis may

also be affected. Rodent and ovine studies, however, have

demonstrated adverse effects of glucocorticoid exposure

during early to mid pregnancy, resulting in fetal growth restric-

tion103 and reductions in nephron number;104-106 earlier expo-

sures near the commencement of nephrogenesis had the most

adverse effects.105,107-109 In this regard, Ortiz et al105 found that

maternal administration of 2 doses of dexamethasone on either

embryonic days 15 and 16 or on days 17 and 18 of gestation in

the rat leads to a 20% and 30% reduction, respectively, in

nephron number in the offspring. Additionally, a recent study

by Zhang et al104 in the ovine model demonstrated a reduction

in nephron number in response to 2 doses of antenatal steroids

administered at 80 and 81 days of gestation (0.55 of gestation).

Interestingly, in a nonhuman primate model of preterm birth,

exposure to antenatal glucocorticoids (6 mg betamethasone

48 and 24 hours prior to preterm birth) during late gestation

(0.67 of gestation) led to renal hypertrophy and an increase

in the number of developed glomeruli in the kidney compared

to preterm neonates that were not exposed to antenatal gluco-

corticoids.42 The increase in the number of developed glomer-

uli is most likely suggestive of accelerated maturation of

developing glomeruli, which is in accordance with previous

studies demonstrating that glucocorticoids induce organ

maturation.110 The differences in findings between studies may

be indicative of differential effects of antenatal glucocorticoids

according to the timing of exposure and/or the dose of steroids

administered. It must be noted that the dose of antenatal gluco-

corticoids administered to the pregnant baboons (*0.4 mg/kg),

although physiologically relevant to the baboon,111,112 is

higher than the dose used in rodent (0.2 mg/kg)105 and sheep

studies (0.17 mg/kg)104,106 and also the currently recom-

mended dose given to pregnant women at risk of preterm deliv-

ery (*0.2 mg/kg for a 60 kg woman).113 As discussed earlier,

it is also important to note the small sample size in the nonhu-

man primate studies (4 kidneys per group); in future studies, it

is important to repeat these experiments in a larger sample size

in order to confirm the findings.

Neonatal Medications

Renal function in the preterm neonate can be further hindered

by the administration of potentially nephrotoxic medications

during the neonatal period at a time when nephrogenesis is still

ongoing. Cataldi et al65 undertook a case control study which

demonstrated an increased prevalence of acute renal failure

in those neonates who received more drugs in the first few days

of life (antibiotics, NSAIDs, and diuretics) as well as those

mothers that received more drugs (antibiotics and NSAIDs)

during pregnancy.

Aminoglycoside Antibiotics. Preterm infants are often exposed to

antibiotics in utero and/or immediately after birth, which

could adversely affect nephron formation. Aminoglycosides

(the most commonly administered antibiotic) readily cross the

placenta and, importantly, their administration to guinea pig

and rat dams has been shown to lead to oligonephronia in the

offspring.114 Importantly, it has been shown that when high

levels of gentamicin accumulate in the kidney, particularly
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in the proximal tubules, this can lead to tubular cell necro-

sis.115,116 Furthermore, in experimental metanephric organ

culture studies, incubation of the developing kidney with genta-

micin has been shown to lead to decreased branching morpho-

genesis of the ureteric tree and thus reduced nephron

formation.117,118 Clinical studies have also reported that postna-

tal gentamicin exposure leads to a marked increase in the frac-

tional excretion of sodium119,120 and a decrease in GFR121-127

as well as an increase in urinary protein excretion in preterm

neonates.122,128,129 Therefore, it is essential to determine

whether postnatal administration of nephrotoxic antibiotics to

the preterm neonate is contributing to a reduced nephron endow-

ment and consequently reduced renal function later in life.

Nonsteroidal Anti-Inflammatory Drugs. Other commonly pre-

scribed therapeutic medications in preterm neonates, particu-

larly those born extremely preterm, include the NSAIDs,

which are prostaglandin inhibitors, administered in order to

close a patent ductus arteriosus.130,131 Nonsteroidal anti-

inflammatory drugs are also used as tocolytic agents, which are

administered to pregnant women in order to delay preterm

labour132 or to treat polyhydramnios.133 Nonsteroidal anti-

inflammatory drugs, such as indomethacin and ibuprofen, are

known to be detrimental to the kidney, particularly the

developing kidney.134 In the preterm neonate, administration

of NSAIDs has been shown to delay the normal increase in

GFR that occurs after birth and lead to a decrease in urine

output.64,125,135,136 Importantly, in some cases, prolonged

exposure to antenatal NSAIDs has been linked with oliguria,

anuria, and/or renal failure in the neonate; these functional

changes were accompanied by the presence of cystic lesions in

the kidney.137-139 It is important to note, however, that not all

cases of antenatal NSAIDs exposure have led to adverse effects

on the neonatal kidney, suggesting that there were underlying

factors that rendered some neonates more vulnerable.

An experimental study by Kent and colleagues140 demon-

strated podocyte foot process effacement in rat offspring

exposed to maternal indomethacin or ibuprofen from embryonic

day 16 to 20, with higher doses resulting in more severe pathol-

ogy.140 Postnatal administration of NSAIDs (during the period

of active nephrogenesis in the rat) also led to podocyte foot

process effacement and renal interstitial edema. Gentamicin

administration in combination with indomethacin resulted in the

most severe pathology; however, there was no effect on absolute

glomerular number measured at day 14 of life. Since the severe

glomerular damage was observed, however, these results do not

exclude the possibility of future glomerular loss.141

Hyperoxia. Postnatal exposure to hyperoxia in the preterm neo-

nate is linked to the development of both bronchopulmonary

dysplasia and retinopathy of prematurity; underlying each of

these conditions is impaired angiogenesis.142,143 Results of a

recent study suggest, however, that microvascular rarefaction

may not only be confined to the retina and lung, with children

born very preterm (�30 weeks gestation) demonstrating signif-

icantly reduced functional skin capillary density at 7 to 12 years

of age.144 Whether glomerular vascularization following pre-

term birth is also adversely affected by hyperoxia in the extra-

uterine environment has not been examined.

The kidney is a highly vascular organ, with ongoing vascu-

larization of the glomeruli occurring following preterm birth.

During nephrogenesis in utero, the mammalian fetal environ-

ment is relatively hypoxic;145-147 rat metanephric organ culture

studies have shown low (1%-3%) oxygen concentrations to be

optimal for both vasculogenesis and tubulogenesis.148 At birth,

preterm infants are exposed to atmospheric (21%) oxygen lev-

els, and this physiologic hyperoxia may be further augmented by

the use of supplemental oxygen during the neonatal period.

Therefore, it is conceivable that development of the glomerular

capillaries will be adversely affected by high oxygen concentra-

tions following preterm delivery.

To date, there has been just one experimental study report-

ing the effects of neonatal hyperoxia on the adult kidney. Inter-

estingly, Yzydorczyk et al149 demonstrated that nephron

endowment was reduced by 25% in adult rats (25-35 weeks

of age) exposed to hyperoxia during the period of postnatal

nephrogenesis. However, since the rats were also found to have

increased blood pressure by 9 weeks of age, it cannot be deter-

mined from this study whether the nephron deficit was the

result of the exposure to hyperoxia or induced by the prolonged

hypertension.

Long-Term Consequences
of Preterm Birth on the Kidney

There is strong epidemiological data linking low birth weight

with an increased risk of adult-onset diseases including renal

disease.7-15 To date, this association has been most evident in

individuals born of low birth weight as a result of IUGR rather

than preterm birth. However, there are recently emerging epi-

demiological data linking gestational age at birth and blood

pressure in young adult men and women. For example, Cooper

et al8 found a 0.53 mm Hg reduction in systolic blood pressure,

in middle-aged individuals, for every 1 week increase in gesta-

tional age at birth. This is important, since it has been shown in

population-based studies that a 2 mm Hg reduction in diastolic

blood pressure in adult life results in a 6% reduction in the risk

of coronary artery disease and a 15% reduction in the risk of

stroke or transient ischemic attack.150

In some studies, renal function in school-aged preterm

children, and in 20-year-olds has been shown to be similar

to renal function of participants born at term.13,151-153 To the

contrary, Rodriguez-Soriano et al,154 however, found that

GFR was significantly lower in 8–year-old children that were

born preterm. Therefore, further studies are required to make

definitive conclusions on the effects of preterm birth on renal

function later on in life, and the factors that may be associated

with abnormal renal function observed in some studies. In this

regard, there is emerging evidence that obesity increases the

risk of kidney dysfunction in preterm children. Levels of pro-

teinuria and albuminuria were shown to be significantly
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greater in an obese preterm cohort than in a nonobese preterm

cohort.155

The only published study describing renal pathology in

preterm individuals is a case-study of 6 individuals (age

15-52 years) born at 22 to 30 weeks gestation with extremely

low birth weight.156 Secondary focal segmental glomerulo-

sclerosis in 8.8% of glomeruli (range 5%-16%) was reported

in 4 of 5 patients showing a predominance of globally sclerotic

glomeruli. Other pathological features included glomerulome-

galy and mild foot process effacement. Importantly, all patients

had normal renal function and did not have a history of diabetes

or long-standing hypertension, suggesting that preterm birth

and/or low birth weight may be a predisposing factor in the

development of renal pathology.

Can Nephrogenesis be Stimulated in the
Preterm Neonate?

Given the long-term adverse consequences of a low

nephron endowment, it is important to determine if nephro-

genesis can be stimulated in the preterm neonate to potentially

prevent the development of disease later in life. As depicted in

Figure 2, prenatal and/or postnatal factors associated with

preterm birth, such as IUGR and EUGR, exposure to maternal

glucocorticoids in utero, and exposure to antibiotics and

other medications either in utero or postnatally, are likely

to have an adverse impact on nephrogenesis, thus leading

to a nephron deficit and subsequently rendering the kidney

vulnerable to secondary insults. The question thus arises:

are there any interventional strategies that could be utilized

to stimulate nephrogenesis in the immediate postnatal

period that would enhance nephron endowment in the preterm

infant and ultimately lead to improved renal function later

in life?

There is a large body of experimental studies, both in vivo

and in vitro, linking the administration of retinoic acid (the

active metabolite of vitamin A) with stimulation of nephrogen-

esis in the fetal kidney.157,158 However, this enhancement of

nephrogenesis did not occur when retinoic acid was adminis-

tered postnatally to prematurely delivered baboons52; this prob-

ably relates to the timing of the retinoic acid administration

(after the period of branching morphogenesis).

Optimal growth in the extrauterine environment is expected

to have beneficial outcomes for renal development. As dis-

cussed earlier, EUGR appears to influence renal function in

preterm children96 and, importantly, EUGR has been linked

to early protein-caloric deficiency.159 Therefore, it is important

to optimize postnatal nutrition for preterm neonates in order to

prevent further impairment of nephrogenesis in the extrauterine

environment. To date, however, there is little understanding as

to the nutrition required postnatally in order to parallel intrau-

terine growth in the preterm infant, hence further studies in this

area are essential.

Conclusions

Although the consequences of preterm birth on renal function

in the neonate have been well explored, the causes of renal

In utero

Ex utero

In Adulthood

Postnatal 
Medications 

Vulnerability to renal insults later 
in life

� Nephron number

Glomerular/tubular injury

Renal dysfunction

Immature kidney with 
impaired nephrogenesis 

and glomerulogenesis

Preterm Delivery

Impaired nephrogenesis

Antenatal 
Glucocorticoids

Intrauterine growth restriction  

Antenatal 
Medications

Extrauterine 
growth restriction

Hyperoxia

Figure 2. Depiction of the prenatal and postnatal factors that may contribute to impaired nephrogenesis and glomerulogenesis in the preterm
kidney. These factors individually, or in combination, are likely to have an adverse impact on nephrogenesis, lead to a nephron deficit, and there-
fore render the kidney vulnerable to injury later in life.
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impairment and glomerular abnormalities in the kidneys of

preterm infants are currently unknown. More efficient and

accurate assessment of renal function in the clinical setting

is necessary in order to identify neonates at risk of renal

injury. Studies in the baboon model have provided important

evidence that nephrogenesis unequivocally occurs postnatally.

Alarmingly, however, many preterm baboon and human neo-

nates exhibited abnormal glomeruli in the outer renal cortex,

perhaps associated with factors in their postnatal clinical care.

The challenge for the future, therefore, is to identify why

nephrons formed in the extrauterine environment are vulnera-

ble to abnormal development and to identify ways of minimiz-

ing glomerular injury. This knowledge is essential to maximize

the number of functional nephrons at the beginning of life in

preterm infants and consequently improve their long-term renal

health and blood pressure regulation.
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Effects of Preterm Birth on the Kidney 

Mary Jane Black, Megan R. Sutherland and Lina Gubhaju 
Department of Anatomy and Developmental Biology, Monash University 

Australia 

1. Introduction  

Preterm birth is the leading cause of morbidity and mortality in the neonatal period (Ward 
and Beachy 2003) and in childhood overall (McCormick, 1985). Over recent decades both the 
incidence of preterm birth and survival rates of preterm infants has increased, with babies 
born as early as 25 weeks gestation now having about an 80% chance of survival (Kutz et al., 
2009). Preterm birth is defined as birth prior to 37 weeks of gestation; it can be further sub-
classified as moderately preterm (birth between 32 and 37 weeks gestation) very preterm 
(birth < 32 weeks gestation) and extremely preterm (birth at < 28 weeks gestation) (Tucker 
and McGuire, 2004).   
Due to the immaturity of the organs at the time of birth, preterm infants exhibit an increased 
risk of developing a number of postnatal complications including renal insufficiency and in 
severe cases renal failure (Drukker and Guignard, 2002; Choker and Gouyon, 2004); the 
mortality rate in these infants is very high (Drukker and Guignard, 2002; Andreoli, 2004). 
There is also evidence that preterm birth adversely affects nephrogenesis (the formation of 
nephrons) in the developing kidney; if this is the case, this has the potential to not only 
adversely affect renal function in the early postnatal period but to also increase the risk of 
renal disease later in life. Certainly, there are many studies linking a reduced nephron 
endowment early in life with hypertension (Keller et al., 2003; Luyckx and Brenner, 2005) 
and vulnerability to secondary renal insults in adulthood (Nenov et al., 2000; Zimanyi et al., 
2006; Hoppe et al., 2007). In this regard, there is substantial recent epidemiological evidence 
linking preterm birth with an increase in blood pressure in adulthood (Siewert-Delle and 
Ljungman, 1998; Kistner et al., 2000; Kistner et al., 2002; Doyle et al., 2003; Bonamy et al., 
2005; Hack et al., 2005; Johansson et al., 2005; Dalziel et al., 2007; Cooper et al., 2008; Keijzer-
Veen et al., 2010b); these observations may be due to a reduced nephron endowment in 
preterm individuals. 
In this chapter, we review the current knowledge of the effects of preterm birth on 
nephrogenesis in the developing kidney and on renal function postnatally.    

2. The effects of preterm birth on nephrogenesis 

The human kidney develops from a ridge of mesodermal tissue (known as the nephrogenic 
cord) which is found along the posterior wall of the abdominal cavity on either side of the 
primitive aorta (Blackburn, 2003).  Development of the permanent kidney involves the 
formation of the pronephros and mesonephros (transitory organs) and the metanephros (the 
permanent kidney) (Saxen, 1987; Clark and Bertram, 1999; Sweeney and Avner, 2004; Moritz 
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et al., 2008). Development of the metanephros, begins at approximately week 5 of gestation 
with the outgrowth of the ureteric bud from the Wolffian duct (Saxen, 1987). Subsequent 
events include invasion of the mass of metanephric mesenchyme by the ureteric bud, 
followed by reciprocal inductive interactions between the ureteric bud and metanephric 
mesenchyme that lead to both dichotomous branching of the ureteric bud and the formation 
of nephrons at the ureteric bud tips (Moritz et al., 2008). Formation of the functional units of 
the kidney, the nephron, commences at approximately week 9 of gestation (Figure 
1)(Blackburn, 2003).  
As shown in the timeline in Figure 1, nephrogenesis in the human kidney is not complete 
until ~34-36 weeks of gestation with the majority of nephrons formed during the third 
trimester (from ~20 weeks of gestation onwards) (Hinchliffe et al., 1991). In very preterm 
and extremely preterm neonates, nephrogenesis is still on-going at the time of birth and 
continues in the ex-utero environment. Hence it is imperative to get a good understanding of 
how preterm birth affects the developing kidney and in particular the effects on 
nephrogenesis.  
 

 
Fig. 1. A timeline of human nephrogenesis during gestation. Nephrogenesis is rapidly on-
going at the time when most preterm neonates are delivered. 

To date, there have been few studies examining the effects of preterm birth on 
nephrogenesis. In vivo, clinical studies have utilised renal ultrasound and magnetic 
resonance imaging (MRI) to estimate kidney size as a proxy measure of nephron 
endowment. However, such extrapolations should be treated with caution. Although kidney 
size is generally a good predictor of nephron number, this may not be the case in the 
preterm infant, with kidney size likely to be influenced by glomerular and tubular 
hypertrophy and increased interstitial mass due to the increased postnatal functional 
demands. Hence, it is often difficult to make predictions based on parameters such as 
kidney size (Lodrup et al., 2008). In this regard, autopsy studies in deceased preterm 
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neonates have provided insight into how preterm birth affects the structure of the kidney 
and the number of glomerular generations formed within the kidney. As well, carefully 
controlled experimental studies in the nonhuman primate provide valuable insight into the 
effects of preterm birth on nephrogenesis and on the total number of nephrons formed.  

2.1 Clinical in vivo studies 
Table 1 summarizes the main in vivo clinical studies that have investigated the effects of 
preterm birth on kidney length and volume. Overall, the findings in relation to the effects of 
preterm birth on kidney size are conflicting; however, it is difficult to compare between 
studies due to the varying time points of assessment and the differences in the control 
groups used in each study.  
In order to establish the normal expected renal growth in preterm neonates, in a recent 
study van Venrooji et al (2010) examined kidney lengths and volumes of 30 very preterm 
neonates (gestational age ranging from 23.6 weeks to 30.6 weeks) at 1, 4 and 8 weeks after 
birth through ultrasound measurements. Significant correlations were found between 
average renal size (volume and length) with both body weight and age. The study also 
found no significant difference in growth rates between the extremely low birth weight 
group (<1.0 kg; GA 23.6 – 27.1 weeks) and the very low birth weight group (1.0 – 1.5 kg; GA 
26.1 – 30.6 weeks). In another study, Huang and colleagues (2007) compared postnatal 
kidney growth in preterm neonates (<34 weeks gestation) to kidney growth in utero in a 
control group (28-40 weeks of gestation).  Kidney volumes were measured in 56 preterm 
neonates at postnatal time points ranging from 14 to 96 days after birth. In the control 
group, kidney volumes were measured within 48 hours of birth. Kidney volumes of preterm 
neonates with a postconceptional age (defined as the sum of gestational age and postnatal 
age) equivalent to less than 31 weeks of gestation were significantly larger compared to 
controls, whereas the preterm neonates with a postconceptional age greater than 31 weeks 
of gestation had a significantly smaller kidney volume compared to controls. In the preterm 
infants where kidney volume increased, it is likely that the increase in kidney size is 
indicative of the response of the neonatal kidney to increased functional demands. 
However, if this is the case, it is unclear why the renal response was different in the preterm 
neonates greater than 31 weeks of postconceptional age where kidney volume was 
significantly less than controls. Another study by Kent et al (2009) compared MRI 
measurements of kidney volume and kidney volume relative to body weight in extremely 
preterm neonates (25-28 weeks gestation) to term-born controls. Kidney volumes in the 
preterm neonates were measured once they reached term-corrected age (37-40 weeks 
gestation) and within the first 4 weeks of life in the term controls. Interestingly in that study, 
no differences were found between groups. 
Findings from older preterm infants, children and adults have been more consistent across 
studies and generally demonstrate a decrease in kidney size (relative to body size) 
compared to term controls. Firstly, Schmidt et al (2005) reported significantly smaller 
relative kidney volumes in preterm infants (born at less than 37 weeks of gestation) at 3 
months of term-corrected age compared to 3-month-old term infants. Furthermore, preterm 
children at 18 months of term-equivalent age had slimmer shaped kidneys compared to 
term-born infants perhaps suggestive of decreased glomerular generations. In the most 
comprehensive study of renal growth in preterm infants to date, (involving 466 infants from 
3 months through to two years of age), Drougia et al (2009) showed that kidney length was  
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Author & Year 

Gestational 
age at birth 

(weeks), 
range 

Age at 
assessment 

Study Groups 
and sample size 

Outcomes on renal size 

Huang  (2007) 24-36 14-96 days 
Preterm (n=56) 

Gestational 
controls (n=44) 

Larger relative volume in 
preterm <31 weeks PCA 

Smaller relative volume in 
preterm >31 weeks PCA 

Van Venrooij 
(2010) 

23-30 1, 4, 8 weeks 
ELBW (n=14) 
VLBW (n=16) 

No differences in volume or 
length 

Kent (2009) 25-28 
37-40 weeks 

(term 
equivalent) 

Preterm (n=17) 
Term (n=13) 

No differences in volume 

Drougia (2008) 28-41 

36 and 40 
weeks (term 
equivalent) 

3, 6, 12 and 24 
months 

Preterm 28-34 
weeks  

(SGA: n=100 
AGA: n=54) 

Preterm 34-36 
weeks (SGA: 

n=80 AGA: n=61) 
Term (AGA: n=90 

SGA: n=81) 

Smaller right kidney length 
in preterm SGA 28-34 week 

group compared to AGA 
group at all postnatal time 

points 

Schmidt (2005) <37 
40 weeks 
3 and 18 
months 

Preterm (n=59) 
Term (n=801) 

Smaller relative volumes at 
3 and 18 months 

Zaffanello (2010) 26-31 5-6 years 
ELBW (n=36) 
VLBW (n=43) 

ELBW have smaller 
volumes 

(Right, Left, Total) 
ELBW have smaller length 

(Right and Left) 

Kwinta (2011) 26-29 6-7 years 
ELBW (n=78) 
Term (n=38) 

ELBW have smaller volume 

Rakow (2008) <32 (mean=27) 9-12 years 
Preterm (n=33) 

Term (n=37) 

Smaller absolute volume; 
not significant when 

adjusted for body  
surface area 

Rodriguez-
Soriano (2005) 

23-35 6-12 years Preterm (n=27) 

Length and volume 
appeared to be in  
normal range; no 

comparison group 

Keijzer-Veen 
(2010) 

<32 (mean=31) 20 years 

Preterm SGA 
(n=22) 

Preterm AGA 
(n=29) 

Term AGA (n=30) 

Smaller length and volume 
in preterm (SGA and  
AGA) female group 
compared to term 

 

Table 1. The main studies that have examined renal size (volume and length) in preterm 
neonates, children and adults (PCA=post-conceptional age, ELBW=extremely low birth 
weight, VLBW=very low birth weight, SGA=small for gestational age, AGA=appropriately 
grown for gestational age) 
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significantly decreased in small-for-gestational age preterm infants (born 28-34 weeks of 
gestation) compared to those born at term. In addition, Kwinta et al (2011) recently reported 
in 6 to 7 year old children, reduced absolute and relative kidney volumes in those born 
extremely low birth weight (26 – 29 weeks of gestation) compared to children born full-term. 
Furthermore, extremely low birth weight (birth weight <1.0kg; 26.3 - 27.7 weeks of 
gestation) children in a similar age group (5-6 year olds), had significantly reduced right and 
left kidney volumes and lengths  compared to very low birth weight children (birth weight 
1.0-1.5 kg; 29.9 - 31.3 weeks of gestation) (Zaffanello et al., 2010). This is the only study to 
date demonstrating significant differences in kidney size due to severity of prematurity.  
To our knowledge, there has only been one study to date examining kidney size in preterm 
individuals in adulthood. In that study, 20-year-old adults born preterm (less than 32 weeks 
of gestation) had significantly smaller absolute and relative left kidney lengths and volumes 
compared to 20 year-old term controls; the difference was only significant in females 
(Keijzer-Veen et al., 2010a). 

2.2 Human autopsy studies 
There have been three published human autopsy studies (apart from case studies) that have 
examined the effect of preterm birth on postnatal nephrogenesis (Rodriguez et al., 2004; Faa 
et al., 2010; Sutherland et al., 2011b). Since non-uniform portions of the kidney are usually 
collected at autopsy, stereological methods cannot be accurately employed. Under these 
circumstances, the medullary ray glomerular generation counting method (Hinchliffe et al., 
1992b) (also referred to as radial glomerular count or glomerular generation count) is a 
useful technique to provide insight into renal maturity and potentially nephron endowment. 
The method involves counting all developed glomeruli along one side of clearly 
distinguishable medullary rays in histological renal sections. Glomeruli are counted from 
the inner to outer renal cortex. Importantly, in our studies we have found a strong 
correlation between glomerular generation number and nephron number, which supports 
the validity of the technique (Sutherland et al., 2011a). 
In one of the first autopsy studies conducted, the number of radial glomerular counts in 
kidneys from extremely preterm neonates (56 neonates) was compared to 10 full-term 
infants (Rodriguez et al., 2004). Radial glomerular counts were found to be significantly 
reduced in preterm infants; however, since many of the preterm infants were also 
intrauterine growth restricted (IUGR) it is difficult to determine the effects of preterm birth 
per se from this study. In a smaller study, Faa et al (2010) have reported significantly reduced 
radial glomerular counts and marked inter-individual variability in the number of 
glomerular generations among the kidneys from preterm neonates compared to term 
newborns. In that study, 8 human fetuses, 12 preterm neonates and 3 full-term neonates 
were examined; it is unknown whether any of the neonates were also IUGR. 
As follow on to these studies, we have recently undertaken a study examining kidneys 
obtained at autopsy from 28 preterm infants and 32 still-born gestational controls 
(Sutherland et al., 2011b); the preterm group included 6 infants that were also IUGR. 
Importantly, analyses comparing growth restricted and non-growth restricted kidneys 
demonstrated no significant differences, although the findings are limited by the small 
sample of growth restricted neonates. In contrast to the studies described above, we found 
accelerated nephrogenesis in the preterm group demonstrated by an increase in the 
number of glomerular generations, a decreased nephrogenic zone width (suggesting 
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earlier cessation of nephrogenesis postnatally) and a decreased proportion of glomeruli in 
the immature V (vesicle) -stage of maturation compared to still-born gestational controls. 
Furthermore, mean renal corpuscle cross sectional area was significantly larger in the 
preterm kidneys. Of particular concern, kidneys from preterm infants had a higher 
percentage of structurally abnormal glomeruli compared to the gestational controls with 
up to 13.7% of glomeruli affected. These abnormal glomeruli exhibited a dilated 
Bowman’s space and shrunken glomerular tuft. The factors associated with the 
development of abnormal glomeruli are yet unknown and this is an important area of 
future research. 

2.3 Nonhuman primate animal studies 
We have shown that the baboon is an ideal model to study human kidney development, as 
the ontogeny of the kidney very closely matches that of the human (Gubhaju and Black, 
2005).  Similar to the human, nephrogenesis in the baboon commences at approximately 30 
days of gestation (Hendrickx et al., 1971) and ceases prior to term by 175 days gestation 
(Term = 185 days gestation) (Gubhaju and Black, 2005). Similar to the wide range in nephron 
number found in human kidneys, in the kidneys we examined total nephron number 
ranged from 193,983 to 334,316 in baboons delivered at term.  
In collaboration with researchers at the Southwest Foundation for Biomedical Research 
(San Antonio, Texas, U.S.A) we have examined the kidneys from fetal baboons that have 
been prematurely delivered and ventilated after birth in a neonatal intensive care unit 
(NICU) in a similar manner to human preterm babies (Gubhaju et al., 2009).  These 
appropriate weight-for-gestational age baboons were delivered extremely preterm (125 
days of gestation); equivalent to approximately 27 weeks gestation in humans. After birth, 
all preterm neonates were intubated, administered 100 mg/kg surfactant (Survanta; 
donated by Ross Products, Columbus, OH), and ventilated with pressure limited infant 
ventilators (InfantStar; donated by Infrasonics, San Diego, CA). All preterm neonates were 
also treated with ampicillin and gentamicin for the first 7–10 days of life (Thomson et al., 
2004). Further doses of antibiotics were only administered in cases of clinically suspected 
infection. Following birth, the baboon neonates were ventilated in the NICU for a 
maximum period of 21 days. 
In this model, kidney volume, nephron number and size of the renal corpuscle were 
estimated using unbiased stereology, the gold standard method for the determination of 
nephron number (Bertram, 2001; Sutherland et al., 2011a). One of the most significant 
findings from the nonhuman primate studies was the clear evidence that nephrogenesis was 
on-going in the extrauterine environment following preterm birth. There was structural 
evidence of on-going nephrogenesis in the outer renal cortex (branching of the ureteric bud, 
metanephric mesenchyme and Comma and S-shaped bodies) and this was accompanied by 
a significant increase in the number of glomerular generations and nephron number in the 
postnatal environment by postnatal day 21 (Gubhaju et al., 2009).  Furthermore, kidney 
weight and volume relative to body weight were significantly higher in the preterm baboon 
neonates compared to gestational age-matched controls; a finding that has been previously 
reported in human studies (Huang et al., 2007). There was a significant decrease in 
glomerular density (glomeruli/gram of kidney) in the kidney from preterm baboon 
neonates compared to gestational controls suggestive of altered renal growth and 
potentially an increase in tubular mass.  
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Fig. 2. A representative photomicrograph of a histological renal section from a preterm 
baboon showing abnormal glomeruli in the outer renal cortex; these morphologically 
immature glomeruli exhibited a shrunken glomerular tuft and enlarged Bowman’s space.  
Scale bar = 100 m 

Similar to the findings from the human autopsy studies, morphologically abnormal 
glomeruli were also found in kidneys from preterm baboon neonates; with up to 18% of 
glomeruli affected (Figure 2). High proportions of abnormal glomeruli were only found in 
those kidneys from preterm baboons, whereas in gestational controls the proportion of 
abnormal glomeruli was negligible. The observed abnormal glomeruli were only present in 
the superficial outer cortex of the preterm kidney suggesting that it is the glomeruli that are 
recently formed (possibly those formed in the extrauterine environment) that are ‘at risk.’ 
Further immunohistochemical analyses demonstrated that the abnormal glomeruli were 
poorly vascularised (lack of endothelial cell marker, CD31 immunostaining). In addition, 
immunostaining with the podocyte marker, WT-1, revealed that the abnormal glomeruli 
were in a relatively immature stage of development since the glomerular tuft contained WT-
1 positive cells surrounding a mass of relatively undifferentiated cells. Importantly, there 
were a large number of parietal epithelial cells surrounding the Bowman’s capsule; previous 
human studies have reported a similar morphology in atubular glomeruli (Gibson et al., 
1996; Bariety et al., 2006). If the abnormal glomeruli in the preterm kidneys are atubular, 
then they will never be functional. Further studies are required to determine whether this is 
the case. Certainly, a large proportion of non-functional glomeruli in the preterm kidney is 
likely to have adverse consequences on renal function both in the neonatal period and in the 
long-term (by reducing the functional reserve of nephrons). 
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3. Renal function in the preterm neonate 

There have been a number of studies that have examined the effects of preterm birth on 
renal function. However, it must be kept in mind when interpreting the data from these 
studies that the function of the immature preterm kidney is likely to be quite different to 
that of the term infant, which in turn is likely to be quite different to the adult. Hence, 
although the ‘normal’ levels of the standard markers of renal function (such as serum 
creatinine and urinary albumin) have been well-established for the adult population, the 
standard levels in the neonate, especially those of the preterm neonate, are not clearly 
defined.  This often makes the clinical assessment of renal function in the preterm neonate 
difficult.  In future research, it is necessary to establish the ‘normal’ levels of renal function 
in the preterm infant and to identify robust biomarkers for the early diagnosis of renal 
injury in the neonatal period, which may in turn prevent long-term renal dysfunction. 

3.1 Fluid and electrolyte homeostasis 
An imbalance of fluid and electrolyte intake versus excretion is very common in premature 
neonates, and can lead to significant morbidity and mortality (Bhatia, 2006); 
hypernatraemia, for example, can result in severe neurological injury (Moritz and Ayus, 
2005).  Insensible fluid loss is a major factor (Bhatia, 2006), and is primarily transcutaneous 
due to the developmental immaturity of the skin and a high body surface area to body 
water mass ratio (Baumgart and Costarino, 2000).  Equally, the delayed loss of extracellular 
fluid volume following preterm birth is also associated with an increased risk of morbidity, 
in particular bronchopulmonary dysplasia (Oh et al., 2005) and patent ductus arteriosus 
(Bell and Acarregui, 2008).   
Three phases of fluid and electrolyte homeostasis have been observed in the immediate 
period following preterm birth; these phases occurred similarly in extremely low birth 
weight infants and those at older gestational ages (Lorenz et al., 1982; Lorenz et al., 1995).  
As described by Lorenz et al., (1982; 1995) in the first 24 hours following birth, a period 
known as the pre-diuretic stage, urine output is minimal and sodium excretion is low.  On 
postnatal days 2-3, termed the diuretic phase, sodium excretion and urine output 
significantly increase, which occurs independently of fluid intake.  From approximately 
days 4-5 of life, the post-diuretic phase, urine output changes in response to fluid intake 
(Lorenz et al., 1982; Lorenz et al., 1995).  Importantly, however, the postnatal time-point that 
these phases occur, and their duration, differ between individual neonates (Lorenz et al., 
1995), as does the amount of insensible fluid loss; together, this highlights the need for an 
individualised approach to fluid therapy in preterm neonates. 
Urine output is the most commonly and easily measured indicator of renal function in the 
preterm neonate.  Urine output less than 0.5 ml/kg/h, known as oliguria, can be indicative 
of acute kidney injury (AKI).  AKI, however, can also be non-oliguric, therefore urine output 
is not a very specific indicator of renal function.  Furthermore, from the post-diuretic phase 
of fluid homeostasis urine output is highly dependent upon fluid intake; high intakes may 
artificially increase urine output, while not accurately reflecting renal functional capacity.   
The most common measure of electrolyte balance in the neonate is the calculation of the 
fractional excretion of sodium (FENa), which is the percentage of sodium that is excreted 
and not taken up through tubular reabsorption. The calculation of FENa takes into account 
the levels of both serum and urine sodium, and it is corrected for serum and urine creatinine 
levels.  Therefore, high urine sodium levels may be indicative of structural immaturity of the 
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renal tubule (short length of the tubules, and changes in the density and structure of 
transporter proteins) (Jones and Chesney, 1992), or due to renal injury (Ueda and Shah, 
2000; Bonventre, 2007).   
Studies that have assessed FENa during the neonatal period have determined that sodium 
excretion is significantly higher in preterm neonates compared to term controls (Siegel and 
Oh, 1976; Aperia et al., 1981), and significantly decreases with increasing gestational (Gallini 
et al., 2000) and postnatal age (Ross et al., 1977; Sulyok et al., 1979; Aperia et al., 1981; Gallini 
et al., 2000; Giapros et al., 2007).  Therefore, with increasing renal maturity a positive sodium 
balance (low FENa) is achieved, which is essential for the growth and development of the 
neonate and the maintenance of fluid homeostasis (Engle, 1986).   

3.2 Glomerular filtration rate 
Endogenous creatinine is the most practical and commonly used marker of renal function, 
with calculated creatinine clearance widely used as an estimate of glomerular filtration rate 
(GFR). In the clinical setting, repeated serum creatinine levels are used to gauge renal 
function in neonates; this is an easily obtainable measure via routine blood collection and 
does not rely on timed urine samples or additional invasive procedures.  This method does, 
however, have significant limitations. Immediately following birth, serum creatinine levels 
are equivalent to the fetal levels, which during the third trimester of gestation rise from 42 
µmol/L at 23 weeks to 47 µmol/L at term; the increase likely reflecting an increase in muscle 
mass (Moniz et al., 1985).  In the first forty-eight hours following birth, however, serum 
creatinine levels significantly increase (Bueva and Guignard, 1994; Miall et al., 1999). This is 
considered to be due, in part, to tubular creatinine reabsorption, as has been evidenced in a 
neonatal animal model (Matos et al., 1998), and also due to the inadequacy of glomerular 
filtration during the early postnatal period (Miall et al., 1999).  Peak serum creatinine levels 
are reached at postnatal day 2-4 of life, with the highest levels and most delayed timing of 
the peak creatinine level seen in neonates at the lowest gestational ages (Miall et al., 1999).   
During the first week of life following preterm birth, GFR is significantly lower in preterm 
neonates than in term-born controls (Siegel and Oh, 1976; Finney et al., 2000; Schreuder et 
al., 2009), and is significantly positively correlated with both gestational age at birth, and 
postnatal age (Clark et al., 1989; Gordjani et al., 1998; Iacobelli et al., 2009).  Compared to 
term neonates, the rate of increase in GFR after birth is slower in neonates born preterm 
(Gordjani et al., 1998).  Up until two months of age there are similar findings, with a number 
of studies observing an increase in GFR concurrent to increasing gestational and postnatal 
ages (Ross et al., 1977; Fawer et al., 1979; Sulyok et al., 1979; Aperia et al., 1981; Wilkins, 
1992; Bueva and Guignard, 1994; Gallini et al., 2000; Cuzzolin et al., 2006; Thayyil et al., 
2008).  Although a number of studies have now been performed in this area, there is still a 
lack of clear definition regarding expected GFR values in the preterm neonate.  Recently 
published standard curves of GFRs in neonates born at 27-31 weeks gestational age, from 7 
to 28 days of life, will go some way in aiding in the clinical interpretation of renal function in 
this particular group of neonates (Vieux et al., 2010). 
Given that age has been found to be a strong determinant of GFR, the low GFR observed in 
the preterm neonate after birth is likely the result of renal immaturity (a low number of 
filtering glomeruli), and it is also likely to be influenced by differences in renal blood flow 
and vascular resistance.  It is essential that GFR is monitored in the postnatal period 
following preterm birth, as a very low GFR is likely to impair renal drug clearance, leading 
to nephrotoxicity.   
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3.3 Acute kidney injury 
Acute kidney injury (AKI; previously referred to as acute renal failure) is reported to occur 
in 8% to 24% of preterm neonates admitted to neonatal intensive care units (Stapleton et al., 
1987; Hentschel et al., 1996).  The current diagnosis of AKI is primarily based on the RIFLE 
system, which categorises the stages of increasing AKI severity: Risk, Injury, Failure, Loss 
and End-stage kidney disease (ESKD) (Bellomo et al., 2004). This system was further 
modified following recommendations from the acute kidney injury network (AKIN) (Mehta 
et al., 2007).  The initial clinical indication of AKI risk includes a 50% increase in serum 
creatinine (or ≥ 0.3 mg/dl within a 48 hour period), and/or a urine output less than 0.5 
mg/kg/hr for a period of six hours (Bellomo et al., 2004; Mehta et al., 2007), which are 
changes indicative of a significantly reduced GFR.  Classifications for the definition of AKI 
in a neonatal specific population, however, have not been developed.   
The causes of AKI in the preterm neonate are primarily pre-renal in origin, arising from 
conditions which affect renal perfusion such as hypotension, hypoxia and sepsis (Stapleton 
et al., 1987; Cataldi et al., 2005).  These in turn lead to apoptotic, necrotic and inflammatory 
processes within the kidney (Ueda and Shah, 2000; Bonventre, 2007).  Importantly, AKI in 
the preterm neonate may subsequently lead to long-term chronic renal disease (Abitbol et 
al., 2003).   
In a study involving 172 preterm neonates by Cataldi et al. 2005, the risk factors for AKI 
were found to be maternal and neonatal drug administration (non-steroidal anti-
inflammatory drugs (NSAIDs) and antibiotics, especially ceftazidime), a low Apgar score, 
and a patent ductus arteriosus.  Interestingly, gestational age did not affect risk of AKI, 
however, the majority of AKI cases (79%) weighed < 1.5 kg at birth (Cataldi et al., 2005).  In a 
larger study by Cuzzolin et al. (2006), involving 281 preterm neonates, a number of risk 
factors for AKI were also identified. These included maternal NSAID administration, low 
Apgar score, respiratory distress syndrome, neonatal drug administration (antibiotics and 
NSAIDs), and a number of clinical interventions (intubation at birth, catheterization, 
phototherapy, and mechanical ventilation).   
Given the importance of the early diagnosis and treatment of AKI, there has been much 
recent focus on the discovery of novel urinary biomarkers.  The expectation of a new 
biomarker is to enable the diagnosis of cellular injury before a decline in renal function 
occurs. For example, serum creatinine is not elevated until 48-72 hours after an acute injury 
has occurred (Moran and Myers, 1985); such a prolonged delay before diagnosis and 
treatment likely results in further renal injury.  As Rosner (2009) describes, it would be 
optimal if a biomarker could be developed to: 1) assess the response to, and any adverse 
effects of therapeutic interventions 2) indicate the severity of renal injury 3) inform on the 
etiology of the injury and 4) identify the location of injured cells.  In a systematic review of 
the current literature, Parikh et al. (2010) determined that the molecules with the most 
promise for the diagnosis of established AKI include interleukin-18 (IL-18), kidney injury 
molecule-1 (KIM-1), N-acetyl-beta-D-glucosaminidase (NAG) and neutrophil gelatinase-
associated lipocalin (NGAL). NGAL, IL-18, fatty acid binding protein (FABP), and cystatin-
C are the most encouraging biomarkers for the early diagnosis of AKI, given that the 
upregulation of these molecules following injury onset precedes the rise in serum creatinine 
by many hours (Parikh et al., 2010).   
In the preterm neonate, a small number of studies have been conducted for the assessment 
of urinary NGAL levels, with mixed results.  These studies have shown that the highest 
NGAL levels are evident in the neonates that are critically ill, with and without evidence of 
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renal dysfunction (Lavery et al., 2008; Parravicini, 2010); in particular, NGAL shows 
potential as a promising biomarker of late-onset sepsis (Lavery et al., 2008; Parravicini et al., 
2010).  Urinary NGAL levels also strongly correlated with gestational and postnatal age 
(Lavery et al., 2008; Huynh et al., 2009), perhaps reflecting the renal production of NGAL 
during nephrogenesis (Gwira et al., 2005) which is often still ongoing during the early 
postnatal period.  Normative values for urinary NGAL in preterm neonates with 
uncomplicated clinical courses have also been published, with the results indicating a 
greater variation in females than males (Huynh et al., 2009).  

3.4 Proteinuria 
Proteinuria, the presence of high levels of protein in the urine, may be of glomerular and/or 
tubular origin.  The number of different proteins that have been identified in the adult 
urinary proteome is 1,543, and these are primarily of membrane, extracellular and lysosomal 
origin (Adachi et al., 2006).  Despite this large number, unless renal function is impaired, 
proteins are normally only present at very low levels in urine, due to the function of the 
glomerular filtration barrier and tubular reabsorption capabilities.  
Presence of high molecular weight (HMW) proteins in the urine, such as albumin 
traditionally indicates a disruption in the integrity of the glomerular filtration barrier.  
Recent debate, however, has suggested that the contribution of tubular reabsorption of 
albumin from the filtrate may be greater than previously considered (Comper et al., 2008).  
In general, albuminuria is a strong marker for renal and cardiovascular disease, and a risk 
factor for mortality (Matsushita et al., 2010; Methven et al., 2011).  Normally, adults excrete 
less than 30 mg of albumin per 24 hours (Mathieson, 2004).  Urinary albumin levels between 
30 – 300 mg in 24 hours is considered microalbuminuria, with levels greater than 300 mg 
classified as macroalbuminuria (Mathieson, 2004).  Traditionally, 24 hour urine samples 
were required for reliable estimates of urinary protein. However, single random spot 
samples with protein levels corrected for urine creatinine, have been shown to be 
significantly correlated with results from 24 hour collections, and are equally effective in the 
prediction of outcomes (Ralston et al., 1988; Methven et al., 2011).  In neonates, 24 hour urine 
collection is difficult, therefore analysis of urinary protein levels are undertaken using spot 
urine samples obtained using urine collection bags. 
Low molecular weight (LMW) proteins, such as α1-microglobulin, β2-microglobulin and 
retinol binding protein pass freely through the glomerular filter and undergo reuptake via 
proximal tubule cells (Tomlinson, 1992).  Megalin and cubulin have been identified as 
important receptors involved in tubular protein uptake, with mutations in the receptors 
resulting in proteinuria (Christensen and Birn, 2001).  To date, LMW protein levels in the 
urine are not routinely measured in the clinical setting.  Importantly, however, amongst the 
LMW proteins there may be potential novel biomarkers of tubular cell injury and this 
requires further research (Rosner, 2009; Parikh et al., 2010). 
In the preterm neonate, few studies have been conducted to examine urine protein 
excretion.  In general, there is a high variability in urine albumin levels between individual 
neonates (Clark et al., 1989; Fell et al., 1997), with the highest levels exhibited by those with a 
low gestational age at birth and those that are clinically unstable (Galaske, 1986; Clark et al., 
1989; Tsukahara et al., 1994; Fell et al., 1997; Awad et al., 2002b).  The majority of studies 
have only been conducted during the first week of life following preterm birth. However, in 
a study by Tsukahara et al. (1994) urine albumin levels were assessed in preterm and term 
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neonates over the first 28 days of life.  Urine albumin levels were found to remain relatively 
stable postnatally over the one month period in the term neonates, whereas in the preterm 
neonates, urine albumin was seen to decrease with increasing postnatal age.  These findings 
suggest that the glomerular filtration barrier following preterm birth is structurally 
immature, until beyond one month of age.   
Urinary β2-microglobulin levels have also been shown to be significantly greater in the 
preterm infant compared to term-born infants throughout the first month of life (Aperia et 
al., 1981; Tsukahara et al., 1990; Tsukahara et al., 1994), and are decreased with increasing 
gestational and postnatal age (Takieddine et al., 1983).  Similarly, levels of 1-microglobulin 
and RBP are higher in preterm neonates than neonates born at term (Clark et al., 1989; Fell et 
al., 1997; Awad et al., 2002a).  To date, however, it remains unclear whether the increased 
urinary high- and low- molecular weight protein levels reported in preterm neonates are 
associated with renal immaturity and/or injury. The high variability in urinary protein 
levels may also reflect differences in the postnatal clinical course in preterm neonates; 
further studies are necessary to verify whether this is the case. 

3.5 Long-term effects of preterm birth on renal function 
Renal function in preterm-born children and adults, has to date only been investigated in a 
small number of studies, with inconclusive results.  In school-aged children, Rakow et al. 
(2008) found no difference in GFR or urinary levels of both HMW and LMW proteins 
between children born less than 32 weeks gestational age, and those that were born at term.  
Similarly, Vanpee et al. (1992) determined no difference in renal function in preterm and 
term-born children at 8 years of age, despite lower GFR and higher urine albumin levels 
being evident in the preterm group at 9 months of age.  In contrast, however, a study by 
Rodriguez-Soriano and colleagues (2005) reported that GFR was significantly reduced in 
preterm-born children compared to term controls, with impairments in electrolyte excretion 
also evident.  Furthermore, in children examined at 6-8 years of age, Iacobelli et al. (2007) 
demonstrated microalbuminuria in 8.3% of the preterm neonates, which was associated 
with postnatal factors such as neonatal hypotension and increased catch-up growth.  
Increased risk of renal demise was also evident in individuals born preterm who were obese 
during childhood (Abitbol et al., 2009).   
Two studies have also been conducted to examine renal function in young adults (20-30 
years of age), with both Keijzer-Veen et al. (2007) and Kistner et al. (Kistner et al., 2000) 
finding no effect of preterm birth on GFR or albuminuria.  To the contrary, in a cohort of 19 
year old young adults, those who were born preterm as well as IUGR, there was a 
significant reduction in GFR (Keijzer-Veen et al., 2005).  Given these results in preterm-born 
children and adults, there is some suggestion that preterm birth adversely affects the growth 
and functional capacity of the kidney and may result in progressive renal failure later in life. 
Importantly, adverse consequences appear to be more likely to occur in combination with 
other insults. Therefore, future research must be directed towards identifying these insults 
and their effects on the structure and function of the kidney.  

4. Preterm birth leads to glomerular abnormalities – Areas of future research 

One of the most important findings we have shown thus far, is the presence of abnormal 
glomeruli in both the human and nonhuman primate (baboon) preterm kidney. These 
abnormal glomeruli are located in the outer renal cortex and are in the most immature stage of 
development (stage 1); they are composed of an undifferentiated glomerular anlage of cells 
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(foundation group of cells) surrounded by a layer of podocytes with scant, if any, 
capillarisation. Our findings thus strongly suggest that it is the very immature glomeruli 
(possibly those formed in the extrauterine environment) that are particularly vulnerable to 
preterm birth. Given the gross abnormalities observed in these glomeruli, it is unlikely that 
these glomeruli will ever be functional and thus, it is expected that they will be subsequently 
resorbed into the surrounding tissue. In the short-term, such abnormalities will likely lead to 
marked impairment of renal function in the neonate if a high proportion of the nephrons are 
affected, or to minor impairment if only a small proportion are abnormal. When the kidney is 
severely affected this will adversely impact on the number of functional nephrons at the 
beginning of life and thus reduce the long-term functional reserve of the kidney, rendering it 
vulnerable to hypertension and secondary life style insults. 
The cause(s) of the glomerular abnormalities in the preterm infant is currently unknown. 
Importantly in this regard, we have shown that there is a wide variation in the proportion of 
abnormal glomeruli within the kidneys of preterm infants, with the kidneys of some 
preterm infants appearing morphologically normal whereas in others a large proportion of 
the glomeruli appear abnormal (Sutherland et al., 2011b). Given the wide variation in the 
proportion of abnormal glomeruli within the kidneys of preterm infants, this suggests that it 
is not preterm birth per se that leads to the glomerular abnormalities; instead they are likely 
due to factors often associated with preterm birth as shown in Figure 3. It is likely that these 
deleterious effects may relate to: 1) adverse factors in the in utero environment that have led 
to premature delivery, 2) factors in the neonatal care of the preterm infant and 3) 
pharmacological interventions/therapies administered to mothers prior to birth and/or the 
infant after birth. There are many factors which apply to each of these categories; below we 
have selected some that we consider are important for future research. 
 

 

Fig. 3. Depiction of the potential factors that may contribute to impaired nephrogenesis in 
the preterm kidney and consequently lead to a reduced nephron endowment and 
vulnerability to renal disease in adulthood 
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4.1 Adverse factors in the in utero environment 
Two potential factors in the in utero environment that may render the preterm kidney 
vulnerable are IUGR and/or exposure to chorioamnionitis. 

4.1.1 Intrauterine growth restriction  
IUGR (growth below the 10th percentile for gestational age) is often a co-morbidity of 
preterm birth. Certainly, it is well described in both human and experimental models that 
IUGR leads to a reduced nephron endowment at birth (Hinchliffe et al., 1992a; Merlet-
Benichou et al., 1994; Manalich et al., 2000; Zimanyi et al., 2004; Zohdi et al., 2007). This is 
likely due to the reduced growth of the fetal kidney (with the number of nephrons directly 
proportional to kidney size). In this regard, there is often redistribution of blood flow in the 
growth-restricted fetus, leading to preferential blood flow to the brain (termed brain 
sparing) and reduced blood flow to organs such as the kidneys (Behrman et al., 1970; 
Gunnarsson et al., 1998). To our knowledge the impact of reduced blood flow to the 
formation of nephrons in the IUGR fetal kidney has not been investigated. Given the 
dramatic change in hemodynamics at the time of birth (elevation in blood pressure and 
increased renal blood flow) it is conceivable that the recently formed glomeruli in the IUGR 
kidney (with a reduced renal blood flow prenatally) may be particularly vulnerable to the 
haemodynamic transition at birth. This is an important area of research that needs to be 
thoroughly investigated. 

4.1.2 Chorioamnionitis  
Chorioamnionitis (a bacterial infection of the chorion and amnion) is a common antecedent 
of preterm birth (Romero et al., 2006; Goldenberg et al., 2008), especially in births prior to 30 
weeks of gestation (Lahra and Jeffery, 2004); it is often complicated by IUGR. 
Chorioamnionitis may manifest as either a clinical or subclinical condition. When severe, it 
can ultimately give rise to the fetal inflammatory response syndrome which is characterised 
by funisitis, fetal vasculitis and an increase in of pro-inflammatory cytokines in fetal blood 
and amniotic fluid (Romero et al., 1998; Romero et al., 2003; Gotsch et al., 2007). It is likely 
that the fetal systemic inflammatory response will lead to renal inflammation in 
chorioamnionitis-exposed infants; conceivably if present in utero this will have deleterious 
effects on nephrogenesis, and if present at the time of delivery, it will adversely impact on 
renal function. In this regard, we have recent evidence in fetal sheep to demonstrate that 
exposure to chorioamnionitis late in gestation does adversely affect nephrogenesis, leading 
to a 23% and 18% reduction in nephron endowment in singleton and twin-exposed fetuses, 
respectively (Galinsky et al., 2011). It is important to note that we did not observe any 
morphological abnormalities in the glomeruli of these fetal kidneys. However, it is 
conceivable, that if renal inflammation is present at the time of birth, that this will further 
compromise postnatal nephrogenesis and renal function in the neonate. Following the 
hemodynamic transition at birth, it may be then that glomerular morphological 
abnormalities develop in these already compromised kidneys. Importantly in this regard, a 
multiple logistic regression analysis of 2508 preterm neonates, treated with indomethacin, 
showed a significant correlation between intrauterine inflammation and prevalence of renal 
and electrolyte abnormalities (Itabashi et al., 2003), thus suggesting that intrauterine 
inflammation in concert with postnatal indomethacin treatment can lead to renal 
dysfunction. Certainly our results support the idea that prematurity, when complicated with 
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chorioamnionitis, is likely to exacerbate postnatal renal dysfunction and further studies are 
required to determine whether renal inflammation at the time of birth is associated with the 
formation of abnormal glomeruli in the neonatal period. 

4.2 Factors in the neonatal care of the infant 
4.2.1 Hyperoxia 
The administration of supplemental oxygen to preterm infants experiencing respiratory 
distress is standard therapy, however, the effects of high levels of oxygen in the bloodstream 
on the development of organs is not well understood. Although the levels of supplemental 
oxygen administered to the preterm infant have been substantially reduced in recent years, 
the levels of oxygen in the bloodstream remain elevated above normal; hence it is important 
that research is conducted into the effects of hyperoxia on nephrogenesis in the preterm 
infant. Certainly, experimental studies in the lung have shown that hyperoxia can lead to 
the generation of oxygen free radicals, infiltration of inflammatory cells, collagen deposition, 
cellular apoptosis and subsequent tissue injury (McGrath-Morrow and Stahl, 2001; 
Dieperink et al., 2006; Alejandre-Alcazar et al., 2007; Chen et al., 2007; Chetty et al., 2008). 
Whether this is also the case in other tissues has not been examined. 

4.2.2 Ventilation 
The mode of ventilation of the preterm infant also has the potential to impact on the 
developing kidney, since alterations in airway pressure are reported to lead to significant 
cardiopulmonary haemodynamic changes (Polglase et al., 2009) which may subsequently 
affect renal perfusion. For instance, mechanical ventilation has been shown to alter renal 
hemodynamics by leading to an increase in intrathoracic pressure, therefore decreasing 
cardiac output, leading to renal vasoconstriction and decreased GFR (Arant, 1987). It is 
likely that changes in renal blood flow will directly influence the growth of the kidney. 
Hence, it is important in future research to determine the effects of altered renal 
hemodynamics on growth of the developing kidney and how this is influenced by different 
modes of ventilation. 

4.2.3 Extrauterine growth / nutrition 
In general, postnatal growth of the preterm infant is markedly attenuated when compared 
to the term infant and when compared to the normal rate of growth in utero for the same  
post-conceptional age (Ehrenkranz, 2000; Clark et al., 2003). Extrauterine growth restriction 
in premature neonates (defined as growth below the 10th percentile of intrauterine growth 
expectation) is likely to directly influence nephrogenesis. In support of this concept, 
Bacchetta et al (2009) reported lower GFRs (albeit in the normal range) in 7 year old children 
who had been born very preterm (< 30 weeks gestation) and who were either IUGR or 
extrauterine growth restricted. However, it is important to note that in some preterm infants 
there can be a disproportional increase in kidney size (relative to body weight) after birth 
(Huang et al., 2007; Sutherland et al., 2011b) most probably due to the increased functional 
demands on the kidney. Importantly we have shown in our preterm baboon studies that 
under these circumstances, there remains a significant correlation between kidney size and 
nephron number (Gubhaju et al., 2009).  
Taken together, these studies highlight the importance that neonatal nutrition can 
potentially have on kidney development in the preterm infant. Since nephrogenesis is 
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ongoing after birth in the preterm infant, this provides a window of opportunity whereby 
early postnatal nutrition in the intensive care unit may be able to directly influence  
the number of nephrons formed within the kidney. Hence optimising nutrition in  
the neonatal period, with an aim to maximising nephron endowment in the preterm 
newborn, is an important area for future research. At this stage, there is no known maternal 
nutrient supplementation that can improve renal outcomes in the fetus; it is critical to 
investigate this.  

4.3 Pharmacological treatments to the mother prior to birth and / or the infant  
after birth  
There are a number of medications routinely administered to women during pregnancy and 
to preterm infants. Some of the most commonly used are: 1) antenatal glucocorticoids which 
are routinely administered either to the mother ‘at risk’ of preterm delivery (Vidaeff et al., 
2003) or to the preterm infant immediately after delivery to accelerate lung maturation in the 
infant, 2) antibiotics, often administered to the mother with chorioamnionitis and to the 
infant with postnatal conditions such as necrotising enterocolitis (Gortner et al., 1991) 3) non 
steroidal anti-inflammatory drugs (such as ibuprofen and indomethacin) which are often 
administered to close a patent ductus arteriosus (Ellison et al., 1983) and 4) inotropes (such 
as dopamine and dobutamine) which are administered in cases of hypotension and poor 
blood flow (Osborn et al., 2002). Importantly, and of concern, all these medications have the 
potential to adversely impact on nephrogenesis.  

4.3.1 Glucocorticoids 
In addition to leading to lung maturation in the preterm infant, administration of 
glucocorticoids has been favourably reported to accelerate renal maturation thus 
establishing an adequate GFR and efficient tubular reabsorption (Ervin et al., 1996; Ervin et 
al., 1998; Petershack et al., 1999). However, the question remains: ‘Does this acceleration in 
renal maturation lead to an abnormal and rapid cessation of nephrogenesis which would 
ultimately affect nephron endowment? In support of this, a number of experimental studies 
(conducted in animal models) have shown that exposure of the fetus to maternal 
glucocorticoids can lead to reduced nephron endowment in the offspring (Celsi et al., 1998; 
Ortiz et al., 2001; Moritz et al., 2002). As follow up to these studies, in a carefully controlled 
study in our baboon model we have examined the effect of administration of antenatal 
betamethasone (intramuscular injection of 6mg at 48 hours and 24 hours prior to preterm 
delivery) on nephrogenesis in the neonatal baboon kidney (Gubhaju et al., 2009).  We found 
that although there was acceleration of glomerular maturation in the betamethasone-treated 
baboons, the total number of nephrons was within the normal range and importantly we 
demonstrated that fetal exposure to maternal glucocorticoids was not the cause of the 
glomerular abnormalities associated with preterm birth. 

4.3.2 Antibiotics 
The use of antibiotics is often essential in the treatment of the mother during pregnancy and 
of the preterm infant after birth. Alarmingly, it has been shown that antibiotics, such as the 
aminoglycosides, can be nephrotoxic in the newborn with the preterm infant most 
vulnerable (Giapros et al., 2003). This is of concern, given that aminoglycosides are not 
metabolised in the body and thus accumulate in the kidney where they are eventually 
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eliminated (Nagai and Takano, 2004). In experimental studies antibiotics are also linked 
with impairment of nephrogenesis (Gilbert et al., 1990; Gilbert et al., 1994; Cullen et al., 2000; 
Nathanson et al., 2000). For instance, it has been shown that incubation of metanephroi in 
culture with gentamicin leads to decreased branching morphogenesis of the ureteric tree; 
this is a likely mediator of the reduction in the number of nephrons formed (Cullen et al., 
2000). Given that antibiotics can readily cross the placenta, plus their wide use in the 
neonatal care of the preterm infant, it is imperative in future studies to gain a more precise 
understanding of the dose, duration and class of antibiotic treatment that leads to adverse 
effects in the neonatal kidney; such information would likely influence the care in the 
neonatal intensive care unit. 

4.3.3 Non steroidal anti-inflammatory drugs 
NSAIDs, such as ibuprofen and indomethacin are usually administered to preterm neonates 
to stimulate closure of a patent ductus arteriosus; this can occur in up to 80% of extremely 
preterm infants (Ellison et al., 1983). Importantly, there have been a number of studies that 
have reported adverse effects on both the structure and function of the preterm kidney 
following treatment with NSAIDs. For example, renal insufficiency, demonstrated by a 
significant increase in serum creatinine has been reported in infants following either antenatal 
or postnatal exposure to NSAIDs (Kang et al., 1999; Butler-O'Hara and D'Angio, 2002). Of 
concern, in a case-controlled study where renal impairment was reported in preterm neonates 
that had received indomethacin treatment for a patent ductus arteriosus, 24% of the babies 
suffered acute renal failure (Akima et al., 2004). In addition, in the rat model where, similar to 
the preterm infant, nephrogenesis is ongoing after birth, exposure to indomethacin, ibuprofen 
and gentamicin have all been shown to lead to renal injury in the immature kidneys. There 
was evidence of vacuolization of epithelium and loss of microvilli in proximal tubules, 
effacement of podocyte foot processes and irregularities of the basement membrane in the 
glomeruli and edema within the interstitium (Kent et al., 2007).  

4.3.4 Inotropes 
At birth, there is a marked change in hemodynamics, with a subsequent rise in blood 
pressure and heart rate (Teitel et al., 1987; Louey et al., 2000). Preterm birth causes an abrupt 
and premature shift in the circulation from the fetal to postnatal configuration at a time 
when the cardiovascular system is still relatively immature; as a result, it is often necessary 
for inotropes to be administered to preterm neonates when blood pressure remains 
abnormally low after birth (Kluckow and Evans, 2001; Osborn et al., 2002). Given the 
importance of renal blood flow to growth of the kidney it is important that future research 
examines how the hemodyamic transition at birth affects the development of the immature 
renal vasculature and/or nephrogenesis and what effect the administration of inotropes 
have on the developing kidney. 

5. Conclusion 

Over the past decade, considerable advances have been made in our understanding of the 
effects of preterm birth on the developing kidney. Encouragingly, it has clearly been 
demonstrated that nephrogenesis continues after birth in the preterm neonate, however, 
glomerular abnormalities are commonly observed. Future research should be directed into 
the causes of these abnormalities, so that strategies can be implemented to maximise the 

88



 
Basic Nephrology and Acute Kidney Injury 

 

78

number of functional nephrons at the beginning of life in the preterm infant in order to 
ensure long-term renal health. It is important that renal clinicians are made aware of the 
potential deleterious effects of preterm birth on developing glomerui, so they are aware of 
the renal vulnerability in subjects that are born preterm. 

6. References 

Abitbol, CL, Bauer, CR, Montane, B, Chandar, J, Duara, S & Zilleruelo, G. (2003). Long-term 
follow-up of extremely low birth weight infants with neonatal renal failure. Pediatr 
Nephrol, Vol. 18, No. 9, (Sep 2003), pp. 887-893, 0931-041X (Print) 

Abitbol, CL, Chandar, J, Rodriguez, MM, Berho, M, Seeherunvong, W, Freundlich, M & 
Zilleruelo, G. (2009). Obesity and preterm birth: additive risks in the progression of 
kidney disease in children. Pediatr Nephrol, Vol. 24, No. 7, (Jul 2009), pp. 1363-1370, 
1432-198X (Electronic) 

Adachi, J, Kumar, C, Zhang, Y, Olsen, JV & Mann, M. (2006). The human urinary proteome 
contains more than 1500 proteins, including a large proportion of membrane 
proteins. Genome Biol, Vol. 7, No. 9, 2006), pp. R80, 1465-6914 (Electronic) 

Akima, S, Kent, A, Reynolds, G, Gallagher, M & Falk, M. (2004). Indomethacin and renal 
impairment in neonates. Pediatr Nephrol, Vol. 19, No. 5, (May 2004), pp. 490-493, 
0931-041X (Print) 

Alejandre-Alcazar, MA, Kwapiszewska, G, Reiss, I, Amarie, OV, Marsh, LM, Sevilla-Perez, J, 
Wygrecka, M, Eul, B, Kobrich, S, Hesse, M, Schermuly, RT, Seeger, W, Eickelberg, 
O & Morty, RE. (2007). Hyperoxia modulates TGF-beta/BMP signaling in a mouse 
model of bronchopulmonary dysplasia. Am J Physiol Lung Cell Mol Physiol, Vol. 292, 
No. 2, (Feb 2007), pp. L537-549, 1040-0605 (Print) 

Andreoli, SP. (2004). Acute renal failure in the newborn. Semin Perinatol, Vol. 28, No. 2, (Apr 
2004), pp. 112-123, 0146-0005 (Print) 

Aperia, A, Broberger, O, Elinder, G, Herin, P & Zetterstrom, R. (1981). Postnatal 
development of renal function in pre-term and full-term infants. Acta Paediatr 
Scand, Vol. 70, No. 2, (Mar 1981), pp. 183-187, 0001-656X (Print) 

Arant, BS, Jr. (1987). Postnatal development of renal function during the first year of life. 
Pediatr Nephrol, Vol. 1, No. 3, (Jul 1987), pp. 308-313, 0931-041X (Print) 

Awad, H, el-Safty, I, el-Barbary, M & Imam, S. (2002a). Evaluation of renal glomerular and 
tubular functional and structural integrity in neonates. American Journal of the 
Medical Sciences, Vol. 324, No. 5, (Nov 2002a), pp. 261-266,  

Awad, H, el-Safty, I, el-Barbary, M & Imam, S. (2002b). Evaluation of renal glomerular and 
tubular functional and structural integrity in neonates. Am J Med Sci, Vol. 324, No. 
5, (Nov 2002b), pp. 261-266, 0002-9629 (Print) 

Bacchetta, J, Harambat, J, Dubourg, L, Guy, B, Liutkus, A, Canterino, I, Kassai, B, Putet, G & 
Cochat, P. (2009). Both extrauterine and intrauterine growth restriction impair renal 
function in children born very preterm. Kidney Int, Vol. 76, No. 4, (Aug 2009), pp. 
445-452, 1523-1755 (Electronic) 

Bariety, J, Mandet, C, Hill, G & Bruneval, P. (2006). Parietal podocytes in normal human 
glomeruli. J Am Soc Nephrol, Vol. 17, No. (Oct 2006), pp. 2770-2780, 1046-6673 (Print) 

Baumgart, S & Costarino, AT. (2000). Water and electrolyte metabolism of the micropremie. 
Clin Perinatol, Vol. 27, No. 1, (Mar 2000), pp. 131-146, vi-vii, 0095-5108 (Print) 

89



 
Effects of Preterm Birth on the Kidney 

 

79 

Behrman, RE, Lees, MH, Peterson, EN, De Lannoy, CW & Seeds, AE. (1970). Distribution of 
the circulation in the normal and asphyxiated fetal primate. Am J Obstet Gynecol, 
Vol. 108, No. 6, (Nov 15 1970), pp. 956-969, 0002-9378 (Print) 

Bell, EF & Acarregui, MJ. (2008). Restricted versus liberal water intake for preventing 
morbidity and mortality in preterm infants. Cochrane Database Syst Rev, Vol. No. 1, 
2008), pp. CD000503, 1469-493X (Electronic) 

Bellomo, R, Ronco, C, Kellum, JA, Mehta, RL & Palevsky, P. (2004). Acute renal failure - 
definition, outcome measures, animal models, fluid therapy and information 
technology needs: the Second International Consensus Conference of the Acute 
Dialysis Quality Initiative (ADQI) Group. Crit Care, Vol. 8, No. 4, (Aug 2004), pp. 
R204-212, 1466-609X (Electronic) 

Bertram, JF. (2001). Counting in the kidney. Kidney Int, Vol. 59, No. 2, (Feb 2001), pp. 792-
796, 0085-2538 (Print) 

Bhatia, J. (2006). Fluid and electrolyte management in the very low birth weight neonate. J 
Perinatol, Vol. 26 Suppl 1, No. (May 2006), pp. S19-21, 0743-8346 (Print) 

Blackburn, S. 2003. Renal system and fluid and electrolyte homeostasis. In: Maternal, fetal 
and neonatal physiology, 2 ed: Saunders. 

Bonamy, A, Bendito, A, Martin, H, Andolf, E, Sedin, G & Norman, M. (2005). Preterm Birth 
Contributes to Increased Vascular Resistance and Higher Blood Pressure in 
Adolescent Girls. Pediatr Res, Vol. 58, No. 5, 2005), pp. 845–849, 0031-3998 (Print) 

Bonventre, JV. (2007). Pathophysiology of acute kidney injury: roles of potential inhibitors of 
inflammation. Contrib Nephrol, Vol. 156, No. 2007), pp. 39-46, 0302-5144 (Print) 

Bueva, A & Guignard, J. (1994). Renal Function in the Preterm Neonates. Pediatr Res, Vol. 36, 
No. 5, 1994), pp. 572-577, 0031-3998 (Print) 

Butler-O'Hara, M & D'Angio, CT. (2002). Risk of persistent renal insufficiency in premature 
infants following the prenatal use of indomethacin for suppression of preterm 
labor. J Perinatol, Vol. 22, No. 7, (Oct-Nov 2002), pp. 541-546, 0743-8346 (Print) 

Cataldi, L, Leone, R, Moretti, U, De Mitri, B, Fanos, V, Ruggeri, L, Sabatino, G, Torcasio, F, 
Zanardo, V, Attardo, G, Riccobene, F, Martano, C, Benini, D & Cuzzolin, L. (2005). 
Potential risk factors for the development of acute renal failure in preterm newborn 
infants: a case-control study. Arch Dis Child Fetal Neonatal Ed, Vol. 90, No. 2005), pp. 
F514-519, 1359-2998 (Print) 

Celsi, G, Kistner, A, Aizman, R, Eklof, AC, Ceccatelli, S, de Santiago, A & Jacobson, SH. 
(1998). Prenatal dexamethasone causes oligonephronia, sodium retention, and 
higher blood pressure in the offspring. Pediatr Res, Vol. 44, No. 3, (Sep 1998), pp. 
317-322, 0031-3998 (Print) 

Chen, CM, Wang, LF, Chou, HC, Lang, YD & Lai, YP. (2007). Up-regulation of connective 
tissue growth factor in hyperoxia-induced lung fibrosis. Pediatr Res, Vol. 62, No. 2, 
(Aug 2007), pp. 128-133, 0031-3998 (Print) 

Chetty, A, Cao, GJ, Severgnini, M, Simon, A, Warburton, R & Nielsen, HC. (2008). Role of 
matrix metalloprotease-9 in hyperoxic injury in developing lung. Am J Physiol Lung 
Cell Mol Physiol, Vol. 295, No. 4, (Oct 2008), pp. L584-592, 1040-0605 (Print) 

Choker, G & Gouyon, JB. (2004). Diagnosis of acute renal failure in very preterm infants. Biol 
Neonate, Vol. 86, No. 3, 2004), pp. 212-216, 0006-3126 (Print) 

Christensen, EI & Birn, H. (2001). Megalin and cubilin: synergistic endocytic receptors in 
renal proximal tubule. Am J Physiol Renal Physiol, Vol. 280, No. 4, (Apr 2001), pp. 
F562-573, 1931-857X (Print) 

90



 
Basic Nephrology and Acute Kidney Injury 

 

80

Clark, AT & Bertram, JF. (1999). Molecular regulation of nephron endowment. Am J Physiol, 
Vol. 276, No. 4 Pt 2, (Apr 1999), pp. F485-497, 0002-9513 (Print) 

Clark, PM, Bryant, TN, Hall, MA, Lowes, JA & Rowe, DJ. (1989). Neonatal renal function 
assessment. Arch Dis Child, Vol. 64, No. 9, (Sep 1989), pp. 1264-1269, 1468-2044 
(Electronic) 

Clark, R, Thomas, P & Peabody, J. (2003). Extrauterine growth restriction remains a serious 
problem in prematurely born neonates. Pediatrics, Vol. 111, No. 2003), pp. 986-990, 
1098-4275 (Electronic) 

Comper, WD, Haraldsson, B & Deen, WM. (2008). Resolved: normal glomeruli filter 
nephrotic levels of albumin. J Am Soc Nephrol, Vol. 19, No. 3, (Mar 2008), pp. 427-
432, 1533-3450 (Electronic) 

Cooper, R, Atherton, K & Power, C. (2008). Gestational age and risk factors for 
cardiovascular disease: evidence from the 1958 British birth cohort followed to 
mid-life. Int J Epidemiol, Vol. No. (Jul 25 2008), pp. 1464-3685 (Electronic) 

Cullen, L, Young, R & Bertram, J. (2000). Studies on the effects of gentamicin on rat 
metanephric development in vitro. Nephrology, Vol. 5, No. 2000), pp. 115-123, 1440-
1797 

Cuzzolin, L, Fanos, V, Pinna, B, di Marzio, M, Perin, M, Tramontozzi, P, Tonetto, P & 
Cataldi, L. (2006). Postnatal renal function in preterm newborns: a role of diseases, 
drugs and therapeutic interventions. Pediatr Nephrol, Vol. 21, No. 7, 2006), pp. 931-
938, 0931-041X (Print) 

Dalziel, S, Parag, V, Rodgers, A & Harding, J. (2007). Cardiovascular risk factors at age 30 
following pre-term birth. Int J Epidemiol, Vol. 36, No. 4, 2007), pp. 907-915, 0300-
5771 (Print) 

Dieperink, HI, Blackwell, TS & Prince, LS. (2006). Hyperoxia and apoptosis in developing 
mouse lung mesenchyme. Pediatr Res, Vol. 59, No. 2, (Feb 2006), pp. 185-190, 0031-
3998 (Print) 

Doyle, LW, Faber, B, Callanan, C & Morley, R. (2003). Blood pressure in late adolescence and 
very low birth weight. Pediatrics, Vol. 111, No. 2, (Feb 2003), pp. 252-257, 1098-4275 
(Electronic) 

Drougia, A, Giapros, V, Hotoura, E, Papadopoulou, F, Argyropoulou, M & Andronikou, S. 
(2009). The effects of gestational age and growth restriction on compensatory 
kidney growth. Nephrol Dial Transplant, Vol. 24, No. 1, (Jan 2009), pp. 142-148, 1460-
2385 (Electronic) 

Drukker, A & Guignard, JP. (2002). Renal aspects of the term and preterm infant: a selective 
update. Curr Opin Pediatr, Vol. 14, No. 2, (Apr 2002), pp. 175-182, 1040-8703 (Print) 

Ehrenkranz, RA. (2000). Growth outcomes of very low-birth weight infants in the newborn 
intensive care unit. Clin Perinatol, Vol. 27, No. 2, (Jun 2000), pp. 325-345, 0095-5108 
(Print) 

Ellison, RC, Peckham, GJ, Lang, P, Talner, NS, Lerer, TJ, Lin, L, Dooley, KJ & Nadas, AS. 
(1983). Evaluation of the preterm infant for patent ductus arteriosus. Pediatrics, Vol. 
71, No. 3, (Mar 1983), pp. 364-372, 0031-4005 (Print) 

Engle, W. (1986). Development of fetal and neonatal renal function. Semin Perinatol, Vol. 10, 
No. 1986), pp. 113-124, 0146-0005 (Print) 

Ervin, MG, Berry, LM, Ikegami, M, Jobe, AH, Padbury, JF & Polk, DH. (1996). Single dose 
fetal betamethasone administration stabilizes postnatal glomerular filtration rate 
and alters endocrine function in premature lambs. Pediatr Res, Vol. 40, No. 5, (Nov 
1996), pp. 645-651, 0031-3998 (Print) 

91



 
Effects of Preterm Birth on the Kidney 

 

81 

Ervin, MG, Seidner, SR, Leland, MM, Ikegami, M & Jobe, AH. (1998). Direct fetal 
glucocorticoid treatment alters postnatal adaptation in premature newborn baboons. 
Am J Physiol, Vol. 274, No. 4 Pt 2, (Apr 1998), pp. R1169-1176, 0002-9513 (Print) 

Faa, G, Gerosa, C, Fanni, D, Nemolato, S, Locci, A, Cabras, T, Marinelli, V, Puddu, M, 
Zaffanello, M, Monga, G & Fanos, V. (2010). Marked interindividual variability in 
renal maturation of preterm infants: lessons from autopsy. J Matern Fetal Neonatal 
Med, Vol. No. (Sep 14 2010), pp. 1476-4954 (Electronic) 

Fawer, CL, Torrado, A & Guignard, JP. (1979). Maturation of renal function in full-term and 
premature neonates. Helv Paediatr Acta, Vol. 34, No. 1, (Feb 1979), pp. 11-21, 0018-
022X (Print) 

Fell, JM, Thakkar, H, Newman, DJ & Price, CP. (1997). Measurement of albumin and low 
molecular weight proteins in the urine of newborn infants using a cotton wool ball 
collection method. Acta Paediatr, Vol. 86, No. 5, (May 1997), pp. 518-522, 0803-5253 
(Print) 

Finney, H, Newman, DJ, Thakkar, H, Fell, JM & Price, CP. (2000). Reference ranges for 
plasma cystatin C and creatinine measurements in premature infants, neonates, 
and older children. Arch Dis Child, Vol. 82, No. 1, (Jan 2000), pp. 71-75, 1468-2044 
(Electronic) 

Galaske, RG. (1986). Renal functional maturation: renal handling of proteins by mature and 
immature newborns. Eur J Pediatr, Vol. 145, No. 5, (Oct 1986), pp. 368-371, 0340-
6199 (Print) 

Galinsky, R, Moss, TJ, Gubhaju, L, Hooper, SB, Black, MJ & Polglase, GR. (2011). Effect of 
intra-amniotic lipopolysaccharide on nephron number in preterm fetal sheep. Am J 
Physiol Renal Physiol, Vol. No. (May 18 2011), pp. 1522-1466 (Electronic) 

Gallini, F, Maggio, L, Romagnoli, C, Marrocco, G & Tortorolo, G. (2000). Progression of renal 
function in preterm neonates with gestational age < or = 32 weeks. Pediatr Nephrol, 
Vol. 15, No. 1-2, (Nov 2000), pp. 119-124, 0931-041X (Print) 

Giapros, V, Papadimitriou, P, Challa, A & Andronikou, S. (2007). The effect of intrauterine 
growth retardation on renal function in the first two months of life. Nephrol Dial 
Transplant, Vol. 22, No. 1, (Jan 2007), pp. 96-103, 0931-0509 (Print) 

Giapros, VI, Andronikou, SK, Cholevas, VI & Papadopoulou, ZL. (2003). Renal function and 
effect of aminoglycoside therapy during the first ten days of life. Pediatr Nephrol, 
Vol. 18, No. 1, (Jan 2003), pp. 46-52, 0931-041X (Print) 

Gibson, I, Downie, T, More, I & Lindop, G. (1996). Atubular glomeruli and glomerular cysts 
- a possible pathway for nephron loss in the human kidney? J Pathol, Vol. 179, No. 
(Aug 1996), pp. 421-426, 0022-3417 (Print) 

Gilbert, T, Gaonach, S, Moreau, E & Merlet-Benichou, C. (1994). Defect of nephrogenesis 
induced by gentamicin in rat metanephric organ culture. Lab Invest, Vol. 70, No. 5, 
(May 1994), pp. 656-666, 0023-6837 (Print) 

Gilbert, T, Lelievre-Pegorier, M & Merlet-Benichou, C. (1990). Immediate and long-term 
renal effects of fetal exposure to gentamicin. Pediatr Nephrol, Vol. 4, No. 4, (Jul 
1990), pp. 445-450, 0931-041X (Print) 

Goldenberg, RL, Culhane, JF, Iams, JD & Romero, R. (2008). Epidemiology and causes of 
preterm birth. Lancet, Vol. 371, No. 9606, (Jan 5 2008), pp. 75-84, 1474-547X 
(Electronic) 

Gordjani, N, Burghard, R, Leititis, J & Brandis, M. (1998). Serum creatinine and creatinine 
clearance in healthy neonates and prematures during the first 10 days of life. Eur J 
Pediatr, Vol. 148, No. 1998), pp. 143-145, 0340-6199 (Print) 

92



 
Basic Nephrology and Acute Kidney Injury 

 

82

Gortner, L, Bernsau, U, Brand, M, Hellwege, HH, Hieronimi, G, Jorch, G, Reiter, HL & 
Versmold, H. (1991). Drug utilization in very premature infants in neonatal intensive 
care units. Dev Pharmacol Ther, Vol. 17, No. 3-4, 1991), pp. 167-171, 0379-8305 (Print) 

Gotsch, F, Romero, R, Kusanovic, J, Mazaki-Tovi, S, Pineles, B, Erez, O, Espinoza, J & 
Hassan, S. (2007). The fetal inflammatory response syndrome. Clin Obstet Gynecol, 
Vol. 50, No. 2007), pp. 652-683, 0009-9201 (Print) 

Gubhaju, L & Black, MJ. (2005). The baboon as a good model for studies of human kidney 
development. Pediatr Res, Vol. 58, No. 2005), pp. 505-509, 0031-3998 (Print) 

Gubhaju, L, Sutherland, MR, Yoder, BA, Zulli, A, Bertram, JF & Black, MJ. (2009). Is 
nephrogenesis affected by preterm birth? Studies in a non-human primate model. 
Am J Physiol Renal Physiol, Vol. 297, No. 6, (Dec 2009), pp. F1668-1677, 1522-1466 
(Electronic) 

Gunnarsson, GO, Gudmundsson, S, Hokegard, K, Stale, H, Kjellmer, I, Hafstrom, O & 
Marsal, K. (1998). Cerebral Doppler blood flow velocimetry and central 
hemodynamics in the ovine fetus during hypoxemia-acidemia. J Perinat Med, Vol. 
26, No. 2, 1998), pp. 107-114, 0300-5577 (Print) 

Gwira, JA, Wei, F, Ishibe, S, Ueland, JM, Barasch, J & Cantley, LG. (2005). Expression of 
neutrophil gelatinase-associated lipocalin regulates epithelial morphogenesis in 
vitro. J Biol Chem, Vol. 280, No. 9, (Mar 4 2005), pp. 7875-7882, 0021-9258 (Print) 

Hack, M, Schluchter, M, Cartar, L & Rahman, M. (2005). Blood pressure among very low 
birth weight (<1.5 kg) young adults. Pediatr Res, Vol. 58, No. 4, (Oct 2005), pp. 677-
684, 0031-3998 (Print) 

Hendrickx, A, Bollert, J & Houston, M. (1971). Embryology of the Baboon The University of 
Chicago Press, 0226327124/0-226-32712-4, London. 

Hentschel, R, Lodige, B & Bulla, M. (1996). Renal insufficiency in the neonatal period. Clin 
Nephrol, Vol. 46, No. 1, (Jul 1996), pp. 54-58, 0301-0430 (Print) 

Hinchliffe, SA, Lynch, MR, Sargent, PH, Howard, CV & Van Velzen, D. (1992a). The effect of 
intrauterine growth retardation on the development of renal nephrons. Br J Obstet 
Gynaecol, Vol. 99, No. 4, (Apr 1992a), pp. 296-301, 0306-5456 (Print) 

Hinchliffe, SA, Sargent, PH, Chan, YF, van Velzen, D, Howard, CV, Hutton, JL & Rushton, 
DI. (1992b). "Medullary ray glomerular counting" as a method of assessment of 
human nephrogenesis. Pathol Res Pract, Vol. 188, No. 6, (Aug 1992b), pp. 775-782, 
0344-0338 (Print) 

Hinchliffe, SA, Sargent, PH, Howard, CV, Chan, YF & van Velzen, D. (1991). Human 
intrauterine renal growth expressed in absolute number of glomeruli assessed by 
the disector method and Cavalieri principle. Laboratory Investigation, Vol. 64, No. 6, 
(Jun 1991), pp. 777-784, 0023-6837 (Print) 

Hoppe, CC, Evans, RG, Moritz, KM, Cullen-McEwen, LA, Fitzgerald, SM, Dowling, J & 
Bertram, JF. (2007). Combined prenatal and postnatal protein restriction influences 
adult kidney structure, function, and arterial pressure. Am J Physiol Regul Integr 
Comp Physiol, Vol. 292, No. 1, (Jan 2007), pp. R462-469, 0363-6119 (Print) 

Huang, HP, Tsai, IJ, Lai, YC, Cheng, CH & Tsau, YK. (2007). Early postnatal renal growth in 
premature infants. Nephrology, Vol. 12, No. 6, (Dec 2007), pp. 572-575, 1320-5358 
(Print) 

Huynh, TK, Bateman, DA, Parravicini, E, Lorenz, JM, Nemerofsky, SL, Sise, ME, Bowman, 
TM, Polesana, E & Barasch, JM. (2009). Reference values of urinary neutrophil 
gelatinase-associated lipocalin in very low birth weight infants. Pediatr Res, Vol. 66, 
No. 5, (Nov 2009), pp. 528-532, 1530-0447 (Electronic) 

93



 
Effects of Preterm Birth on the Kidney 

 

83 

Iacobelli, S, Bonsante, F, Ferdinus, C, Labenne, M & Gouyon, JB. (2009). Factors affecting 
postnatal changes in serum creatinine in preterm infants with gestational age <32 
weeks. J Perinatol, Vol. 29, No. 3, (Mar 2009), pp. 232-236, 1476-5543 (Electronic) 

Iacobelli, S, Loprieno, S, Bonsante, F, Latorre, G, Esposito, L & Gouyon, JB. (2007). Renal 
function in early childhood in very low birthweight infants. Am J Perinatol, Vol. 24, 
No. 10, (Nov 2007), pp. 587-592, 0735-1631 (Print) 

Itabashi, K, Ohno, T & Nishida, H. (2003). Indomethacin responsiveness of patent ductus 
arteriosus and renal abnormalities in preterm infants treated with indomethacin. J 
Pediatr, Vol. 143, No. 2, (Aug 2003), pp. 203-207, 0022-3476 (Print) 

Johansson, S, Iliadou, A, Bergvall, N, Tuvemo, T, Norman, M & Cnattingius, S. (2005). Risk 
of high blood pressure among young men increases with the degree of immaturity 
at birth. Circulation, Vol. 112, No. 2005), pp. 3430-3436, 1524-4539 (Electronic) 

Jones, DP & Chesney, RW. (1992). Development of tubular function. Clin Perinatol, Vol. 19, 
No. 1, (Mar 1992), pp. 33-57, 0095-5108 (Print) 

Kang, NS, Yoo, KH, Cheon, H, Choi, BM, Hong, YS, Lee, JW & Kim, SK. (1999). 
Indomethacin treatment decreases renal blood flow velocity in human neonates. 
Biol Neonate, Vol. 76, No. 5, (Nov 1999), pp. 261-265, 0006-3126 (Print) 

Keijzer-Veen, M, Schrevel, M, Finken, M, Dekker, F, Nauta, J, Hille, E, Frolich, M & van der 
Heijden, B. (2005). Microalbuminuria and lower glomerular filtration rate at young 
adult age in subjects born very premature and after intrauterine growth 
retardation. J Am Soc Nephrol, Vol. 16, No. 9, 2005), pp. 2762-2768, 1046-6673 (Print) 

Keijzer-Veen, MG, Devos, AS, Meradji, M, Dekker, FW, Nauta, J & van der Heijden, BJ. 
(2010a). Reduced renal length and volume 20 years after very preterm birth. Pediatr 
Nephrol, Vol. 25, No. (Mar 2010a), pp. 499-507, 1432-198X (Electronic) 

Keijzer-Veen, MG, Dulger, A, Dekker, FW, Nauta, J & van der Heijden, BJ. (2010b). Very 
preterm birth is a risk factor for increased systolic blood pressure at a young adult 
age. Pediatr Nephrol, Vol. 25, No. 3, 2010b), pp. 509-516, 1432-198X (Electronic) 

Keijzer-Veen, MG, Kleinveld, HA, Lequin, MH, Dekker, FW, Nauta, J, de Rijke, YB & van 
der Heijden, BJ. (2007). Renal function and size at young adult age after 
intrauterine growth restriction and very premature birth. Am J Kidney Dis, Vol. 50, 
No. 4, (Oct 2007), pp. 542-551, 1523-6838 (Electronic) 

Keller, G, Zimmer, G, Mall, G, Ritz, E & Amann, K. (2003). Nephron number in patients with 
primary hypertension. N Engl J Med, Vol. 348, No. 2, (Jan 9 2003), pp. 101-108, 1533-
4406 (Electronic) 

Kent, AL, Jyoti, R, Robertson, C, Gonsalves, L, Meskell, S, Shadbolt, B & Falk, MC. (2009). 
Does extreme prematurity affect kidney volume at term corrected age? J Matern 
Fetal Neonatal Med, Vol. 22, No. 5, (May 2009), pp. 435-438, 1476-4954 (Electronic) 

Kent, AL, Maxwell, LE, Koina, ME, Falk, MC, Willenborg, D & Dahlstrom, JE. (2007). Renal 
glomeruli and tubular injury following indomethacin, ibuprofen, and gentamicin 
exposure in a neonatal rat model. Pediatr Res, Vol. 62, No. 3, (Sep 2007), pp. 307-312, 
0031-3998 (Print) 

Kistner, A, Celsi, G, Vanpee, M & Jacobson, SH. (2000). Increased blood pressure but normal 
renal function in adult women born preterm. Pediatr Nephrol, Vol. 15, No. 3-4, (Dec 
2000), pp. 215-220, 0931-041X (Print) 

Kistner, A, Jacobson, L, Jacobson, S, Svensson, E & Hellstrom, A. (2002). Low gestational age 
associated with abnormal retinal vascularization and increased blood pressure in 
adult women. Pediatr Res, Vol. 51, No. 6, 2002), pp. 675–680, 0031-3998 (Print) 

94



 
Basic Nephrology and Acute Kidney Injury 

 

84

Kluckow, M & Evans, N. (2001). Low systemic blood flow in the preterm infant. Semin 
Neonatol, Vol. 6, No. 1, (Feb 2001), pp. 75-84, 1084-2756 (Print) 

Kutz, P, Horsch, S, Kuhn, L & Roll, C. (2009). Single-centre vs. population-based outcome 
data of extremely preterm infants at the limits of viability. Acta Paediatr, Vol. 98, 
No. 9, (Sep 2009), pp. 1451-1455, 1651-2227 (Electronic) 

Kwinta, P, Klimek, M, Drozdz, D, Grudzien, A, Jagla, M, Zasada, M & Pietrzyk, JJ. (2011). 
Assessment of long-term renal complications in extremely low birth weight 
children. Pediatr Nephrol, Vol. 26, No. 7, (Jul 2011), pp. 1095-1103, 1432-198X 
(Electronic) 

Lahra, MM & Jeffery, HE. (2004). A fetal response to chorioamnionitis is associated with 
early survival after preterm birth. Am J Obstet Gynecol, Vol. 190, No. 1, (Jan 2004), 
pp. 147-151, 0002-9378 (Print) 

Lavery, AP, Meinzen-Derr, JK, Anderson, E, Ma, Q, Bennett, MR, Devarajan, P & Schibler, 
KR. (2008). Urinary NGAL in premature infants. Pediatr Res, Vol. 64, No. 4, (Oct 
2008), pp. 423-428, 1530-0447 (Electronic) 

Lodrup, AB, Karstoft, K, Dissing, TH, Nyengaard, JR & Pedersen, M. (2008). The association 
between renal function and structural parameters: a pig study. BMC Nephrol, Vol. 9, 
No. 2008), pp. 18, 1471-2369 (Electronic) 

Lorenz, JM, Kleinman, LI, Ahmed, G & Markarian, K. (1995). Phases of fluid and electrolyte 
homeostasis in the extremely low birth weight infant. Pediatrics, Vol. 96, No. 3 Pt 1, 
(Sep 1995), pp. 484-489, 0031-4005 (Print) 

Lorenz, JM, Kleinman, LI, Kotagal, UR & Reller, MD. (1982). Water balance in very low-
birth-weight infants: relationship to water and sodium intake and effect on 
outcome. J Pediatr, Vol. 101, No. 3, (Sep 1982), pp. 423-432, 0022-3476 (Print) 

Louey, S, Cock, ML, Stevenson, KM & Harding, R. (2000). Placental insufficiency and fetal 
growth restriction lead to postnatal hypotension and altered postnatal growth in 
sheep. Pediatr Res, Vol. 48, No. 6, (Dec 2000), pp. 808-814, 0031-3998 (Print) 

Luyckx, VA & Brenner, BM. (2005). Low birth weight, nephron number, and kidney disease. 
Kidney Int Suppl, Vol. No. 97, (Aug 2005), pp. S68-77, 0098-6577 (Print) 

Manalich, R, Reyes, L, Herrera, M, Melendi, C & Fundora, I. (2000). Relationship between 
weight at birth and the number and size of renal glomeruli in humans: a 
histomorphometric study. Kidney Int, Vol. 58, No. 2, (Aug 2000), pp. 770-773, 0085-
2538 (Print) 

Mathieson, P. (2004). The cellular basis of albuminuria. Clin Sci, Vol. 107, No. 2004), pp. 533 - 
538,  

Matos, P, Duarte-Silva, M, Drukker, A & Guignard, JP. (1998). Creatinine reabsorption by 
the newborn rabbit kidney. Pediatr Res, Vol. 44, No. 5, (Nov 1998), pp. 639-641, 
0031-3998 (Print) 

Matsushita, K, van der Velde, M, Astor, BC, Woodward, M, Levey, AS, de Jong, PE, Coresh, 
J & Gansevoort, RT. (2010). Association of estimated glomerular filtration rate and 
albuminuria with all-cause and cardiovascular mortality in general population 
cohorts: a collaborative meta-analysis. Lancet, Vol. 375, No. 9731, (Jun 12 2010), pp. 
2073-2081, 1474-547X (Electronic) 

McCormick, MC. (1985). The contribution of low birth weight to infant mortality and 
childhood morbidity. N Engl J Med, Vol. 312, No. 2, (Jan 10 1985), pp. 82-90, 0028-
4793 (Print) 

95



 
Effects of Preterm Birth on the Kidney 

 

85 

McGrath-Morrow, SA & Stahl, J. (2001). Apoptosis in neonatal murine lung exposed to 
hyperoxia. Am J Respir Cell Mol Biol, Vol. 25, No. 2, (Aug 2001), pp. 150-155, 1044-
1549 (Print) 

Mehta, RL, Kellum, JA, Shah, SV, Molitoris, BA, Ronco, C, Warnock, DG & Levin, A. (2007). 
Acute Kidney Injury Network: report of an initiative to improve outcomes in acute 
kidney injury. Crit Care, Vol. 11, No. 2, 2007), pp. R31, 1466-609X (Electronic) 

Merlet-Benichou, C, Gilbert, T, Muffat-Joly, M, Lelievre-Pegorier, M & Leroy, B. (1994). 
Intrauterine growth retardation leads to a permanent nephron deficit in the rat. 
Pediatr Nephrol, Vol. 8, No. 2, (Apr 1994), pp. 175-180, 0931-041X (Print) 

Methven, S, MacGregor, MS, Traynor, JP, Hair, M, O'Reilly, DS & Deighan, CJ. (2011). 
Comparison of urinary albumin and urinary total protein as predictors of patient 
outcomes in CKD. Am J Kidney Dis, Vol. 57, No. 1, (Jan 2011), pp. 21-28, 1523-6838 
(Electronic) 

Miall, LS, Henderson, MJ, Turner, AJ, Brownlee, KG, Brocklebank, JT, Newell, SJ & Allgar, VL. 
(1999). Plasma creatinine rises dramatically in the first 48 hours of life in preterm 
infants. Pediatrics, Vol. 104, No. 6, (Dec 1999), pp. e76, 1098-4275 (Electronic) 

Moniz, CF, Nicolaides, KH, Bamforth, FJ & Rodeck, CH. (1985). Normal reference ranges for 
biochemical substances relating to renal, hepatic, and bone function in fetal and 
maternal plasma throughout pregnancy. J Clin Pathol, Vol. 38, No. 4, (Apr 1985), pp. 
468-472, 0021-9746 (Print) 

Moran, SM & Myers, BD. (1985). Course of acute renal failure studied by a model of creatinine 
kinetics. Kidney Int, Vol. 27, No. 6, (Jun 1985), pp. 928-937, 0085-2538 (Print) 

Moritz, KM, Johnson, K, Douglas-Denton, R, Wintour, EM & Dodic, M. (2002). Maternal 
glucocorticoid treatment programs alterations in the renin-angiotensin system of 
the ovine fetal kidney. Endocrinology, Vol. 143, No. 11, (Nov 2002), pp. 4455-4463, 
0013-7227 (Print) 

Moritz, KM, Wintour, EM, Black, MJ, Bertram, JF & Caruana, G. (2008). Factors influencing 
mammalian kidney development: implications for health in adult life. Adv Anat 
Embryol Cell Biol, Vol. 196, No. 2008), pp. 1-78, 0301-5556 (Print) 

Moritz, ML & Ayus, JC. (2005). Preventing neurological complications from dysnatremias in 
children. Pediatr Nephrol, Vol. 20, No. 12, (Dec 2005), pp. 1687-1700, 0931-041X (Print) 

Nagai, J & Takano, M. (2004). Molecular aspects of renal handling of aminoglycosides and 
strategies for preventing the nephrotoxicity. Drug Metab Pharmacokinet, Vol. 19, No. 
3, (Jun 2004), pp. 159-170, 1347-4367 (Print) 

Nathanson, S, Moreau, E, Merlet-Benichou, C & Gilbert, T. (2000). In utero and in vitro 
exposure to beta-lactams impair kidney development in the rat. J Am Soc Nephrol, 
Vol. 11, No. 5, (May 2000), pp. 874-884, 1046-6673 (Print) 

Nenov, VD, Taal, MW, Sakharova, OV & Brenner, BM. (2000). Multi-hit nature of chronic 
renal disease. Curr Opin Nephrol Hypertens, Vol. 9, No. 2, (Mar 2000), pp. 85-97, 
1062-4821 (Print) 

Oh, W, Poindexter, BB, Perritt, R, Lemons, JA, Bauer, CR, Ehrenkranz, RA, Stoll, BJ, Poole, K 
& Wright, LL. (2005). Association between fluid intake and weight loss during the 
first ten days of life and risk of bronchopulmonary dysplasia in extremely low birth 
weight infants. J Pediatr, Vol. 147, No. 6, (Dec 2005), pp. 786-790, 0022-3476 (Print) 

Ortiz, LA, Quan, A, Weinberg, A & Baum, M. (2001). Effect of prenatal dexamethasone on 
rat renal development. Kidney Int, Vol. 59, No. 5, (May 2001), pp. 1663-1669, 0085-
2538 (Print) 

96



 
Basic Nephrology and Acute Kidney Injury 

 

86

Osborn, D, Evans, N & Kluckow, M. (2002). Randomized trial of dobutamine versus 
dopamine in preterm infants with low systemic blood flow. J Pediatr, Vol. 140, No. 
2, (Feb 2002), pp. 183-191, 0022-3476 (Print) 

Parikh, CR, Lu, JC, Coca, SG & Devarajan, P. (2010). Tubular proteinuria in acute kidney 
injury: a critical evaluation of current status and future promise. Ann Clin Biochem, 
Vol. 47, No. Pt 4, (Jul 2010), pp. 301-312, 1758-1001 (Electronic) 

Parravicini, E. (2010). The clinical utility of urinary neutrophil gelatinase-associated lipocalin 
in the neonatal ICU. Curr Opin Pediatr, Vol. 22, No. 2, (Apr 2010), pp. 146-150, 1531-
698X (Electronic) 

Parravicini, E, Nemerofsky, SL, Michelson, KA, Huynh, TK, Sise, ME, Bateman, DA, Lorenz, 
JM & Barasch, JM. (2010). Urinary neutrophil gelatinase-associated lipocalin is a 
promising biomarker for late onset culture-positive sepsis in very low birth weight 
infants. Pediatr Res, Vol. 67, No. 6, (Jun 2010), pp. 636-640, 1530-0447 (Electronic) 

Petershack, JA, Nagaraja, SC & Guillery, EN. (1999). Role of glucocorticoids in the 
maturation of renal cortical Na+-K+-ATPase during fetal life in sheep. Am J Physiol, 
Vol. 276, No. 6 Pt 2, (Jun 1999), pp. R1825-1832, 0002-9513 (Print) 

Polglase, GR, Hooper, SB, Gill, AW, Allison, BJ, McLean, CJ, Nitsos, I, Pillow, JJ & Kluckow, 
M. (2009). Cardiovascular and pulmonary consequences of airway recruitment in 
preterm lambs. J Appl Physiol, Vol. 106, No. 4, (Apr 2009), pp. 1347-1355, 8750-7587 
(Print) 

Rakow, A, Johansson, S, Legnevall, L, Sevastik, R, Celsi, G, Norman, M & Vanpee, M. (2008). 
Renal volume and function in school-age children born preterm or small for 
gestational age. Pediatr Nephrol, Vol. 23, No. 8, (Aug 2008), pp. 1309-1315, 0931-041X 
(Print) 

Ralston, SH, Caine, N, Richards, I, O'Reilly, D, Sturrock, RD & Capell, HA. (1988). Screening 
for proteinuria in a rheumatology clinic: comparison of dipstick testing, 24 hour 
urine quantitative protein, and protein/creatinine ratio in random urine samples. 
Ann Rheum Dis, Vol. 47, No. 9, (Sep 1988), pp. 759-763, 0003-4967 (Print) 

Rodriguez-Soriano, J, Aguirre, M, Oliveros, R & Vallo, A. (2005). Long-term renal follow-up 
of extremely low birth weight infants. Pediatr Nephrol, Vol. 20, No. 2005), pp. 579-
584, 0931-041X (Print) 

Rodriguez, MM, Gomez, AH, Abitbol, CL, Chandar, JJ, Duara, S & Zilleruelo, GE. (2004). 
Histomorphometric Analysis of Postnatal Glomerulogenesis in Extremely Preterm 
Infants. Pediatr Dev Pathol, Vol. 7, No. 2004), pp. 17-25, 1093-5266 (Print) 

Romero, R, Chaiworapongsa, T & Espinoza, J. (2003). Micronutrients and intrauterine 
infection, preterm birth and the fetal inflammatory response syndrome. J Nutr, Vol. 
133, No. 5 Suppl 2, (May 2003), pp. 1668S-1673S, 0022-3166 (Print) 

Romero, R, Espinoza, J, Goncalves, LF, Kusanovic, JP, Friel, LA & Nien, JK. (2006). 
Inflammation in preterm and term labour and delivery. Semin Fetal Neonatal Med, 
Vol. 11, No. 5, (Oct 2006), pp. 317-326, 1744-165X (Print) 

Romero, R, Gomez, R, Ghezzi, F, Yoon, BH, Mazor, M, Edwin, SS & Berry, SM. (1998). A 
fetal systemic inflammatory response is followed by the spontaneous onset of 
preterm parturition. Am J Obstet Gynecol, Vol. 179, No. 1, (Jul 1998), pp. 186-193, 
0002-9378 (Print) 

Rosner, MH. (2009). Urinary biomarkers for the detection of renal injury. Adv Clin Chem, 
Vol. 49, No. 2009), pp. 73-97, 0065-2423 (Print) 

97



 
Effects of Preterm Birth on the Kidney 

 

87 

Ross, B, Cowett, R & Oh, W. (1977). Renal functions of low birth weight infants during the 
first two months of life. Pediatr Res, Vol. 11, No. 1977), pp. 1162-1164, 0031-3998 
(Print) 

Saxen, L. (1987). Organogenesis of the Kidney Cambridge University Press, Cambridge. 
Schmidt, I, Chellakooty, M, Boisen, K, Damgaard, I, Kai, C, Olgaard, K & Main, K. (2005). 

Impaired kidney growth in low-birth-weight children: Distinct effects of maturity 
and weight for gestational age. Kidney Int, Vol. 68, No. 2005), pp. 731-740, 0085-2538 
(Print) 

Schreuder, MF, Wilhelm, AJ, Bokenkamp, A, Timmermans, SM, Delemarre-van de Waal, 
HA & van Wijk, JA. (2009). Impact of gestational age and birth weight on amikacin 
clearance on day 1 of life. Clin J Am Soc Nephrol, Vol. 4, No. 11, (Nov 2009), pp. 
1774-1778, 1555-905X (Electronic) 

Siegel, SR & Oh, W. (1976). Renal function as a marker of human fetal maturation. Acta 
Paediatr Scand, Vol. 65, No. 4, (Jul 1976), pp. 481-485, 0001-656X (Print) 

Siewert-Delle, A & Ljungman, S. (1998). The impact of birth weight and gestational age on 
blood pressure in adult life.  A population-based study of 49-year-old men. Am J 
Hypertens, Vol. 11, No. 1998), pp. 946-953, 0895-7061 (Print) 

Stapleton, F, Jones, D & Green, R. (1987). Acute renal failure in neonates: Incidence, etiology 
and outcome. Pediatr Nephrol, Vol. 1, No. 1987), pp. 314-320, 0931-041X (Print) 

Sulyok, E, Varg, F, Gyory, E, Jobst, K & Czaba, I. (1979). Postnatal development of renal 
sodium handling in premature infants. J Pediatr, Vol. 95, No. 1979), pp. 787-792, 
0022-3476 (Print) 

Sutherland, MR, Gubhaju, L & Black, MJ. (2011a). Stereological assessment of renal 
development in a baboon model of preterm birth. Am J Nephrol, Vol. 33 Suppl 1, 
No. 2011a), pp. 25-33, 1421-9670 (Electronic) 

Sutherland, MR, Gubhaju, L, Moore, L, Kent, AL, Dahlstrom, JE, Horne, RS, Hoy, WE, 
Bertram, JF & Black, MJ. (2011b). Accelerated Maturation and Abnormal 
Morphology in the Preterm Neonatal Kidney. J Am Soc Nephrol, Vol. No. (Jun 2 
2011b), pp. 1533-3450 (Electronic) 

Sweeney, W & Avner, E. 2004. The kidney - Embryogenesis and anatomic development of 
the kidney. In: Polin R, Fox W, Abman S, editors. Fetal and Nenatal Physiology, 3 
ed: Saunders (Elsevier). 

Takieddine, F, Tabbara, M, Hall, P, Sokol, RJ & King, KC. (1983). Fetal renal maturation. 
Studies on urinary beta 2 microglobulin the neonate. Acta Obstet Gynecol Scand, Vol. 
62, No. 4, 1983), pp. 311-314, 0001-6349 (Print) 

Teitel, DF, Iwamoto, HS & Rudolph, AM. (1987). Effects of birth-related events on central 
blood flow patterns. Pediatr Res, Vol. 22, No. 5, (Nov 1987), pp. 557-566, 0031-3998 
(Print) 

Thayyil, S, Sheik, S, Kempley, ST & Sinha, A. (2008). A gestation- and postnatal age-based 
reference chart for assessing renal function in extremely premature infants. J 
Perinatol, Vol. 28, No. 3, (Mar 2008), pp. 226-229, 0743-8346 (Print) 

Thomson, MA, Yoder, BA, Winter, VT, Martin, H, Catland, D, Siler-Khodr, TM & Coalson, 
JJ. (2004). Treatment of immature baboons for 28 days with early nasal continuous 
positive airway pressure. Am J Respir Crit Care Med, Vol. 169, No. 9, (May 1 2004), 
pp. 1054-1062, 1073-449X (Print) 

Tomlinson, PA. (1992). Low molecular weight proteins in children with renal disease. Pediatr 
Nephrol, Vol. 6, No. 6, (Nov 1992), pp. 565-571, 0931-041X (Print) 

98



 
Basic Nephrology and Acute Kidney Injury 

 

88

Tsukahara, H, Fujii, Y, Tsuchida, S, Hiraoka, M, Morikawa, K, Haruki, S & Sudo, M. (1994). 
Renal handling of albumin and beta-2-microglobulin in neonates. Nephron, Vol. 68, 
No. 2, 1994), pp. 212-216, 0028-2766 (Print) 

Tsukahara, H, Yoshimoto, M, Saito, M, Sakaguchi, T, Mitsuyoshi, I, Hayashi, S, Nakamura, 
K, Kikuchi, K & Sudo, M. (1990). Assessment of tubular function in neonates using 
urinary beta 2-microglobulin. Pediatr Nephrol, Vol. 4, No. 5, (Sep 1990), pp. 512-514, 
0931-041X (Print) 

Tucker, J & McGuire, W. (2004). Epidemiology of preterm birth. BMJ, Vol. 329, No. 7467, 
(Sep 18 2004), pp. 675-678, 1468-5833 (Electronic) 

Ueda, N & Shah, SV. (2000). Tubular cell damage in acute renal failure-apoptosis, necrosis, 
or both. Nephrol Dial Transplant, Vol. 15, No. 3, (Mar 2000), pp. 318-323, 0931-0509 
(Print) 

van Venrooij, NA, Junewick, JJ, Gelfand, SL, Davis, AT, Crumb, TL & Bunchman, TE. (2010). 
Sonographic assessment of renal size and growth in premature infants. Pediatr 
Radiol, Vol. 40, No. 9, (Sep 2010), pp. 1505-1508, 1432-1998 (Electronic) 

Vanpee, M, Blennow, M, Linne, T, Herin, P & Aperia, A. (1992). Renal function in very low 
birth weight infants: normal maturity reached during early childhood. J Pediatr, 
Vol. 121, No. 5 Pt 1, (Nov 1992), pp. 784-788, 0022-3476 (Print) 

Vidaeff, AC, Doyle, NM & Gilstrap, LC, 3rd. (2003). Antenatal corticosteroids for fetal 
maturation in women at risk for preterm delivery. Clin Perinatol, Vol. 30, No. 4, 
(Dec 2003), pp. 825-840, vii, 0095-5108 (Print) 

Vieux, R, Hascoet, JM, Merdariu, D, Fresson, J & Guillemin, F. (2010). Glomerular filtration 
rate reference values in very preterm infants. Pediatrics, Vol. 125, No. 5, (May 2010), 
pp. e1186-1192, 1098-4275 (Electronic) 

Wilkins, BH. (1992). Renal function in sick very low birthweight infants: 1. Glomerular 
filtration rate. Arch Dis Child, Vol. 67, No. 10 Spec No, (Oct 1992), pp. 1140-1145, 
1468-2044 (Electronic) 

Zaffanello, M, Brugnara, M, Bruno, C, Franchi, B, Talamini, G, Guidi, G, Cataldi, L, Biban, P, 
Mella, R & Fanos, V. (2010). Renal function and volume of infants born with a very 
low birth-weight: a preliminary cross-sectional study. Acta Paediatr, Vol. 99, No. 8, 
(Aug 2010), pp. 1192-1198, 1651-2227 (Electronic) 

Zimanyi, MA, Bertram, JF & Black, MJ. (2004). Does a nephron deficit in rats predispose to 
salt-sensitive hypertension? Kidney Blood Press Res, Vol. 27, No. 4, 2004), pp. 239-
247, 1420-4096 (Print) 

Zimanyi, MA, Denton, KM, Forbes, JM, Thallas-Bonke, V, Thomas, MC, Poon, F & Black, 
MJ. (2006). A developmental nephron deficit in rats is associated with increased 
susceptibility to a secondary renal injury due to advanced glycation end-products. 
Diabetologia, Vol. 49, No. 4, (Apr 2006), pp. 801-810, 0012-186X (Print) 

Zohdi, V, Moritz, KM, Bubb, KJ, Cock, ML, Wreford, N, Harding, R & Black, MJ. (2007). 
Nephrogenesis and the renal renin-angiotensin system in fetal sheep: effects of 
intrauterine growth restriction during late gestation. Am J Physiol Regul Integr Comp 
Physiol, Vol. 293, No. 3, (Sep 2007), pp. R1267-1273, 0363-6119 (Print) 

99



 

100 
 

 

 

REVIEW 3:   

STEREOLOGICAL ASSESSMENT OF 
RENAL DEVELOPMENT IN A BABOON 

MODEL OF PRETERM BIRTH 

 

 



 

101 
 

CHAPTER ONE (REVIEW 3) DECLARATION 

 

In Review 3, the nature and extent of my contribution to the work was the following: 

Nature of contribution Extent of contribution (%) 

Wrote the majority of the manuscript 85% 
 
The following co-authors contributed to the work.  

Name Nature of contribution 
Extent of 

contribution (%) 

student co-authors only 
Lina Gubhaju Provided data, assisted in editorial process 10% 

M. Jane Black Assisted in editorial process 5% 
 

Candidate’s 
Signature 

Date 

  
Declaration by co-authors 
The undersigned hereby certify that: 

(13) the above declaration correctly reflects the nature and extent of the candidate’s contribution 
to this work, and the nature of the contribution of each of the co-authors. 

(14) they meet the criteria for authorship in that they have participated in the conception, 
execution, or interpretation, of at least that part of the publication in their field of expertise; 

(15) they take public responsibility for their part of the publication, except for the responsible 
author who accepts overall responsibility for the publication; 

(16) there are no other authors of the publication according to these criteria; 
(17) potential conflicts of interest have been disclosed to (a) granting bodies, (b) the editor or 

publisher of journals or other publications, and (c) the head of the responsible academic unit; 
and 

(18) the original data are stored at the following location(s) and will be held for at least five years 
from the date indicated below: 

 

Location(s) Department of Anatomy & Developmental Biology, Monash University 

 
 

 Signature Date 

Lina Gubhaju  

 M. Jane Black  

 



Fax +41 61 306 12 34
E-Mail karger@karger.ch
www.karger.com

 In-Depth Topic Review 

 Am J Nephrol 2011;33(suppl 1):25–33 
 DOI: 10.1159/000327073 

 Stereological Assessment of Renal 
Development in a Baboon Model of 
Preterm Birth 

 Megan R. Sutherland    Lina Gubhaju    M. Jane Black  

 Department of Anatomy and Developmental Biology, Monash University,  Clayton, Vic. , Australia

 

rons. There was, however, evidence of morphological abnor-
malities in a variable percentage of the glomeruli formed ex 
utero .  Further research is therefore essential in order to es-
tablish what factors are involved in contributing to the glo-
merular abnormalities, and to identify ways in which ‘nor-
mal’ renal development can be conserved and optimised in 
the extrauterine setting.  Copyright © 2011 S. Karger AG, Basel 

 Introduction 

 Preterm birth (birth prior to 37 completed weeks of 
gestation) is a significant medical problem worldwide, 
with up to 13% of babies born preterm in the USA  [1] , and 
8% in Australia  [2] ; incidence rates have increased 14% in 
the USA since 1990  [3] . Due to advances in clinical care 
practices, the survival of preterm neonates is now as high 
as 80% in babies born as early as 25 weeks of gestation  [4, 
5] . Birth at a young gestational age is, however, associat-
ed with significant morbidity, primarily due to organ im-
maturity  [6] . Importantly, emerging epidemiological re-
search has also indicated that preterm birth is linked to 
the development of disease in adulthood. Strong associa-
tions between low gestational age at birth and high blood 
pressure  [7–17]  as well as some evidence of renal dysfunc-

 Key Words 
 Baboon  �  Kidney  �  Nephron  �  Preterm birth 

 Abstract 
 At the time when most preterm babies are delivered, neph-
rogenesis is still ongoing, with the majority of nephrons nor-
mally formed during the third trimester of pregnancy. The 
extrauterine environment, however, is suboptimal for organ-
ogenesis, and therefore renal development is likely to be ad-
versely affected by preterm birth. In the long-term, there is 
emerging evidence of high blood pressure and renal dys-
function amongst young adults born preterm. There is little 
knowledge to date, however, regarding the effects of pre-
term birth on renal structural development, perhaps due to 
the lack of an appropriate animal model. We have demon-
strated that the baboon ( Papio  sp.) has a similar time course 
of nephrogenesis as the human kidney, and the baboon ne-
onate can also be cared for in the same manner as a human 
neonate following preterm birth. Through a series of studies 
assessing renal development in the baboon model of pre-
term birth, involving the use of gold-standard stereological 
techniques, we have demonstrated that nephron endow-
ment in the preterm baboon kidney is not reduced. Further-
more, antenatal glucocorticoid exposure prior to preterm 
delivery was associated with an increase in mature neph-
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tion  [18–20]  suggest the possibility that an impairment in 
renal development may be underlying these conditions. 
Nephrogenesis is ongoing until approximately 36 weeks 
of gestation and is therefore completed before birth in
the term infant. The majority of nephrons (approximate-
ly 60%) are formed during the third trimester of preg-
nancy  [21] ; this coincides with the timing of preterm 
birth. Therefore, it is conceivable that renal development 
is adversely affected in infants born prior to the comple-
tion of nephrogenesis, with the final stages of nephrogen-
esis undertaken in the extrauterine environment.

  The renal structural consequences of preterm delivery 
still remain relatively unknown, perhaps due to the lack 
of an appropriate animal model. Therefore, the purpose 
of this review is to provide an overview of recent stereo-
logical studies of renal development in a baboon model of 
preterm birth. These findings highlight the importance 
of continued research in this area, and demonstrate the 
advantages of utilising the baboon model in renal devel-
opment research.

  The Baboon as a Model of Human Renal 
Development 

 Through stereological analyses, we have demonstrat-
ed that the baboon ( Papio  sp.) is an ideal animal model 
for studies of renal development  [22] . Similar to the hu-
man, the baboon has a relatively long gestation period 

(approximately 185 days). Furthermore, the ontogeny of 
organs such as the kidney is very similar to the human 
 [23] .

  Embryological studies of baboon development deter-
mined that nephron formation begins at approximately 
day 30 of gestation  [23] , which coincides with the timing 
of initial ureteric branching in the human kidney  [24] . 
Examination of renal histological sections from baboon 
fetuses, at varying time points in gestation, further high-
lighted the parallels in the time course of nephrogenesis 
between humans and baboons  [22] . Nephrogenesis was 
shown to be ongoing at 125 and 140 days of gestation, 
with the presence of an active nephrogenic zone (branch-
ing ureteric bud and metanephric mesenchyme) in the 
outer renal cortex, but complete by 175 days, prior to term 
birth ( fig. 1 ).

  In our laboratory, nephron number (a key measure of 
renal functional capacity) was determined at the later 
stages of gestation using the physical disector/fraction-
ator approach (described in a later section), which is the 
gold-standard stereological technique for the unbiased 
determination of nephron endowment  [25, 26] . In fetal 
baboons at 125 days of gestation, the beginning of the 
third trimester of pregnancy, nephron endowment aver-
aged at 115,526 per kidney. By 140 days of gestation, 
nephron number had increased to  1 160,000  [22] . In ba-
boons where nephrogenesis had been completed (175 and 
185 days gestation), total nephron endowment averaged 
at 284,804 per kidney. There was a strong correlation be-

a b c

  Fig. 1.  Photomicrographs demonstrating the time course of 
nephrogenesis in the fetal baboon kidney.  a  At 125 days of gesta-
tion, there is a wide active nephrogenic zone in the outer renal 
cortex.  b  At 140 days of gestation, nephrogenesis is still ongoing 
as evidenced by the presence of an active nephrogenic zone.  c  By 

175 days of gestation, nephrogenesis is complete with only mature 
glomeruli located in the superficial layer of the renal cortex. C = 
Comma-shaped body; G = mature glomerulus; M = metanephric 
mesenchyme; UB = ureteric bud. Bar = 100  � m. 
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tween nephron number and kidney weight in the baboon 
suggesting that renal size is a determinant of nephron 
number.

  Importantly, nephron number at 125 days of gestation 
averaged at less than half of the total reached by the com-
pletion of nephrogenesis  [22] . Therefore, similar to the 
human kidney, the majority of nephrons are formed dur-
ing the final trimester of pregnancy. Given the similari-
ties in the time course of nephrogenesis between the ba-
boon and the human, the baboon is therefore an ideal 
model for research into the effects of preterm birth on the 
kidney.

  The Need for an Animal Model of Preterm Birth 

 There has been just one study published to date (be-
sides case studies) that has reported on the renal struc-
tural effects of preterm birth in the human neonate. In 
this autopsy study by Rodriguez et al.  [27] , the kidneys of 
preterm neonates, with varying lengths of postnatal 
 survival, were examined using histomorphometric tech-
niques. Results of these analyses indicated that preterm 
neonates had a significantly reduced number of medul-
lary ray glomerular generations (an index of nephron en-
dowment  [28] ) compared to term-born controls; this is 
potentially indicative of a nephron deficit.

  There are difficulties in interpreting these results, 
however, due to the inherent confounders associated with 
conducting a human autopsy study. These include intra-
uterine and extrauterine growth restriction of the neo-
nate, unknown maternal nutritional status and drug use, 
and the use of an intrinsically ill non-surviving popula-
tion, all factors which are likely associated with impaired 
renal development and function in the neonate  [29, 30] . 
Therefore, the use of an appropriate animal model and 
comprehensive stereological techniques are essential in 
order to eliminate these confounders and identify the 
specific effects of preterm birth on renal development.

  At the Southwest Foundation for Biomedical Research 
(San Antonio, Tex., USA), a baboon model of preterm 
birth was developed. Prior to preterm delivery (48 and
24 h), pregnant dams were administered 6 mg of beta-
methasone. Baboon neonates were then delivered by cae-
sarean section at 125 days (67%) of gestation, which is 
equivalent to approximately 27 weeks of gestation in hu-
mans. Maternal nutrition was consistently maintained, 
with all neonates born at an appropriate weight for gesta-
tional age. Gestational control animals were delivered 
and euthanized at 125, 146 and 175/185 days of gestation. 

Further preterm baboon neonates were maintained post-
natally and euthanised on day 6, 14 or 21 of life. Impor-
tantly, baboon neonates (weighing approximately 1 kg at 
term) are of a similar size to human preterm neonates, 
which enables the replication of existing intensive care 
techniques in their postnatal care.

  The practice of rapid weaning from ventilatory sup-
port, early introduction of parenteral nutrition, and mini-
mal handling were used in the care of the preterm baboon 
neonates  [31] . Briefly, neonates were intubated following 
delivery, administered surfactant and ventilated with a 
humidified pressure-limited and time-cycled ventilator. 
Extubation to nasal continuous positive airway pressure 
was attempted at 24 h of age. Parenteral nutrition was ini-
tiated at 24 h of life and if clinically stable, enteral nutrition 
was introduced on day 7. Serum electrolytes, glucose, and 
haematocrit were maintained within the normal range for 
the extremely-low-birth-weight infant. None of the ani-
mals had any identifiable urinary tract anomalies or ob-
structions, and all were in relatively good health at the 
time of necropsy. For a more detailed report on the neona-
tal care of the baboons, see Thomson et al.  [31] .

  Stereological Assessment of Renal Development 

 Given that nephrogenesis is ongoing at the time of pre-
term delivery in the baboon neonate, with the majority
of nephrons normally formed during the final trimester 
of pregnancy  [22] , we hypothesised that nephrogenesis 
would be adversely affected by preterm birth. Therefore, 
we utilised various stereologic and histomorphometric 
techniques to assess glomerular generation number, the 
percentage of abnormal glomeruli, nephron number, kid-
ney volume and renal corpuscle volume  [22, 32, 33] .

  At necropsy, the baboon kidneys were excised, cut into 
quarters along the coronal and horizontal planes, and 
immersion fixed. The kidney quarters were then sampled 
using the fractionator principle  [34] . Each quarter was 
sliced into 2-mm slices, and every 2nd slice (sampling 
fraction  F  1 ) was embedded in glycol methacrylate resin (1 
slice per resin block). The glycol methacrylate blocks were 
serially sectioned at 20  � m; every 10th pair of sections 
(sampling fraction  F  2 ), commencing at a random starting 
point between 1 and 10 (for example, sections numbered 
6, 7, 16, 17, 26 and 27), was collected and stained with hae-
matoxylin and eosin. Total kidney volume ( V  kid ) was then 
estimated using the Cavalieri principle  [35] . To do this, 
every 10th section was viewed using a microfiche reader, 
with the projected image overlaid by a 2  !  2 cm unbiased 
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orthogonal grid. The number of intersecting grid points 
overlaying the kidney tissue on each section was record-
ed, and total kidney volume was then estimated using the 
following equation:

1 2

1 1                   kid sM
V t a p PF F                     (1)

  where 1/ F  1  and 1/ F  2    are the inverse sampling fractions at 
each level of tissue sampling;  t  is the thickness of the sec-
tions;  a(p)  M    is the area associated with each intersecting 
grid point, and  P  s  is the total number of intersecting 
points counted per kidney. The number of intersecting 
grid points overlaying one intact section per slice to be 
used in the estimation of nephron number was also re-
corded as  P  f . 

 Total nephron number was estimated using the phy-
sical disector technique. This is an unbiased approach 
whereby each glomerulus (regardless of size, shape and 
position) has an equal chance of being sampled  [25, 26] . 
Two modified microscopes with projection arms were 
used to compare images of paired 10th and 11th histo-
logical sections (one completely intact pair of sections
per slice of kidney sampled; approximately 8 per kidney). 
Paired images were projected onto two identical and un-
biased 64-point counting frames ( fig.  2 ). Paired kidney 
sections were systematically sampled (commencing at a 

random starting point at the top of the section) in a uni-
form pattern along the x- and y-axis. At each field of view, 
the number of intersecting grid points overlaying the kid-
ney tissue (Pkid) and renal corpuscles (Pcorp) were record-
ed. The number of glo meruli present in the projected im-
age of the 10th section, but not in the matched 11th section 
(within the parameters of the unbiased counting frame) 
and vice versa is recorded as a total of  Q  –  at each field of 
view. Importantly, only mature glomeruli were counted, 
with developing structures such as comma- and S-shaped 
bodies being  excluded. The total number of glomeruli in 
the kidney ( N  glom ) was estimated using the following cal-
culation:

1 2

1 1 1                         
2

s
glom

f a
N QF F f

P
P      (2)

  where 1/ F  1  and 1/ F  2  refer to the inverse sampling frac-
tions at each level of tissue sampling;  P  s / P  f  is the inverse 
of the sampling fraction relating to the kidney sections 
analysed;  Q  –  is the total number of glomeruli counted per 
kidney, and 1/2 f  a  is the inverse of the fraction of the total 
tissue area used to count glomeruli, where  f  a  is calculated 
in the following manner: 

 
                               PD

a
f M

a p
f

P a p
kidP                                   (3)

Each kidney
quartered

Each quarter
sliced at 2 mm

Every 2nd slice embedded in glycol methacrylate blocks

Serial 20-μm sections, with every 10th and 11th collected

Stereological estimation of:
Kidney volume (Cavalieri principle)

Nephron number (physical disector/fractionator)

  Fig. 2.  The physical disector/fractionator technique was used for 
the estimation of nephron endowment.  a  The stages of tissue sam-
pling using the fractionator principle for the estimation of kidney 
volume (using the Cavalieri principle) and nephron number (us-
ing the physical disector/fractionator technique).  b  Representa-
tive adjacent 10th and 11th baboon kidney sections overlaid with 
unbiased 64-point counting frames. The two sections were com-
pared and mature glomeruli were counted if they were present in 
the section on the right and not on the left, and vice versa, within 
the unbiased counting frames (partly or wholly within the dashed 
lines and not touching the bold lines). The glomeruli counted (in-
dicated by arrows;  Q  – ) were used in the estimation of nephron 
number using the physical disector/fractionator approach. 
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   P  kid  is the total number of intersecting grid points count-
ed per kidney;  a(p)  PD  is the area associated with each in-
tersecting grid point used with the physical disector;  P  f  is 
the number of intersecting grid points on the one intact 
section per slice of kidney used with the physical disector, 
and  a(p)  M  is the area associated with each grid point used 
on the microfiche. 

 The mean renal corpuscle volume ( V  corp ) was calcu-
lated by dividing the volume density of the renal corpus-
cle by the numerical density of renal corpuscles within 
the kidney:

corp glom
corp

kid kid

P N
V

P V                        (4)

  During the assessment of nephron number, the number 
of morphologically abnormal and normal glomeruli was 
also recorded at each field of view. The total percentage 
of abnormal glomeruli (exhibiting an enlarged Bowman’s 
space and shrunken glomerular tuft) was then calculated 
per kidney. 

 This comprehensive assessment of renal development 
was possible due to whole kidneys (or a known fraction of 
the kidney) being available for analysis; this is often not the 
case following human autopsy. The medullary ray glomer-
ular generation counting method is a useful technique for 
the assessment of nephrogenesis in the absence of whole 
kidneys  [28] . This method involves identifying clearly dis-
tinguishable medullary rays in histological renal sections, 
and counting all developed glomeruli along one side of the 
ray, in a line from the inner to outer renal cortex. In our 
baboon studies, we have found a strong correlation be-
tween glomerular generation number and nephron num-
ber, which supports the validity of the technique ( fig. 3 ).

  The Effects of Preterm Birth on Renal Development 

 Our recently published data from stereological analy-
ses of the preterm baboon kidney  [32]  indicated that, in 
comparison to age-matched gestational controls, there 
was no significant difference in nephron number or glo-
merular generation number in the preterm kidney ( fig. 4 ); 
this is in contrast to the findings from the previously 
 published human autopsy study by Rodriguez et al.  [27] . 
Nephron number in the preterm baboon kidney appeared 
to be within the normal range, albeit at the lower end; 
however, nephrogenesis was still ongoing at the time of 
analysis, so nephron number was expected to increase 
further before the completion of nephrogenesis. This dif-
ference in results compared to the previously published 

autopsy study  [27]  is likely due to their inclusion of intra-
uterine-growth-restricted neonates, a factor known to 
significantly impair nephrogenesis  [36, 37] .

  There was substantial kidney growth in the postnatal 
period following preterm delivery, with significantly 
larger kidneys in relation to body weight in the preterm 
baboon compared to age-matched gestational controls 
 [32] . Importantly, the strong correlation between neph-
ron number and kidney weight/volume (noted in previ-
ous studies in the baboon  [22] ) was maintained in the 
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  Fig. 3.  There is a significant linear correlation between glomeru-
lar generation number and nephron number (R 2  = 0.536, p = 
0.003) in the developing baboon kidney (derived from Gubhaju et 
al.  [22] ).         
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  Fig. 4.  Average nephron numbers in fetal baboons at 125, 146 and 
175/185 days of gestation, and in preterm baboons on postnatal 
day 21. Nephron number had significantly increased since the 
time of delivery in the preterm group; however, it was not signifi-
cantly different to the age-matched gestational controls (146 days) 
and term (175/185 days) controls (derived from Gubhaju et al. 
   [32] ).  *  p  !  0.05 vs. the 125-day group.         
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preterm kidney  [32] . However, glomerular density (num-
ber of glomeruli per gram of kidney tissue) was signifi-
cantly reduced in the preterm kidney (83,840 glomeruli/g) 
compared to controls (193,400 glomeruli/g). Given that 
total nephron number was not reduced and renal cor-
puscle size not affected  [32] , the reduction in glomerular 
density most likely reflects a postnatal increase in tubular 
or interstitial mass.

  Of major concern, a significant proportion of mor-
phologically abnormal glomeruli, which exhibited an en-
larged Bowman’s space and shrunken glomerular tuft, 
were commonly noted in the outer renal cortex of the pre-
term baboon kidney ( fig. 5 )  [32] . Similar findings have 
been reported in the human preterm kidney  [27] . Impor-
tantly, given the localisation of the affected glomeruli in 
the outer renal cortex, it is likely that it is those glomeru-
li that are newly formed in the extrauterine environment 
that are vulnerable.

  There was a large variability between neonates in the 
proportion of abnormal glomeruli present, ranging from 
0.2 to 18.3%  [32] . This suggests that the abnormalities 
may not have occurred as a result of preterm birth per se, 
but are likely related to factors in their postnatal care, 
which varied between individual neonates. For example, 

neonatal exposure to nephrotoxic medications (such as 
non-steroidal anti-inflammatory drugs and antibiotics) 
has been associated with both structural and functional 
renal injury  [38] . However, a specific factor attributing to 
the abnormal glomeruli has not yet been established. 
 Given the extent of the abnormality, it is likely that the 
affected glomeruli will never become functional, perhaps 
resulting in a deficit of functional nephrons, as noted in 
the human preterm kidney by Rodriguez et al.  [27] .

  Antenatal Glucocorticoid Administration 

 One factor which is commonly used in the care of the 
preterm neonate is the administration of antenatal gluco-
corticoids. In clinical practice, the glucocorticoids beta-
methasone or dexamethasone are administered to preg-
nant women at risk of preterm delivery in order to accel-
erate fetal lung maturation  [39] . Importantly, exposure to 
glucocorticoids antenatally is also associated with in-
creased mean arterial blood pressure, renal blood flow 
and glomerular filtration rate  [40–46] , suggesting that 
accelerated renal functional maturation also occurs.

  Through previous stereological analyses using ani-
mal models such as the rodent  [47–49]  and sheep  [50] , 
studies have indicated that a reduced nephron endow-
ment in offspring is associated with antenatal glucocor-
ticoid exposure. Furthermore, a recent study by de Vries 
et al.  [51]  found postnatal administration of dexametha-
sone in the neonatal rat (at a time of ongoing nephrogen-
esis) led to a reduction in glomerular density. Our studies 
in the preterm baboon model involved replication of the 
clinical setting, with 0.4 ml/kg/day of betamethasone 
administered to pregnant baboons 48 and 24 h prior to 
delivery  [32] . Assessment of the kidneys from these off-
spring, at 125 days of gestation (the time of caesarean 
section delivery) and 21 days postnatally, demonstrated 
that nephron endowment was not adversely affected by 
steroid exposure. Importantly, structural evidence of en-
hanced renal maturation was evident, with an increase 
in the number of mature nephrons present in the steroid-
exposed kidneys compared to those that were not ex-
posed ( fig. 6 )  [32] ; this parallels the findings of increased 
renal functional capacity following antenatal glucocorti-
coid exposure. These results imply that renal develop-
ment is not likely to be adversely affected in the short 
term by this common clinical procedure, which is vital 
for postnatal survival of the preterm infant. As nephro-
genesis was still ongoing at the time of assessment, how-
ever, it is unknown whether there are long-term effects 

  Fig. 5.  Representative photomicrograph of abnormal glomeruli 
(with shrunken glomerular tufts and dilated Bowman’s spaces) in 
the outer renal cortex of a preterm baboon kidney. Bar = 100  � m.                 
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of the accelerated renal maturation, such as the early ces-
sation of nephrogenesis, which may influence total neph-
ron endowment.

  Postnatal Retinoic Acid Administration 

 It can be hypothesised that a preterm kidney with a 
large proportion of abnormal glomeruli may ultimately 
suffer a nephron deficit, hence it is important to maximise 
nephron endowment in the preterm infant. Theoretically, 
there is a critical ‘window of opportunity’ in the early 
postnatal period following preterm birth whereby inter-
ventional strategies may be implemented in order to en-
hance nephrogenesis. One potential strategy that has been 
investigated was the administration of retinoic acid, the 
active metabolite of vitamin A. Importantly, vitamin A 
administration is already being trialled in preterm infants 
due to successful outcomes in reducing neonatal morbid-
ity and mortality  [52] . In the kidney, the administration 
of retinoic acid upregulates the expression of the c-ret ty-
rosine kinase receptor, resulting in an increase in ureteric 
bud branching and thereby increasing the number of 
nephrons formed  [53, 54] . Importantly, the antenatal ad-
ministration of retinoic acid in a rodent model resulted in 
augmented nephron endowment in the offspring, even to 
supernumerary levels  [55] , and furthermore subjugated 
the nephron deficit expected in offspring with simultane-
ously imposed intrauterine growth restriction  [56] .

  In the baboon model of preterm birth, 500  � g/kg of 
retinoic acid was administered daily to neonates follow-
ing preterm delivery at 125 days of gestation. Through 
stereological analyses of renal development in the 21-day-
old preterm baboons, it was determined that postnatal 
retinoic acid administration did not influence total neph-
ron number or the number of glomerular generations. 
This lack of effect of retinoic acid on nephron endowment 
is likely due to the late timing of administration. In the 
human kidney, ureteric bud branching is completed by 
approximately 22 weeks of gestation  [57]  (near the bor-
derline of viability in the preterm infant), therefore only 
exposure to retinoic acid prior to this time would be like-
ly to enhance nephrogenesis. Therefore, any postnatal in-
terventional strategies in the preterm infant must be fo-
cused on the later stages of renal development, such as 
glomerular generation formation, rather than on the pe-
riod of branching morphogenesis.

  Conclusion 

 We have shown through a series of stereological stud-
ies, conducted using a clinically relevant baboon model, 
that nephrogenesis continues following preterm birth; 
however, it may be impaired with evidence of morpho-
logical glomerular abnormalities in the outer cortex of 
some, but not all, preterm kidneys. Importantly, antenatal 
glucocorticoid exposure prior to preterm birth is associ-
ated with accelerated renal maturity, which may impart a 
benefit on renal function in the early postnatal period. It 
is essential that future research be focused on determining 
which factors in the postnatal care of the preterm infant 
result in impaired renal development, and on ways in 
which to provide the optimal environment in the neonatal 
intensive care unit for postnatal organogenesis to occur.
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  Fig. 6.  Average nephron number in fetal baboons at 125 days of 
gestation and in preterm baboons on postnatal day 21 that were 
exposed or not exposed to antenatal steroids. Two-way ANOVA 
analysis determined that antenatal steroid exposure (p = 0.03) and 
increased postnatal age (p          !  0.0001) were both associated with a 
significant increase in nephron endowment (derived from Gub-
haju et al.  [32] ).         
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ABSTRACT 

Worldwide, approximately ten percent of neonates are born preterm.  Preterm neonates 

are born when the kidneys are still developing, and therefore, renal function in the early 

postnatal period is likely affected by both renal immaturity and injury.  The aim of this 

study was to evaluate glomerular and tubular function, and a marker of renal injury 

(NGAL), in preterm neonates during the first month of life.  Preterm neonates were 

grouped according to gestational age at birth:  28 weeks (extremely preterm; n=33), 29 

– 31 weeks (very preterm; n=44), 32 – 36 weeks (moderately preterm; n=32), and ≥ 37 

weeks (term; n=22).  Measures of glomerular function (creatinine clearance, urine 

albumin, and urine total protein) and tubular function (the fractional excretion of sodium 

and urine β2-microglobulin) were assessed at postnatal days 3-7, 14, 21 and 28 of life.  

Overall, the findings of this study demonstrate that glomerular and tubular function are 

significantly affected by gestational age at birth, as well as postnatal age, suggesting that 

neonatal renal function is predominantly influenced by renal maturity.  Urinary NGAL did 

not appear to be an accurate predictor of acute kidney injury in the preterm neonate; 

however, severe proteinuria and high urinary NGAL levels were observed in a number of 

preterm neonates which may be indicative of renal injury in the early postnatal period.   
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INTRODUCTION 

Renal function in the preterm neonate is affected by renal immaturity and potential injury 

during the early postnatal period.  At the time of preterm birth, renal development is still 

ongoing (58) and renal function is accordingly immature (20). Preterm neonates have 

been shown to have a low glomerular filtration rate (GFR) compared to term neonates, 

and the tubules excrete high amounts of sodium (3).  Furthermore, compared to babies 

born at term, preterm neonates may demonstrate a slower progression in renal 

functional maturation after birth (7, 19).  Creatinine clearance (CCr; an indicator of GFR) 

shows a positive correlation with both gestational age and postnatal age (3, 7, 11, 12, 14, 

17, 19, 29, 48, 57, 61, 67), while the fractional excretion of sodium (FENa; an indicator of 

tubular function) shows an inverse correlation with gestational age (17) and postnatal age 

(3, 17, 18, 48, 57).   

Only a few studies to date have investigated the occurrence of proteinuria following 

preterm birth.  Very low concentrations of both high molecular weight (HMW) and low 

molecular weight (LMW) proteins are normally present in the urine, due to the function 

of the glomerular filtration barrier and the reuptake of filtered proteins in the proximal 

tubule (37, 41).  Previous studies have demonstrated that there is a high variation in urine 

albumin (HMW protein) levels between individual neonates (11, 15), with the highest 

levels exhibited by those with a low gestational age at birth and those that are not 

clinically stable (6, 11, 15, 16, 62).  Urinary levels of LMW proteins (such as β2-

microglobulin) have also been shown to be significantly greater in the preterm infant 

compared to term-born infants throughout the first month of life (3, 62, 63), and they are 

decreased with increasing gestational and postnatal age (60).  To date, however, it 

remains unclear whether the increased urinary high- and low- molecular weight protein 

levels reported in preterm babies are associated with renal immaturity and/or occur due 

to postnatal renal injury. 

The kidney of the preterm neonate is very susceptible to injury in the neonatal period.  

Acute kidney injury (AKI) is reported to occur in 8% to 24% of preterm neonates admitted 

to neonatal intensive care units (27, 54), and is primarily pre-renal in origin (8, 54).  In a 

large study of preterm infants born in the USA and Puerto Rico, Walker et al. (66) 
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examined the medical records of 66,526 neonates (born at ≤ 30 weeks gestation); 4% of 

the neonates were diagnosed with renal dysfunction and/or renal failure.  The 

predominant risk factors for impaired renal function were low gestational age and low 

birth weight.  Further risk factors included postnatal medication administration 

(vasopressor, indomethacin, and antibiotics), postnatal illness (intraventricular 

haemorrhage, a patent ductus arteriosus, necrotising enterocolitis, culture positive 

sepsis) and also the use of high frequency ventilation, male gender and non-white race.  

Importantly, mortality rates were significantly higher in neonates with the diagnosis of 

renal dysfunction and/or renal failure (66).  In addition, renal injury in the preterm 

neonate may be an antecedent to chronic renal disease (2).  Therefore, the early 

diagnosis and treatment of AKI is essential to the preterm neonate for the maintenance 

of both short and long-term renal function.  In this regard, urinary neutrophil gelatinase 

associated lipocalin (NGAL) has recently been investigated as a potential biomarker of AKI 

in preterm neonates, with studies showing that NGAL levels strongly correlated with both 

gestational and postnatal age (28, 32), and are highest in neonates that are critically ill 

(32, 44).   

In this Australian-based study, we have examined renal function in preterm infants 

admitted to the neonatal intensive care unit at the Monash Medical Centre (a large 

tertiary level hospital, located in Melbourne, Australia); the current rate of preterm birth 

in the Australian population is 8.2% (33).  The aims of the study were to: 1) assess 

postnatal renal function from day 3 to day 28 in moderately preterm (32 – 36 weeks of 

gestation), very preterm (29 – 31 weeks of gestation) and extremely preterm (≤ 28 weeks 

of gestation) neonates by examining glomerular (CCr, and urine albumin) and tubular (FENa 

and urine β2-microglobulin) function; and 2) determine whether urinary NGAL is a useful 

marker of renal injury in preterm neonates. 
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METHODS 

Ethics approval for this study was obtained from the Southern Health Human Research 

Ethics Committee and the Monash University Standing Committee on Ethics in Research 

Involving Humans.  Written informed parental consent was obtained for all participants in 

the study.   

Recruitment of participants 

Neonates were recruited from Monash Medical Centre and Jessie MacPherson Private 

Hospital (Clayton, Victoria, Australia).  All neonates were born between April 2008 and 

October 2011.  Preterm neonates born at less than 37 weeks gestation, and term 

neonates born between 37 and 42 weeks gestation, without any congenital 

abnormalities, were eligible for the study.  The neonates were stratified into the following 

gestational age groups:  Group A (extremely preterm; ≤ 28 weeks), Group B (very 

preterm; 29 – 31 weeks), Group C (moderately preterm; 32 – 36 weeks), and Group D 

(term; ≥ 37 weeks).  Complete maternal and neonatal medical records were recorded for 

each neonate.   

Urine collection procedure 

Urine samples were obtained from sanitary pads (Kotex; Kimberly-Clark, NSW, Australia) 

placed within the nappy of the neonates, a method that has been previously validated 

(26).  A nappy liner (Johnson’s Baby Nappy Liners; Johnson & Johnson Pacific, NSW, 

Australia) was also placed inside the nappy to filter out any faeces.  All nappies inclusive 

of the pad and nappy liner were weighed before they were put on the neonate and 

weighed again after use in order to determine urine output (47).  Urine was extracted by 

compressing the sanitary pad using a hydraulic press (26). 

It has been shown that urine collected from disposable pads and/or cotton wool does not 

affect the urinary constituent of sodium, potassium or creatinine (47) and has been used 

previously in the analysis of urinary NGAL (32).  However, previous research has shown 

that protein gets trapped in cotton material (53).  Therefore, clean spot urine samples, 

collected using urine collection bags, were utilised to determine urinary total protein and 

urinary albumin and β2-microglobulin levels.   
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In preterm neonates, urine collection began at 72 hours following the time of birth (day 3) 

and continued until postnatal day 7.  In addition, urine was collected for a 24 hour period 

on days 14, 21 and 28 of life.  Spot urine samples (approximately 2 ml) were obtained on 

days 7, 14, 21 and 28 of life.  In term neonates, urine collection commenced 48 hours 

after birth (day 2) and continued until the infant was discharged from hospital 

(approximately day 4 of life).  Additionally, urine was collected for a 24 hour period on 

day 28 of life.  Spot urine samples were obtained from the term neonates on day 3 of life.  

In instances where infants were discharged from hospital prior to postnatal day 28, 

nappies were prepared and delivered to parents, and collected the following day.  Urine 

collected over each 24 hour period was pooled for each neonate.  The pooled urine was 

frozen at -20°C until analysis.  Spot urine samples were sent for analysis of urinary protein 

levels immediately after collection. 

Assessment of renal function 

Urinary and plasma sodium and creatinine 

All urine analyses were performed by the Southern Health Pathology Department 

(Southern Cross Pathology; Clayton, Victoria, Australia). Pooled 24 hour urine samples 

were analysed for sodium and creatinine levels.  Plasma creatinine and plasma sodium 

levels were recorded from blood tests that were undertaken as part of the routine care of 

preterm neonates, and data were extracted from the medical records.  In term neonates, 

heel-prick blood samples were obtained for analysis at the time of the routine newborn 

screening test (at approximately 48 hours of life).  In cases where a blood test was not 

available in term infants on postnatal day 28, average levels of plasma sodium (140 

mmol/L) and plasma creatinine (40 µmol/L) that are within the expected range for term 

infants were used in the calculation of CCr and FENa.   

Calculation of CCr and FENa 

Creatinine Clearance (CCr) was calculated using the following formula: 

CCr (ml/min/BSA) = (UCr * Urine Flow Rate * PCr) / BSA 
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Where UCr = urinary creatinine (µmol/L); Urine Flow Rate = ml/min (calculated for each 

24 hr period); PCr = plasma creatinine (µmol/L); BSA = body surface area (m2).   

Body surface area (BSA) was calculated using the following formula derived by Haycock et 

al. (24): 

BSA (m2) = 0.007184 * body weight (kg)0.425 * body length (cm)0.725 

The fractional excretion of sodium (FENa) was calculated using the following formula: 

FENa (%) = (UNa / PNa) * (PCr / UCr) * 100 

Where UNa = urinary sodium (mmol/L); PNa = plasma sodium (mmol/L); PCr = plasma 

creatinine (µmol/L); UCr = urinary creatinine (µmol/L).   

Urinary total protein, albumin and β2-microglobulin 

Spot urine samples were used to measure levels of urine total protein (UTP), urinary 

albumin and urinary β2-microglobulin.  Urine protein levels were measured using 

nephelometric technology on a Beckman immunochemistry system, with reagents and 

calibrators supplied by Beckman Diagnostics (urine total protein and urine albumin; 

Beckman Diagnostics; Sydney, Australia) and DakoCytomation (β2-microglobulin; 

DakoCytomation; Glostrup, Denmark).  In instances where urine total protein was greater 

than 500 mg/L, this was defined as pathological proteinuria and urinary albumin levels 

were not determined.  All urine protein levels were expressed as a ratio to urine 

creatinine concentrations.  

Urinary NGAL 

Pooled 24 hour urine samples were analysed for urinary NGAL levels in 79 (61.2%) 

neonates at one or more postnatal time points.  NGAL analysis was performed using a 

sandwich ELISA in microwells coated with a monoclonal antibody against human NGAL 

(NGAL ELISA Kit, BioPorto Diagnostics A/S; Gentofte, Denmark); the upper limit of the test 

was 500 ng/ml.   
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Statistical analysis 

Statistical analyses were performed using GraphPad Prism v5.04 for Windows (CA, U.S.A.) 

and Intercooled Stata v8.0 for Windows (TX, USA).  Data are presented as the mean ± 

standard error of the mean (SEM).  Statistical significance was accepted at the level of 

p<0.05.   

Birth characteristics (gestational age, birth weight, length, head circumference) were 

compared among groups using a one-way analysis of variance (ANOVA), followed by a 

Bonferroni post-hoc test.  To determine differences in categorical variables (such as sex, 

disease outcomes, and medication administration) among groups, a Fisher’s exact test 

was performed.   

Urine output, creatinine clearance and the fractional excretion of sodium in preterm 

neonates (Groups A, B and C) were analysed using a two-way ANOVA with repeated 

measures.  At postnatal day 3 and day 28, urine output, creatinine clearance and the 

fractional excretion of sodium (in all four groups) was analysed using a two-way ANOVA, 

followed by a Bonferroni post-hoc test to determine differences between individual 

groups at each time point.  Urine protein (urine total protein, albumin, and β2-

microglobulin) to creatinine ratios and urine NGAL levels were also analysed using a two-

way ANOVA, followed by a Bonferroni post-hoc test.  The factors assessed in all of these 

analyses were gestational age (pGA), postnatal age (pPA) and their interaction (pGA x PA).       

Linear regression analyses (followed by an analysis of covariance (ANCOVA)) were used to 

compare the rate of change in CCr and FENa from postnatal day 3 to day 28, and also to 

determine whether urinary NGAL levels correlated with any other indices of renal 

function (Urinary NGAL levels > 390 ng/ml were excluded as outliers).  Additionally, 

urinary NGAL levels in neonates exhibiting pathological proteinuria (UTP ≥ 500 mg/L) 

were compared to age and sex-matched neonates (controls) with low urine total protein 

levels (UTP < 500 mg/L, and at least half the level of the age-matched neonate with 

proteinuria) at the corresponding time point.  This analysis was undertaken using a two-

way ANOVA with the factors proteinuria (pP), gestational age (pGA) and their interaction 

(pP x GA).  Additionally, in these two groups, urinary NGAL levels were assessed at time 

points prior to (7 days prior if pathological proteinuria observed at day 14, 21 or 28; 3 
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days prior if observed at day 7), and at the time of proteinuria onset.  This analysis was 

undertaken using a two-way ANOVA with the factors proteinuria (pP), time point of 

assessment (pT) and their interaction (pP x T).   

Impaired renal function (low urine output, low creatinine clearance, high fractional 

excretion of sodium, high urine total protein and high urinary NGAL) was defined as 

values greater than 2 standard deviations from the mean at any time point from postnatal 

day 3 through to day 28; the mean and standard deviation was calculated from values 

inclusive of all preterm neonates (Groups A, B and C). 
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RESULTS 

Study population 

Neonates were recruited between April 2008 and October 2011.  During this time, 196 

parents were approached to participate in the study.  Fifty-three parents refused to have 

their baby participate; the majority of refusals to participate were from the parents of 

term infants (Group D).  In all, 143 neonates were recruited to participate.  After the 

commencement of the study, four neonates were excluded following the early 

withdrawal of parental consent.  Eight preterm neonates were further excluded following 

transfer to other hospitals prior to postnatal day 7.  Two preterm neonates (born ≤ 25 

weeks gestation) died before the study was completed.   

The resultant study population consisted of 129 neonates that were stratified into four 

groups according to gestational age: Group A ( 28 weeks gestation; n=33), Group B (29 – 

31 weeks gestation; n=44), Group C (32 – 36 weeks gestation; n=30), and group D (≥ 37 

weeks gestation; n=22).  The number of neonates studied after day 14 was lower, 

primarily due to transfer of infants to private hospitals, or discharge from hospital.  

Therefore, the sample size at the postnatal day 14-28 time points were reduced: Group A 

( 28 weeks gestation; n=32/33 (97.0%)), Group B (29 – 31 weeks gestation; n=32/44 

(72.7%)), Group C (32 – 36 weeks gestation; n=19/30 (63.3%)), and Group D (≥ 37 weeks 

gestation; n=11/22 (50.0%)).     

There were difficulties in obtaining clean spot urine samples from a number of the infants 

due to urine bag leakage and parental refusal.  The spot samples were only collected at 

the discretion of nursing staff; in extremely preterm neonates (Group A, ≤ 28 weeks 

gestation) whose skin was still very fragile, use of adhesive urine bags was inappropriate.  

Overall, 46.2% of the total number of requested urine samples were obtained.  Urine 

samples at one or more of the postnatal time points were obtained for the majority of 

neonates: Group A ( 28 weeks gestation; n=30/33 (90.9%)), Group B (29 – 31 weeks 

gestation; n=41/44 (93.2%)), Group C (32 – 36 weeks gestation; n=26/30 (86.7%)), and 

Group D (≥ 37 weeks gestation; n=6/22 (27.3%)).     
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Maternal characteristics 

The preterm delivery of neonates in Groups A, B and C followed the onset of spontaneous 

preterm labour (34.0%), premature pre-labour rupture of membranes (PPROM; 30.1%), 

placenta praevia/abruption (15.5%) or was clinically indicated due to maternal and/or 

fetal health risks such as preeclampsia and suspected fetal compromise (20.4%).  There 

were a significantly higher percentage of births attributed to spontaneous preterm 

labour, and a correspondingly lower percentage due to PPROM, in Group A neonates 

compared to both Group B and Group C neonates.  The majority of preterm neonates (> 

65%) in groups A, B and C were born via caesarean delivery, whereas 27% of term 

neonates in Group D were delivered via caesarean (Table 1).  At least 70% of the mothers 

of preterm neonates (Groups A, B and C) received antenatal steroids prior to delivery 

(Table 1); 94% of those born extremely preterm received antenatal steroids.   

Birth characteristics 

Birth characteristics of the preterm and term neonates are described in Table 1.  Body 

weight, length and head circumference at birth all significantly increased along with 

increasing gestational age.  There was no significant difference in the gender balance 

between gestational age groups.  Groups A and C had the greatest number of small-for-

gestational age (SGA) neonates; there was a similar number of multiple births in each of 

the preterm groups whereas all term-born neonates in Group D were singletons.  The 

majority of neonates that had a low Apgar score at 5 minutes (≤ 7) were in group A (≤ 28 

weeks gestation).   

Neonatal complications 

As shown in Table 1, the majority of all preterm neonates (groups A, B and C) required 

mechanical ventilation after birth; respiratory distress syndrome was very common in 

these groups.  The occurrence of culture-positive sepsis and patent ductus arteriosus was 

significantly greater in Group A compared to those infants in older gestational age groups.  

Intraventricular haemorrhage only occurred in neonates within Group A and Group B.   
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Neonatal medications 

Table 2 shows the medications administered to neonates in the early postnatal period, 

and the percentage of neonates per gestational age grouping that were exposed to each 

type of medication.  Term-born infants (Group D) did not receive any drugs over the 

course of the study.  The most commonly administered medications in preterm neonates 

was a routine regimen of antibiotics which included both benzylpenicillin (60 mg/kg/dose) 

and gentamicin (4 mg/kg/dose); all neonates in groups A and B received this treatment.  

Additional antibiotics for the treatment of sepsis and localised infections included 

vancomycin, erythromycin, cephalosporins and metronidazole.  The majority of neonates 

that received additional antibiotics were in the extremely preterm group (Group A).  

Other commonly administered medications included antifungal drugs, methylxanthines, 

inotropes, steroids, diuretics and non-steroidal anti-inflammatory drugs (NSAIDs).  In 

general, the administration of these drugs was significantly greater in group A neonates 

(Table 2). 
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Table 1:  Characteristics of the study population, medical interventions, and disease 
outcomes from birth to postnatal day 28.   

 
Group A 

≤ 28 weeks 
(n=33) 

Group B 
29 – 31 weeks 

(n=44) 

Group C 
32 – 36 weeks 

(n=30) 

Group D 
≥ 37 weeks 

(n=22) 

Birth Characteristics     

Gestational Age (weeks) 
mean ± SEM (range) 

26.6 ± 0.2*       
(24-28) 

30.4 ± 0.1* 
(29-31) 

33.7 ± 0.2*     (32-
36) 

39.6 ± 0.2*   
(37-42) 

Birth Weight (g) 
mean ± SEM (range) 

811.1 ± 28.3*     
(529-1229) 

1438.0 ± 39.6* 
(892-2157) 

1771.0 ± 75.4* 

(1018-2542) 
3356.0 ± 76.2*   
(2820-4160) 

Body Length (cm) 
mean ± SEM (range) 

33.6 ± 0.4*         
(29-39) 

40.9 ± 0.4*        
(36-46) 

43.4 ± 0.7*        
(36-50) 

49.9 ± 0.4*       
(46-55) 

Head Circumference (cm) 
mean ± SEM (range) 

23.9 ± 0.2*        
(21-27) 

28.3 ± 0.2*       
(25-32) 

29.9 ± 0.4*         
(26-33) 

34.0 ± 0.3*       
(32-36) 

Male n (%) 12 (36.4%) 23 (52.3%) 14 (46.7%) 11 (50.0%) 

SGA n (%) 10 (30.3%)^BD 3 (6.8%)^A 14 (46.7%)^BD 1 (4.5%)^AC 

Twin/Triplet n (%) 9 (27.3%)^D 10 (22.7%)^D 12 (40.0%)^D 0 (0.0%)* 

Antenatal Steroids n (%) 30 (93.8%)^D 34 (77.3%)^D 21 (70.0%)^D 0 (0%)* 

Caesarean Delivery n (%) 26 (78.8%)^D 29 (65.9%)^D 21 (70.0%)^D 6 (27.3%)* 

Postnatal Characteristics 
and Disease Outcomes 

    

Apgar ≤ 7 
at 5min n (%) 

15 (45.5%)* 10 (22.7%)* 1 (3.3%)^AB 0 (0.0%)^AB 

Mechanical 
Ventilation n (%) 

33 (100%)^CD 41 (93.2%)^CD 17 (56.7%)* 0 (0.0%)* 

Respiratory Distress 
Syndrome n (%) 

26 (78.8%)^CD 28 (63.6%)^D 12 (40.0%)^AD 0 (0.0%)* 

Culture Positive 
Sepsis n (%) 

15 (45.5%)* 3 (6.8%)^A 1 (3.3%)^A 0 (0.0%)^A 

Intraventricular 
Haemorrhage n (%) 

8 (24.2%)^CD 5 (11.4%) 0 (0.0%)^A 0 (0.0%)^A 

Patent Ductus 
Arteriosus n (%) 

19 (51.6%)* 2 (4.5%)^A 0 (0.0%)^A 0 (0.0%)^A 

*p<0.05 versus every other group; ^p<0.05 versus group A, B, C or D as indicated by the 
corresponding letters. 
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Table 2:  Medications that were administered to neonates during the early postnatal 

period. 

 
Group A 

≤ 28 weeks 
(n=33) 

Group B 
29 – 31 weeks 

(n=44) 

Group C 
32 – 36 weeks 

(n=30) 

Group D 
≥ 37 weeks 

(n=22) 
Antibiotics     

Beta-Lactam  
(Benzylpenicillin, Imipenem, 

Ampicillin) n (%) 
33 (100%)^CD 44 (100%)^CD 24 (80.0%)* 0 (0.0%)* 

Aminoglycoside 
(Gentamicin) n (%) 

33 (100%)^CD 44 (100%)^CD 24 (80.0%)* 0 (0.0%)* 

Glycopeptide 
(Vancomycin) n (%) 

19 (57.6 %)* 7 (15.9%)^A 3 (10.0%)^A 0 (0.0%)^A 

Macrolide 
(Erythromycin) n (%) 

4 (12.1%) 1 (2.3%) 1 (3.3%) 0 (0.0%) 

Cephalosporin 
(Cefotaxime, Cefozolin) n(%) 

4 (12.1%) 1 (2.3%) 1 (3.3%) 0 (0.0%) 

Nitroimidazole 
(Metronidazole) n (%) 

1 (3.0%) 0 (0.0%) 1 (3.3%) 0 (0.0%) 

Other     
Antifungal  

(Nilstat, Nystatin, 
Fluconazole) n (%)  

18 (54.5%)^CD 17 (38.6%)^CD 4 (13.3%)^AB 0 (0.0%)^AB 

Methylxanthine 
(Aminophylline, 

Theophylline) n (%) 
12 (36.4%)^CD 12 (27.3%)^D 5 (16.7%)^A 0 (0.0%)^AB 

Inotrope  
(Dopamine, Dobutamine) n 

(%)  
9 (27.3%)* 0 (0.0%)^A 1 (3.3%)^A 0 (0.0%)^A 

Steroid  
(Hydrocortisone) n (%) 

1 (3.0%)* 0 (0.0%)^A 0 (0.0%)^A 0 (0.0%)^A 

Diuretic 
(Furosemide) n (%) 

12 (36.4%)* 3 (6.8%)^A 1 (3.3%)^A 0 (0.0%)^A 

NSAID 
(Indomethacin) n (%) 

11 (33.3%)* 1 (2.3%)^A 0 (0.0%)^A 0 (0.0%)^A 

*p<0.05 versus every other group; ^p<0.05 versus group A, B, C or D as indicated by the 

corresponding letters. 
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Neonatal renal function  

Urine output  

Urine output adjusted for body weight (ml/kg/h) is shown in Figure 1(A-C).  There was no 

overall effect of gestational age at birth or postnatal age on urine output in preterm 

neonates from postnatal days 3 to 7 (Figure 1A); urine output in all preterm neonates 

averaged 3.84 ± 1.3 ml/kg/h during the first week of life.  On postnatal days 14 to 28, 

however, urine output was significantly greater in neonates with increased gestational 

age at birth (Figure 1B).  In a comparison of urine output in preterm (Groups A, B and C) 

and term (Group D) neonates at postnatal day 3 and day 28 of life, there was a significant 

effect of both gestational and postnatal age on urine output (Figure 1C); urine output was 

significantly lower in term neonates compared to preterm neonates at postnatal day 3, 

however there was no difference between individual groups at postnatal day 28.  Urine 

output was < 1 ml/kg/h (indicative of oliguria) in 1/44 (2%) neonates in group B (postnatal 

day 5) and 10/22 (45.5%) neonates in group D (postnatal day 3). 

Creatinine clearance 

As shown in Figure 1(D-F), in the first week of life CCr significantly increased with 

increasing gestational age at birth, and with increasing postnatal age (Figure 1D).  

Similarly, from postnatal day 14 to 28, there was also a significant effect of both 

gestational and postnatal age (Figure 1E); preterm neonates in the older gestational age 

groups had the highest creatinine clearance throughout the study period.  At postnatal 

day 3 (Figure 1F), creatinine clearance significantly increased according to gestational age 

at birth.  At postnatal day 28, however, creatinine clearance levels were very similar in all 

preterm neonates (Groups A, B and C), but significantly greater in neonates born at term 

(Group D).  Linear regression analyses showed that there was no significant difference in 

the rate of change in CCr from postnatal day 3 to postnatal day 28 among the four 

gestational age groups: CCr increased for each week of postnatal age by 0.4 ± 0.1 

ml/min/BSA in Group A, 0.4 ± 0.0 ml/min/BSA in Group B,  0.3 ± 0.1 in Group C, and 0.5 ± 

0.1 ml/min/BSA in Group D.  . 
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Figure 1:  Urine output (A-C), the fractional excretion of sodium (D-F), and creatinine clearance (G-I) on postnatal days 3 to 7 (top row) days 14 to 28 (centre 
row) and day 3 versus day 28 (bottom row) in neonates born at ≤ 28 weeks gestation (Group A), 29-31 weeks gestation (Group B), 32-36 weeks gestation 
(Group C) and ≥ 37 weeks gestation (Group D).  Data were analysed using a two-way ANOVA with the factors gestational age (pGA), postnatal age (pPA) and 
their interaction (pGAxPA).  From Bonferroni post-hoc analysis: *p<0.01 compared to Groups A, B and C (C and I), p<0.05 a versus b and c, b versus c (F and I).   
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Fractional excretion of sodium 

As shown in Figure 1(G-I), the FENa significantly decreased with increasing gestational age 

at birth, at both postnatal days 3-7 (Figure 1G) and days 14-28 (Figure 1H).  The FENa also 

decreased with increasing postnatal age; the highest levels of sodium excretion were 

observed in the extremely preterm neonates (Group A) throughout the study period.  At 

postnatal day 3 (Figure 1I) FENa was significantly lower in the term neonates (Group D) 

than all other groups.  By postnatal day 28, however, there was no significant difference 

in FENa among groups (Figure 1I).  Linear regression analysis showed that the rate of 

change of FENa from postnatal day 3 to day 28 was significantly greater in Group B 

neonates compared to Group D (p<0.0001), and was also significantly greater in Group A 

neonates compared to all other groups (p≤0.02).  The FENa per week of postnatal age 

decreased by: 189 ± 0.3 x 10-3 percentage points in Group A, 122 ± 0.1 x 10-3 percentage 

points in Group B, and 73 ± 0.4 x 10-3 percentage points in Group C; whereas, the FENa 

remained stable in Group D).  

Urine total protein, albumin, and β2-microglobulin 

As shown in Figure 2, UTP, albumin and β2-microglobulin levels in preterm neonates 

(corrected for urine creatinine) all significantly decreased with increasing gestational age 

at birth.  There was no change in urine protein levels with increasing postnatal age from 

day 7 to 28 of life.  There was wide variation in urine protein levels between individual 

neonates within each gestational age grouping; within Group A for example, UTP:Cr levels 

ranged from 92.2 mg/mmol to 759.3 mg/mmol at postnatal day 28 (Figure 2A).  In the 

term neonates (assessed only at postnatal day 3) UTP:Cr (mean: 219.3 ± 139.9 mg/mmol) 

and albumin:Cr (mean: 19.9 ± 9.1 mg/mmol) levels were similar to the results from 

neonates in Group B at postnatal day 7; β2-M:Cr levels (≤ 0.14 mg/mmol), however, were 

negligible.  Pathological proteinuria (UTP ≥ 500 mg/L) was observed in 12 (9.3%) neonates 

at one or more postnatal time points, with the majority of these in the earliest gestational 

age grouping: Group A: n=7 (1/7 day 7, 1/7 day 14, 1/7 day 21, 3/7 day 28, and 1/7 at 

days 21 and 28); Group B: n=2 (1/2 day 21, and 1/2 at days 14, 21 and 28); Group C: n=1 

(day 7); Group D: n=2 (day 3). 
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Figure 2:  Urine total protein (UTP; A), albumin (B) and β2-microglobulin (β2-M; C) levels corrected for urine creatinine, on postnatal days 7, 14, 21, and 28 
in preterm neonates (Groups A, B and C).  Data were analysed using a two-way ANOVA with the factors gestational age (pGA), postnatal age (pPA), and their 
interaction (pGAxPA). 
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Urinary NGAL 

There was a significant effect of both gestational and postnatal age (pGA=0.002, pPA=0.02, 

pGAxPA=0.72) on urinary NGAL, with the lowest NGAL levels observed at postnatal day 28 

and in neonates at older gestational age groups.  Within each age group, there was a high 

variability between individual neonates; for example, urinary NGAL levels ranged from 3.8 

ng/ml to ≥ 500 ng/ml in the Group A neonates at postnatal day 28.  Nine of the total 129 

neonates (7.0%) had levels of urinary NGAL > 390 ng/ml (Group A: n=5 (2/5 postnatal day 

3, 3/5 postnatal day 28); Group B: n=3 (3/3 postnatal day 28); Group C: n=1 (postnatal day 

28); Group D: n=0).    

Although urinary NGAL levels were not correlated with CCr, FENa, urine albumin or β-2 

microglobulin levels (data not shown), there was a statistically significant linear 

correlation between urinary NGAL levels and UTP:Cr (Figure 3A).  Importantly, however, 

urinary NGAL levels in the subset of preterm neonates whom exhibited pathological 

proteinuria (UTP ≥ 500 mg/L) were not different to the NGAL levels of age and sex-

matched controls with low protein excretion at corresponding postnatal time points 

(Figure 3B).  In these two groups, the results also indicated that urinary NGAL levels were 

not predictive of proteinuria, with no effect of the timing of the urinary NGAL sample 

(urinary NGAL levels were assessed in neonates at the time points prior to, and at the 

onset of, pathological proteinuria; Figure 3C).  To be noted, 3 neonates with pathological 

proteinuria also exhibited NGAL levels ≥ 500 ng/ml; two neonates in Group A concurrently 

exhibited both pathological proteinuria, and high urinary NGAL levels (1/2 at postnatal 

day 14, 1/2 at postnatal day 28) (Figure 3B).  One of these neonates also had NGAL levels 

≥ 500 ng/ml at the time point prior to the onset of proteinuria (day 21), as did an 

additional neonate (Group A, day 21) (Figure 3C). 
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Figure 3:  Linear regression analysis of urinary NGAL (< 390 ng/ml) versus UTP/Creatinine ratio (A).  Urinary NGAL (ng/ml) levels were also assessed in 
preterm neonates with pathological proteinuria (UTP ≥ 500 mg/L; grey), with values compared to age and sex-matched controls with normal UTP at the 
corresponding time point (black), grouped by gestational age (B).  Groups were compared using a two-way ANOVA, with the factors gestational age (pGA), 
proteinuria (pP) and their interaction (pGAxP).  To determine whether NGAL is predictive of proteinuria (C), urinary NGAL levels were assessed in the preterm 
neonates with pathological proteinuria (grey) compared to age- and sex-matched controls (black) at time points  prior to, and at the time of, pathological 
proteinuria onset.  The factors assessed were the time point of assessment (pT), proteinuria (pP) and their interaction (PTxP).   
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Impaired Renal Function 

The percentage of preterm neonates categorised as having impaired renal function 

(either a low urine output, low creatinine clearance, high serum creatinine, high fractional 

excretion of sodium, high urine total protein or high urinary NGAL, defined as values 

greater than 2 SD from the mean) are given in Figure 4.  Overall, a similar percentage 

(approximately 14%) of preterm neonates in each of the gestational age groups had low 

urine output.  High FENa levels, however, were predominantly observed in neonates born 

at ≤ 28 weeks gestation (Group A), with 3 preterm neonates (2/33 (6.1%) Group A, 1/44 

(2.3%) Group B) exhibiting hyponatraemia (serum sodium levels < 130 mmol/L) during the 

study period.  High UTP levels were only seen in Group B and Group C neonates, whereas 

high urinary NGAL levels were observed in a small percentage of neonates in each 

gestational age group.  Twenty-five percent of neonates in Group A, 9.5% in Group B, and 

7.1% in Group C had high serum creatinine levels (> 100.6 µmol/L); only one neonate 

(Group B), however, was categorised as having low creatinine clearance (Figure 4).    
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Figure 4: The percentage of neonates with impaired renal function (grey) and those with 
adequate renal function (black) grouped by gestational age.  Impaired renal function (values more 
than 2 SD from the mean) was indicated by low urine output (A), low creatinine clearance (B), 
high serum creatinine (C), high fractional excretion of sodium (D), high urine total protein (E) or 
high urinary NGAL (F).     
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DISCUSSION 

The findings of this study demonstrate that glomerular and tubular function are 

significantly affected by gestational age at birth; postnatal age also directly influenced 

renal function in preterm neonates during the first month of life.  Together, these results 

suggest that neonatal renal function is predominantly influenced by renal structural 

maturity.  Additionally, urinary NGAL levels did not appear to be a useful marker or 

predictor of acute kidney injury in this population, and thus may better reflect renal 

immaturity.  Of concern, impairments of glomerular and tubular function were clearly 

evident, with overt proteinuria (suggestive of acute kidney injury) present in some of the 

preterm neonates.  These findings highlight the importance of the close monitoring of 

renal function in preterm infants in the neonatal intensive care unit (NICU) setting.   

Urine output 

In this study, among preterm neonates urine output corrected for body weight between 

all gestational age groups was very similar during the first week of life. This finding was 

expected as within the NICU fluid intake is strictly maintained according to body weights 

of the neonates, and from approximately postnatal day 4 urine output in the preterm 

neonate is known to be predominantly influenced by fluid intake (35, 36).  From days 14-

28, a significantly higher urine output was observed among neonates born at older 

gestational ages, which likely relates to the change in feeding regimen; during this time, 

these neonates were either transferred to special care nurseries or discharged home 

where fluid intake is less controlled.  In term neonates, urine output was very low at 

postnatal day 3 of life, with just under half of the infants exhibiting oliguria (urine output 

< 1 ml/kg/h).  All of the term neonates were exclusively breast-fed in the first week after 

birth, hence the observed low urine output is likely due to low milk production; with an 

average of just 30 ml of maternal colostrum produced per day within the first 30-40 hours 

after delivery, mild dehydration is a normal occurrence which is generally well-tolerated 

in the term neonate (43).  Importantly, during the first month of life just one preterm 

neonate (Group B) presented with oliguria.    
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Glomerular function 

Creatinine clearance (CCr; an estimate of GFR that has been shown to be strongly 

correlated with inulin clearance (56, 64)) was significantly affected by both gestational 

age at birth and postnatal age in preterm neonates; similar findings have been previously 

reported (3, 7, 11, 12, 14, 17, 19, 29, 48, 57, 61, 67).  On day 3 of life, CCr was significantly 

lower among those preterm neonates born at < 31 weeks of gestation (Groups A and B) 

compared to the moderately preterm and term neonates.  By postnatal day 28, CCr was 

not significantly different between the three gestational age groups of preterm neonates, 

which suggests that although neonates born very or extremely preterm commence with a 

low GFR during early life, they have caught up to those born moderately preterm by day 

28 of life.  As expected, in comparison to term neonates CCr was significantly lower in all 

preterm neonates at postnatal day 28.  Interestingly, however, the rate of change in CCr 

over the first month of life was very similar between all groups, and we did not observe 

the slower postnatal increase in CCr in preterm neonates compared to term controls that 

has been reported previously (7, 19).  Overall, these results suggest that renal functional 

capacity increases with renal structural maturity, potentially through increased filtration 

surface area (increased number of nephrons in those neonates with ongoing postnatal 

nephrogenesis (58) and/or increased capillary growth (40, 58)) as well as the substantial 

changes in renal blood flow and renal vascular resistance that occur after birth (65).   

In the present study, 25% of neonates in Group A, and less than 10% in Groups B and C, 

exhibited high serum creatinine levels; there was just one preterm neonate (Group B), 

however, that had CCr levels < 2 SD from the mean (from day 3-6 of life).  Estimates of GFR 

(such as CCr) are generally considered to be a more accurate measure of glomerular 

function than serum creatinine alone, although it is to be noted that the potential for 

active tubular secretion of creatinine, as well as differences in muscle mass between 

neonates, may affect the accuracy of the results (55).  Importantly, a low CCr is likely to 

impair the renal clearance of nephrotoxic medications that may adversely affect the 

developing kidney (52).  In this regard, the individual neonate with low CCr also exhibited 

pathological proteinuria (UTP ≥ 500 mg/L on postnatal days 14, 21 and 28), however the 

cause of the severe proteinuria is unknown.   



Chapter Two 

 

136 
 

The glomerular filtration barrier is responsible for preventing the passage of high 

molecular weight proteins (such as albumin) from entering the filtrate (23); therefore, 

urine albumin (and also UTP) levels are important indicators of glomerular function.  In 

accordance with the findings of previous studies (6, 11, 15, 16, 62), we observed that 

urine albumin and UTP levels were significantly higher in neonates with a low gestational 

age at birth.  There was no change, however, in urine protein levels with increasing 

postnatal age over the first month of life.  These results may suggest that the observed 

proteinuria is due to structural immaturity of the glomerular filtration barrier, which 

persists until at least one month of age.  Alternatively, these findings may be indicative of 

renal injury in the preterm neonate. 

In this regard, UTP levels were highly variable between individual neonates, and 12 

neonates in particular had pathological proteinuria at one or more postnatal time point.  

Interestingly, the onset of this severe proteinuria was often observed at postnatal days 21 

and 28 (7/12 (58%) of neonates that exhibited pathological proteinuria), which suggests 

that factors in the postnatal clinical course of the preterm neonate (rather than renal 

immaturity) may be the cause of the severe proteinuria.  In support of this idea, it was 

only neonates born at older gestational ages (Groups B and C) that exhibited high UTP 

levels > 2 SD from the mean.  In this regard, exposure to nephrotoxic medications 

(including NSAIDs and antibiotics) is known to cause renal injury, such as the effacement 

of podocyte foot processes (30), and they may also impair nephrogenesis (52, 59).  In this 

study, due to the many confounding factors associated with the clinical care of the 

preterm neonate, it was not possible to identify the factors contributing to the severe 

proteinuria in the preterm neonates; for such an analysis, a very large sample size would 

be required.  A better approach may be to use carefully controlled animal studies where 

the effects of specific factors can be individually addressed.   

Importantly, in the short term it is conceivable that excessive protein excretion may 

impact on the nutritional requirements of the neonate, and thus adversely affect 

postnatal growth (34).  Furthermore, the presence of persistent proteinuria is likely to 

lead to long-term renal impairment.  Indeed, proteinuria has been linked to progressive 

renal damage (1, 42), and renal injury in the neonatal period may have long-term adverse 

effects on renal function (2).   
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Tubular function 

It is essential that a positive sodium balance is achieved in the neonate in order to 

support postnatal growth and development (25); measurements of the FENa were made in 

the present study to assess the reabsorptive capacity of the renal tubule.  Consistent with 

previous studies (3, 17, 18, 48, 57), we found a significant effect of both gestational and 

postnatal age on the FENa in preterm neonates during the first month of life, with the 

highest FENa levels observed in the preterm neonates born extremely preterm (≤ 28 weeks 

gestation).  A relatively high percentage of neonates, predominantly those born 

extremely preterm, were observed over the duration of the study to have FENa levels > 2 

SD from the mean.  The high level of sodium excretion in these neonates leads to an 

elevated risk of hyponatraemia (39); however, likely due to the administration of sodium 

supplementation in this population, just three preterm neonates (Group A and B) had 

serum sodium levels < 130 mmol/L during the study period. 

Unlike the persistently low CCr observed in preterm neonates during the first month of 

life, there was no significant difference in FENa levels among preterm and term neonates 

by postnatal day 28, indicating a high capacity for postnatal tubular maturation.  This was 

particularly evident in the neonates born ≤ 28 weeks gestation (Group A) where there 

was a significantly greater rate of change in FENa from postnatal day 3 to day 28 compared 

to all other groups.  The maturation of tubular function with increasing age is known to be 

mediated by increases in the basolateral surface area of tubular cells (4, 13), increased 

activity of sodium transporter proteins (5, 21), and the action of multiple endocrine 

systems (9, 50).  Indeed, by the time of term birth the ability of the kidney to conserve 

sodium (despite the relatively low sodium content of human breast milk (31)) has been 

shown to be very strong (9, 50). 

The presence of low molecular weight proteins in the urine is also an important indicator 

of an impairment of tubular function, as these proteins are usually endocytosed (via 

megalin and cubilin receptors) within the proximal tubule after passing unrestricted 

through the glomerular filtration barrier (10).  As observed in prior studies (3, 62, 63), and 

consistent with the urine albumin and urine total protein results, β2-microglobulin levels 

were highest in neonates with a low gestational age at birth, and there was no change 
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over the first month of life.  Unlike the significant reduction in sodium excretion with 

increasing maturity, the capacity for protein reabsorption remained low postnatally which 

possibly reflects a much slower maturation of renal protein handling compared to sodium 

handling; although qualitative expression of megalin/cubilin throughout renal 

development has been previously described (49), to our knowledge quantitative changes 

in expression levels with increasing gestational age have not been reported.  

Alternatively, it is conceivable that proximal tubule cell injury (such as occurs following 

oxidative stress in the preterm neonate (46)), and/or an overload of filtered protein 

(given the protein fortification of milk that is essential for adequate postnatal growth in 

the preterm neonate (38)) may have additionally impacted on tubular protein uptake.   

Urinary NGAL as a marker of acute kidney injury? 

NGAL is excreted by renal proximal tubule cells as a response to acute kidney injury (51); 

however, NGAL is also known to be produced during nephrogenesis (22), and levels may 

also be raised due to unrelated clinical conditions such as late-onset sepsis (45).  Although 

there have been very promising results in populations of older paediatric patients (68), 

the usefulness of urinary NGAL as a marker of AKI in preterm neonates remains unclear 

(28, 32, 44, 45).  Certainly, in the present study we found a significant correlation 

between urinary NGAL levels and both gestational and postnatal age, which is consistent 

with previous studies (28, 32); these findings likely relate to the immaturity of the kidney, 

and the clinical instability of the younger neonates.  Importantly, the results of the 

current study demonstrated that urinary NGAL levels were not directly correlated with 

any indicators of renal function, apart from UTP.  Although two preterm neonates were 

observed to have concurrently high UTP and NGAL levels, which are suggestive of 

significant renal injury in these individual neonates, in general the neonates with 

pathological proteinuria did not exhibit high urinary NGAL levels.  There was also no 

association between NGAL levels at time points before or at the time of proteinuria onset, 

indicating that NGAL may not be predictive of renal injury.  As such, the clinical utility of 

NGAL in the diagnosis of acute kidney injury in the preterm neonate is questionable.   
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Strengths and limitations of the study 

This is one of only a few studies to have examined renal function among a large sample of 

preterm babies during the first month of life.  A wide variety of measures were used in 

order to comprehensively assess both glomerular and tubular function, including levels of 

urinary protein which has been examined in only a limited number of previous studies.  In 

this regard, one of the limitations of the study was the difficulties in obtaining spot urine 

samples in order to undertake the protein analyses.  Overall, 46.2% of the total number of 

requested urine samples were obtained.  Given the immaturity of the preterm kidney it is 

important to determine what levels of protein in the urine are normal, versus those that 

are pathological and thus indicative of renal injury in preterm neonates.  In order to do 

this, it is firstly important to establish the normal range of urinary protein levels in 

preterm neonates.  The results from this study have been important in working towards 

the development of a normal range; however, our findings are limited by the relatively 

small sample size.    

Conclusions:  The findings of this study demonstrate that renal maturity is the most 

important determinant of glomerular and tubular function among preterm neonates, 

with both CCr and FENa improving significantly in all gestational age groups by day 28 of 

life.  Of particular concern, a number of preterm neonates exhibited severe proteinuria 

which is likely indicative of postnatal renal injury; urinary NGAL, however, was not a 

useful marker or predictor of renal injury in this population.  In future studies it is 

important to identify the specific factors in the postnatal clinical care of the preterm 

neonate which may be leading to the high urinary protein excretion.  The consequences 

of proteinuria in the neonatal period are unknown; however, the potential for progressive 

renal injury and long-term renal dysfunction suggest the need for regular assessments of 

renal function in subjects that are born preterm.   
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ABSTRACT

Nephrogenesis is ongoing at the time of birth for the majority of preterm infants, but whether postnatal

renal development follows a similar trajectory to normal in utero growth is unknown. Here, we examined

tissue collected at autopsy from 28 kidneys from preterm neonates, whose postnatal survival ranged

from 2 to 68 days, including 6 that had restricted intrauterine growth. In addition, we examined kidneys

from 32 still-born gestational controls. We assessed the width of the nephrogenic zone, number of

glomerular generations, cross-sectional area of the renal corpuscle, and glomerular maturity and mor-

phology. Renal maturation accelerated after preterm birth, with an increased number of glomerular

generations and a decreased width of the nephrogenic zone in the kidneys of preterm neonates. Of

particular concern, compared with gestational controls, preterm kidneys had a greater percentage of

morphologically abnormal glomeruli and a significantly larger cross-sectional area of the renal corpuscle,

suggestive of renal hyperfiltration. These observations suggest that the preterm kidney may have fewer

functional nephrons, thereby increasing vulnerability to impaired renal function in both the early post-

natal period and later in life.

J Am Soc Nephrol 22: 1365–1374, 2011. doi: 10.1681/ASN.2010121266

The incidence of preterm birth continues to be high in

many countries worldwide.1,2 Furthermore, the sur-

vival of preterm neonates, particularly those born ex-

tremely preterm, has improved substantially over re-

cent decades with those born as early as 25 weeks of

gestation reported to have an 82% chance of survival.3

Preterm birth, however, is associated with many post-

natal complications during the neonatal period pri-

marily because of the vulnerability of the immature

organs.4,5 In this regard, renal dysfunction is com-

monly observed in preterm neonates.6–8 and this is

likely to be associated with the immaturity of the kid-

ney at the time of birth. Nephrogenesis in the human

kidney does not reach completion until approxi-

mately 36 weeks of gestation, with the majority of

nephrons formed in late gestation at a time when pre-

term infants have already been delivered.9,10

The immature preterm kidney with ongoing

nephrogenesis is likely to be vulnerable to the he-
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modynamic changes associated with preterm birth. Hence, it is

important to determine whether kidney development follows

the normal growth trajectory of that in utero, after preterm

delivery. To date, there have been few studies examining the

effect of preterm birth on nephrogenesis.11,12 A human autopsy

study by Rodriguez et al.11 found that compared with term-

born infants, the number of radial glomerular counts (glomer-

ular generations) in the kidney, an index of renal maturity, was

significantly reduced in preterm infants. It is important to

note, however, that a large proportion of the neonates in the

preterm group in this previous study were intrauterine growth

restricted (IUGR), which is a known cause of low nephron

endowment.9,13,14 A recent autopsy study by Faa et al.12 also

examined autopsied kidneys from 12 premature neonates and

found a low number of radial glomerular counts and marked

interindividual variability among preterm neonates. It could

not be ascertained from the study whether any of the preterm

neonates were also IUGR.

Recent nonhuman primate studies, undertaken using a

baboon model of preterm birth, have demonstrated that

although nephrogenesis continued after preterm delivery,

postnatal nephrogenesis was associated with an increased

risk of abnormal glomerular development, with the propor-

tion of abnormal glomeruli ranging from 0.2% up to

18%.15,16 The aim of the current study was to examine renal

morphology and glomerular maturation in the preterm hu-

man neonate and to determine whether preterm birth also

leads to the development of abnormal glomeruli in the hu-

man kidney.

RESULTS

Cause of Death and Illness

The most common causes of death and illness in the preterm

neonates included sepsis (58%), intraventricular/intracranial

hemorrhage (42%), necrotizing enterocolitis (37%), and re-

spiratory disease (32%). There was only one neonate in the

preterm group that was diagnosed with acute renal failure and

one neonate with mild renal failure. Six of the preterm ne-

onates were diagnosed with IUGR (two per postconcep-

tional age grouping). The majority of the gestational con-

trols investigated in this study died acutely in utero with an

undetermined cause of death (72%). Other causes included

acute asphyxia (16%), feto-maternal hemorrhage (6%), and

preterm labor (6%).

Neonatal Age and Growth Characteristics (Table 1)

Gestational age at birth in the two preterm groups ranged from

24 to 35 weeks and postnatal age ranged from 2 to 68 days.

Gestational age of the stillborn control neonates was in the

same range as the postconceptional age of the preterm neo-

nates (24 to 38 weeks). Gestational age of the non-IUGR and

IUGR preterm neonates at birth was significantly lower com-

pared with the gestational controls; however, postconceptional

age was similar in all groups.

Total combined kidney weights were also similar be-

tween groups (Figure 1A). Kidney weight relative to body

weight, however, was significantly greater in the preterm

group compared with the gestational control group (P ,

0.05) (Figure 1B). Within the two preterm groups, only

birth weight was significantly smaller in the IUGR preterm

neonates (Table 1); however, there was no difference in

body weights at autopsy, kidney weight, or kidney-to-body

weight ratio.

There was a significant positive correlation between body

weight at autopsy and postconceptional age in both the pre-

term neonates and the gestational controls (control: r2
5

0.87, P , 0.0001; preterm: r2
5 0.66, P , 0.0001). Kidney

weight also correlated significantly with increasing postcon-

ceptional age in both groups (control: r2
5 0.57, P , 0.0001;

preterm: r2
5 0.59, P , 0.0001).

Figure 1. Increased kidney-to-body weight ratio in preterm neonates. (A) Total combined kidney weight and (B) kidney weight relative
to body weight in gestational controls (white bars) and preterm neonates (black bars), grouped by postconceptional age. The number
of neonates in each group is indicated on the bars. Total kidney weight significantly increased with increasing postconceptional age (A).
Compared with the gestational controls, the preterm neonates had a significantly increased kidney-to-body weight ratio (B). Bars
represent mean 6 SEM. PA, postconceptional age; PP, prematurity; PAxP, interaction.
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Assessment of Nephrogenesis
Nephrogenic Zone Width.

In 10 kidneys (4 preterm and 6 gestational controls with a

postconceptional age $32-weeks) nephrogenesis was com-

plete before autopsy, with no evidence of a nephrogenic

zone. In kidneys with ongoing nephrogenesis the width of

the nephrogenic zone tended to decrease with increasing

postconceptional age (P 5 0.06) (Figure 2A). Overall, neph-

rogenic zone width was significantly decreased in the pre-

term group compared with the gestational controls (P ,

0.001).

Glomerular Generations.

Kidneys with ongoing nephrogenesis and those with com-

pleted nephrogenesis were analyzed separately. In kidneys that

had completed nephrogenesis (6 controls and 4 preterm),

there was no significant difference in the average number of

glomerular generations between the preterm group compared

with the gestational controls (control: 7.8 6 0.4; preterm:

8.3 6 0.6; P 5 0.55). In kidneys with ongoing nephrogenesis,

the number of glomerular generations increased significantly

with postconceptional age (Figure 2B). Importantly, the num-

ber of glomerular generations formed was significantly greater

in the preterm kidneys compared with the gestational controls

(P , 0.05).

There was a significant positive correlation between body

weight at autopsy and the number of glomerular generations in

both the preterm group (r2
5 0.54, P , 0.001) and the gesta-

tional controls (r2
5 0.54, P , 0.0001). Similarly, there was a

significant positive correlation between kidney weight and the

number of glomerular generations within both groups (con-

trol: r2
5 0.42, P , 0.001; preterm: r2

5 0.43, P , 0.001).

Assessment of Glomerular Size, Maturity, and

Morphology
Renal Corpuscle Cross-sectional Area.

Average renal corpuscle cross-sectional area was significantly

greater in the preterm group than in the gestational controls

(P , 0.0001) (Figure 2C). Linear regression analyses showed

no correlation between mean renal corpuscle area and gesta-

tional age, postconceptional age, or postnatal age in either the

control or the preterm groups.

Glomerular Maturity.

The percentage of glomeruli in the immature stages of glomer-

ular development (stages V [vesicle], S [comma-shaped and

S-shaped], and C [capillary loop]) significantly decreased with

increasing postconceptional age (P , 0.01) (Figure 3). Con-

versely, the percentage of glomeruli at stages II and III of de-

velopment significantly increased with increasing postconcep-

tional age (P , 0.01). The most common stage of

development, with approximately 50% of all glomeruli in each

Figure 2. Decreased nephrogenic zone width, increased number of glomerular generations, and increased renal corpuscle size in
kidneys from preterm neonates. (A) Nephrogenic zone width, (B) glomerular generation number, and (C) mean renal corpuscle
cross-sectional area in kidneys from gestational controls (white bars; 6 neonates with completed nephrogenesis were not included in
A and B) and preterm neonates (black bars; 4 neonates with completed nephrogenesis were not included in A and B), grouped by
postconceptional age. The number of neonates in each group is indicated on the bars. Average nephrogenic zone width was
significantly less in preterm neonates compared with gestational controls (A). The number of glomerular generations significantly
increased with increasing postconceptional age, and was significantly greater in the preterm neonates compared with the gestational
controls (B). Mean renal corpuscle cross-sectional area was significantly larger in the preterm neonates compared with the gestational
controls (C). Bars represent mean 6 SEM. PA, postconceptional age; PP, prematurity; PAxP, interaction.

Table 1. Age, sex, and body weights of the gestational controls and preterm neonates (non-IUGR and IUGR)

Control

(n 5 32)

Preterm

(n 5 22)

Preterm 1 IUGR

(n 5 6)

Gestational age (weeks) 31.0 6 0.8 (24 to 38) 27.9 6 0.7* (24 to 35) 27.0 6 0.7* (25 to 30)

Postnatal age (days) 18.3 6 3.4 (2 to 42) 30.7 6 12.5 (2 to 68)

Postconceptional age (weeks) 31.0 6 0.8 (24 to 38) 30.0 6 0.7 (24 to 38) 31.4 6 1.8 (25 to 37)

Sex ratio (M:F) 16:16 13:9 3:3

Birth weight (g) 1619 6 147 1228 6 107 628 6 108*#

Autopsy weight (g) 1642 6 146 1468 6 157 1150 6 330

Data presented as mean 6 SEM with data range in parentheses. *P , 0.05 compared with control group; #P , 0.05 compared with preterm group.
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kidney, was stage I; there was no change in the percentage of

glomeruli at stage I with increasing postconceptional age. Im-

portantly, the percentage of immature V-stage glomeruli was

significantly less in the preterm group than in the gestational

controls (P # 0.05).

Glomerular Morphology.

Morphologically abnormal glomeruli, with a dilated Bow-

man’s space and shrunken tuft, were commonly observed in

the outer cortex of preterm kidneys (Figure 4). All abnormal

glomeruli were noted to be in stage I of development. Over-

all, the proportion of abnormal glomeruli was significantly

greater in the kidneys of the preterm neonates compared

with the gestational controls (Figure 5). In preterm kidneys,

the proportion of abnormal glomeruli ranged from 0 to

13.7%, with a similar range observed across all postconcep-

tional age groupings. The kidney with the highest propor-

tion of abnormal glomeruli (13.7%) was from a preterm

neonate diagnosed with IUGR. The percentage of abnormal

glomeruli did not correlate with gestational, postconcep-

tional, or postnatal age.

Neonatal Medications

The full medical history, including the administration of

medications, was available for 20 of the 28 preterm neo-

nates. The most commonly administered medications were

antenatal steroids (55%), antibiotics (80%), nonsteroidal

anti-inflammatory drugs (indomethacin) (50%), and ino-

tropes (dopamine and dobutamine) (80%). Exposure to

prenatal and/or postnatal medications was not associated

with an increased percentage of abnormal glomeruli.

Oligonephronia in a Preterm Neonate

One preterm neonate was excluded from all analysis because of

significant renal abnormalities. This neonate, a male born at 28

Figure 3. Percentage of immature V-stage glomeruli is reduced in the kidneys of preterm neonates. The percentage of glomeruli at
each stage of maturity, in the gestational control (white bars) and preterm neonates (black bars), grouped by postconceptional age.
Control: #28 weeks (n 5 9), 29 to 31 weeks (n 5 5), $32 weeks (n 5 9); preterm: #28 weeks (n 5 8), 29 to 31 weeks (n 5 12), $32
weeks (n 5 6). The percentage of glomeruli at stages V (A), S (B), and C (C) significantly decreased with increasing postconceptional
age, whereas the percentage of glomeruli at stages II (E) and III (F) significantly increased. There was no change in the percentage of
glomeruli at stage I with increasing postconceptional age (D). A significantly lower percentage of V-stage glomeruli were observed in
the preterm kidneys compared with the gestational controls (A). Bars represent mean 6 SEM. PA, postconceptional age; PP,
prematurity; PAxP, interaction.

Figure 4. Abnormal glomerular morphology in the kidney of a
preterm neonate. Representative photomicrograph depicting ab-
normal glomeruli, with dilated Bowman’s space and shrunken tuft
(arrows), in the outer cortex of a preterm neonatal kidney.
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weeks gestation, survived postnatally for 19 days with death

attributed to necrotizing enterocolitis. Preterm delivery was

associated with a history of maternal pre-eclampsia and histo-

logic evidence of grade 2 (of 3) acute chorioamnionitis. Post-

natally, he was exposed to 5 doses of indomethacin and 9 doses

of gentamicin.

As shown in Figure 6, this neonate’s kidney had no evidence

of a nephrogenic zone at the time of analysis (30.7-week post-

conceptional age). Ninety-two percent of glomeruli within the

kidney were at stage III of development, and average renal

corpuscle area was 34,184 mm2 (approximately sixfold larger

than in any other kidney). No abnormal

glomeruli were observed in this kidney.

DISCUSSION

This study comprehensively examines the

effects of preterm birth on the normal

growth trajectory in autopsied kidneys

from both IUGR and non-IUGR preterm

neonates compared with stillborn gesta-

tional controls. Through this series of

structural analyses we have shown that pre-

term neonates exhibit accelerated postnatal

renal maturation with a reduced nephro-

genic zone width, reduced percentage of

immature V-stage glomeruli, and an in-

creased number of glomerular generations

compared with postconceptional age-matched

gestational controls. In addition, and of

particular concern, preterm kidneys exhib-

ited an enlarged renal corpuscle cross-sectional area and mor-

phologically abnormal glomeruli, with up to 13% of glomeruli

in the kidney affected. These findings may have important clin-

ical implications for both the short- and long-term renal health

of infants born preterm.

In agreement with previous studies,16,17 the preterm neo-

nates had a significantly increased kidney-to-body weight ratio

compared with the gestational controls. Mean renal corpuscle

area was also significantly increased in preterm kidneys, aver-

aging over 5000 mm2 compared with approximately 4000 mm2

in controls. These results were anticipated because the neona-

tal kidneys have undergone a dramatic hemodynamic change

after birth whereby the renal system switches from a fetal to a

neonatal organ with high blood flow and low vascular resis-

tance.18,19 Whether the glomerular enlargement observed in

the preterm kidneys is indicative of glomerular hyperfiltration,

however, cannot be determined in the current study. As the full

complement of nephrons is not achieved until late in gestation,

it is conceivable that the preterm kidney may not be able to

cope with the postnatal functional demands, resulting in com-

pensatory glomerular hypertrophy. Previous studies have

shown that glomerular hypertrophy and hyperfiltration lead to

glomerular injury and later nephron loss; these detrimental

changes are strongly linked to the development of long-term

renal disease.20,21 Further studies are required to ascertain

whether the glomerular hypertrophy is a pathologic, or a nor-

mal physiologic, process.

Importantly, we have demonstrated that preterm birth is

associated with accelerated renal maturation. Our findings

suggest that nephrogenic zone width is significantly reduced in

the kidneys of preterm neonates compared with gestational

controls at similar postconceptional ages, suggestive of early

cessation of nephrogenesis in the postnatal environment

and/or accelerated maturation of glomeruli. In support of this

Figure 6. Larger mean renal corpuscle area in a preterm neonate
with oligonephronia. Representative photomicrographs of the
outer renal cortex of (A) one preterm neonate with oligonephro-
nia (postconceptional age 30.7 weeks) and (B) one preterm neo-
nate with the appearance of normal renal development (postcon-
ceptional age 30.0 weeks). In the neonate with oligonephronia,
nephrogenesis is complete, with the single visible glomerulus at
stage III of development. In contrast, the kidney of the preterm
neonate in (B) exhibits an active nephrogenic zone, and the
numerous outer cortical glomeruli are in S-stage, C-stage, and
stage I of development. Furthermore, mean renal corpuscle area
was significantly larger in the neonate with oligonephronia (A).
Bar represents 100 mm.

Figure 5. Increased percentage of morphologically abnormal glomeruli in kidneys
from preterm neonates. The percentage of abnormal glomeruli in the kidneys of
gestational controls and preterm neonates, grouped by postconceptional age. Con-
trol: #28 weeks (n 5 9), 29 to 31 weeks (n 5 5), $32 weeks (n 5 9); preterm: #28 weeks
(n 5 8), 29 to 31 weeks (n 5 12), $32 weeks (n 5 6). The percentage of abnormal
glomeruli was significantly increased in the preterm group compared with the gesta-
tional controls. PA, postconceptional age; PP, prematurity; PAxP, interaction.
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finding, the percentage of immature V-stage glomeruli was

significantly reduced in the preterm kidney than in the gesta-

tional controls. Furthermore, glomerular generation number was

significantly increased in the preterm kidneys than in gestational

controls at similar postconceptional ages. The mechanisms lead-

ing to the accelerated renal maturation observed in the preterm

kidney are unknown, but may relate to factors in the care of the

neonate which promote organ maturation. Indeed, exposure to

antenatal glucocorticoids, which are commonly administered be-

fore preterm delivery to aid postnatal respiratory function,22 is

associated with renal functional maturation in the preterm neo-

nate.23 Furthermore, the administration of betamethasone is re-

ported to lead to a thinning of the nephrogenic zone in the fetal

rhesus monkey24 and an increased number of developed glomer-

uli were found in the kidneys from preterm baboons after ante-

natal exposure.16 In this study, many of the preterm neonates were

administered antenatal steroids. However, because full medical

histories could not be obtained for the whole cohort, we were

unable to determine if there were any maturational differences

between the neonates that were exposed to steroids compared

with the ones that were not.

In contrast, the results of previous autopsy studies by

Rodriguez et al.11 and Faa et al.12 indicated a reduced num-

ber of glomerular generations in the preterm kidney com-

pared with infants that were born at term, perhaps indica-

tive of a nephron deficit. In a nonhuman primate model of

preterm birth, however, we have previously demonstrated

that nephron endowment was not affected by preterm

birth.16 Similarly, in the current study we found no differ-

ence in glomerular generation number between gestational

control and preterm neonates in which nephrogenesis was

complete (ranging from 7 to 10 generations in each group).

Differences in the postnatal clinical course of the preterm

neonates examined in the current study and those in previ-

ously published studies11,12 may also account for the con-

trasting findings. Indeed, Faa et al.12 observed marked in-

terindividual variations in radial glomerular counts.

We had also initially hypothesized that the findings of a

reduced number of glomerular generations in the preterm kid-

ney by Rodriguez et al.11 may have been confounded by the

inclusion of preterm neonates that were also IUGR since this

possibility was not explored by the authors. In the present study,

although the included IUGR preterm neonates were significantly

smaller than the non-IUGR preterm neonates at birth, there was

no significant difference in kidney or body weights at autopsy.

Hence, it is not surprising that no differences were found in the

indices of renal development. This may be due to catch-up growth

of the kidney postnatally after preterm birth in the IUGR neonates

and/or the severity of the IUGR. Furthermore, a limitation of the

current study is that only a small number of preterm IUGR neo-

nates were assessed, which may have reduced the potential to ob-

serve statistical differences.

An important finding from this study is that many glomer-

uli in the outer cortex of the preterm kidney were morpholog-

ically abnormal, exhibiting an enlarged Bowman’s space and

shrunken glomerular tuft, and therefore unlikely to be func-

tional. The abnormal glomeruli (previously observed in hu-

man11 and baboon15,16 preterm neonates) were only present in

the outer cortex, suggesting that it is those glomeruli newly

formed in the extrauterine environment that are “at risk”. Cer-

tainly, kidneys with a large number of abnormal glomeruli are

likely to suffer a significant deficit of functional nephrons,

which is strongly linked to an increased susceptibility to hyper-

tension and renal disease later in life.25 In this regard, a number

of recent studies have linked preterm birth with both the de-

velopment of hypertension26 –36 and renal dysfunction;37 per-

haps one factor underlying these associations is a reduced

nephron endowment in infants born preterm. Further re-

search is needed, however, before this can be fully elucidated.

The large variation in the percentage of abnormal glomeruli

between neonates in this study, as well as in our previous stud-

ies,15,16 suggests that these abnormalities have not occurred as a

result of preterm birth per se, but may be related to differences

in the postnatal clinical course of the neonates. No clear link

between postnatal medication exposure and the extent of glo-

merular abnormalities was found in this study or in previous

studies,15 possibly because of the low sample size. Certainly,

however, the oligonephronia observed in one of the preterm

neonates, who had been exposed to a large number of doses of

both antibiotics (gentamicin) and nonsteroidal anti-inflam-

matory drugs (indomethacin) supports previous in vivo and in

vitro studies in experimental models that have demonstrated

adverse effects on nephrogenesis38 – 40 and renal morphology.41

In future, it is essential to identify potentially modifiable fac-

tors in the postnatal care of the preterm neonate (such as post-

natal administration of antibiotics and nonsteroidal anti-in-

flammatory drugs) that may be associated with impaired

nephrogenesis and abnormal glomerular development.

In conclusion, this study comprehensively examines

postnatal nephrogenesis in the human preterm kidney. We

found a decreased nephrogenic zone width, decreased per-

centage of immature V-stage glomeruli, and an increased

number of glomerular generations, which suggests acceler-

ated postnatal renal maturation. Of concern, there was a

significant increase in renal corpuscle cross-sectional area

and up to 13% of glomeruli were morphologically abnor-

mal. Together, these detrimental changes in the immature

glomeruli may ultimately result in a nephron deficit, which

is linked to the development of renal disease and hyperten-

sion later in life. These findings, therefore, have significant

implications for both the short- and long-term renal health

of infants born preterm.

CONCISE METHODS

In this retrospective study, archived neonatal kidneys were obtained

from the Women’s and Children’s Hospital in North Adelaide, South

Australia, and The Canberra Hospital in Woden, Australian Capital

Territory. Autopsies were performed in the range of years 1996
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through 2009. Ethics approval for autopsy was obtained from the

Children, Youth and Women’s Health Service Research Ethics Com-

mittee of South Australia and the Australian Capital Territory Human

Research Ethics Committee. Only infants with written informed pa-

rental consent for autopsy were included in the study.

Inclusion and Exclusion Criteria
Preterm neonates with postnatal survival .2 days were included in

this study. Any neonate with evidence of a congenital abnormality was

excluded. Neonates were also excluded if the kidneys were severely

macerated and/or the estimated time between fetal death and delivery

was .48 hours. One preterm infant was subsequently excluded be-

cause of the significant renal abnormalities observed.

Both IUGR and non-IUGR preterm neonates were included in

this study; however, data were analyzed separately to identify if there

was any effect of IUGR on the preterm kidney. Gestational controls

diagnosed with IUGR were excluded.

Neonatal Characteristics
Twenty-eight preterm neonates with postnatal survival of 2 or more

days, and 32 gestational controls were examined in this study. Six of

the preterm neonates had been diagnosed with IUGR (based on birth

weight, growth parameters, and brain weight-to-liver weight ratios).

Gestational age at birth was estimated using both the mother’s last

menstrual cycle and the Dubowitz clinical characteristics.42 Gesta-

tional controls were stillborn neonates that died acutely in utero.

Neonates were further divided according to postconceptional age

(sum of gestational age and postnatal age in weeks): #28 weeks (ex-

tremely preterm; control, n 5 9; preterm, n 5 10), 29 to 31 weeks

(very preterm; control, n 5 8; preterm, n 5 11), and $32 weeks

(moderately preterm; control, n 5 15; preterm, n 5 7). There were

two preterm IUGR neonates included in each of the postconceptional

age groupings.

Clinical History
Maternal and neonatal clinical histories were obtained from the au-

topsy reports and hospital medical records where available; we had

access to the full medical records from 20 preterm neonates. Maternal

clinical history included the administration of antenatal steroids.

Neonatal clinical history included gestational age at birth, postnatal

age at death, birth weight, autopsy weight, kidney weight, neonatal

illnesses, medications administered, and cause of death.

Collection of Kidneys at Autopsy and Tissue

Sectioning and Staining
Kidneys were excised, weighed, and cut in half in the longitudinal

plane. Larger kidneys were further transversely cut. Portions of the

kidney were embedded in paraffin blocks, sectioned at 5 mm, and

collected onto glass slides. Complete kidney sections with clear evi-

dence of cortex and medulla were selected and stained with hematox-

ylin and eosin and used for the assessment of nephrogenesis, glomer-

ular size, maturity, and morphology. During all analyses, researchers

were blinded to the gestational age and study grouping.

Assessment of Nephrogenesis
Nephrogenic Zone Width.
The width of the nephrogenic zone was measured using image anal-

ysis software (Image Pro Plus v. 6.0 for Windows, Media Cybernetics,

Silver Spring, Maryland). This method has previously been utilized to

assess renal maturity in both human43 and baboon16 fetal and neona-

tal kidneys. Kidney sections were viewed at 3200 magnification and

the width of the nephrogenic zone was measured in three to four

separate regions. The nephrogenic zone was defined as the area in the

outer renal cortex exhibiting developing nephrons in the form of

comma and S-shaped bodies. An average nephrogenic zone width was

determined for each kidney.

Glomerular Generation Number.
The medullary ray glomerular generation counting method was uti-

lized to estimate the number of glomerular generations formed within

the kidney. This method counts the number of glomeruli formed

along a medullary ray from the corticomedullary junction to the outer

renal cortex, including the glomeruli that form after ureteric branch-

ing is complete. This method has been validated by Hinchliffe and

colleagues,44 and also utilized in previous studies to assess renal ma-

turity in preterm human11–12,45 and baboon neonates.15,16 In one

complete paraffin section from each kidney, approximately five

clearly distinguishable medullary rays from separate regions of the

kidney section were identified and the number of mature glomeruli

along one side of the medullary ray was counted. An average number

of glomerular generations per kidney was obtained from the five re-

gions. In circumstances when clear medullary rays were not observed,

a straight line was drawn from the corticomedullary junction to the

outer renal cortex and all mature glomeruli along the line were

counted according to the protocol of Rodriguez and colleagues.11

Assessment of Glomerular Size, Maturity, and

Morphology
Renal Corpuscle Cross-sectional Area.
Renal corpuscle cross-sectional area was measured using image anal-

ysis software (Image Pro Plus v. 6.0 for Windows, Media Cybernetics,

Silver Spring, Maryland). A complete section from each kidney was

systematically sampled at 3400 magnification with a step length of 1

mm 3 1 mm. At each field of view, two glomeruli were chosen for

assessment (approximately 200 per kidney). If more than two glom-

eruli were observed, each glomerulus was assigned a number from 1 to

n. With use of a random number table, the first glomerulus (G1) was

selected for analysis. The second glomerulus (G2) was selected ac-

cording to the criteria of Nyengaard and Marcussen,46 where n is the

total number of glomeruli per field of view:

G2 5 G1 1
n

2

If the above equation resulted in G2 . n, then the following

equation was utilized:

G1 5 G1 2
n

2

The cross-sectional area of each selected renal corpuscle was then

determined by tracing the Bowman’s capsule, and the average area
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was calculated for each kidney. Abnormal glomeruli, exhibiting an

enlarged Bowman’s space and shrunken glomerular tuft, were ex-

cluded from the analysis.

Glomerular Maturity and Morphology.
With use of the same sampling method as described above, the mat-

urational stage of all glomeruli present in each field of view was re-

corded (approximately 300 glomeruli per kidney). The criterion for

grading each stage of glomerular maturity is detailed in Figure 7.

Immature glomeruli in the early stages of development (stages V,

C, and S) were graded according to the criteria of Naruse et al.47

More mature glomeruli (stages I, II, and III) were graded accord-

ing to the criteria of Thony et al.48 The percentage of abnormal

glomeruli at each stage of development per kidney was deter-

mined. Glomeruli were classified as abnormal if they exhibited a

grossly enlarged Bowman’s space and a shrunken glomerular tuft.

At each field of view, the numbers of normal and abnormal glom-

eruli were recorded, and the percentage of abnormal glomeruli per

kidney was determined.

Statistical Analysis
All statistical analyses were undertaken using GraphPad Prism v5.03

for windows (GraphPad Software, San Diego). An unpaired t test was

used to determine statistically significant differences in age and growth

characteristics between groups. Linear regression

analyses were undertaken to determine correla-

tions between the indices of fetal/neonatal growth

and renal morphology (birth weight, kidney

weight, nephrogenic zone width, glomerular gen-

eration number, renal corpuscle cross-sectional

area, glomerular maturity, and the percentage of

abnormal glomeruli) versus gestational, postnatal,

and postconceptional ages. This was followed by

an analysis of covariance (ANCOVA) to deter-

mine whether there were any significant differ-

ences in the slope and y-intercept of the linear re-

gression lines between the gestational control,

preterm, and preterm 1 IUGR groups. No differ-

ences were found between the preterm group and

the preterm 1 IUGR group in any indices of renal

development (kidney weight, kidney weight-to-

body weight ratio, nephrogenic zone width, glo-

merular generation number, renal corpuscle

cross-sectional area, and glomerular maturity);

therefore, all data were pooled.

A two-way ANOVA was utilized in the as-

sessment of renal development (nephrogenic

zone width, glomerular generation number,

renal corpuscle-cross-sectional area, and glo-

merular maturity) with the factors postcon-

ceptional age (A), prematurity (P), and the

interaction (AxP). This was followed by a

Bonferroni post hoc test to determine the dif-

ferences between groups at each age point. Sex

differences within groups was also analyzed

using a two-way ANOVA and no statistically

significant differences were found. The level of significance was

accepted at P , 0.05.
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ABSTRACT 

Preterm neonates are born with developmentally immature kidneys, with vascularisation 

of the immature glomeruli likely ongoing after birth.  Preterm birth, and the related 

increase in blood oxygen concentration, leads to impaired vascular development in a 

number of diseases of prematurity (including as bronchopulmonary dysplasia and 

retinopathy of prematurity).  Hence, it is likely that glomerular capillary development will 

also be impaired.  The aim of this study was to determine the effects of preterm birth on 

glomerular capillary length and surface area in a lamb model of preterm birth.  Preterm 

lambs were delivered at 130d gestation (term = 147d), and ventilated after birth 

(Preterm: n=7).  Term lambs were delivered naturally, and breathing was unassisted after 

birth (Term: n=7).  In each group, lambs were euthanised at postnatal day three, and the 

left kidney from each animal was perfusion-fixed.  In epon-araldite embedded sections of 

inner, mid, and outer renal cortex, stereological techniques were used to calculate 

average capillary length density and capillary surface area density per renal corpuscle.  

The results of this study indicated that glomerular size and capillary length vary according 

to cortical location, with the largest glomeruli localised to the inner renal cortex. 

Importantly, preterm birth was associated with glomerular capillary dilation; despite 

significantly reduced renal corpuscle size and capillary length density in the preterm lamb 

kidney, capillary surface area density was equivalent to term-born controls.  In the long-

term, if capillary dilation persists it may predispose to the development of 

glomerulosclerosis, and ultimately result in nephron loss.   
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INTRODUCTION 

Nephrogenesis (the development of nephrons in the kidney) is normally ongoing in late 

gestation.  Even after final nephron endowment is attained (by 32-36 weeks gestation 

(19, 43)) the vascularisation and maturation of glomeruli may be still ongoing (46).  As 

such, preterm neonates (delivered prior to 37 completed weeks of gestation) are born 

with a developmentally immature kidney (17).  Impaired vascularisation is known to be an 

underlying factor in a number of morbidities of prematurity such as bronchopulmonary 

dysplasia and retinopathy of prematurity (41, 48); therefore, it is likely that the 

development of the glomerular capillaries will also be affected.  In this regard, 

morphologically abnormal glomeruli with shrunken glomerular tufts are commonly 

observed in the outer renal cortex of the kidney in human neonates born preterm (38, 

43), and also in animals models of preterm birth (18, 44, 45), suggestive of impaired 

glomerular development or injury.   

Impaired vascularisation in other organ systems following preterm birth is related to high 

oxygen concentrations in the extrauterine environment (40).  The intrauterine 

environment is relatively hypoxic (13, 37), which is optimal for renal organogenesis (49).  

Preterm neonates at the time of birth are abruptly exposed to high oxygen 

concentrations relative to the intrauterine environment (21% to 100% O2 is used during 

resuscitation and ongoing supplemental oxygen therapy (33, 47)), with arterial blood 

oxygen saturation rapidly increasing after birth (21, 34).  These high oxygen 

concentrations are known to downregulate the expression of vascular endothelial growth 

factor (VEGF) (15, 25), which is essential for glomerular capillary growth and development 

(11).  In addition, there is a significant increase in cardiac output and renal blood flow 

after birth (1, 30).  It is conceivable that the resulting high pressures within the immature 

capillary may lead to vascular injury, as has been evidenced previously in the aortic arch 

of a sheep model of preterm birth (3).     

It is currently unknown, however, what effect preterm birth has on the immature 

vasculature of the glomeruli.  Using stereological techniques, the aim of this study was to 

assess glomerular capillary length and surface area following moderate preterm birth at 

130 days gestation (term = 147 days) in a lamb model.  In the lamb, nephrogenesis is 
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completed prior to delivery at approximately 120 days gestation (16), however the 

vascularisation of immature glomeruli is likely to be still ongoing at 130 days gestation 

(46).      
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METHODS 

Animals 

Preterm lambs were delivered via caesarean at 130 days gestation (term = 147 days), and 

were ventilated after birth (Preterm: n=7).  Control lambs were delivered naturally at 

term, and their breathing was unassisted after birth (Control: n=7).  All animals were 

euthanised at postnatal day three (approximately 72 hours after birth).  For a detailed 

description of the animal care procedures, see Reyburn et al. (35).  All protocols adhered 

to the American Physiological Society/National Institute of Health guidelines for the 

humane use of animals for research, and were approved by the Institutional Animal Care 

and Use Committee at the University of Utah Health Sciences Center.     

Tissue processing 

At necropsy, the left kidney of each lamb was excised and perfusion-fixed via the renal 

artery using 10% buffered formalin.  Kidneys were cleaned of connective tissue and fat, 

decapsulated, cut into quarters, and weighed.  Two opposing quarters were subsequently 

selected and sliced using a razor blade device into slices of 2 mm thickness.  From these, 

every third slice was selected (beginning from a random starting point).  In each selected 

slice, at a position selected at random, an approximately 2 mm wide strip of tissue, 

extending from the outer cortex to the medulla, was cut.  Each strip of tissue was then cut 

equally into three cubes of tissue representing the inner, mid and outer renal cortex.  

Four cubes of cortex per each of the three regions (12 per kidney) were post-fixed in 

osmium tetroxide before being embedded in epon araldite (5).  Epon araldite blocks were 

sectioned at 1 µm (with approximately ten sections collected per slide) and stained with 

toluidine blue.  

Sampling and photography of glomeruli 

Two glomeruli per section (24 per kidney) were chosen for analysis.  In order to randomly 

sample the glomeruli in an unbiased manner, one complete tissue section per slide was 

viewed at low magnification, and each glomerulus present in the section was numbered 

from 1 to n.  Incomplete glomeruli located at the edges of the section were excluded.  

Using a random number table, the first glomerulus (G1) was selected for analysis.  The 
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second glomerulus (G2) was selected according to the criteria of Nyengaard and 

Marcussen (28) where n is the total number of glomeruli per field of view: 

      
 

 
 

If the above equation resulted in G2 > n, then the following equation was utilised: 

      
 

 
 

Each selected glomerulus was then photographed using a 100X oil-immersion lens (Image 

Pro Plus, version 6.0).  Viewed at a total magnification of 1700X, imaging software (Adobe 

Photoshop CS5 Extended, version 12.0.4) was used to trace the inner margin of the 

Bowman’s capsule, and to trace the boundary of the capillary loops within the glomerular 

tuft (Figure 1).   

 

 

 

Figure 1: Representative photomicrograph of a renal corpuscle (preterm lamb, mid-
cortical region) with tracings along the inner boundary of the Bowman’s capsule and 
capillary walls.  These tracings are required for the calculation of renal corpuscle size, and 
capillary length and surface area.  Bar = 50 µm.  
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Assessment of renal corpuscle size, capillary length density, and surface area density 

Renal corpuscle cross-sectional area and capillary length and surface area density were 

determined using previously described stereological techniques (4, 5).  A 15 mm x 15 mm 

unbiased orthogonal grid was superimposed over the glomerular tracings.  The number of 

grid points overlaying the renal corpuscle (Pcorp), the number of capillary profiles within 

the glomerulus (Q-), and the number of capillary boundaries that intersect with the 

horizontal and vertical lines of the superimposed grid (Icap) were recorded.   

The following calculation was utilised to calculate renal corpuscle cross-sectional area: 

Renal corpuscle cross-sectional area (mm2) = Pcorp * a(p) 

Where Pcorp is the number of grid points overlaying the renal corpuscle, and a(p) is the 

area associated with each grid point. 

Capillary length density per renal corpuscle was calculated by: 

Lvcap, corp (mm/mm3) = (2 * Q-) / (Pcorp * a(p)) 

Where 2 is a constant that accounts for the capillaries being isotropic, Q- is the number of 

capillary profiles, Pcorp is the number of grid points overlaying the renal corpuscle, a(p) 

the area associated with each grid point.    

Capillary surface area density per renal corpuscle was calculated by:   

Svcap, corp (mm2/mm3) = (2 * Icap) / (Pcorp * k * d) 

Where 2 is a constant that accounts for the capillaries being isotropic, Icap is the number 

of intersections of horizontal and vertical gridlines with capillary boundaries, Pcorp is the 

number of grid points overlaying the renal corpuscle, k is a constant accounting for the 

number of lines associated with a grid point (k=2 for an orthogonal grid), and d is the 

distance between gridlines divided by the total magnification.      

Calculations for individual glomeruli were averaged separately for each of the inner, mid 

and outer cortical regions per kidney.   
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Assessment of renal morphology 

In each kidney, the presence or absence of morphologically abnormal glomeruli 

(exhibiting an enlarged Bowman’s space and shrunken glomerular tuft) was recorded.  To 

do this, an examination of all sections collected per kidney (approximately 10) was 

conducted at a low magnification. 

Statistical analysis 

Data were analysed using GraphPad Prism (version 5.03 for Windows; GraphPad 

Software, CA, USA), with all data presented as the mean ± the standard error of the mean 

(SEM).  Kidney weights were compared between preterm and control groups using a two-

tailed unpaired Student’s T-test.  Renal corpuscle cross-sectional area, capillary length 

density and capillary surface area density were analysed using a two-way analysis of 

variance (ANOVA), with the factors preterm birth (pP), region of cortex (pR), and their 

interaction (pPxR).  Statistical significance was accepted at the level of p<0.05.  
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RESULTS 

Kidney weight 

Left kidney weight averaged 15.7 ± 1.3 g in the control group, and 9.6 ± 0.8 g in the 

preterm group; kidney weight was significantly less in the preterm animals than those 

born at term (Figure 2).  

Renal corpuscle size 

Renal corpuscle cross-sectional area was significantly affected by the localisation of the 

glomerulus within the renal cortex, as well as preterm birth (Figure 3).  Renal corpuscles 

located in the inner renal cortex were largest, whereas those in the outer renal cortex 

were significantly smaller.  Renal corpuscle size was also significantly smaller in the 

preterm animals (mean: 4.25 ± 0.17 x 10-3 mm2) compared to those born at term (mean: 

5.43 ± 0.20 x 10-3 mm2).       

Capillary length and surface area density 

Average capillary length density per renal corpuscle (Figure 4A) was significantly affected 

by the localisation of the renal corpuscle within the renal cortex; capillary length density 

was greatest in glomeruli within the inner cortex and significantly less in the outer cortical 

glomeruli.  Overall, capillary length density was significantly reduced in the preterm 

kidneys compared to the term controls.  There was no effect of either the cortical location 

or preterm birth on average capillary surface area density per renal corpuscle (Figure 4B).   

Renal morphology 

Overall, there was no overt difference in renal cortical morphology between the preterm 

and control animals, and there was no evidence of morphological glomerular 

abnormalities in the kidneys of the preterm lambs.     
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Figure 2:  Left kidney weight in term control animals (black) compared to preterm animals 
(grey).  Kidney weight was significantly greater in the term controls *p=0.002.       
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Figure 3:  Renal corpuscle cross-sectional area in control (black) and preterm (grey) 
groups.  There was a significant effect of both preterm birth (pP<0.04) and region of 
cortex (pR<0.03) on renal corpuscle size. 
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Figure 4:  Average capillary length density per renal corpuscle (A) and average capillary 
surface area density per renal corpuscle (B) in control (black) and preterm (grey) groups.  
There was a significant effect of both preterm birth (pP<0.04) and region of cortex 
(pR<0.03) on capillary length density (A).   



Chapter Four 

 

169 
 

DISCUSSION 

Through this assessment of glomerular capillary growth in the moderately preterm lamb 

kidney, we have shown that glomerular size and capillary length vary according to cortical 

location.  Importantly, preterm birth was associated with glomerular capillary dilation; 

despite significantly reduced renal corpuscle size and capillary length density in the 

preterm lamb kidney, capillary surface area density was equivalent to term-born controls.   

Renal corpuscle size and glomerular capillary length vary according to cortical region  

In both the moderately preterm lamb kidney and the term lamb kidney at postnatal day 

three, renal corpuscle size significantly differed according to the localisation of the 

glomeruli within the renal cortex.  Glomeruli present in the outer renal cortex were 

significantly smaller than glomeruli located within the mid and the inner renal cortex 

(where glomeruli were observed to be the largest).  Accordingly, there was also an effect 

of cortical region on capillary length density, with the smaller glomeruli in the outer renal 

cortex exhibiting a reduced capillary length density than the larger inner-cortical 

glomeruli.      

The distribution pattern of glomerular size observed in the current study has previously 

been noted in human kidneys during gestation and into childhood (27, 42).  In contrast, 

however, studies in adults have demonstrated that although significant heterogeneity 

exists in glomerular size within individual kidneys, regional differences are not observed 

(32, 39, 51).  The difference in glomerular size and capillary length according to cortical 

region likely relates to the maturity of the glomeruli; by the completion of nephrogenesis, 

the oldest nephron is positioned near to the medulla, whereas the most recently formed 

nephrons (the smallest) are positioned in the outer renal cortex beneath the renal 

capsule (29).  It is therefore probable that the development and vascularisation of 

juxtamedullary glomeruli, at any given time point, is at a more advanced stage than in 

those glomeruli that were most recently formed.  Furthermore, the anatomy and 

functionality of glomeruli is known to differ according to cortical region.  For example, 

glomeruli localised to the inner cortex, with a long loop of Henle extending into the 

medulla, are noticeably different in comparison to short-looped glomeruli originating 

within the mid and outer renal cortex (2, 39).  It is to be noted, however, that capillary 
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surface area density per renal corpuscle (measure of filtration surface area) was not 

different between glomeruli in different cortical regions, suggesting equivalent capacities 

for glomerular filtration regardless of the location of the glomerulus within the renal 

cortex.    

Preterm birth leads to the dilation of glomerular capillaries 

Despite the significantly reduced renal corpuscle size and capillary length density evident 

in the glomeruli of the preterm animals, capillary surface area density was equivalent to 

the term controls.  This suggests that substantial dilation of the shorter glomerular 

capillaries occurs in the preterm kidney after birth.  A comparison with results derived 

from a previous study, conducted in gestational control lambs, demonstrates that renal 

corpuscle size and capillary length density are very similar in the preterm lamb (delivered 

at 130 days gestation and examined at postnatal day 3) to the levels expected in utero 

(26).  Average capillary surface area density per renal corpuscle, however, was 

approximately ten-fold larger in the preterm kidneys compared to the gestational 

controls (26); this result further supports the finding of glomerular capillary dilatation 

after birth. 

The increased dilation of glomerular capillaries observed in the preterm kidney is likely 

due to the increased functional demands on the kidney and/or the haemodynamic 

changes that occur after birth; namely, increases in renal blood flow (1, 30) and blood 

oxygen saturation (21, 34).  Indeed, it has been shown that raised intraglomerular blood 

pressure results in mechanical stretch of the capillary wall (23), which has an anti-

proliferative effect on podocytes (31), and a pro-proliferative effect on mesangial and 

vascular smooth muscle cells (7, 23, 36).  If stabilisation of the capillary through the action 

of the glomerular basement membrane and podocytes fails, perhaps due to structural 

immaturity of the glomerulus, the increased pressure within the lumen will result in 

dilation of the capillary (22, 23).  Additionally, increased blood oxygen saturation levels 

are known to downregulate the expression of VEGF (15, 25) which ultimately results in 

the structural breakdown of the glomerular filtration barrier (12, 50).  Besides damaging 

the structural integrity of existing glomerular capillaries, it is hypothesised that 
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attenuations in VEGF expression would also impair any ongoing vascularisation in this 

model (11).      

In previous studies of human and baboon preterm neonates, we have reported the 

presence of morphologically abnormal glomeruli, with shrunken glomerular tufts, in the 

outer renal cortex of the kidney (18, 43-45).  The abnormal glomeruli were only observed 

in the outer renal cortex, suggesting that it is only glomeruli that were newly formed that 

are at risk of impairment (17).  Interestingly, however, no abnormal glomeruli were 

observed in the preterm lamb kidneys in the current study.  The difference between this 

study and those conducted previously is that nephrogenesis was completed in the lamb 

prior to the induction of preterm birth.  Therefore, the absence of abnormal glomeruli in 

this model supports the premise that the glomerular abnormalities are the result of 

impaired nephrogenesis, and/or injury, to the developing glomeruli.   

Potential outcomes of capillary dilation 

In this study, it was not possible to determine whether the increased capillary dilation in 

the preterm kidney represents a pathological process that will lead to subsequent renal 

injury.  Based on Laplace’s law (the tension within a sphere is a product of the pressure 

within the sphere and its radius (24)), however, it has been suggested that enlarged 

capillary lumen size would result in an increased susceptibility to hypertensive damage 

(10, 14); this is important given that there is strong epidemiological evidence linking 

preterm birth to the development of hypertension in children and adults (6, 8).  Capillary 

dilation also increases the risk of adhesion of the glomerular tuft to the Bowman’s 

capsule, thus leading to the development of focal segmental glomerulosclerosis (FSGS) 

and subsequent nephron loss (9, 23).  In this regard, there has been one study to describe 

renal pathology in preterm-born individuals in late childhood and adulthood; in a group of 

six people born at 22-30 weeks gestation, and assessed at 15-52 years of age, there were 

typical findings of post-adaptive focal segmental glomerulosclerosis in the absence of 

other risk factors for FSGS (20).  Given that glomerular hypertrophy is already evident in 

the preterm lambs at the beginning of life, in future studies it would be beneficial to 

assess the kidneys of preterm-born lambs at later time points in order to determine 
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whether glomerulosclerosis and/or impaired vascular development (reductions in 

capillary length) does occur in this model as we had originally hypothesised.    

Conclusions:  The findings from this study demonstrate that as a result of moderate 

preterm birth in the lamb, glomerular capillary dilation occurs in glomeruli located 

throughout the renal cortex.  If the glomerular capillary dilation persists, this may 

predispose to glomerulosclerosis, nephron loss, and thereby have long-term deleterious 

effects on renal function in individuals born preterm.    
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ABSTRACT 

Preterm neonates are born while nephrogenesis is ongoing and are commonly exposed to 

factors in the extrauterine environment that may impair renal development.  

Supplemental oxygen therapy exposes the preterm infant to a hyperoxic environment 

which may induce oxidative stress.  Our aim was to determine the immediate and long-

term effects of exposure to hyperoxia, during the period of postnatal nephrogenesis, on 

renal development.  Newborn mice (C57BL/6) were kept in a normoxic (room air, 21% 

oxygen) or a controlled hyperoxic (65% oxygen) environment from birth to postnatal day 

7 (P7).  From P7, animals were maintained in room air until adulthood at postnatal day 56 

(P56).  Pups were assessed for glomerular maturity and renal corpuscle cross-sectional 

area at P7 (short-term survival group: control n=14; hyperoxic n=14).  Nephron number 

and renal corpuscle size were determined stereologically at P56 (long-term survival 

group: control n=14; hyperoxic n=14).  At P7, there was no effect of hyperoxia on 

glomerular size or maturity.  In adulthood (P56), kidney weight relative to body weight, 

and kidney volume were not different between hyperoxia-exposed animals and controls.  

At P56, nephron number averaged 10,140 ± 433 in the controls and 9,425 ± 327 in the 

hyperoxia-exposed animals, with no significant difference between treatment groups.  

However, in adult mice renal corpuscle volume was significantly greater in the hyperoxia-

exposed animals compared to the controls (p=0.03).  As glomerular hypertrophy is a key 

antecedent to renal disease, our findings have important implications for the long-term 

renal health of preterm infants exposed to hyperoxic gas during the neonatal period.  
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INTRODUCTION 

Nephrogenesis (the formation of nephrons in the kidney) is usually complete by about 32-

36 weeks of human gestation (12, 33).  Hence, preterm infants are often born at a time 

when nephrogenesis is ongoing; in these infants, nephrogenesis continues after birth (9, 

33).  It is apparent that renal development may be impaired after preterm birth, with 

studies demonstrating accelerated postnatal renal maturation (33) and reduced 

formation of glomeruli (30).  Of particular concern, glomerular abnormalities are often 

present in the outer renal cortex of preterm infants, where the most recently formed 

glomeruli are located (9, 30, 33, 34).  In preterm infants, the number of morphologically 

abnormal glomeruli within the kidneys is variable, with a high proportion of glomerular 

abnormalities in some kidneys, whereas other kidneys appear to be unaffected (33).  

Although the cause of the glomerular abnormalities is unknown, the abnormal glomeruli 

are located only within the outer renal cortex, and are in an immature stage of 

development (33), suggesting that it is the nephrons that are formed in the extrauterine 

environment that are ‘at risk.’  Therefore, it may be factors associated with the postnatal 

care of the infant that are leading to the abnormalities.   

Supplemental oxygen therapy is common practice in the care of preterm neonates, and 

high levels of oxygen in the neonatal period may adversely impact upon nephrogenesis.  It 

has been shown in explants of rat kidneys that low oxygen concentrations (1-3%) are 

optimal for renal vascular and tubular development (35).  The intrauterine environment is 

relatively hypoxic (6, 29), with arterial oxygen saturation rising immediately after birth 

(18, 28).  Preterm neonates at the time of birth are therefore abruptly and prematurely 

exposed to high oxygen concentrations relative to the intrauterine environment.  It is now 

recognised that even brief exposure to high oxygen concentrations can lead to oxidative 

stress (37, 38); free radicals are reported to cause cellular injury and cell death when the 

antioxidant capacity of the neonate is overwhelmed (21).  Preterm infants are particularly 

vulnerable as they have low concentrations of antioxidants (8, 19).  In this regard, 

common diseases of prematurity such as bronchopulmonary dysplasia, retinopathy of 

prematurity, necrotising enterocolitis, patent ductus arteriosus and periventricular 

leukomalacia are all strongly linked to oxidative stress (31).   
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In the kidney, oxidative stress is associated with proximal tubule injury in human 

neonates (26, 40).  It is likely that it may also lead to injury to the glomerular capillaries 

and thus may be the cause of the glomerular abnormalities in kidneys of preterm infants.  

Early life exposure to hyperoxia in rats (80% oxygen from postnatal day 3-10, a time when 

nephrogenesis is still ongoing) has been shown to lead to hypertension, microvascular 

rarefaction, vascular dysfunction, and a 25% reduction in nephron endowment in 

adulthood (41), strongly suggesting that hyperoxia during nephrogenesis adversely 

impacts on renal development.   

Hence, the aim of the present study was to determine whether exposure to hyperoxia 

during postnatal nephrogenesis in the neonatal mouse leads to abnormal glomerular 

formation, size, and maturation.  In mice, nephrogenesis begins during mid-gestation and 

continues until approximately 7 days after birth (3, 11).  After exposing pups to 

moderately high oxygen concentrations (65% O2) during the neonatal period, we 

examined the kidneys at two time points: immediately following hyperoxic exposure at 

postnatal day 7 (P7) and in early adulthood at P56.  At P7, we assessed the immediate 

consequences of neonatal hyperoxia on glomerular morphology, size, and maturation.  At 

P56, nephron number was stereologically measured, which indicates the final 

complement of nephrons formed.  The size of the glomeruli at P56 was also determined.  

 



Chapter Five 

 

183 
 

METHODS 

Animals 

Mice (C57BL/6) were born naturally at term and exposed to hyperoxic gas (hyperoxia 

group, 65% O2), or room air (control group, 21% O2), from the time of birth (P0) until P7.  

Pregnant dams in the hyperoxia group were exposed to 65% O2 from 0.5 days prior to 

birth such that pups were born into the hyperoxic environment.  O2 and CO2 

concentrations in the mouse housing chambers were continuously monitored (Servoflex 

MiniMP 5200; Servomex) for the duration of the hyperoxia exposure period; CO2 

concentrations did not rise throughout the exposure period.  We used 65% O2 to avoid 

maternal and neonatal death through severe oxygen toxicity; this is a lower O2 

concentration than has been used in other recent studies (36, 41).  All studies were 

approved by the Monash University Animal Ethics Committee and the treatment and care 

of animals conformed to the National Health and Medical Research Council of Australia’s 

Code of Practice for the Care and Use of Animals for Scientific Purposes. 

Experimental Groups 

Fourteen control litters (7 short-term survival and 7 long-term survival) and 14 hyperoxia-

exposed litters (7 short-term survival and 7 long-term survival) were analysed in this 

study.  In all groups one male and one female pup, selected at random, were analysed per 

litter.   

Short-term survival (P7) group:  Hyperoxia-exposed pups were continuously exposed to 

hyperoxic gas (65% oxygen) from P0 to P7 (Hyperoxia; male n=7, female n=7).  Controls 

breathed room air (21% oxygen) from P0 to P7 (Control; male n=7, female n=7).  At P7, 

the offspring underwent necropsy for collection of the kidneys.  Pups were weighed at 

birth and at P7. 

Long-term survival (P56) group: Hyperoxia-exposed pups were continuously exposed to 

hyperoxic gas (65% oxygen) from P0 to P7, and then raised in room air (21% oxygen) until 

adulthood at P56 (Hyperoxia; male n=7, female n=7).  Controls were exposed to room air 

(21% oxygen) from P0 to P56 (Control; male n=7, female n=7).  Offspring were weaned at 
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P21, and were weighed weekly from birth to P56.  At P56, the mice underwent necropsy 

for collection of the kidneys.   

Tissue Processing 

All kidneys collected at necropsy were cleaned of connective tissue and immersion-fixed 

in 10% buffered formalin.  The entire right kidney from each animal in the short-term 

survival groups was paraffin-embedded and sectioned at 7 µm.  Every 10th section was 

collected and stained with haematoxylin and eosin.  The right kidney from each animal in 

the long-term survival groups was weighed, cut in half along the coronal axis, and 

embedded in glycolmethacrylate.  Glycolmethacrylate blocks (one per kidney) were 

serially sectioned at 20µm, with every 10th and 11th section collected and stained with 

haematoxylin and eosin.  During all analyses, researchers were blinded as to the sex and 

experimental grouping of each animal.   

Short-Term Survival Group:  Renal Corpuscle Cross-Sectional Area and Glomerular 

Maturity 

Haematoxylin and eosin stained paraffin sections of kidneys from the short-term survival 

groups (P7) were used in the assessment of the cross-sectional area and maturity of renal 

corpuscles; the renal corpuscle comprises the Bowman’s capsule, Bowman’s space and 

glomerular tuft.  Every 10th section from each kidney was systematically sampled at 1500x 

magnification, at a step length of 1mm x 1mm in the x- and y-axis.  At each field of view, 

two glomeruli were randomly chosen for assessment, as described previously (33).  The 

cross-sectional area of each renal corpuscle was determined by tracing the perimeter of 

the Bowman’s capsule using image analysis software (Image Pro Plus, v6.0 for Windows; 

Media Cybernetics, MD, USA); the average renal corpuscle cross-sectional area was then 

calculated per kidney (33).   

For each field of view, using the uniform systematic sampling method described above, 

the stage of maturation of all glomeruli within each sampled field was recorded (33).  

Glomeruli were classified as stage 0 if they were still developing (at the vesicle, comma-

shape, S-shape or capillary loop stages of development).  Stage 1 comprised immature 

fully formed glomeruli with at least half of the glomerular tuft lined with dark-staining 
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epithelial cells, and a densely cellular glomerular tuft.  Stage 2 glomeruli presented less 

than half of the glomerular circumference lined with darkly-stained cells, and Stage 3 

glomeruli (most mature) had no dark-staining layer of cells surrounding the glomerular 

tuft, and a more open glomerular tuft (33). 

Long-Term Survival Group:  Kidney Volume, Renal Corpuscle Volume, and Nephron 

Number 

Haematoxylin and eosin stained glycolmethacrylate sections of kidneys from the long-

term survival group (P56) were used in the stereological estimation of kidney volume, 

nephron number and renal corpuscle volume.  Kidney volume was estimated using the 

Cavalieri principle (10, 32).  Three pairs of intact 10th and 11th sections from each kidney 

(each section showing two faces of kidney tissue, as the kidneys were cut in half prior to 

embedding) were used in the estimation of nephron number.  The number of glomeruli 

(and thereby nephrons) was estimated using an unbiased physical disector/fractionator 

technique (1, 25, 32).  Renal corpuscle volume was also stereologically measured (1, 25, 

32); glomerular tuft volume was not used as a measure of glomerular size due to the 

likely collapse of capillaries following tissue processing procedures (1).  These techniques 

have been previously described in detail (32).   

Statistical Analysis 

Data were analysed using GraphPad Prism (v5.03 for Windows; GraphPad Software, CA, 

USA), with data presented as the mean ± the standard error of the mean (SEM).  Data at 

each age point (P7 and P56) were analysed using a two-way analysis of variance (ANOVA), 

with the factors sex (pS), hyperoxic gas exposure (pH), and their interaction (pSxH).  To 

identify differences between individual groups, a Bonferroni post-hoc test was conducted 

following the two-way ANOVA.  The growth trajectory of animals from birth to P56 was 

analysed using a two-way ANOVA with repeated measures, with the factors postnatal age 

(pA), hyperoxic gas exposure (pH), and their interaction (pSxH); this was also followed by a 

Bonferroni post-hoc test.  Body weights at the two endpoints, P7 and P56, were further 

assessed using an unpaired two-tailed Student’s t-test.  At P56, linear regression analyses 

were also undertaken to determine correlations between kidney volume and body 

weight, and between nephron number and kidney weight and volume.  An analysis of co-
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variance was subsequently applied to determine whether there were any significant 

differences in the slope and y-intercept of the linear regression lines between the control 

and hyperoxia-exposed groups.  Statistical significance was accepted at the level of 

p≤0.05.   
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RESULTS 

Short-Term Survival Group 

Body weight:  There was no significant difference between experimental groups, or 

between sexes, in birth weights.  Body weights at P7 were significantly lower in the 

hyperoxia-exposed animals compared to controls (p=0.05), with no effect of sex on body 

weight (Figure 1A).   

Renal corpuscle cross-sectional area:  The cross-sectional area of the renal corpuscle at 

P7 averaged 1561 µm2.  There was no significant difference in renal corpuscle cross-

sectional area between sexes, or between hyperoxia-exposed animals and the controls 

(Figure 1B).   

Renal morphology:  There was no observable difference in renal cortical morphology 

between control and hyperoxia-exposed animals (Figure 2), and there was no evidence of 

morphological glomerular abnormalities in the kidneys of hyperoxia-exposed mice.  There 

was evidence of ongoing nephrogenesis in all kidneys examined at P7, with glomeruli in 

stage 0 of development (most immature stage) present in the outer renal cortex of all 

control and hyperoxia-exposed animals (Figure 2).   

Glomerular maturity: The percentage of glomeruli at each maturational stage is shown in 

Figure 3.  There was no significant effect of sex or hyperoxia-exposure on glomerular 

maturity.  In all kidneys, the majority of glomeruli (approximately 64% per kidney) were at 

stage 1 of development (immature), 19% were at stage 2 (intermediate), and an average 

of 8% were at both stage 0 (developing) and stage 3 (mature).   
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Figure 1:  Body weight (A) and renal corpuscle cross-sectional area (B) of control and 
hyperoxia-exposed animals at P7 (male, black; female, grey).  Hyperoxia exposure (pH) 
resulted in significantly reduced body weight compared to controls.  There was no effect 
of sex (pS) on body weight at P7 (A).  There was no effect of sex (PS) or hyperoxia-
exposure (pH) on renal corpuscle cross-sectional area (B).  *p ≤ 0.05 control versus 
hyperoxia. 

 

 

Figure 2:  Representative photomicrographs of renal cortical morphology in neonatal (P7) 
and adult (P56) mice.  Developing glomeruli (stage 0) were present in the outer renal 
cortex of all kidneys examined in the control (A) and hyperoxia-exposed (B) groups at P7 
(arrows).  In adult kidneys at P56, there was no discernible difference in renal morphology 
between control (C) and hyperoxia-exposed (D) animals.  There was no evidence of 
morphologically abnormal glomeruli in the outer renal cortex of hyperoxia-exposed 
kidneys.  Scale bar represents 50µm.  
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Figure 3:  Percentage of glomeruli at each stage of maturity: Stage 0 (A; developing 
glomerulus), stage 1 (B; immature glomerulus), stage 2 (C; intermediate glomerulus), and 
stage 3 (D; mature glomerulus).  Males are shown in the black bars and females in the 
grey bars.  There was no effect of sex (pS) or hyperoxia-exposure (pH) on the percentage 
of glomeruli at any stage of glomerular maturity.  
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Long-Term Survival Group 

Body weight:  Mean body weight increased from 1.3 ± 0.0 g at birth, to 25.0 ± 0.4 g in 

males and 19.1 ± 0.3 g in females by P56.  The postnatal increase in body weights of 

females followed the same trajectory as males until P28; from P28 to P56, males were 

significantly heavier than females (p<0.001).  There was no overall effect of hyperoxia on 

the growth trajectory of male and female animals between birth to P56 (Figure 4); 

however, body weights were significantly reduced in both male and female hyperoxia-

exposed animals at P7.   

Kidney weight and volume:  At P56, absolute right kidney weights (Figure 5A) and 

volumes (Figure 5C) were significantly smaller in females compared to males, with no 

effect of hyperoxia on kidney size.  However, a strong trend (p=0.06) was evident for an 

increased kidney weight relative to body weight in females compared to males (Figure 

5B).  In both the control and hyperoxia-exposed groups there was a significant positive 

linear correlation between kidney weight and body weight (Control: r2= 0.84, p=0.0002; 

Hyperoxia: r2=0.67, p=0.004), as well as kidney volume and body weight (Control: r2= 

0.72, p<0.0001; Hyperoxia: r2=0.56, p=0.002) at P56. 

Renal morphology: There was no discernible difference in renal cortical morphology 

between control and hyperoxia-exposed animals at P56, with no evident morphological 

glomerular abnormalities (Figure 2).   

Nephron number and density: At P56, nephron number (Figure 6A) ranged from 8,191 to 

12,860 in the control animals (mean: 10,140 ± 433), and from 7,212 to 10,980 in the 

hyperoxia-exposed animals (mean: 9,425 ± 327); there was no significant effect of sex or 

early life hyperoxia exposure on nephron number.  Nephron density (number of nephrons 

per mm3 of kidney tissue) was significantly greater in females compared to males (Figure 

6B).  There was no significant correlation between nephron number and kidney weight, 

kidney volume, or body weight.   

 

 



 

191 
 

Postnatal Age (days)

B
o

d
y 

W
e

ig
h

t 
(g

)
0 7 14 21 28 35 42 49 56

0

5

10

15

20

25

30
Control

Hyperoxia

pA < 0.0001

pH = 0.40

pAxH = 0.17

B
o

d
y 

W
e

ig
h

t 
(g

)

0 7 14 21 28 35 42 49 56
0

5

10

15

20

25

30
Control

Hyperoxia

pA < 0.0001

pH = 0.19

pAxH = 0.38

Postnatal Age (days)

Males FemalesA B

* *

 

Figure 4:  Growth trajectory of male (A) and female (B) animals from birth to P56.  Controls are shown by black lines and hyperoxia-exposed by 
grey lines.  Body weights significantly increased with increasing postnatal age (pA).  Hyperoxia-exposure significantly reduced body weight at P7 
in both male and female animals, but there was overall no effect of hyperoxia exposure on the growth trajectory from birth to P56 (pH).  
*p<0.01 control versus hyperoxia.   
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Figure 5:  Kidney weight (A), kidney weight to body weight ratio (B) and kidney volume (C) in males (black) and females (grey) in control and 
hyperoxia-exposed groups.  There was a significant effect of sex (pS) on kidney weight (A) and kidney volume (C), with a greater kidney size 
evident in the males.  There was no effect of hyperoxia-exposure (pH) on any parameter of kidney size. 
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(grey) in control and hyperoxia-exposed groups.  There was no effect of sex (pS) or 
hyperoxia exposure (pH) on nephron number (A).  Nephron density was significantly 
increased in females compared to males (pS), with no effect of hyperoxia exposure (B).   

 

Renal corpuscle volume: At P56, renal corpuscle volume was significantly greater (p=0.03) 

in hyperoxia-exposed kidneys compared to controls (Figure 7A).  There was no difference 

in renal corpuscle volume between males and females.  There was a significant inverse 

linear correlation between renal corpuscle volume and nephron number, within both the 

control (r2=0.57, p=0.002) and hyperoxia-exposed (r2=0.51, p=0.004) groups (Figure 7B).  

There was a strong trend (p=0.08) for a difference in the slopes of the regression lines 

between the control and hyperoxia groups, such that for a decline of 1000 nephrons, 

renal corpuscle volume was increased by 0.20  ± 0.00 mm3 in control animals, and 0.41 ± 

0.12 mm3 in hyperoxia-exposed animals (Figure 7B).   
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(A).  Linear regression analyses of the correlation between renal corpuscle volume and 
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DISCUSSION 

In this study, exposure to hyperoxic gas during the period of postnatal nephrogenesis did 

not lead to any overt adverse effects on renal development, with no detectable evidence 

of abnormal renal morphology, or alterations in glomerular size or maturation in the early 

postnatal period.  By early adulthood, however, even though kidney size and nephron 

number were normal, glomerular hypertrophy had developed in the hyperoxia-exposed 

kidneys; this may have long-term adverse implications for renal health in that glomerular 

hypertrophy is strongly linked to the progression of renal disease. 

Hyperoxia does not appear to affect nephrogenesis 

Given the adverse effects of hyperoxia in other organ systems (31), it was considered 

likely that hyperoxic exposure in the neonate would also impair nephrogenesis.  We 

hypothesised that the development of glomeruli would be adversely affected as high 

oxygen concentrations have been shown to impair vascular development, likely due to 

altered vascular endothelial growth factor (VEGF) expression (7, 20); VEGF is a growth 

factor essential to glomerular capillary growth and development (4).  Furthermore, an 

increase in oxygen concentration has previously been postulated to trigger the cessation 

of nephrogenesis in the mouse kidney, with a significant change in the expression profile 

of genes involved in nephrogenesis evident immediately following birth (2).  Contrary to 

our hypothesis, however, we found no overt evidence to suggest that exposure to 

hyperoxia adversely impacts renal development in the early postnatal period (P7), at a 

time when nephrogenesis is ongoing in the mouse; kidney morphology was normal in the 

hyperoxia-exposed kidneys, and glomerular size and maturation were not different 

compared to controls. 

In adulthood, nephron number was not different between male and female mice; 

however, nephron density was significantly greater in females which may be explained by 

their reduced kidney size in adulthood.  The results of previous studies investigating sex 

differences in the C57BL/6 mouse model, with regards to nephron endowment, have to 

date been inconclusive (13, 24).   
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In accordance with our finding of no impairment of renal development at P7, nephron 

number in early adulthood (P56) was also unaffected by neonatal hyperoxia.  This is an 

interesting finding given that body weight was significantly reduced in the hyperoxia-

exposed offspring at P7; in general, the number of nephrons formed in the kidney directly 

correlates with body growth (27).  Nephrogenesis in the mouse commences in mid-

gestation, and continues during the first 1-2 weeks postnatally.  In our study, since the 

hyperoxic insult was initiated at birth, it was only postnatal growth that was reduced.  The 

short duration of the hyperoxic exposure may therefore account for the absence of any 

significant reductions in nephron number in the hyperoxia-exposed kidneys.  

Contrary to our findings, others have found a 25% reduction in nephron endowment in 

25-35 week old rats that were exposed to hyperoxia during the period of postnatal 

nephrogenesis (41).  The disparity in results between studies may be explained by 

differences in the concentration of hyperoxic gas used, with 65% O2 in the current study, 

and 80% O2 being used in the previous study (41).  Certainly, elevated concentrations of 

oxygen are known to cause increases in oxidative stress (5, 39).  Hence, it is likely that any 

deleterious effects of hyperoxia on nephrogenesis may manifest due to oxidative stress 

when oxygen concentrations become markedly elevated.  Alternatively, the difference in 

results may relate to the age of the animals at examination.  In the previous study (41), 

nephron number was assessed only at 25-35 weeks of age (compared to 8 weeks of age in 

the present study).  Therefore, the possibility of nephron loss later in adulthood, following 

the early life hyperoxia insult, cannot be discounted. 

Induction of glomerular hypertrophy by adulthood  

The major finding of our study was the induction of glomerular hypertrophy in adulthood 

as a result of early life exposure to hyperoxia; renal corpuscle volume (indicative of 

glomerular size) was significantly greater in the hyperoxia-exposed animals than in the 

controls at P56.  This finding has important clinical implications given that glomerular 

hypertrophy is strongly linked to the pathogenesis of renal disease.  Indeed, renal 

corpuscle volume has been shown to be increased in a large number of conditions such as 

unilateral renal agenesis, obesity-related glomerulopathy, hypertension, 

oligomeganephronia, diabetes mellitus, and focal segmental glomerulosclerosis (15, 27).   
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Glomerular hypertrophy often develops as a compensatory response to a reduction in the 

functional reserve of nephrons, whereby the filtration surface area expands in order to 

preserve an adequate glomerular filtration rate.  However, this is not always the case; 

glomerular hypertrophy can develop even when nephron endowment is considered to be 

normal (as seen in the present study) (22, 42).  The proliferation of glomerular cells, 

macrophage infiltration, and accumulation of extracellular matrix following glomerular 

hypertrophy all contribute to glomerulosclerosis (23).  In this way, the compensatory 

mechanisms that initially preserved glomerular filtration rate ultimately result in 

irreversible renal injury, and nephron loss (23, 27).   

In the present study, there was a significant inverse correlation between nephron number 

and renal corpuscle volume within both the hyperoxia-exposed and control groups.  It 

should be noted, however, that although nephron endowment was within the normal 

range, there was a difference in the slope of the regression lines (nearing statistical 

significance; p=0.08) whereby the extent of glomerular enlargement in the hyperoxia-

exposed animals, in response to a reduction in nephron number, was much greater than 

in the controls.  The mechanisms leading to this exaggerated glomerular enlargement are 

unknown.  In future studies it would be important to investigate potential mechanisms 

that may have adversely impacted the functional capacity of the kidney and thus initiated 

the glomerular hypertrophy in our model.  Hypertension, for example, has previously 

been linked to increased glomerular size, both dependent (14, 16) and independent (17) 

of nephron number.  Notably, in the study by Yzydorczyk et al. (41), neonatal hyperoxia 

led to long-standing hypertension in male and female rats that was evident from 7-9 

weeks of age.  Associated with the hypertension was evidence of vascular dysfunction 

and microvascular rarefaction (41).  Whether blood pressure is elevated and/or vascular 

function is affected in our model requires further investigation.   

Conclusions:  In a neonatal mouse model with ongoing postnatal nephrogenesis, we have 

shown that exposure to 65% oxygen during the early postnatal period does not cause 

immediate changes in renal structure.  In the adult kidney, however, early life exposure to 

hyperoxia was associated with significant glomerular enlargement.  Glomerular 

hypertrophy is a key antecedent of nephron loss and renal disease.  The presence of 

enlarged glomeruli in the young adult kidney is concerning and may have implications for 
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the long-term renal health of preterm survivors who were exposed to hyperoxic gas 

during the neonatal period. 
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ABSTRACT 

Preterm neonates are commonly exposed postnatally to pharmacological treatments for 

a patent ductus arteriosus.  Exposure of the developing kidney to nephrotoxic 

medications may adversely impact renal development.  This study aimed to determine 

the effect of early postnatal ibuprofen treatment, both alone, and in combination with a 

nitric oxide synthase inhibitor (NOSi), on renal development and morphology.  Baboon 

neonates were delivered prematurely at 125d gestation (term = 185d) and were 

euthanized at birth or postnatal day 6.  Neonates were divided into four groups: 125d 

gestational controls (n=8), Untreated (n=8), Ibuprofen (n=6), and Ibuprofen+NOSi (n=4).  

Animals in the Ibuprofen and Ibuprofen+NOSi groups received 5 doses of ibuprofen, with 

the Ibuprofen+NOSi animals additionally administered a NOS inhibitor (L-NMMA).  There 

was no difference among groups in body weight, kidney weight or glomerular generation 

number.  Nephrogenic zone width was significantly reduced in the Ibuprofen group (123.5 

± 7.4 µm) compared to the 125d gestational control (176.1 ± 6.9 µm) and Untreated 

animals (169.7 ± 78.8 µm).  In the Ibu+NOSi group, nephrogenic zone width averaged 

152.7 ± 3.9 µm which was not significantly different to any other group.  Morphologically 

abnormal glomeruli were present at a range of 0.0% to 22.9% in the Untreated group, 

0.0% to 6.1% in the Ibuprofen group, and 0.0% to 1.4% in the Ibu+NOSi group.  In 

conclusion, early postnatal ibuprofen exposure is associated with a reduced nephrogenic 

zone width, which may suggest the early cessation of nephrogenesis following treatment.  

Ultimately, this may impact the number of nephrons formed in the preterm kidney.   
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INTRODUCTION 

Nephrogenesis is normally completed in utero between 32 and 36 weeks gestation (13).  

Therefore, infants born extremely preterm (< 28 weeks gestation) are born at a time 

when nephrogenesis is still ongoing.  Although it has been shown that nephrogenesis 

continues postnatally after preterm birth (10, 31), there is evidence to suggest that it may 

be impaired with previous reports of reduced glomerular generation formation (24), 

accelerated postnatal maturation (31), and the presence of morphologically abnormal 

glomeruli in the outer renal cortex of the preterm kidney (10, 24, 31, 32).  These glomeruli 

are cystic in appearance, exhibiting an enlarged Bowman’s space and shrunken 

glomerular tuft (10, 31, 32).  Through previous studies in a baboon model of preterm 

birth, we have demonstrated that the proportion of abnormal glomeruli varies 

considerably between neonates (10, 32), suggesting that the morphological abnormalities 

may not be attributed to preterm birth per se, but rather to factors in the postnatal 

clinical course of the preterm neonate (which varies with each neonate).   

Exposure to medications commonly occurs during the period of postnatal nephrogenesis 

in the preterm neonate.  Non-steroidal anti-inflammatory drugs (NSAIDs) are used in the 

treatment of a patent ductus arteriosus (PDA), a condition affecting up to 70% of 

extremely preterm neonates (11).  NSAIDs, such as ibuprofen, act by preventing 

prostaglandin synthesis via the inhibition of cyclooxygenase (COX) enzyme activity (36).  

Following NSAID treatment 30% of infants fail to close their PDA, or after an initially 

successful closure the PDA will reopen (8, 28).  This failure to respond to treatment has 

been attributed to a compensatory increase in vasodilatory nitric oxide production (2, 3, 

29).  Recent studies in preterm baboon and human infants demonstrate that treatment of 

a PDA with a combination of NSAIDs and nitric oxide synthase inhibitors significantly 

increases the success of ductus closure compared to NSAID treatment alone (16, 26). 

Importantly, there is experimental evidence to suggest that exposure to NSAIDs can 

adversely impact nephrogenesis.  Komhoff et al. (19) and Olliges et al. (23) recently 

determined that NSAID exposure led to a significantly reduced cortical mass, reduced 

glomerular density, and reduced glomerular and tubular volumes in mice models of 

NSAID exposure during the period of postnatal renal development.  Similarly, Kent et al. 
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(17, 18) observed a significantly reduced glomerular density and also renal injury in 

neonatal rats with early postnatal NSAID exposure; however, there was no effect on total 

nephron endowment.  Of particular importance, in human infants exposed in utero to 

NSAIDs, changes in renal morphology have been described (15, 33) which are similar to 

the glomerulocystic changes observed in the preterm baboon kidney.  NOS inhibitors 

elicit a similar physiological response as NSAIDS, such as reduction in renal blood flow and 

urine output (27); however, the effects on nephrogenesis have not been previously 

investigated.  Therefore, the aim of this study was to determine the effects of ibuprofen 

treatment on renal development and morphology in the preterm baboon kidney, both 

alone, and in combination with a NOS inhibitor.   
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METHODS 

Animal Care and Treatment Groups 

All animal studies were performed at the Southwest Foundation for Biomedical Research 

(San Antonio, Texas, USA), and were approved by the institutional animal care and use 

committee.  Baboon neonates were delivered prematurely by caesarean section at 125 

days gestation (term = 185 days), a time-point equivalent to 27 weeks gestation in 

humans.  Animals in the gestational (fetal) control group (125d; n = 8) were euthanized at 

delivery.  The remainder of animals were cared for in a primate intensive care nursery and 

were euthanized on postnatal day 6 (144 hours after delivery), with the exception of one 

animal in the Ibu+NOSi group which was euthanized on postnatal day 5 (120 hours after 

delivery).   

Preterm baboon neonates received one of three treatment protocols, as have been 

previously described (26, 35): 1) No treatment (Untreated; n = 8); 2) Ibuprofen alone 

(Ibuprofen; n = 6); 3) Ibuprofen plus nitric oxide synthase inhibitor (Ibu+NOSi; n = 4). 

In the Ibuprofen group, ibuprofen lysine (Farmacon; Westport, CT, USA) was administered 

intravenously at 10 mg/kg (over 20 min) at 24 hours of age, followed by 5 mg/kg at 48, 

72, 96, and 120 hours of age.  This dosing regime was based on the recommended dosage 

of ibuprofen for the treatment of a patent ductus arteriosus in human preterm infants 

(22).  In the Ibu+NOSi group, ibuprofen was given in combination with the nitric oxide 

synthase inhibitor NG-monomethyl-L-arginine (L-NMMA). Treatment with L-NMMA 

(Calbiochem; San Diego, CA, USA) was initiated at 50 hours after delivery, and was 

continuously infused at a rate of 20 mg/kg/h until the time of necropsy.   

 

Physiological Measurements 

Echocardiographic assessment of ductal patency was performed daily using an 8-mHz 

transducer interfaced with a Biosound AU3 echocardiographic system (Genoa, Italy).  

Animals were instrumented with an umbilical arterial catheter which enabled 

measurement of blood pressure, and the administration of fluid requirements. Fluid 

intake and urine output was continuously recorded over the 6 days of life.  Mean blood 
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pressure, at 12, 24, 48, 96, and 120 hours of life, was determined by averaging three 

measured values of systolic and diastolic blood pressure (within a 4-6 hour period) 

around the defined time-point.   

In the assessment of blood pressure, infusion rates of L-NMMA were reduced by 25% if 

mean systemic blood pressure was consistently > 47 mmHg.  In cases of significant 

hypotension (defined as a mean blood pressure of < 25 mmHg, accompanied by either 

increasing base deficit or decreasing urine output) volume supplementation was first 

initiated (10–20 ml/kg, administered at least twice over a 1 hour period) followed by the 

use of inotropic support.  Dopamine was initially administered at a rate of 4–6 µg/kg/min, 

and further increased to a maximum rate of 20 µg/kg/min.  If mean blood pressure failed 

to respond to volume and inotropic drugs within 2–4 hours, then hydrocortisone (Soul-

Cortef, Pharmacia & Upjohn; Kalamazoo, MI, U.S.A.) at a dose of 0.5–1.0 mg/kg was 

administered at 6 hourly intervals until either mean blood pressure increased to > 28 mm 

Hg or a maximum of four doses of hydrocortisone were received. 

Tissue Collection and Processing 

Kidneys collected at necropsy from animals in the Ibuprofen and Ibu+NOSi groups, and 

from five animals from the Untreated group, were embedded in Tissue-Tek OCT 

compound and snap frozen in liquid nitrogen. Kidney tissue from the 125d gestational 

control group, and from three animals in the Untreated group, was formalin-fixed and 

embedded in paraffin. There was no significant difference observed in any measured 

parameters between the formalin-fixed paraffin-embedded tissue and the frozen tissue 

within the Untreated group.  

Kidneys were halved along the coronal axis prior to embedding, and sectioned at a 

similarly central region for each kidney.  5-7 µm sections were stained with haematoxylin 

and eosin.  In all assessments of renal development and morphology, the researcher was 

blinded to the experimental grouping of the animals.   
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Assessment of Renal Development and Morphology 

Nephrogenic Zone Width 

The width of the nephrogenic zone, defined as the area in the outer renal cortex 

exhibiting developing glomerular structures in the form of comma and S-shaped bodies, 

was measured using image analysis software (Image Pro Plus v. 6.0 for Windows; Media 

Cybernetics, Silver Spring, MD, USA).  This method has previously been utilised to assess 

renal maturity in both human (5, 31) and baboon (10) fetal and neonatal kidneys.  One 

stained section from each kidney was viewed at 200X magnification and the width of the 

nephrogenic zone was measured in four separate regions.  An average nephrogenic zone 

width was determined for each kidney.   

Glomerular Generation Number 

The medullary ray glomerular generation counting method was utilised to estimate the 

number of glomerular generations formed within the kidney.  This method has been 

validated by Hinchliffe and colleagues (12), and also utilised in previous studies to assess 

renal maturity in preterm human (6, 24, 31) and baboon neonates (10, 32).  In one 

complete section from each kidney, five clearly distinguishable medullary rays from 

separate regions of the section were identified and the number of mature glomeruli along 

one side of the medullary ray was counted.  An average number of glomerular 

generations was determined for each kidney.   

Glomerular Morphology 

One complete kidney section from each kidney was systematically sampled at a step 

length of 1 mm.  At each field of view, the numbers of normal and abnormal mature 

glomeruli were recorded.  Glomeruli were classified as abnormal if they exhibited a 

grossly enlarged Bowman’s space and a shrunken glomerular tuft (10, 31, 32). The 

percentage of abnormal glomeruli per kidney was determined.     
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Statistical Analysis 

Data were analysed using GraphPad Prism software (v5.03 for Windows) and Intercooled 

Stata (v8.0 for Windows) and graphed as the mean ± the standard error of the mean 

(SEM).  Analysis of physiological parameters (fluid intake, urine output, and blood 

pressure) was undertaken using a two-way repeated measures analysis of variance 

(ANOVA), with the factors T (Treatment), A (Age) and TxA (Interaction).  To determine 

differences between groups at individual time-points, the two-way ANOVA was followed 

by a Bonferroni post-hoc test.  To determine differences in categorical variables among 

groups (including ductus closure, dopamine administration, hydrocortisone 

administration, oliguria, and a high (> 5%) or low (< 5%) percentage of abnormal 

glomeruli) a Fisher’s exact test was performed.  All other statistical comparisons among 

groups (body and kidney weights, assessments of renal morphology) were performed 

using a one-way ANOVA followed by a Bonferroni post-hoc test.  Statistical significance 

was accepted at the level of p ≤ 0.05.   
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RESULTS 

Body Weight and Kidney Weight 

Birth weight, necropsy weight, kidney weight, and kidney weight to body (necropsy) 

weight ratios for each group are shown in Table 1.  There was no significant difference 

between any of the gestational control (125d) or preterm (Untreated, Ibuprofen, 

Ibu+NOSi) groups in any parameter of body and kidney weight.   

 
 
Table 1:  Body and kidney weights of the gestational control (125d) and preterm 
(Untreated, Ibuprofen, and Ibu+NOSi) baboons.     
 

 
125d 
(n=8) 

Untreated 
(n=8) 

Ibuprofen 
(n=6) 

Ibu+NOSi 
(n=4) 

Birth Weight  
(g) 

382.9 ± 20.4 381.9 ± 10.7 388.8 ± 17.7 395.3 ± 16.4 

Necropsy Weight  
(g) 

382.9 ± 20.4 377.1 ± 15.8 352.8 ± 17.1  417.8 ± 42.2 

Combined       
Kidney Weight 

 (g) 
2.9 ± 0.2 3.2 ± 0.1 3.0 ± 0.3 3.4 ± 0.3 

Kidney Weight to 
Body Weight Ratio 

(g/kg) 
7.9 ± 0.7 8.5 ± 0.3 8.3 ± 0.6 8.4 ± 0.8 

Values are given as the mean ± SEM.   

 

Fluid Intake and Urine Output  

Fluid intake was reduced significantly with increasing postnatal age (Figure 1A).  There 

was no effect of treatment on fluid intake, but a significant interaction effect between 

postnatal age and treatment was evident.   

There was no significant effect of treatment on urine output over the 6 days of life (Figure 

1B).  Overall, there was a significant effect of postnatal age on urine output, and a 

significant interaction effect between postnatal age and treatment.  Urine output was 

significantly reduced in the Ibu+NOSi group compared to the Untreated group at both 96 

and 120 hours of age.   
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Oliguria (urine output < 1 ml/kg/hr) was exhibited in 3/8 Untreated animals, 1/6 

Ibuprofen animals, and 1/4 Ibu+NOSi animals, with no association between treatment 

group and oliguria (p = 0.80). 

Ductus Closure and Blood Pressure 

There was a strong association between treatment and ductus closure (p=0.005).  In all 

Ibuprofen and Ibu+NOSi treated animals, the ductus was closed on days 2-3 of life and 

remained closed until necropsy.  Two of the Untreated animals achieved ductus closure, 

which occurred on day 4 of life.  In the remainder of Untreated animals, the ductus 

remained open throughout the 6 day study period. 

Overall, there was a significant effect of postnatal age on mean blood pressure (Figure 

1C). There was also a strong trend towards an effect of treatment on mean blood 

pressure, however this did not quite reach statistical significance (p=0.08).   

There was a significant association between treatment group and dopamine 

administration (p=0.002), where it was required in 7/8 Untreated, 0/6 Ibuprofen, and 2/4 

Ibu+NOSi animals.  Similarly, hydrocortisone administration was most common in the 

Untreated group where it was required in 4/8 animals, and was not administered to any 

of the Ibuprofen or Ibu+NOSi animals (p=0.05).  

Nephrogenic Zone Width 

As shown in Figure 2, the width of the nephrogenic zone averaged 176.1 ± 6.9 µm in the 

125d gestational control group, and was not different from the Untreated group at 

postnatal day 6 (169.7 ± 8.8 µm).  Ibuprofen treatment alone significantly reduced 

nephrogenic zone width by 30% compared to the 125d group, and 27% compared to the 

Untreated group, with a mean of 123.5 ± 5.8 µm.  Ibu+NOSi animals had a mean 

nephrogenic zone width of 152.7 ± 3.9 µm which was not different to any other group.   
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Figure 1:  Fluid intake (A), urine output (B), and mean blood pressure (C), up to 120 hours 
of life, in preterm baboons in the Untreated, Ibuprofen, and Ibu+NOSi groups.  Arrows 
mark the starting point for Ibuprofen administration (24 hours; Ibuprofen and Ibu+NOSi 
groups) and NOSi administration (50 hours; Ibu+NOSi group). *p < 0.05 Ibu+NOSi versus 
Untreated.  Data is presented as the mean ± SEM. 
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Glomerular Generation Number 

In the 125d gestational control group, the number of glomerular generations averaged 

6.8 ± 0.2.  Similarly, in the Untreated group at postnatal day 6, mean glomerular 

generation number was 6.4 ± 0.1.  There was no effect of Ibuprofen (6.6 ± 0.1) or 

Ibu+NOSi (6.7 ± 0.2) treatment on glomerular generation number.   

Glomerular Morphology 

Morphologically abnormal glomeruli, with an enlarged Bowman’s space and shrunken 

glomerular tuft (Figure 3), were commonly observed in the outer renal cortex of the 

preterm kidneys at postnatal day 6, whereas the percentage of abnormal glomeruli was 

negligible (ranging from 0.0% to 2.4%) in the 125d gestational controls (Figure 4).  In the 

Untreated group, the percentage of abnormal glomeruli was markedly variable among 

individuals, ranging from 0.0% to 22.9%.  Similarly, in the Ibuprofen group the range was 

0.0% to 6.1%.  In the Ibu+NOSi animals, however, the percentage of abnormal glomeruli 

ranged from 0.0% to 1.4%.  The percentage of abnormal glomeruli was not statistically 

different among the four groups.   

Five animals (Untreated: n=4, Ibuprofen: n=1) had a percentage of abnormal glomeruli 

greater than 5% (Figure 4).  At 24 hours of age, mean blood pressure was significantly 

reduced in the group of animals with > 5% of glomeruli, compared to those with a low 

percentage of abnormal glomeruli (p = 0.01).  There was also a trend for decreased urine 

output at 48 hours of age in those animals with a high percentage of abnormal glomeruli 

(p=0.06).  Two of the five animals with > 5% abnormal glomeruli, and 4/13 with < 5% 

abnormal glomeruli exhibited oliguria during the study period (p = 1.00).   

Four of the five animals with > 5% abnormal glomeruli were treated with dopamine; this 

was not significantly different to the group of animals with a low percentage of abnormal 

glomeruli where 5/13 animals required dopamine treatment (p = 0.29).  The number of 

baboons that required hydrocortisone treatment was significantly greater (p = 0.04) in 

the group of animals with > 5% abnormal glomeruli (3/5 animals; 1/3 receiving 1 dose, 

and 2/3 receiving 3 doses) compared to the animals that exhibited a low percentage of 

abnormal glomeruli (1/13 animals; receiving 1 dose).  
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Figure 2: The width of the nephrogenic zone in the kidneys of gestational control baboons 
(125d) and in preterm baboons (Untreated, Ibuprofen, and Ibu+NOSi) analysed at 
postnatal day 6.  Significant differences among groups (p < 0.05) are indicated by the 
letters; a is different from b, but not from ab.  Data is presented as the mean ± SEM.    

 

Figure 3:  Representative photomicrograph of abnormal glomeruli (arrows), exhibiting an 
enlarged Bowman’s space and shrunken glomerular tuft, in the outer renal cortex of a 
preterm baboon kidney (Untreated). 

 

Figure 4:  The percentage of morphologically abnormal glomeruli in the kidneys of 
gestational control baboons (125d) and in preterm baboons (Untreated, Ibuprofen and 
Ibu+NOSi) analysed at postnatal day 6.  
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DISCUSSION 

Using a baboon model of preterm birth, where nephrogenesis is still ongoing postnatally, 

we have demonstrated that early postnatal exposure to the non-steroidal anti-

inflammatory drug ibuprofen does not influence glomerular generation number or the 

percentage of morphologically abnormal glomeruli at postnatal day 6.  Of concern, 

however, ibuprofen treatment led to a significantly reduced nephrogenic zone width, 

which may be indicative of the early cessation of nephrogenesis.           

Pharmacological treatments for PDA have significant renal side-effects in the preterm 

neonate. NSAID treatment increases renal vascular resistance, reduces renal blood flow 

(14, 30), decreases glomerular filtration rate (1, 22), and is an independent risk factor for 

the development of acute renal failure (4). Similarly, nitric oxide synthase inhibition has 

been shown to significantly reduce renal blood flow, glomerular filtration rate, and alter 

tubular function in neonatal animals (27).  Furthermore, combination NOS inhibitor and 

NSAID treatment has been shown to produce significant renal side-effects (such as 

increased serum creatinine) in human preterm neonates (16).  In the current study, fluid 

intakes were reduced in all preterm neonates over the course of the study (figure 1), 

likely in response to improved cardiovascular function and reductions in insensible fluid 

loss with increasing postnatal age.  Urine output was significantly lower in the Ibu+NOSi 

group compared to the Untreated group at the 96 and 120 hour time-points, indicative 

that renal function was somewhat affected by the treatment; however, there was no 

effect of Ibuprofen or Ibu+NOSi treatment on the number of animals that presented with 

oliguria during the study period.   

As expected, there was a strong association between treatment and ductus closure, with 

all animals in the Ibuprofen and Ibu+NOSi groups achieving ductus closure by postnatal 

day 4, compared to just two animals in the Untreated group.  The effect of treatment on 

mean blood pressure did not quite reach statistical significance (figure 1); however, 

dopamine and hydrocortisone treatment for hypotension was most common within the 

Untreated group.  The lack of a substantial effect of treatment on blood pressure in this 

study may be explained by the strict maintenance of fluid requirements, and the 

adjustment of NOS inhibitor, dopamine and hydrocortisone dosage in cases of significant 
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hypo- and hypertension.  Hence, it is to be noted that exposure to dopamine and 

hydrocortisone treatments are confounding variables which could not be controlled for in 

this study.   

Importantly, the results indicate that early postnatal exposure to ibuprofen leads to a 

significant reduction in nephrogenic zone width (figure 2).  The width of the nephrogenic 

zone measured just 123.5 ± 5.8 µm in the Ibuprofen group, reflecting a 27% reduction in 

width compared to the Untreated animals.  A reduced nephrogenic zone width is 

suggestive of either an early cessation of nephrogenesis and/or an increase in renal 

maturation following treatment.  Such an effect on nephrogenesis has the potential to 

result in a nephron deficit, which in turn has long-term consequences for renal health (9).  

The finding of a reduced nephrogenic zone width is in accordance with previous studies in 

rodent models, where exposure to NSAIDs during the period of postnatal nephrogenesis 

(a longer time period of exposure than in the current study) resulted in impaired 

nephrogenesis (19) and also renal injury (18).  These effects may be mediated via the 

inhibition of COX enzyme activity within the developing kidney.  COX expression has been 

shown to be essential for renal development, with COX-2 (but not COX-1) knock-out mice 

exhibiting severe renal dysplasia at birth (21).  In addition, adult rats following both 

prenatal and early postnatal exposure to a COX-2 inhibitor exhibited a significant nephron 

deficit, with associated glomerular hypertrophy and glomerulosclerosis (25).  The exact 

role of COX-2 in renal development, however, has not been fully elucidated.   

Interestingly, nephrogenic zone width in the group of animals that received the combined 

ibuprofen and NOS inhibitor treatment was not significantly reduced compared to the 

Untreated control group.  This result suggests that the inhibition of NO synthesis may 

ameliorate the effects of ibuprofen treatment on width of the nephrogenic zone.  The 

reasons for this are unknown; however, there is known to be much cross-talk between 

the prostaglandin and nitric oxide pathways.  In some tissues, for example, prostaglandin 

inhibition leads to a significant increase in nitric oxide synthase expression and nitric 

oxide production (29, 34).  Increased nitric oxide levels have been shown to inhibit 

cellular adhesion, extracellular matrix synthesis, and proliferation of cultured mesangial 

cells (7), and also to promote glomerular apoptosis (20).  An analysis of prostaglandin and 

NO levels within the preterm kidney, particularly within the developing outer renal 
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cortex, would help to elucidate the mechanisms underlying the response of 

nephrogenesis to NSAID and NOS inhibitor treatment.   

Despite the reduced nephrogenic zone width, glomerular generation number was not 

affected; this likely relates to the early timing of examination at just five days following 

the onset of ibuprofen treatment.  Furthermore, we would expect the potentially adverse 

effects of ibuprofen exposure may be of short duration given that the recommended 

treatment for patent ductus arteriosus is only three doses of either indomethacin or 

ibuprofen, at 12 - 24 hour intervals (22).  Therefore, it is possible that any adverse effect 

NSAID exposure has on the kidney may be short-lived and therefore would not 

significantly influence final nephron endowment.  Indeed Kent et al. (17), in a 

stereological assessment of nephron endowment following in vivo NSAID exposure, 

demonstrated in a neonatal rat model that total nephron endowment was not altered 

following extended postnatal exposure to NSAIDs.  In that study, the NSAIDs were 

administered over a period equivalent to 24-30 weeks gestation in humans (17), a much 

longer time period of exposure than in the current study.  An examination of the baboon 

kidneys at a later postnatal time-point, after the treatments and nephrogenesis have 

ceased, would be required in order to fully describe the long-term effects of NSAID 

exposure on renal development.  

Consistent with previous studies in this model (10, 32), and also in the human preterm 

neonate (31), morphologically abnormal glomeruli were commonly present in the outer 

renal cortex of the preterm kidneys (figure 3).  The proportion of abnormal glomeruli was 

highly variable; there was no statistically significant difference in the percentage of 

abnormal glomeruli among treatment groups (figure 4).  In the Untreated animals, the 

percentage of abnormal glomeruli ranged from as low as 0% to as high as 22.9% (a very 

abnormal kidney).  Importantly, our findings demonstrate that ibuprofen treatment does 

not lead to the glomerular abnormalities associated with preterm birth.  In the ibuprofen-

treated animals, the number of abnormal glomeruli ranged from 0-6%; the animals that 

received the combined ibuprofen and NOS inhibitor treatment exhibited the lowest 

percentage of abnormal glomeruli, at 1.4% or less per kidney.  Although glomerular 

abnormalities have been described in the human kidney following antenatal NSAID 

exposure (15, 33), the results of this study clearly indicate that early postnatal exposure 
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to ibuprofen is certainly not the cause of the abnormal glomeruli commonly observed in 

the outer renal cortex of the preterm kidney.   

The cause of the glomerular abnormalities, therefore, remains unknown.  In the current 

study, animals with a high percentage (> 5%) of abnormal glomeruli had significantly 

lower blood pressure at 24 hours of age, and also a trend towards a reduced urine output 

at 48 hours of age, compared to those animals with a low percentage of abnormal 

glomeruli.  Furthermore, there was a significant association between a high percentage of 

abnormal glomeruli and a requirement for hydrocortisone treatment.  From these results 

it may be speculated that changes in blood pressure and perhaps renal blood flow may be 

involved in the formation of the morphologically abnormal glomeruli in the preterm 

kidney.  An analysis of renal blood flow changes following preterm birth would be 

required in the future, however, in order to definitively establish whether this is the cause 

of the glomerular abnormalities.  

Alternatively, it may be the hydrocortisone treatment itself (administered following 

persistent hypotension in baboon neonates that did not respond to dopamine treatment) 

that may be linked to the formation of abnormal glomeruli.  It is to be noted, however, 

that we have previously shown in a separate cohort of animals that dopamine and 

hydrocortisone administration were not associated with a high percentage of abnormal 

glomeruli (32); in a group of 12 baboons delivered preterm at 125d gestation, the 

percentage of abnormal glomeruli per kidney ranged from 0.00% to 16.03% in baboons 

not exposed to dopamine (mean: 8.06 ± 2.7%), and from 0.55% to 2.56% in baboons that 

were exposed (mean: 1.3 ± 0.4%).  When hydrocortisone was additionally administered, 

the percentage of abnormal glomeruli was very low (1.14%) (32).   

In conclusion, early postnatal ibuprofen treatment does not influence the percentage of 

morphologically abnormal glomeruli in the preterm kidney.  Of concern, however, 

ibuprofen treatment led to a significantly reduced nephrogenic zone width, which may be 

indicative of the early cessation of nephrogenesis.  Ultimately, this may impact on the 

number of nephrons formed in the preterm kidney.   
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DISCUSSION AND CONCLUSIONS 

Through the comprehensive assessments of renal development and function in the 

preterm neonatal kidney reported in this thesis, it has been shown that although 

nephrogenesis is ongoing after preterm birth, renal development may be impaired.  In 

particular, the structural development of the kidney is accelerated postnatally (with a 

reduced nephrogenic zone width) and glomeruli are significantly enlarged (possibly 

following initial glomerular capillary dilation).  Of particular concern, in some preterm 

neonates glomerular morphology was abnormal in a high proportion of glomeruli.  

Importantly, it was determined that factors commonly involved in the postnatal care of 

the preterm neonate may affect renal development and/or long-term renal morphology; 

ibuprofen treatment in the early postnatal period may lead to the early cessation of 

nephrogenesis, and exposure to hyperoxia during the neonatal period was linked to 

glomerular hypertrophy in adulthood.  It was also shown that the preterm kidney is 

functionally immature throughout the first month of life, and findings of severe 

proteinuria and high urinary NGAL levels in some infants were likely indicative of 

postnatal renal injury.   

Overall, the results of the studies reported in this thesis suggest that preterm birth may 

adversely influence the nephrogenic potential of the neonate, therefore resulting in a 

deficit of functional nephrons at the beginning of life.  Findings of capillary dilation in the 

immediate postnatal period, as well as significant glomerular hypertrophy in the adult 

kidney following neonatal hyperoxia exposure, are also of particular concern; glomerular 

hypertrophy (and the subsequent development of glomerulosclerosis and eventual 

nephron loss) is a key antecedent of renal disease.  Overall, these findings suggest there 

may be significant adverse consequences to the lifelong renal health of individuals born 

preterm.   

 

7.1  EFFECTS OF PRETERM BIRTH ON RENAL MORPHOLOGY AND FUNCTION  

At the commencement of this research, it was initially hypothesised that preterm birth 

would impair nephrogenesis, be causative of renal injury, and also impair renal function in 
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the neonate.  Ultimately, these changes were proposed to lead to a nephron deficit and 

thus increase the risk that the preterm neonate would develop renal disease later in life.  

Through the series of studies reported in this thesis, it was shown that preterm birth does 

affect postnatal nephrogenesis, with evidence of accelerated renal development in the 

early postnatal period; this is likely to negatively impact on the number of nephrons 

formed within the kidney after birth.  Both glomerular and tubular function in the early 

postnatal period were also impaired in comparison to term-born controls.  The presence 

of morphologically abnormal glomeruli and glomerular hypertrophy in the preterm 

neonatal kidney, in addition to severe proteinuria and high urinary NGAL levels, may be 

indicative of postnatal renal injury; this will likely result in nephron loss.  Hence, these 

findings support the initial hypothesis that preterm birth results in a deficit of functional 

nephrons at the beginning of life and this is likely to lead to life-long renal vulnerability.   

7.1.1  RENAL MORPHOLOGY 

ACCELERATED RENAL DEVELOPMENT 

Consistent with previous studies conducted in our laboratory in a preterm baboon model 

(Gubhaju et al., 2009), including the findings from my Honours project (Sutherland et al., 

2009), the results of the current thesis have definitively shown that nephrogenesis is 

ongoing in the human neonatal kidney following preterm birth (Chapter 3; Sutherland et 

al. (2011)); a clear nephrogenic zone was observed in the outer renal cortex of the 

preterm kidneys (examined at 2-68 days postnatal age), and the number of glomerular 

generations was significantly increased compared to gestational controls.  Importantly, in 

assessing the growth trajectory of the preterm kidney in comparison to postconceptional 

age-matched controls, significant differences in renal morphology were observed which 

were suggestive of accelerated postnatal renal development.  These included a significant 

reduction in nephrogenic zone width and a reduced percentage of immature vesicle-stage 

glomeruli, in association with a significant increase in glomerular generation number in 

the preterm neonatal kidney.  As the majority of preterm kidneys assessed in this study 

had ongoing nephrogenesis, however, it was not possible to accurately determine the 

effects of accelerated renal development on final glomerular generation number (and 

thus nephron endowment).  It is conceivable that the accelerated postnatal renal 
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development may ultimately result in the early cessation of nephrogenesis, and thus a 

reduction in the final number of nephrons formed.  This theory is supported by the 

findings of Rodriguez et al. (2004) whereby preterm neonates (in particular those with a 

history of acute renal failure) were shown to have a significantly reduced number of 

glomerular generations compared to term-born controls.  Additionally, a recently 

published experimental study demonstrated that a 20% reduction in nephron number 

occurred following premature delivery at 1-2 days prior to term birth in a preterm mouse 

model (Stelloh et al., 2012).    

GLOMERULAR HYPERTROPHY 

In the assessment of renal morphology in the human neonatal kidney (Chapter 3), it was 

also found that renal corpuscle cross-sectional area was significantly increased in the 

preterm neonates compared to the gestational controls, which is indicative of glomerular 

hypertrophy (Sutherland et al., 2011).  Similarly, in the lamb kidney following moderate 

preterm birth (Chapter 4), there was significantly increased glomerular capillary surface 

area density per renal corpuscle, in comparison to previously published findings in 

gestational controls (Mitchell et al., 2004).  The glomerular capillary surface area density 

in the preterm lamb kidney had in fact increased to a level after birth that was equivalent 

to that of term-born lambs, despite a lesser glomerular capillary length density in the 

preterm animals (likely reflecting the immaturity of the glomeruli); to my knowledge, this 

is the first study to have examined glomerular capillary growth following preterm birth 

(Chapter 4).  It is probable that increases in glomerular blood flow after birth (described in 

Section 7.2.2) as well as the increased functional demand placed on the immature kidney 

(an adequate glomerular capillary surface area is required in order to maintain GFR) may 

have contributed to the capillary dilation.  Importantly, regardless of the cause of the 

glomerular hypertrophy (and/or capillary dilation) in the preterm neonatal kidney 

(Chapters 3 and 4), it is indicative of hyperfiltration and if it persists into later life it will 

likely result in the development of glomerulosclerosis and eventual nephron loss (Kriz and 

Endlich, 2005; Metcalfe, 2007; Puelles et al., 2011).   
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MORPHOLOGICALLY ABNORMAL GLOMERULI 

Of concern, morphologically abnormal glomeruli, exhibiting a grossly enlarged Bowman’s 

space and shrunken glomerular tuft, were commonly observed in the outer renal cortex 

of the human preterm neonatal kidney (Chapter 3; Sutherland et al. (2011)); this finding is 

in accordance with other studies in human preterm neonates (Rodriguez et al., 2004), as 

well as in the preterm baboon model (Gubhaju et al., 2009; Sutherland et al., 2009).  Not 

all preterm neonates were affected, and the percentage of abnormal glomeruli varied 

considerably between individual neonates (ranging from 0.0% up to 13.7% per kidney).  

Therefore, it does not appear to be preterm birth per se that has led to the glomerular 

abnormalities, but rather it may be factors involved in the postnatal clinical course of the 

preterm neonate (that vary between individuals) that underlies their pathogenesis; 

importantly, I have shown that neither early postnatal hyperoxia exposure (Chapter 5) or 

ibuprofen treatment (Chapter 6) are the cause.   

In all kidneys, the abnormal glomeruli were exclusively localised to the outer renal cortex, 

indicating that it is the glomeruli formed in the extrauterine environment that are 

vulnerable (Chapter 3).  In support of this idea, abnormal glomeruli were not present in 

the kidney of lambs that were delivered moderately preterm, at a time point when 

nephrogenesis was already completed (Chapter 4).  From the histological appearance of 

the abnormal glomeruli (enlarged Bowman’s space and shrunken glomerular tuft) it is 

speculated that these glomeruli are atubular (Marcussen, 1992; Gibson et al., 1996); if 

this is the case, the affected glomeruli will never be functional.  Therefore, a high 

percentage of abnormal/atubular glomeruli, such as was observed in the kidney of a 

number of preterm neonates, would markedly impact on the life-long renal functional 

capacity of individuals born preterm.  In future studies, it is important to determine 

whether the abnormal glomeruli in the preterm kidney are atubular; this could be 

achieved by assessing serial sections of the abnormal glomeruli.   

7.1.2  RENAL FUNCTION 

In the assessment of renal function in preterm neonates during the first month of life 

(Chapter 2), both gestational and postnatal age were shown to be strongly correlated 
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with indices of glomerular and tubular function; with increasing age, creatinine clearance 

was significantly increased, and sodium and protein excretion were significantly 

decreased.  These findings are similar to those reported in previous studies of renal 

function in preterm neonates (Tsukahara et al., 1994; Vieux et al., 2010; Bonsante et al., 

2011), and emphasise the importance of renal structural maturity on both glomerular and 

tubular function in the preterm neonate.   

It is unknown, however, whether the impaired renal function (severe proteinuria and/or 

high urinary NGAL levels) observed in a proportion of the preterm neonates was due to 

renal immaturity, or whether it was caused by acute kidney injury (Parikh et al., 2010).  

There were twelve neonates in particular (comprising 9% of the study population) that 

exhibited pathological proteinuria during the first month of life, with a small subset of 

these neonates further exhibiting high urinary NGAL levels at corresponding time points.  

Given that the onset of severe proteinuria was often at day 21 or day 28 of life (not 

immediately after birth), and given the severity of renal dysfunction in these neonates, it 

is likely that significant renal injury occurred during the postnatal period.  Importantly, 

acute kidney injury (and proteinuria) in the neonatal period may lead to progressive renal 

disease (Abitbol et al., 2003; Abbate et al., 2006).  It is therefore of extreme importance 

to assess the utility of potential biomarkers of AKI in preterm neonates, in order to ensure 

the early diagnosis and treatment of renal injury.  In this regard, the findings of this thesis 

showed that urinary NGAL levels were not a good predictor of renal dysfunction in the 

preterm neonate, whereby there was no correlation between urinary NGAL levels and the 

occurrence of pathological proteinuria.  Hence, the utility of alternative biomarkers for 

the diagnosis of renal injury in the preterm neonate need to be explored.    

 

7.2 POTENTIAL CAUSES OF IMPAIRED RENAL DEVELOPMENT AND INJURY 

The underlying mechanisms that lead to the accelerated renal development, glomerular 

hypertrophy, impaired renal function, and the presence of morphologically abnormal 

glomeruli in the neonatal kidney following preterm birth are currently unknown.  From 

the results of studies of renal function (Chapter 2) and renal morphology (Chapter 3) in 

the human preterm neonate, however, it is clear that there is great variability in the 
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severity of renal dysfunction/injury between individual neonates.  In this regard, there are 

a number of factors related to the antenatal and/or postnatal environment of the 

preterm neonate that are likely to directly influence renal development and function 

(Figure 7.2), and may also be causative of renal injury in the preterm neonatal kidney.  

 

 

 

Figure 7.2:  Diagram describing antenatal and postnatal factors, and the haemodynamic changes 
that occur at birth, that may individually or in combination impair nephrogenesis, 
glomerulogenesis, and/or lead to renal injury in the preterm neonate.   
 

7.2.1  ANTENATAL FACTORS 

INTRAUTERINE GROWTH RESTRICTION 

Intrauterine growth restriction (IUGR) is defined as fetal growth below the 10th percentile 

for gestational age; a high proportion of preterm neonates are also growth restricted in 

utero, with severe IUGR often requiring clinical intervention and the induction of preterm 

delivery (Bamfo and Odibo, 2011).  Importantly, IUGR has been strongly linked to a 

reduced nephron endowment at birth (Hinchliffe et al., 1992; Manalich et al., 2000) as 

well as renal dysfunction (White et al., 2009); the impairment of renal growth 
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accompanying IUGR likely relates to the reduced renal blood flow that occurs as a 

consequence of brain sparing (Behrman et al., 1970).  Previous findings from studies in 

children and adults that were born preterm as well as IUGR, determined that both kidney 

growth (Drougia et al., 2009) and renal function (Keijzer-Veen et al., 2005) were impaired 

in comparison to individuals born preterm at an appropriate weight for gestational age  

In contrast to these findings, in this thesis there was no evidence to suggest that IUGR 

adversely affected renal development (Chapter 3).  There was no significant difference in 

kidney weight or indices of renal development (glomerular generation number, 

nephrogenic zone width, renal corpuscle size) in IUGR preterm neonates compared to 

preterm neonates that were not growth restricted in utero (Sutherland et al., 2011).  This 

may relate to postnatal catch-up growth of the kidney in the preterm infants whilst 

nephrogenesis is ongoing.  Indeed, kidney size is normally a strong determinant of 

nephron number (Zohdi et al., 2007; Gubhaju et al., 2009; Sutherland et al., 2009).  

However, it is to be kept in mind that the sample size of the IUGR-affected infants was 

relatively low, and thus there may have been insufficient power to detect significant 

differences.    

CHORIOAMNIONITIS 

Chorioamnionitis is defined as inflammation/bacterial infection of the fetal membranes of 

the placenta, and it is a very common antecedent of preterm birth (Goldenberg et al., 

2000; Menon et al., 2010).  Intrauterine infection is known to result in a fetal 

inflammatory response, with markers of inflammation and tissue injury observed in fetal 

lung, brain and thymus (Moss et al., 2002; Nitsos et al., 2006; Murthy and Kennea, 2007; 

Kunzmann et al., 2010).  Although it has not been definitively established, it is conceivable 

that chorioamnionitis would also result in renal inflammation.   

Importantly, in a study of renal development in a sheep model of preterm birth, nephron 

endowment was shown to be significantly reduced (by 23%) following exposure to 

experimentally-induced chorioamnionitis during late gestation (Galinsky et al., 2011).  

Studies in human preterm neonates have also shown a significant correlation between 

intrauterine inflammation and renal dysfunction (Itabashi et al., 2003).  The mediators of 

reduced nephron endowment and renal dysfunction in the preterm kidney following 
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chorioamnionitis exposure are currently unknown.  It may be speculated, however, that 

localised renal inflammation, a reduction in renal perfusion (Yoon et al., 1999), and/or 

any adverse effects of chorioamnionitis on overall fetal growth (Menon et al., 2010) may 

influence renal development in this condition.          

The treatment of chorioamnionitis (and other bacterial infections) in pregnant women 

may necessitate the administration of antibiotics; however, the usefulness of antibiotic 

treatment in the prevention of infection-induced preterm delivery is uncertain 

(Goldenberg et al., 2000; Klein and Gibbs, 2004; Hutzal et al., 2008).  Maternal antibiotic 

treatment certainly has the potential to adversely impact on fetal renal development.  

Experimental studies have shown that antenatal exposure to the most commonly-

administered aminoglycoside antibiotic, gentamicin, results in reductions in nephron 

endowment (Mallie et al., 1986; Gilbert et al., 1987; Gilbert et al., 1990; Gilbert et al., 

1994; Cullen et al., 2000); through organ culture experiments, it was determined that the 

nephron deficit resulting from gentamicin exposure was likely caused by impaired 

branching morphogenesis (Gilbert et al., 1994; Cullen et al., 2000).  Importantly, it has 

been shown that gentamicin accumulates in renal proximal tubule cells, leading to tubular 

cell necrosis (Nagai and Takano, 2004).  Similarly, exposure of the developing kidney to 

beta-lactam antibiotics (such as ampicillin) has been demonstrated to result in impaired 

nephrogenesis, and cystic tubular dilation (Nathanson et al., 2000).  Overall, these 

findings suggest that chorioamnionitis, in association with antenatal antibiotic exposure, 

may have considerable deleterious effects on fetal renal development.  

ANTENATAL GLUCOCORTICOIDS 

It is now standard clinical practice for glucocorticoids (betamethasone or dexamethasone) 

to be administered to pregnant women at risk of preterm delivery; this treatment results 

in accelerated fetal lung maturation and thereby increases survival rates in preterm 

neonates (Shanks et al., 2010; Crowther et al., 2011).  Certainly, the majority of mothers 

(79.4%) who were recruited for the neonatal renal function study (having given birth at 

the Monash Medical Centre between 2008 and 2011) were administered betamethasone 

prior to preterm delivery (Chapter 2).  Importantly, besides the beneficial effects on lung 

function, antenatal glucocorticoid treatment is also associated with increased mean 
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arterial blood pressure, and increased renal blood flow and GFR (Stonestreet et al., 1983; 

al-Dahan et al., 1987; Kari et al., 1994; van den Anker et al., 1994; Ervin et al., 1996; Ervin 

et al., 1998; Jahnukainen et al., 2001), suggesting that accelerated functional maturation 

of the kidney may also occur.   

In previously published studies performed in animal models (including rodents (Celsi et 

al., 1998; Ortiz et al., 2001; Ortiz et al., 2003) and sheep (Wintour et al., 2003)), antenatal 

glucocorticoid administration was shown to lead to a significant reduction in nephron 

endowment of the exposed offspring.  A study by de Vries et al. (2010) similarly showed 

that postnatal administration of dexamethasone in the neonatal rat (at a time of ongoing 

postnatal nephrogenesis) leads to a reduction in glomerular density.  In contrast, 

however, studies conducted in a baboon model of preterm birth (involving careful 

replication of the human clinical setting) showed that nephron endowment was not 

adversely affected by antenatal glucocorticoid exposure (Gubhaju et al., 2009).  The 

disparity in the results of these studies highlights the potential for a differential effect of 

glucocorticoid exposure on the developing kidney according to the dosage, and also the 

timing of exposure.  Importantly, there was evidence of accelerated renal maturation in 

the preterm baboon kidneys, with a greater number of mature nephrons present in the 

glucocorticoid-exposed kidneys compared to those that were not exposed when 

examined at both the time of caesarean delivery and also at postnatal day 21 (Gubhaju et 

al., 2009).  This result parallels the findings of increased renal functional capacity 

following antenatal glucocorticoid exposure, and furthermore is consistent with the 

accelerated renal maturation observed in the human neonatal kidney after preterm birth 

(Chapter 3; Sutherland et al. (2011)).   

ANTENATAL TOCOLYTICS 

Tocolytic drugs are commonly administered to pregnant women at risk of preterm 

delivery in order to inhibit uterine contractions and thereby prolong pregnancy (Pryde et 

al., 2001).  One well-known tocolytic is indomethacin, a member of the NSAID class of 

drugs, which functions by inhibiting cyclooxygenase enzyme activity and thus reducing 

prostaglandin synthesis (Warner et al., 1999).  Antenatal indomethacin administration has 

been shown to be highly effective at prolonging pregnancy; however, its use is generally 
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considered to be controversial due to the potential for side-effects in the developing 

fetus (Pryde et al., 2001).  In the kidney, nephron deficits and reduced cortical renal 

volume (Komhoff et al., 2000; Saez et al., 2009; Olliges et al., 2011) as well as severe renal 

dysplasia (Norwood et al., 2000) have been reported in experimental models of 

prostaglandin inhibition.  Antenatal exposure to indomethacin has also been associated 

with glomerular cystic changes coupled with postnatal renal dysfunction in human 

neonates (Kaplan et al., 1994; van der Heijden et al., 1994).  The cystic glomeruli were 

visibly similar in appearance to the abnormal glomeruli described in this thesis (Chapters 

3 and 6); however, as a number of the affected neonates in the previous studies were 

also born preterm, it is not clear whether the antenatal indomethacin exposure was the 

cause of the abnormalities.   

7.2.2 POSTNATAL FACTORS 

HAEMODYNAMIC CHANGES AT BIRTH 

The sudden haemodynamic changes that occur at birth as the neonate transitions into 

the extrauterine environment include a significant increase in renal blood flow (Veille et 

al., 1998), and also a redistribution of intrarenal blood flow, with the majority of flow 

shifting from the medulla to the inner renal cortex (Robillard et al., 1981).  With 

increasing age and renal maturity, intrarenal blood flow has been shown to be further 

redistributed from the inner to the outer renal cortex (Jose et al., 1971; Olbing et al., 

1973; Robillard et al., 1981).  Ratliff et al. (2007) used a newborn porcine model (where 

nephrogenesis is ongoing following term birth) and demonstrated that the distribution of 

blood flow within the renal cortex is spatially and temporally regulated by glomerular 

endothelial nitric oxide synthase (eNOS) expression.  Low eNOS expression, within the 

capillaries of developing glomeruli in the outer renal cortex, appears to direct blood flow 

away from the nephrogenic zone towards the more mature and functional juxtamedullary 

glomeruli with higher eNOS expression (Ratliff et al., 2007).  The pattern of blood flow 

distribution in the immature kidney following preterm birth, and whether increased blood 

flow may be damaging to developing glomerular capillaries is currently unknown; this is 

an important area for future research.   
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In the preterm lamb kidney at postnatal day three, significant glomerular capillary dilation 

occurred following birth (Chapter 4); underlying this structural change may be increases 

in intraglomerular pressure which result in mechanical stretch of the capillary wall (Kriz 

and Endlich, 2005).  In addition, it is to be noted that in the preterm baboon study 

(Chapter 6; Sutherland et al. (2012)), the highest percentage (and greatest inter-individual 

range) of abnormal glomeruli per kidney was observed in the group of animals that did 

not receive NSAID treatment after birth.  The majority of these untreated animals 

required dopamine and hydrocortisone treatments postnatally following persistent 

hypotension.  This is likely to have led to abrupt changes in blood pressure, and thus has 

the potential to lead to glomerular injury.    

HYPEROXIA 

The intrauterine environment, which is optimal for renal development (Tufro-McReddie 

et al., 1997), is relatively hypoxic (Rodesch et al., 1992; Fischer and Bavister, 1993); after 

normal birth, blood oxygen saturations double within the first five minutes as the 

neonate commences breathing in the extrauterine environment (Kamlin et al., 2006; Rabi 

et al., 2006).  Given neonatal lung immaturity, however, supplemental oxygen therapy is 

commonly required in preterm neonates.  The infants may be exposed to oxygen 

concentrations ranging from 21% (room air) up to 100% during their initial resuscitation, 

and ongoing ventilation (Tan et al., 2005; Rabi et al., 2011).  Hyperoxia, and the resulting 

oxidative stress of the neonate (Vento et al., 2001; Vento et al., 2003), is involved in the 

pathogenesis of a number of common morbidities of prematurity such as retinopathy of 

prematurity and bronchopulmonary dysplasia (Saugstad, 2001); underlying each of these 

conditions is significant impairments in vascular development following the 

downregulation of VEGF expression (Maniscalco et al., 2005; Fujinaga et al., 2009).  As 

nephrogenesis (and thus renal vascularisation) is often ongoing following preterm 

delivery, it is likely that development of the glomerular capillaries may also be affected.  

Recent research in a rodent model has supported this premise, whereby exposure to 

hyperoxia (80% O2) in the early postnatal period, at a time when nephrogenesis was 

ongoing, led to microvascular rarefaction, vascular dysfunction, and a significantly 
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reduced number of nephrons in rat kidneys examined at 25-35 weeks of age (Yzydorczyk 

et al., 2008).   

Interestingly, however, in the study presented in this thesis (Chapter 5) newborn mice 

pups exposed to lower oxygen concentrations (65% O2) for seven days postnatally were 

not observed to have any impairments in nephrogenesis; accordingly, nephron number in 

adulthood was within the normal range.  The difference in the findings between this 

study and that of Yzydorczyk et al. (2008) may relate to the concentration of oxygen used 

(80% versus 65% O2), and/or the timing of nephron number assessment (25-35 weeks 

versus 8 weeks).  Importantly, in the current study glomerular hypertrophy was observed 

in the hyperoxia-exposed mice kidneys in adulthood; although nephron number was 

within the normal range, the glomerular hypertrophy may be indicative of a reduced 

renal functional capacity in these animals.  The cause of this could not be determined in 

the present study, but the findings do not rule out the possibility of impaired glomerular 

capillary growth.   

Interestingly, morphologically abnormal glomeruli were not observed in either the 

hyperoxia-exposed mice kidneys (Chapter 5) or lamb kidneys following preterm birth (at a 

time point when nephrogenesis was already completed; Chapter 4).  Taken together, 

these results suggest that it is glomeruli formed in the extrauterine environment that are 

most at risk of impaired glomerular development and/or injury, and that postnatal 

hyperoxia exposure is not the cause of the abnormality.  Preterm neonates that are born 

after the completion of nephrogenesis (normally completed between 32 and 36 weeks 

gestation) are therefore likely to be largely unaffected.   

EARLY POSTNATAL NUTRITION 

Extrauterine growth restriction (EUGR) refers to postnatal growth of the preterm infant 

that is below the 10th percentile of intrauterine growth expectation; in general, preterm 

neonates do not achieve the same rate of growth postnatally compared to normal growth 

in utero (Clark et al., 2003).  Just as IUGR is known to have a significant adverse effect on 

renal development and function, it is likely that ongoing postnatal nephrogenesis is also 

influenced by restricted postnatal growth.  Indeed, Bachetta et al. (2009) demonstrated 
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that both IUGR and EUGR were associated with reduced GFR in 7 year old children that 

were born at less than 30 weeks gestation.   

Previous research has also highlighted the importance of fetal/neonatal nutritional intake 

in order to allow for adequate development of the kidney.  For example, high protein 

intakes (such as through the protein supplementation of breast milk) are associated with 

improvements in overall postnatal growth (Velaphi, 2011).  Furthermore, infants fed with 

protein-rich formula have been observed to have a significantly increased kidney size 

compared to infants fed with breast milk (Schmidt et al., 2004).  Adequate vitamin A 

(retinoic acid) levels have also been demonstrated to be essential for renal development, 

in particular during the stage of branching morphogenesis (Vilar et al., 1996; Moreau et 

al., 1998; Bhat and Manolescu, 2008).  In previous studies, a strong correlation between 

maternal vitamin A status and nephron endowment of rat offspring has been 

demonstrated (Lelievre-Pegorier et al., 1998), and importantly, a single bolus dosage of 

retinoic acid during mid-gestation was able to prevent the reduction in nephron 

endowment expected in rat offspring in a model of maternal protein restriction (Makrakis 

et al., 2007).  In contrast, retinoic acid administration does not appear to enhance 

nephrogenesis when administered during the period of ongoing postnatal nephrogenesis 

in the preterm baboon neonate; this is probably because the retinoic acid was 

administered after the cessation of active branching morphogenesis in these animals 

(Sutherland et al., 2009).  

NEPHROTOXIC MEDICATIONS 

The administration of a variety of nephrotoxic medications is common practice in the 

clinical care of the preterm neonate (Zaffanello et al., 2010; Schreuder et al., 2011).  

Indeed, from the findings of the renal function study reported in this thesis (Chapter 2) it 

can be seen that preterm neonates are routinely administered six different classes of 

antibiotics, antifungal agents, methylxanthines, inotropes, steroids, NSAIDs and diuretics 

(other drugs, such as morphine, were not listed).  Given their immaturity at birth and 

related adverse health outcomes, neonates born extremely preterm (≤ 28 weeks 

gestation) are the infants most commonly exposed to these medications (Chapter 2).   
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Preterm neonates often receive prophylactic antibiotic treatment after preterm birth 

and/or additional antibiotics in cases of localised infection or sepsis.  Of concern, NSAIDs 

(indomethacin and ibuprofen) and aminoglycoside antibiotics (gentamicin) are known to 

adversely affect postnatal renal function, as well as lead to renal injury.  Therefore, they 

are considered to be a likely cause of the glomerular abnormalities observed in the 

preterm kidneys.  Aminoglycoside exposure primarily results in renal tubular necrosis 

(Rodriguez-Barbero et al., 1997), which consequently leads to increased sodium 

excretion, proteinuria, and a significant reduction in GFR (Langhendries et al., 1988; 

Giapros et al., 2003; Tugay et al., 2006).  NSAIDs, utilised in the treatment of a patent 

ductus arteriosus (Hermes-DeSantis and Clyman, 2006), are another potential cause of 

glomerular abnormalities.  Indeed, the administration of NSAIDs causes systemic 

vasoconstriction which in turn leads to significant reductions in renal blood flow and urine 

output (Kang et al., 1999; Sener and Smith, 2002; Keller et al., 2005).  Importantly, the 

low GFR observed in preterm neonates treated with these medications may also result in 

excessive renal accumulation of these drugs which imparts a significant risk of acute renal 

injury.  In this regard, an experimental study conducted in a neonatal rodent model 

demonstrated that postnatal administration of NSAIDs and/or gentamicin during the 

period of postnatal nephrogenesis is associated with a number of structural changes in 

the kidney (Kent et al., 2007).  These changes included proximal tubule vacuolization, 

interstitial oedema, and podocyte foot process effacement; the most severe effects were 

observed in animals that received combined NSAID and gentamicin treatment (Kent et al., 

2007).   

Although there is mounting evidence linking NSAID treatment with deleterious effects in 

the kidney, the findings of this thesis (Chapter 6; Sutherland et al. (2012)) clearly 

demonstrate that early postnatal NSAID (ibuprofen) treatment is not the cause of the  

morphologically abnormal glomeruli in the preterm kidney.  Abnormal glomeruli (with 

enlarged Bowman’s space and shrunken glomerular tuft) were observed in the outer 

renal cortex of the preterm baboon kidneys at a range of 0-22% per kidney in untreated 

animals, and 0-6% per kidney in those that received ibuprofen treatment after birth.   

Although ibuprofen exposure was not the cause of the glomerular abnormalities, it did 

result in a significant reduction in nephrogenic zone width in the preterm baboon kidney 
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(Chapter 6; Sutherland et al. (2012)).  This suggests that prostaglandin inhibition may 

result in the early cessation of nephrogenesis; however, given the short time period 

usually recommended for the treatment of patent ductus arteriosus (Ohlsson et al., 

2010), the effect on renal development is likely to be minimal.  In this regard, Kent et al. 

(2009) demonstrated that there was no effect of early postnatal NSAID and gentamicin 

exposure on nephron endowment in a rat model.            

 

7.3  CONSEQUENCES OF IMPAIRED RENAL DEVELOPMENT AND RENAL INJURY 

The most important indicator of life-long renal functional capacity is nephron number; a 

low nephron number at the completion of nephrogenesis (low nephron endowment) has 

been causally linked to the development of renal disease later in life (Hoy et al., 2005).  

Importantly, recent studies in a mouse model of preterm birth have reported a reduced 

nephron endowment following preterm delivery (Stelloh et al., 2012), and in human 

preterm neonates a significantly reduced number of glomerular generations has been 

reported (Rodriguez et al., 2004).  Through the series of studies presented in this thesis, 

kidneys were only assessed at early postnatal time points (often when nephrogenesis was 

still ongoing) which did not allow for the determination of final nephron number, or 

glomerular generation number, following preterm birth.  However, there were a number 

of renal adaptations and/or abnormalities following preterm birth which suggest that the 

final complement of nephrons does not reach the predicted potential, such as accelerated 

maturation postnatally (reduced nephrogenic zone width), and high numbers of abnormal 

glomeruli in some kidneys (it is unlikely that these glomeruli will ever be functional).  

Given that a reduced nephron endowment is linked to the development of hypertension 

(Hoy et al., 2005; Ingelfinger, 2008), it is not surprising given the findings of this thesis 

that there are a number of recent studies reporting an elevation in blood pressure in 

children (Stevenson et al., 2001; Bonamy et al., 2005; Bonamy et al., 2007) and adults 

born preterm (Siewert-Delle and Ljungman, 1998; Kistner et al., 2000; Doyle et al., 2003; 

Hack et al., 2005; Johansson et al., 2005; Keijzer-Veen et al., 2005 ; Keijzer-Veen et al., 

2007; Lawlor et al., 2007; Cooper et al., 2009).   
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Besides the accelerated postnatal maturation and the presence of abnormal glomeruli, a 

major finding of concern in this thesis was the glomerular hypertrophy observed in the 

kidneys of the human preterm neonates (Chapter 3) and also in animal models (Chapters 

4 and 5).  It is to be expected that these renal structural modifications have occurred in 

order to compensate for the immaturity (and therefore low functional capacity) of the 

kidney after birth.  In the short term, this may be beneficial for the preterm neonate in 

order to cope with the abrupt increase in renal functional demand.  As explained by the 

developmental origins of health and disease hypothesis, however, adaptive organ changes 

that promote short-term survival may in the long-term predispose the organ to adult 

disease (Tarry-Adkins and Ozanne, 2011).  This hypothesis has been predominantly linked 

to the consequences of impaired fetal development in utero, however it may be argued 

that it is equally relevant to preterm neonates in whom organogenesis is ongoing 

postnatally.   

It is unknown at this stage, however, whether the initial renal adaptation in preterm 

infants (which enables an increase in the glomerular capillary surface area available for 

filtration) will persist later in life, and as such whether it will lead to adverse structural 

changes in the long-term.  If this is the case, it is of major concern.  Indeed, glomerular 

hypertrophy is a key antecedent to renal disease, with glomerular hyperfiltration leading 

to a sequelae of glomerulosclerosis and subsequent glomerular loss (D'Agati, 2003; Kriz 

and Endlich, 2005), and thus further reductions in the functional capacity of the kidney.  

Hence, if glomerular hypertrophy is already present at the beginning of life in subjects 

born preterm, their kidneys will most certainly be predisposed to long-term renal disease.  

In this regard, there are some studies to have described renal dysfunction in childhood 

(Rodriguez-Soriano et al., 2005; Iacobelli et al., 2007) and adulthood following preterm 

birth (Keijzer-Veen et al., 2005).  Additionally, in a small case study, renal pathology was 

assessed in a group of six people that were born preterm (22-30 weeks gestation) and 

examined at 15-52 years of age (Hodgin et al., 2009).  Typical findings of post-adaptive 

focal segmental glomerulosclerosis (FSGS) were reported, and in the absence of other risk 

factors for FSGS in these individuals, the glomerulosclerosis was attributed to preterm 

birth (Hodgin et al., 2009).   
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Early life hyperoxia exposure was also shown to result in glomerular hypertrophy in 

adulthood, independently of preterm birth (Chapter 5).  Exposure to hyperoxia in the 

neonatal period may be an additive insult to the initial induction of hypertrophy due to 

preterm birth.  In this regard, IUGR (Keijzer-Veen et al., 2005), neonatal hypotension, 

postnatal catch-up growth (Iacobelli et al., 2007) and childhood obesity (Abitbol et al., 

2009) have been linked to a greater extent of renal dysfunction in preterm-born 

individuals, reflecting the importance of additive risk in the progression of renal disease.  

Differences in the postnatal clinical course of the preterm neonate, and exposure to the 

various antenatal/postnatal insults will likely result in differences in the extent of the 

reduction of renal functional capacity following preterm birth.  Certainly, the percentage 

of abnormal glomeruli in the preterm kidney (Chapters 3 and 6), and the levels of urinary 

protein and NGAL excretion (Chapter 2) was highly variable between individual neonates 

suggesting that some infants are more adversely affected than others; furthermore, 

evidence of renal dysfunction in children and adults following preterm birth is not a 

universal finding (Vanpee et al., 1992; Kistner et al., 2000; Keijzer-Veen et al., 2007; 

Rakow et al., 2008).    

 

7.4  FUTURE DIRECTIONS 

The findings from this series of studies clearly indicate that nephrogenesis is ongoing 

following preterm birth; however, the kidney is vulnerable to impaired nephrogenesis and 

also renal injury.  In order to build from these findings, in future studies it will be essential 

to: 1) identify a suitable biomarker for the detection of acute kidney injury in the preterm 

neonate; 2) further characterise the specific effects of preterm birth and related 

antenatal and postnatal factors on the developing kidney; 3) characterise the structure of 

the abnormal glomeruli, and to delineate their pathogenesis; and 4) conduct long-term 

follow-up studies in order to definitively determine the effects of preterm birth on life-

long renal health.   

Given the importance of the early diagnosis and treatment of AKI, it is essential that 

future research be focused on the discovery of novel urinary biomarkers for use in the 

preterm neonate.  The expectation of a new biomarker is to enable the diagnosis of 
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cellular injury before a decline in renal function occurs; as described by Rosner (2009), it 

would be optimal if a biomarker could also be utilised to measure the response to, and 

any adverse effects of, therapeutic interventions, indicate the severity of renal injury, the 

aetiology of the injury and the location of the injured cells.  Parikh et al. (2010), in a 

systematic review of the current literature, determined that the molecules with the most 

promise for the early diagnosis of AKI in the general human population include 

interleukin-18 (IL-18), fatty acid binding protein (FABP), cystatin-C, and neutrophil 

gelatinase-associated lipocalin (NGAL).  In the current series of studies, however, it was 

determined that urinary NGAL levels are not an accurate indicator of renal injury in the 

preterm neonate (Chapter 2).  Future studies, therefore, should be focused on examining 

the utility of other biomarkers that have been identified as having potential for use in the 

clinical setting, and that these biomarkers are specifically assessed in a population of 

preterm neonates.         

From the findings reported in this thesis, it was shown that early postnatal ibuprofen 

administration is associated with a reduced nephrogenic zone width, and neonatal 

hyperoxia exposure results in glomerular hypertrophy in adulthood; neither of these 

factors was causative of the morphologically abnormal glomeruli in the preterm kidney.  

As discussed in this thesis, however, there are numerous other antenatal and postnatal 

factors associated with preterm birth that have the potential to directly influence renal 

development and function.  Certain factors are inherent to the circumstance of preterm 

birth (such as the redistribution of blood flow), some relate to medical conditions, and 

related treatments of the mother during pregnancy (including IUGR, and antibiotic 

treatments for chorioamnionitis), and others are associated with the postnatal clinical 

care of the preterm neonate (such as nutritional intake and exposure to nephrotoxic 

medications).  To examine each of these factors, it would be ideal for a clinically relevant 

model of preterm birth (such as the baboon) to be utilised; studies would comprise a 

comprehensive functional and stereological assessment of renal development in a group 

of animals that were exposed to the specific factor, compared to unexposed controls.  

Due to the complexities involved in the treatment of preterm neonates after birth, and 

the variability in individual treatment responses, it is often not possible for an 

‘unexposed’ group to survive, even in animal models.  Small animal models (such as the 
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rodent) are useful under these circumstances; nephrogenesis is ongoing for 1-2 weeks 

after normal term birth in mice and rats which makes them ideal models to examine the 

effects of postnatal insults on ongoing renal development.   

Another important focus of future research will be to fully characterise the 

morphologically abnormal glomeruli that were commonly present in the outer renal 

cortex of the preterm kidney.  To definitively determine whether the glomeruli are 

atubular, serial sections of affected glomeruli in preterm baboon and human kidney 

tissue may be examined in order to visually observe the presence or absence of a 

connection between the proximal tubule and the Bowman’s space of the glomerulus.  

Previous immunohistochemical analyses of abnormal glomeruli in the preterm baboon 

kidney demonstrated that the shrunken glomerular tuft appears to be composed 

primarily of podocytes, and may be poorly vascularised (Gubhaju et al., 2009; Sutherland 

et al., 2009).  Immunohistochemical techniques, in conjunction with confocal imaging, 

could be further utilised to quantify the proportion of different cell types within the 

glomerular tuft, to assess the capacity for glomerular vascularisation (VEGF expression), 

and also to determine the proportions of glomerular cells undergoing apoptosis (caspase-

3 expression).  The cellular composition of affected glomeruli may give an indication as to 

the pathogenesis of the glomerular abnormalities; a depleted number of endothelial cells, 

for example, may be indicative of impaired vascular development and/or injury.    

It is to date unclear what consequences preterm birth (and related antenatal and 

postnatal factors) will have on the long-term renal health of individuals born preterm; 

given the advances in clinical care practices over the past two decades, the first survivors 

of extremely preterm birth are only now reaching early adulthood.  As reported in this 

thesis, nephrogenesis was still ongoing in the majority of human preterm neonates 

studied, therefore it was not possible to determine whether there was an effect of 

preterm birth on the final complement of nephrons formed (Chapter 3; Sutherland et al. 

(2011)).  However, the findings are certainly suggestive that there is a negative impact on 

nephron endowment.  Ideally whole kidneys, or a known proportion of the kidney, could 

be collected at autopsy from older infants (in whom nephrogenesis had ceased), in order 

to stereologically determine whether preterm birth is associated with a reduced nephron 

endowment.  The kidneys from older children and adults that were born preterm could 
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also be assessed in order to investigate the possibility of age or injury-related nephron 

loss at a later time point, and importantly, to determine whether the glomerular 

hypertrophy observed in the neonatal kidney persists into later life.  Periodic Acid Schiff 

(PAS)-stained sections of kidney tissue from these subjects may also be assessed in order 

to determine the presence or absence of glomerulosclerosis.  If medical records are 

available for these subjects, it may be possible to perform logistic regression analyses in 

order to determine if there is a relationship between deficits in nephron number and/or 

the severity of renal pathology with exposure to specific antenatal or postnatal factors 

that may have influenced renal development.  Due to a low number of subjects, it was 

unfortunately not possible for us to perform these analyses in either the neonatal 

autopsy study (Chapter 3) or the renal function study (Chapter 2) presented in the current 

thesis.       

Overall, by identifying the individual factors involved the impaired nephrogenesis and/or 

injury in the preterm kidney, and by delineating their specific effects, it may be possible in 

the future for the clinical care practices in the NICU to be modified in order to optimise 

postnatal renal development.   

 

7.5  CONCLUSIONS 

Encouragingly, we have shown through this series of studies that nephrogenesis 

continues postnatally in the extrauterine environment after preterm birth.  Although the 

functional capacity of the kidney was lower in preterm neonates than in neonates born at 

term, only a small proportion of neonates exhibited severe renal dysfunction during the 

first month of life.  Of concern, however, pathological proteinuria and high urinary NGAL 

levels may be indicative of postnatal renal injury.  Similarly, morphologically abnormal 

glomeruli, with shrunken glomerular tufts, were localised to the outer renal cortex of the 

preterm kidney suggesting that immature glomeruli are at risk of impaired development 

and/or renal injury following preterm birth.  Overall, the presence of non-functional 

glomeruli, and underlying changes in glomerular capillary size and nephrogenic zone 

width, may ultimately result in a deficit of functional nephrons in the preterm kidney.  In 

turn, this is likely to have an adverse effect on the short and long-term renal health of 
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individuals born preterm.  It is essential, therefore, that future research focuses on the 

identification of factors that adversely influence the development of the preterm kidney, 

in order to develop strategies that can be implemented in the neonatal intensive care 

setting to optimise postnatal renal development.   
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CHAPTER TWO ADDENDUM 
 
Page 133, add to the end of the ‘Impaired renal function’ section of the Results: 
 
The relationship between the six different measures of renal dysfunction (Figure 7), and whether any preterm 
neonates had multiple measures of renal impairment, was also examined.  As shown in Table 3, 11 preterm 
neonates (10.3%) had 2 measures of renal dysfunction, and 1 preterm neonate (0.9%) had 4 measures of renal 
dysfunction.  The categories of renal dysfunction in these 12 individual neonates are described in Table 4.  The most 
common combination of renal dysfunction measures exhibited during the first month of life was high serum 
creatinine and high fractional excretion of sodium (observed in 7/12 preterm neonates).   
 
 
Table 3:  The number and percentage of preterm neonates (n=107) that had 0 to 6 measures of renal dysfunction 
(low urine output, low creatinine clearance, high serum creatinine, high fractional excretion of sodium, high urine 
total protein, and high urinary NGAL). 

Number 
of Measures 

Number of 
Neonates 

Percentage 
of Neonates 

0 64 59.8 

1 31 28.9 

2 11 10.3 

3 0 0.0 

4 1 0.9 

5 0 0.0 

6 0 0.0 

 
Table 4:  Gestational age group, sex, and multiple measures of renal dysfunction in 12 preterm neonates. 
 

 
Gestational 

Age Group 
Sex 

Low Urine 

Output 

Low  

CCr 

High  

Serum Cr 

High  

FENa 

High  

UTP 

High  

NGAL 

1 A F      

2 A F      

3 A F      

4 A M      

5 B M      

6 C M      

7 C F      

8 A M      

9 B F      

10 B M      

11 C M      

12 B M      

 
 



 

 

CHAPTER TWO ADDENDUM 

 

Page 138, add prior to ‘Urinary NGAL as a marker of acute kidney injury’ section of the Discussion: 

 

Measures of renal impairment 

In this study, renal impairment was defined as measures of renal function that were greater than 2 standard 

deviations from the mean (including low urine output, low creatinine clearance, high serum creatinine, high 

fractional excretion of sodium, high urine total protein, and high urinary NGAL).  A limitation of the current study, 

however, is that it is not clear whether the measures of renal dysfunction we have employed are resultant and/or 

causative of renal injury.  There is a current lack of definition in the literature as to what constitutes acute kidney 

injury (AKI) in the preterm neonate; if the general definition of AKI commonly used in adults (RIFLE criteria (69, 72)) 

was applied in the current study, only 1 preterm neonate (and 10 term neonates presenting with oliguria) clearly 

met the criteria.  Therefore, we adopted a broader definition of dysfunction in the current study in order to give an 

indication as to the percentage of infants with reduced renal functional capacity (glomerular and tubular), rather 

than focus on the strict AKI criteria.  It is important to note that of all the maternal and neonatal factors we 

examined (including exposure to medications) there was no direct corollary with renal impairment, indicating that 

the observed renal dysfunction is likely multi-factorial in origin.   

 

A high proportion of preterm neonates were observed to have high FENa; it may be speculated that the high sodium 

excretion in these neonates represents either tubular immaturity or injury.  Of the neonates that exhibited more 

than one measure of renal function, the majority had both high FENa and high serum creatinine.  If tubular function is 

impaired, this may also have an impact on serum creatinine levels as creatinine (besides predominantly being 

filtered by the glomeruli) is known to be actively excreted by proximal tubular cells (70, 73), and in the case of 

preterm neonates, may also be reabsorbed by the immature tubules as has been observed in a neonatal animal 

model (71).  Serum creatinine levels are also influenced by extrarenal factors such as muscle mass, and the intake of 

nitrogen, protein and creatinine (70, 73) which is increased with milk formula and other parenteral nutrition 

preparations (74).  Each of these factors may have influenced the relatively high proportion of neonates who also 

exhibited high serum creatinine levels; in contrast, only 1 preterm neonate was found to have low creatinine 

clearance.  In general, creatinine clearance is considered to be a more reliable indicator of glomerular filtration rate 

than serum creatinine levels alone (55), especially given the large number of factors that may influence the 

generation of creatinine as described above.  Encouragingly, this finding may indicate that the capacity for 

glomerular filtration in the preterm kidney in the early neonatal period is quite adequate; however, tubular function 

is likely impaired.   

 

Page 144, add to end of the References: 

 

69. Bellomo R, Ronco C, Kellum JA, Mehta RL, and Palevsky P. Acute renal failure - definition, outcome measures, animal 
models, fluid therapy and information technology needs: the Second International Consensus Conference of the Acute Dialysis 
Quality Initiative (ADQI) Group. Crit Care 8: R204-212, 2004. 
70. Levey AS, Perrone RD, and Madias NE. Serum creatinine and renal function. Annual review of medicine 39: 465-490, 
1988. 
71. Matos P, Duarte-Silva M, Drukker A, and Guignard JP. Creatinine reabsorption by the newborn rabbit kidney. Pediatr 
Res 44: 639-641, 1998. 
72. Mehta RL, Kellum JA, Shah SV, Molitoris BA, Ronco C, Warnock DG, and Levin A. Acute Kidney Injury Network: report 
of an initiative to improve outcomes in acute kidney injury. Crit Care 11: R31, 2007. 
73. Perrone RD, Madias NE, and Levey AS. Serum creatinine as an index of renal function: new insights into old concepts. 
Clin Chem 38: 1933-1953, 1992. 
74. Premji SS, Fenton TR, and Sauve RS. Higher versus lower protein intake in formula-fed low birth weight infants. 
Cochrane Database Syst Rev CD003959, 2006. 



 

 

CHAPTER FOUR ADDENDUM 

 

Page 167, add to the end of the ‘Capillary length and surface area density’ section of the Results: 

As shown in Figure 5, there was a significant positive linear correlation between capillary surface area density and 

capillary length density in the term kidney, but no correlation was evident in the preterm kidney indicating that 

capillary surface area was independent of capillary length.  
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Figure 5:  Linear regression analysis of capillary length density per renal corpuscle versus capillary surface area per 
renal corpuscle in term control (black, circles) and preterm groups (grey, squares).  There was a significant positive 
correlation in the control group, but no correlation in the preterm group.   
 
 

 

Page 170, add to first paragraph of ‘Preterm birth leads to the dilation of glomerular capillaries’ section of the 

Discussion: 

Comment:  In support of the conclusion that capillary dilation has occurred in the preterm kidney following preterm 

birth, we found no correlation between capillary length density and capillary surface area density in the preterm 

kidney. 

 

 



 

 

CHAPTER FIVE ADDENDUM 

 

Page 192, add to the end of the ‘Renal corpuscle volume’ section of the Results: 

Univariate regression analyses were performed (using Intercooled Stata version 8.0 for Windows statistical analysis 

software) to determine the effect of the variables hyperoxia exposure, sex and nephron number on renal corpuscle 

volume.  As shown in Table 1, the results of this analysis demonstrated that both exposure to hyperoxia, and 

nephron number, were independently associated with renal corpuscle volume.  There was no association between 

sex and renal corpuscle volume.   

 

Table 1:  Results of univariate analyses to determine the effects of sex, hyperoxia exposure, and nephron number, 
on renal corpuscle volume in mice at P56.   

Variable Correlation Coefficient (±SE) R2 95% Confidence Interval p value 

Sex 1.45 x10-6 ± 2.93 x10-6 0.01 3.46 x10-6 – 6.35 x10-6 0.55 

Hyperoxia 
Exposure 

5.08 x10-6 ± 2.19 x10-6 0.17 5.88 x10-7 – 9.58 x10-6 0.03 

Nephron 
Number 

-3.00 x10-9 ± 6.02 x10-10 0.49 4.24 x10-9 – 1.76 x10-9 < 0.0001 

 
 
 

Page 194, add to first paragraph of ‘Induction of glomerular hypertrophy by adulthood’ section of the Discussion: 

Comment:  In support of the finding that renal corpuscle size was significantly increased in the hyperoxia-exposed 

animals at P56 compared to controls, univariate analysis demonstrated a significant association between hyperoxia 

exposure and renal corpuscle size. 

 



 

 

CHAPTER SEVEN ADDENDUM 

 

Page 229, add to the end of the ‘Effects of preterm birth on renal morphology and function’ section of the Discussion: 

Strengths and limitations of the study design 

This thesis incorporated the findings of assessments of renal structural and functional development in human 

preterm neonates, as well as in neonatal animal (mouse, sheep and baboon) models.  The principal strength of the 

overall study design is the comprehensive assessment of renal function (Chapter 2) and morphology (Chapter 3) in 

human preterm neonates.  The observational study of renal function in preterm neonates being cared for in the 

NICU setting (described in Chapter 2) was carried out using non-invasive methods, which resulted in high rate of 

patient participation in the study and clinically relevant results.  A weakness of the study, however, was the low 

number of spot urine samples obtained which possibly limited our ability to fully describe the pattern of urinary 

protein excretion in preterm neonates during the first month of life.  The morphology of the preterm kidney after 

birth was also assessed in human kidney tissue collected at autopsy (Chapter 3).  Very few studies have been 

previously conducted to examine the effects of preterm birth on kidney development, and a strength of this study 

was in the separate analysis of neonates that were also IUGR.  All preterm neonates examined had died at differing 

time-points after birth (a range of 2-68 days), and were exposed to a range of factors in the postnatal environment 

that have the potential to have influenced kidney development.  It is possible, therefore, that this intrinsically ill, 

non-surviving population of preterm neonates are not representative of the population of preterm infants that 

survive the neonatal period, and may therefore have experienced greater impairments on renal development.  The 

primary limitation of conducting studies in human neonates is that due to the large number of variables, and low 

sample size, we were not able to perform multivariate analyses in order to determine which factors in the postnatal 

environment may have contributed to the observed impairments in renal morphology and function.  We did not 

observe any direct correlations between any maternal or neonatal factors (including exposure to medications), 

therefore it is likely that the impairments are multi-factorial in origin.   
 

In order to eliminate confounding factors, experimental studies (reported in chapters 4, 5, and 6) were conducted in 

carefully controlled animal models.  A sheep model of preterm birth (Chapter 4) was used for the specific 

assessment of capillary growth in the first 3 days after birth.  Although nephrogenesis is completed prior to preterm 

delivery in this model, vascularisation of the immature glomeruli is likely still ongoing.  A weakness of this study was 

the lack of an age-matched control for comparison with the preterm group; however, the preterm lambs are 

delivered before lung maturation is complete and therefore they are unable to survive postnatally without 

ventilation.  Fetal animals, matched for post-conceptional age, would be the only option for a control group in this 

case.  In the assessment of the effects of hyperoxia exposure on the developing kidney, a neonatal mouse model 

followed out to adulthood was utilised (Chapter 5).  In rodents, nephrogenesis normally continues in the postnatal 

environment after birth, which enables the assessment of the effects of postnatal insults on the kidney, and makes 

them a good model of the preterm neonate.  The oxygen concentrations utilised in this study (65% O2 from day 0-7 

of life) represents a relatively high oxygen concentration for a prolonged period of exposure; this may not accurately 

reflect the clinical setting in which a variable concentration of oxygen may be used, and with more intermittent 

periods of exposure.  The highly relevant baboon model of preterm birth was also utilised in this thesis (Chapter 6), 

in order to determine the effects of postnatal ibuprofen administration on kidney development.  The ontogeny of 

the baboon kidney very closely resembles that of humans, with ongoing nephrogenesis after preterm birth, which 

makes the baboon an excellent model.  In this study, the administration of both ibuprofen and a NOS inhibitor were 

examined.  The examination of the effects of ibuprofen treatment on the kidney has important clinical relevance as it 

is a drug commonly used in clinical practice to treat PDA in preterm neonates.  In contrast, the administration of NOS 

inhibitors in preterm neonates is purely an experimental procedure, and its use has only been previously reported in 

a single clinical trial (as it has been withdrawn from clinical use due to adverse effects). 
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