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GENERAL INTRODUCTION

Bronchopulmonary dysplasia (BPD), a term first introduced by Northway and colleagues 

[86], is a serious chronic lung disease in premature infants, which usually develops after 

severe infant respiratory distress syndrome (IRDS), and requires mechanical ventilation 

and prolonged oxygen therapy [38,66]. The first diagnostic criteria used for BPD included 

positive pressure ventilation during the first week of life for a minimum of 3 days, clinical 

signs of respiratory insufficiency, supplemental oxygen for more than 28 days and a chest 

radiograph demonstrating persistent densities in both lungs, alternating with areas of nor-

mal or increased lucency [10]. Nowadays these definitions are not considered appropriate for 

the smallest preterm infants, who may require supplemental oxygen because of pulmonary 

immaturity beyond 28 days without clinical and radiographic signs of BPD [93]. The require-

ment for supplemental oxygen at 36 weeks postconceptional age may be a more accurate 

criterium and this complication is now usually referred to as chronic lung disease (CLD) [102]. 

The incidence of CLD has not changed over the past decade but various treatment strategies 

in clinical practice have changed the severity of the disease [66]. The aetiology of CLD is 

multifactorial and has been attributed to a number of factors: oxygen toxicity and baro-

trauma from mechanical ventilation, infection, primary surfactant deficiency or nutritional 

factors. Regardless of the aetiologic causes, early and prolonged postnatal inflammation in 

the lungs of infants with CLD have been demonstrated [89]. The inflammation reaction seen 

in the alveoli is already evident shortly after birth and this supports the hypothesis that the 

inflammatory process may start in utero [127]. Nearly 40 years after BPD or CLD was first 

described, it remains a major complication of premature birth. New ways of preventing or 

modulating CLD are still warranted and may lead to improvement of long-term outcome in 

preterm infants [66]. 

Prevention of premature birth, especially extreme prematurity, would reduce the occurrence 

of CLD. Enhancement of lung maturity via induction of surfactant production and induction 

of antioxidant enzymes represents a major advancements in reducing the incidence and 

severity of CLD and neonatal mortality [9,28]. The most common antenatal strategy used 

to mitigate the adverse effects of preterm delivery, particularly the respiratory outcome of 

premature infants, is the use of antenatal glucocorticoid (GC) therapy. However, despite the 

widespread use of antenatal GC therapy, CLD is still prevalent. There is no evidence that mul-

tiple courses (>3 courses) of antenatal GC therapy are more beneficial than 1 or 2 complete 

courses. Prolonged oxygen exposure and mechanical ventilation in the immature baby cause 

lung injury [91]. Avoidance of excessive oxygen exposure and careful attention to blood gas 

tensions and oxygen saturations may help to reduce injury to the lung related to oxygen 

exposure. In addition, the duration of ventilation before surfactant therapy is started should 

be minimized and especially in the most immature babies, preventive surfactant therapy has 

proven its value in preventing or reducing CLD [40]. Another strategic goal to prevent CLD is 
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to avoid lung over-inflammation by using the smallest possible tidal volume [27]. The rate of 

death due to CLD is reduced, but not prevented by exogenous surfactant therapy [62]. This 

could be due to the survival of extremely low-birth weight premature infants, who are at 

high risk for CLD [66]. Preliminary reports suggest the benefits of inhaled nitrous oxide (iNO) 

therapy to reduce CLD [4,11]. Deficiencies in antioxidant nutrients have been implicated in 

the pathogenesis of CLD, therefore replacement and administration of those supplements 

may reduce CLD. Fluid restriction [113] and diuretic therapy are additional possible means to 

reduce severity and mortality related to CLD [16].

Chronic lung disease and Glucocorticoids

Because of the anti-inflammatory properties of glucocorticoids (GCs), GC therapy is con-

sidered one of the best alternatives to reduce the inflammatory process involved in the 

pathogenesis of severe CLD. GCs, besides stimulating surfactant producing pneumocytes, 

appear to have additional effects on pulmonary maturation. Several mechanisms have been 

proposed to explain the effects of GCs on pulmonary function. The effects of GCs on struc-

tural lung growth and development [100,133], on antioxidant enzymes [98], on lung tissue 

growth factors [61,98], on inflammatory mediators [124] and the regulation of pulmonary 

fluid absorption [138] have been implicated to play a role in pulmonary maturation, in con-

junction with stimulation of surfactant synthesis [51]. The rapid clinical improvement seen in 

infants with CLD after the initiation of postnatal Dexamethasone (Dex) therapy is due in part 

also to improvement in the integrity of the alveolar-capillary barrier and the potential for GCs 

to limit pulmonary fibrosis [128].

GCs for ventilator-dependent infants facilitate extubation and reduce the rate of CLD 

whether they are given early, moderately early or later [54-56,116]. There have been a plethora 

of studies evaluating the use of postnatal GCS, the most popular of which is Dex [20,52].

Liggins and Howie published the first study demonstrating the value of maternal antenatal 

GCs (ACS) in 1972 [74]. They reported decreased mortality and morbidity rates in preterm 

infants and a significantly decreased incidence of respiratory distress syndrome. Since then 

antenatal steroid therapy has become a proven beneficial intervention [2,28,29] when pre-

term birth occurs. The consensus statement of the American National Institutes of Health 

(NIH) recommends administration of ACS to all patients at risk of preterm delivery prior to 

34 weeks gestation [2]. The benefits of ACS outweigh any harmful effects, although multiple 

courses of ACS should be avoided because they do not offer an advantage in promoting 

alveolar development compared to single courses. To the contrary, neurological adverse 

effects (decreased head circumference, delayed psychomotor development) have been 

described especially after multiple courses of ACS [46].

The first randomized trial of postnatal GC treatment was performed by Baden et al. in 1972 

[8] with the administration of hydrocortisone and reported no significant beneficial effects. 

However, the surviving babies of this trial treated with hydrocortisone showed increased risk 
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of severe intraventricular hemorrhages [112] and neurological problems [44]. In the 1980s, 

several investigators [6,77] reported results of controlled trials of Dex treatment in CLD. The 

study performed by Cummings et al. [30] is important since it addresses the issue of dura-

tion of therapy and demonstrates the long-term benefits (reduced duration of mechanical 

ventilation, oxygen supplementation and hospitalization). From the mid-1980s throughout 

the 1990s’, postnatal GCs, in particular Dex has been used increasingly for prevention or 

treatment of CLD, supported by evidence of benefit on some short-term outcomes, including 

earlier weaning from mechanical ventilation and extra oxygen [38].

GCs and adverse effects

Although GCs show beneficial effects, most studies reported serious and sometimes fatal side 

effects in a large proportion of the treated infants (see below), strongly suggesting that Dex 

treatment should be used only restrictively [15,38,53,85,103]. Several acute side effects have 

been described such as: suppressed function of the hypothalamo-pituitary-adrenal (HPA) 

axis [92], increased risk of infection [109], bacteriaemia and gastrointestinal perforation/

hemorrhage [108], hypertriglyceridemia and increased free fatty acid levels [5], poor glucose 

tolerance with hyperglycaemia [90], adrenal suppression [110], immune suppression [131], 

neutrophilia, increased diuresis, severe catabolism with protein wasting [117,121], muscle 

breakdown [22], increased plasma amino acid concentrations [134], reduced growth/slower 

weight gain [48], bone demineralization [129] and seizures [1,54-56]. Although these effects 

are thought to be resolved after discontinuation of the therapy, long-term follow-up studies 

are lacking. Few studies have addressed the possible long-term consequences of systemic GC 

therapy during a stage of rapid organ growth and development. Animal experiments have 

revealed significant negative effects of GCs on cell multiplication in different organs such as 

the lung and the central nervous system [42,58,115,118]. The most prominent adverse effect 

of GC treatment on lung growth is a decrease in the final numbers of alveoli, in addition 

to a decrease in lung growth [78,100,118,119,124]. Recent concern about adverse long-

term effects on the brain has led to a decrease in the use of GC. The American Academy of 

Pediatrics [3] made recommendations regarding the use of corticosteroids in preterm infants. 

Because high doses of GCs started only a few years ago, little is known about the long-term 

side effects of these treatments in humans. Therefore studies performed in animals have tried 

to mimic the human situation and investigated the long-term side effects. Studies in mam-

mals show that exposure to chronic high levels of exogenous GCs during early development 

results in morphological, physiological and behavioral modifications in later life. The precise 

nature of these effects is dependent on the dose of the steroid, the developmental stage at 

which the exposure occurs [25,70] and the species studied [79,97]. In species that give birth 

to immature pups (rats, mice and rabbits) much neurodevelopment occurs in the postnatal 

period [97] and thus Dex treatment can have a deleterious effect in that period [39]. Animal 

experiments have shown that GC administration during critical periods of brain development 
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either prenatally or postnatally may impair myelinization, brain cell division and longer-term 

behavioral effects [18,63,68,120,122]. Moreover, postnatal Dex treatment appeared to be 

associated with subsequent impairment of spatial learning, deficits in motor coordination 

and reduced cerebellar weights [18,50].

In humans magnetic resonance imaging has shown that the volume of grey matter in 

the brains of preterm babies is reduced by one-third after postnatal Dex treatment and 

periventricular leucomalacia has been reported [84,108]. These findings are consistent 

with the approximately 2-fold increased risk of abnormal neurological findings, including 

cerebral palsy, in babies given steroids soon after birth [14,15,38,55,87,104,108,135,136]. 

Also late treatment, beyond 3 weeks of age, is associated with an increased risk of abnormal 

neurological findings upon clinical examination but the effect is less pronounced than with 

early treatment [54]. Neuromotor-dysfunction, reduced head growth and adverse effects on 

cognition have been revealed in GC (Dex)-treated children [14,15,84,114,135,136].

Adverse effects of antenatal GCs on the heart

Experimental studies in rats and fetal lambs showed that antenatal GC exposure induce 

lifetime changes in cardiovascular function [36,71]. Although in the acute phase antenatal 

GC treatment seems to have no effect on cardiac wall thickness, systolic function and the 

ratio between left interventricular septum/left ventricular posterior wall thickness reportedly 

are affected [123].

The mechanisms behind the long-term effects of antenatal GCs may be similar to those 

involved in the Barker hypothesis [12,13]. This theory suggests an association between low 

birth weight and increased risk of adult onset-cardiovascular disease. Maternal stress causes 

high concentrations of fetal GCs and alters the number of steroid receptors in the hypotha-

lamic-pituitary-adrenal (HPA)-axis. It affects the renin-angiotensin system and ultimately leads 

to pathological cardiovascular changes in adults [12,37]. Benediktsson [17] reported that GC 

exposure in utero leads to hypertension in adult life, due to GC-induced reprogramming of 

the HPA-axis during perinatal life. Rudolph [96] found that perinatal administration of GCs in 

lambs changes the pattern of neonatal myocardial growth. Myocardial growth during fetal 

life in rats and humans is accomplished predominantly by proliferation of the number of 

cardiomyocytes (hyperplasia). In contrast, during the transition period after birth, growth is 

increasingly characterized by increase in cell size (hypertrophy) as evidenced by an increase 

in the percentage of binucleated myocytes [26,59,72,73,76,80,137]. As a consequence, in a 

period where cells are undergoing cell division, GCs could have deleterious side effects [96].

Short-term effects of neonatal GCs on the heart

After the use of GCs and in particular Dex became widespread, several reports of infants 

developing cardiac changes consistent with hypertrophic cardiomyopathy (HCM) began to 

appear [19,21,60,88,107,130]. Also in animal models (mostly rats) it was shown that HCM 
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developed during neonatal treatment with Dex [33,69,83,105,106,132]. HCM is characterized 

by left ventricular hypertrophy and concomitant alterations in systolic and diastolic function. 

Hypertrophy alone is not sufficient to make the diagnosis of HCM. Usually an asymmetric 

increase in septal thickness is present, which can lead to the development of left ventricular 

outflow tract obstruction. Another acute effect of treatment with Dex in the neonatal period 

is hypertension [19,90]. These effects are thought to be transient and to disappear after ces-

sation of Dex treatment, although there is some concern that Dex induced interruption of 

growth during fetal life may induce long-term negative effects on somatic development (see 

below) [135]. The mechanism of the effects of Dex on the heart is unknown albeit that the 

concomitant hypertension is known to cause hypertrophy through a direct anabolic effect 

on cardiac muscle [81].

Long-term effects of neonatal GCs on the heart

Less is known about the possible long-term effects of neonatal Dex treatment on the car-

diovascular system. It appears that GC treatment in rat pups results in hypertension in adult 

life due to reprogramming of the HPA-axis [17]. Moreover in a recent study performed by 

our group [33] the heart weights of neonatally Dex-treated rats at adult age were lower and 

showed a tendency for lower DNA-content than control animals. This was accompanied by 

increased collagen content at adult age, presumably indicating early degeneration of myo-

cytes in those rats neonatally treated with GCs. In a survival study of rats treated with Dex in 

the neonatal period it appeared that those rats had a reduced life expectancy [64]. 

Perinatally administered cortisol [95,96] inhibits myocyte proliferation and accelerates 

the change in myocardial growth pattern normally occurring after birth. In a recent study 

performed by our group [32] it was shown that also early postnatal administration of Dex can 

alter myocardial growth in the neonatal period. This study showed a permanent inhibition of 

normal physiological myocardial growth after neonatal treatment with Dex in rat pups. These 

acute short-term adverse effects could possibly result in long-term negative cardiovascular 

side effects. Since the hearts of Dex-treated rats contain a lesser number of cardiomyocytes 

at adult age, these cells will have to hypertrophy over time as compensation to fulfill hemo-

dynamic demands.

Model and methods used in this thesis

The animal model and the methodologies applied in this thesis to determine the functional, 

histopathological and biochemical characteristics of the heart after neonatal Dex treatment 

are briefly summarized in the next few sections.

The animal model 

The studies in this thesis were performed using a rat model. The neonatal rat is an adequate 

model to represent the very preterm infant, because the developmental stage of a preterm 
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infant in the third trimester of pregnancy is comparable with that of a 1- to 10-day-old rat 

pup [34,35,45], at least for the brain. Furthermore, many of the GC-induced cardiovascular 

changes observed in rats are similar to those found in humans [33,69,83,105,106,132]. Given 

these correlations, we used the neonatal rat pup to investigate effects of tapering courses of 

neonatal Dex treatment on the developing cardiovascular system. Rat pups were injected 

intraperitoneally with Dex on day 1, 2 and 3 of life.

Long-term clinical follow-up studies are not yet available because very few neonatally GC-

treated humans have reached adulthood at this point. Therefore the experimental studies 

described in this thesis may serve as a basis for early detection of long-term consequences 

and treatment of possible cardiovascular dysfunction in a large number of individuals treated 

in the neonatal period with GCs.

In this thesis we focused on the chronic effects of neonatal Dex treatment on the cardiovas-

cular system by hemodynamic, histopathological, and biochemical/molecular studies. Studies 

were performed in 4-, 8-, 50- and 80-week-old rats, representing respectively the prepubertal, 

postpubertal/young adult, middle-aged, and elderly period during life span [45,94]. Normally 

the average life span of untreated Wistar rats is about two and a half year [64].

Assessment of myocardial performance, pressure-volume loops 

The fundamental variables to describe the performance of the left ventricle as a pump are 

pressure and volume of the ventricular cavity. Pressure and volume can be plotted in a graph 

resulting in a pressure-volume loop, representing the cardiac cycle, as schematically illus-

trated in Figure 1. In the normal heart, four phases can be clearly distinguished: iso-volumic 

contraction, ejection, iso-volumic relaxation, and filling. Contraction of the left ventricle 

begins at end-diastole (A), where a new cardiac cycle starts. The ventricle is completely filled 

at this point and the electrical activation causes contraction to start. Moving upwards in the 

loop the iso-volumic contraction phase is represented and the increasing left ventricular 

pressure closes the mitral valve (left ventricular pressure exceeds left atrial pressure). At point 

B left ventricular pressure exceeds aortic pressure, the aortic valve opens and ejection starts. 

Ventricular volume decreases with little change in pressure, until the activation stops and 

the aortic valve closes. At point C relaxation begins and pressure drops rapidly during the 

iso-volumic relaxation phase. Finally at point D, left ventricular pressure falls below left atrial 

pressure, the mitral valve opens and filling of the left ventricle begins until the mitral valve 

closes and the next contraction starts (A). 

Several parameters generally used to characterize performance of the left ventricle can be 

readily identified from the pressure-volume loop (Figure 1): the volume at maximal filling, 

end-diastolic volume (EDV), and the corresponding end-diastolic pressure (EDP). The minimal 

volume reached at end-ejection, end-systolic volume (ESV), and the pressure at end-systole 

(ESP). The distance between A/B and C/D represents the volume change during ejection 

and filling; stroke volume (SV). This is the volume ejected during systole and, in steady state 
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conditions, equals the volume that subsequently enters the left ventricle during filling in 

diastole. SV multiplied by heart rate defines cardiac output (CO). Assuming that SV remains 

constant, CO is directly proportional to heart rate. The ratio of SV to EDV represents ejection 

fraction (EF).

The surface area of the pressure-volume loop represents stroke work (SW), which is the 

external work (mechanical energy) performed by the left ventricle during one heart beat. 

Other parameters are obtained by differentiating volume and pressure; by looking at changes 

in pressure, e.g. the maximal rate of pressure rise, dP/dt
MAX

, is obtained while the time deriva-

tive of volume yields outflow and inflow.

Determinants of cardiac performance

Cardiac performance is dependent not only on the intrinsic properties of the heart (referred 

to as contractility) but also on other factors. The main factors that determine cardiac perfor-

mance are contractility, loading conditions, and heart rate. Contractility is often considered 

as the intrinsic capacity of the myocardium to contract independent of preload or afterload 

conditions. Contractility of a cardiac muscle fiber may be represented by its (isometric) force-

length relationship [65] (Figure 2). 

Increased contractility is defined then as a greater force generated at a given length or as 

the same force generated at a decreased length, and vice versa for decreased contractility.

Preload is the degree to which myocardial fibers are stretched before the start of contrac-

tion. The most logical measure of preload for the left ventricle is end-diastolic volume. The 

famous Frank-Starling law [82] implies that with increased end-diastolic fiber length the 

contractile force increases. Through this mechanism, preload plays an important role in the 

regulation of CO. Afterload is the load on the ventricle during contraction. In a normally 

ejecting left ventricle arterial pressure is often used as a measure of afterload. Assuming that 

stroke volume remains constant, CO is directly proportional to heart rate. 

2

Chapter 1 -Figure 1 

Figure 1: Figure showing a typical pressure-volume 
loop during one cardiac cycle. Four phases of the 
cardiac cycle can be distinguished in the loop: 
isovolumic contraction starts at A (closing of mitral 
valve); ejection starts at B (opening of aortic valve); 
isovolumic relaxation starts at C (closing of aortic 
valve); and filling starts at D (opening of mitral 
valve).The width of the loop represents stroke 
volume. The area enclosed by the loop represents 
stroke work.
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Assessment of contractile state: the End-Systolic Pressure-Volume Relation (ESPVR)

To study the intrinsic systolic left ventricular function, the relation between the end-systolic 

pressure and volume, the ESPVR, is often used [7,111]. It may be considered as the macro-

scopic equivalent of the (microscopic) force-length curve of the cardiac muscle fiber, with 

pressure equivalent to force and volume equivalent to length. With changes in contractility, 

the ESPVR behaves similar to the myocardial force-length relationship: a steeper slope (at 

least in the lower pressure range) and/or a displacement to the left and upwards represents 

increased contractility and vice versa (Figure 3). The ESPVR is obtained by continuous 

3

Chapter 1- Figure 2 

Figure 2: The relation between (isometric) force 
and sarcomeric length for skinned trabecular muscle. 
The position and shape of the force-length relation 
is dependent on the calcium concentration of the 
bathing solution which controls the calcium available 
for contraction (adapted from Kentish [65]) 

4

Chapter 1 - Figure 3 

Figure 3: This picture shows that at enhanced 
levels of contractility the ESPVRs (isolated canine 
heart) displace leftward and become concave to the 
volume axis, whereas at lower levels of contractility 
the curves displace rightward and become convex 
to the volume axis. Contractility was modified 
pharmacologically or by ischemia (adapted from 
Burkhoff [23]). Note the similarity between Figures 
3 and 4.
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recording of PV-loops during a change in preload (Figure 4). The slope of the ESPVR is the 

maximal stiffness of the ventricle and is often called end-systolic elastance (E
ES

). Its position is 

determined either as the intersection with the volume axis (at zero end-systolic pressure, Vd) 

or, even better as the end-systolic volume intercept at a fixed end-systolic pressure within the 

operating range (e.g. ESV
100

). The ESPVR is affected only by changes in the intrinsic properties 

of the myocardium and, in good approximation, not by changes in loading conditions. This 

is in contrast with more conventional parameters such as ESV, ESP, SV, EF, SW and dP/dt
max

, 

which are strongly dependent on pre-and/or afterload. Similarly, the end-diastolic pres-

sure-volume relation (EDPVR) is a load-independent measure of the diastolic compliance of 

the left ventricle. Increased chamber compliance is reflected by a downward shift and/or a 

shallower slope of the EDPVR. In addition to the ESPVR, two relations are frequently used 

to assess ventricular function: the preload-recruitable stroke work (PRSW) relation (relation 

between stroke work and EDV), which is a direct reflection of the Frank-Starling mechanism 

[49], and the relation between dP/dt
MAX

 and EDV [75]. By design these relations are essentially 

preload-independent, but also fairly independent of afterload and therefore, like the ESPVR, 

represent excellent tools to investigate the intrinsic function of the heart.

Assessment of pressure-volume relations and their derived relationships requires con-

tinuous registration of ventricular pressure (P) and volume (V) as well as PV loops during a 

preload intervention, usually realized by temporary inflow reduction To obtain these signals, 

the studies described in this thesis were performed using a miniature pressure-conductance 

catheter (Figure 5). This catheter was recently developed [43,47] for use in small animals, 

based on the conductance method developed originally in our laboratory for studies in large 

animals and humans. A detailed description of this methodology including its calibration has 

been published [7].

Histopathological investigations of the rat hearts

The rat-hearts of four different age groups as described before were investigated histopatho-

logically. Hearts were arrested at end-diastole, using cadmium-chloride and then perfusion 

fixed with formalin. Subsequently the hearts were removed and the bi-ventricular weights 

were obtained after removal of both atria. Microscopic slices from a cross section of each 

heart were stained with Hematoxilin and Eosin (HE) staining for general histopathological 

assessment and for measurement of LV wall thickness. The Sirius Red staining was performed 

to determine collagen content. The Cadherin-Periodic Acid Schiff (PAS) staining was used 

for myocyte morphometric measurements. From these measurements cell volume could be 

calculated.

Biochemical investigations of the rat heart 

The contractile proteins in cardiomyocytes include myosin, actin, tropomyosin and the 

troponins. Another group is formed by the true cytoskeletal proteins such as tubulin and 
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desmin [67]. Myosin is the main component of the thick filament of the sarcomere of cardiac 

and skeletal muscle and is responsible for energy transduction and force development 

[31,41,57,101]. Alpha-actin is the main component of the thin filament of the sarcomere. It 

can be present as two isoforms in the cardiac muscle cell, the skeletal isoform and the cardiac 

isoform [101]. The cytoskeletal proteins tubulin and desmin are abundant in cardiomyocytes 

5
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Chapter 1- Figure 5 

Figure 4: End-systolic pressure-volume 
relationship (ESPVR). A reduction in preload, 
obtained by transient occlusion of the vena cava, 
produces a narrowing and left- and downward shift 
of the pressure-volume loop in such a way that all 
end-systolic points of the loop can be connected 
by a line (ESPVR), which in first approximation, 
is straight. The slope of the ESPVR is the maximal 
stiffness of the ventricle and is called end-systolic 
elastance (E

ES
). Its position is determined either 

as the intersection with the volume axis (at zero 
end-systolic pressure, Vd) or, even better, as the 
end-systolic volume intercept at a fixed end-systolic 
pressure level within the operating range (e.g. at 
100 mmHg: ESV

100
).

Figure 5: A 1.4F miniature pressure-conductance 
catheter containing four platinum electrodes and a 
solid-state pressure transducer used for measuring 
pressure-volume loops in small animals. The 2 
outermost electrodes (proximal and distal), are 
used to apply a current to set up an electrical field 
inside the ventricle; the 2 innermost electrodes 
measure a continuous voltage which, together 
with the current, determine a continuous electrical 
conductance signal proportional to ventricular 
volume. The pressure transducer is located between 
the 2 innermost electrodes. In the studies presented 
in this thesis this catheter was introduced into the 
left ventricle of the rats via the right carotid artery.
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and play an important role in maintaining the structural integrity of myocytes [126] together 

with transmitting mechanical and chemical stimuli within and between cells [24,99,125].

To determine the expression level of the various proteins, we used Western blotting 

techniques. Proteins were separated by gel electrophoresis and transferred to nitrocellulose 

membranes by electroblotting. Specific proteins were visualized by incubation with specific 

monoclonal antibodies.

Specific bands were visualized using the enhanced chemiluminescence detection system 

and exposure to X-ray film. Autoradiographs were scanned using a GS-700 Imaging Densi-

tometer.

Aim and outline of the thesis

The aim of the studies described in the present thesis was to investigate the long-term effects 

of neonatal Dex treatment on the heart. Data from the literature and from a previous study 

[33], suggest at least two phenomena: hypertension in later life and drastic alterations in 

cardiac myocyte structure and performance. The hypertension may be related to GC-induced 

perinatal programming of the hypothalamic-pituitary-adrenal axis that persists during 

adulthood. De Vries et al. [33] found that compared to age-matched controls, neonatally GC-

treated rats had lower heart weight and DNA content in the adult period and signs of early 

degeneration of the myocytes. Moreover GC-treated rats showed a reduced life expectancy 

possibly due to cardiac failure [64]. Therefore, we hypothesized that neonatal GC treatment in 

rats induced long-term cardiac alterations. To test this hypothesis, we determined functional, 

histopathological and biochemical characteristics at four points in the life span of the rat: 

4-, 8-, 50- and 80 weeks of age. At these time-points, reflecting pre-pubertal, post-pubertal 

(young adult), middle-aged, and elderly stages, respectively, differences between rats treated 

with Dex in the neonatal period and saline-treated control animals were investigated.

In Chapter 2 we describe the early consequences of neonatal Dex treatment on normal 

physiological cardiomyocyte proliferation and the influence of the treatment later in life.

The experiment described in Chapter 3 was performed to investigate the effects of neona-

tal Dex on functional capacity in 4-week-old animals by means of pressure-volume loops in 

the pre-pubertal period by comparing ESPVR’s in treated versus untreated rats.

Subsequently we wanted to look at age-dependent effects using PV-relations and since it is 

not known how these parameters behave as a function of age, we first studied the physiologi-

cal effects of aging on the ESPVR. Therefore, the study described in Chapter 4 was designed 

to get insight into the intrinsic systolic function from the juvenile to the middle-aged period 

in normal Wistar rats. Furthermore we investigated the normalization of indexes derived from 

pressure-volume loops to establish if correction of pressure-volume indexes for body weight 

is a good substitute for heart weight correction in these animals.
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The study described in Chapter 5 was performed to assess hemodynamic data in rats 

treated neonatally with Dex during growth and senescence (8, 50 and 80-week-old rats). 

To determine the exact histopathological changes during growth and development (4-, 

8- and 50-week-old rats) after neonatal Dex treatment, we describe changes in wall thickness, 

collagen content and morphological myocyte measurements in Chapter 6.

To complete the overall picture of the long-term consequences of neonatal Dex treatment 

beside the functional and histopathological changes, we investigated the biochemical differ-

ences in treated versus non-treated animals during the course of time. We report the changes 

found in contractile and structural proteins in 4-, 8- and 50-week-old rats in Chapter 7.

The summary and concluding remarks are presented in Chapter 8
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ABSTRACT

Glucocorticoids (mostly dexamethasone) are widely used to prevent chronic lung disease 

in premature infants. Neonatal rats treated with dexamethasone have been shown to have 

reduced cardiac mass and cardiomyocyte hypertrophy, suggesting a lower number of cardio-

myocytes at adult age, and a severely reduced life expectancy. In the present study we tested 

the hypothesis that a lower number of cardiomyocytes in later life is caused by a reduced 

cardiomyocyte proliferation and/or by early cell death (apoptosis).

Rat pups received dexamethasone or saline control on day 1, 2 and 3 and were sacrificed at 

day 0, 2, 4, 7 and 21. The cardiomyocytes of dexamethasone-treated pups showed a reduced 

proliferation as indicated by a lower mitotic index and reduced number of Ki-67 positive 

cardiomyocytes on day 2 and 4 as compared to day 0 and day 7 and also as compared to the 

age matched saline pups. On day 7 and day 21 the mitotic index was not different between 

groups. From day 2 onward up to day 21 dexamethasone-treated pups showed a lower num-

ber of cardiomyocytes. The cardiomyocytes showed no signs (<<1%) of apoptosis (Caspase-3 

and cleaved-PARP) in any group.

The temporary suppression of cardiomyocyte hyperplasia found in dexamethasone-treated 

pups eventually leads to a reduced number and hypertrophy of cardiomyocytes during adult 

life.
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INTRODUCTION

Chronic lung disease is a frequently occurring complication with high morbidity and mortality 

in preterm infants who suffer from severe (infant) respiratory distress syndrome (RDS) and 

therefore represents a significant health problem [2]. Since an excessive pro-inflammatory 

reaction seems to play an important role in chronic lung disease, glucocorticoids, pre-

dominantly dexamethasone (Dex), are widely used for prevention and/or reduction of this 

complication because of their anti-inflammatory properties [8,11,14]. Increasing evidence 

emerges however, that Dex treatment in the preterm infant at risk for chronic lung disease 

has a wide range of adverse effects [1,3,15,17,34,37]. These adverse effects also involve the 

cardiovascular system [10,22], consisting of short-term phenomena such as transient hyper-

trophic cardiomyopathy and hypertension [21,36] observed in human premature babies. 

A recent study by our group in 50 week old rats which were neonatally treated with Dex 

showed a lower heart weight accompanied by cardiomyocyte hypertrophy as compared to 

saline (Sal)-treated controls, strongly suggesting that these Dex-treated rats ended up with a 

reduced number of cardiomyocytes as compared to Sal-treated control rats [9]. Furthermore, 

it turned out that the neonatally Dex-treated rats had a severely reduced life expectancy and 

showed signs of myocardial fibrosis [9,20].

Earlier studies have shown that elevation of fetal stress hormones, such as glucocorticoids, 

in the third trimester of ovine pregnancy, alters fetal growth and cardiovascular develop-

ment and function [23,31]. Rudolph [27] found that perinatal administration of cortisol in 

fetal lambs inhibited cardiomyocyte replication, whereas Slotkin et al. [32] reported that late-

gestationally administered Dex slowed the postnatal cell division in the rat heart as indicated 

by a decrease in DNA. 

Long term effects of postnatal glucocorticoid treatment on cardiomyocyte replication and 

growth of the immature heart have not been studied yet, but the results of our study men-

tioned above suggested a lower number of cardiomyocytes in adult rats treated neonatally 

with Dex [9].

To investigate this process we performed histopathological and quantitative immunohis-

tochemical studies on hearts of rat pups before, during and after Dex treatment. We hypoth-

esized that neonatal Dex treatment alters the pattern of normal myocardial growth and 

cardiomyocyte proliferation. If so, this may be an important cause for the reported cardiac 

abnormalities in neonatally Dex-treated adult rats.

Since apoptosis is known to play an important role in cardiac failure after cardiac hyper-

trophy [13,24], albeit in adult life, we also investigated whether Dex-induced apoptosis, 

responsible for abnormal myocardial development, was present during the neonatal period.
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MATERIALS AND METHODS

Animals

The study protocol was approved by the Animal Research Committee of the University of 

Leiden. The investigation conforms to the Guide for the Care and Use of Laboratory Animals 

(National Institutes of Health Publication No.85–23, revised 1996). Pregnant Wistar rats (270 

– 300 g) were housed individually and kept under conventional housing conditions with free 

access to food and water. Pups were born on day 21-22 of gestation. On the day of birth 

(day 0) male pups were selected and randomly divided between treatment (day 2 n=10, day 

4 n=8, day 7 n=6, day 21 n=6) and control (day 2 n=10, day 4 n=9, day 7 n=7, day 21 n=6) 

groups. A separate group was sacrificed on day 0 before treatment (n=8). Treatment and 

control animals were kept separately and placed with foster mothers in groups of 6 to 10 

pups. Temperature and humidity were kept constant and the rats had free access to food and 

water. An artificial 12hrs light/12hrs dark cycle was used.

Experimental design

Rat pups in the treatment group were injected intraperitoneally with dexamethasone (Dex) 

(Dexamethasone Sodium Phosphate; BUFA, Uitgeest, The Netherlands) applying a 3-day 

tapering dose. The dose and duration of the treatment was based on and proportional to 

a 21-day tapering course of Dex (starting dose 0.5 µg/g) to prevent or reduce chronic lung 

disease in preterm infants. Consequently, the treated animals received 0.5, 0.3 and 0.1 µg/g 

body weight Dex on days 1, 2 and 3 of life respectively. The animals in the control group 

received equal volumes of sterile pyrogen-free saline (Sal,10 µl/g). The pre-treatment group 

was killed 12 hours after birth, the other groups at days 2, 4, 7 and 21 after birth. Body weight 

(Bw) was measured before sacrificing. The heart was harvested and wet weight (Hw) was 

measured. The heart was directly immersion-fixed in buffered formalin 4% for histopatho-

logical and immunohistochemical analyses. 

Histopathology

The atria were dissected from the formalin-fixed heart, the ventricles were sliced in two parts 

parallel to the short axis at the mid-papillary level and embedded in paraffin after which 3 

μm sections were cut. 

Routine staining with haematoxylin and eosin (H&E) was performed for conventional histopa-

thology and for counting of mitosis. The proliferation marker Ki-67 (Rabbit Monoclonal Antibody 

Clone SP6, Neomarkers) was used to evaluate cardiomyocyte proliferation. The tissue was treated 

with citrate buffer (10 mMol, pH 6.0, boiled 20 min). After incubation for 1 hr, the slides were 

incubated with a polymeric HRP-linker antibody (PowerVision Detection System, ImmunoVision 

Technologies, Brisbane, CA) for 30 minutes. Diaminobenzidine (DAB, DAKO) was used as chromo-

gen. The number of positive cardiomyocyte nuclei and the total number of nuclei were counted.
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To assess apoptosis, primary antibodies were used against active Caspase-3 (clone C92-

605 purified rabbit anti-caspase-3 monoclonal antibody, BD Pharmingen), Poly-ADP-ribose 

polymerase (PARP, clone c2-10 mouse anti-PARP, monoclonal antibody, Biopharmingen) and 

cleaved PARP (Anti-PARP p85 fragment pAb polyclonal antibody, Promega) were applied in 

an assay performed in the same way as the proliferation marker.

Proliferative activity of cardiomyocytes was detected and quantified by two methods 1) 

the mitotic index (counting of mitotic spindles) and 2) the proliferation marker Ki-67 (immu-

nohistochemistry).

Mitotic spindles are visible in the M phase of the cell cycle whereas the Ki-67 protein is 

expressed in all proliferating cells in late G1, S, G2 and M phases of the cell cycle [29]. Thus, 

the Ki-67 protein is positive in the cell cycle for a longer period than the mitotic spindle is 

visible and therefore a more sensitive marker for proliferation. The mitotic index of cardio-

myocytes was determined by counting the mitotic spindles in a total area of 1.51 mm2 for 

each ventricle (20 microscopic fields, magnification of 400x). Mitotic spindles were counted 

simultaneously by two observers aiming at consensus, taking care to use only longitudinally 

oriented cardiomyocytes located at the mid myocardial layer sampled equally from all parts 

of the left ventricle (septum, anterior, lateral and posterior wall).

Slides stained with the Ki-67 proliferation marker were photographed digitally at a final 

magnification of 400x (Nikon Eclipse E800 rendering an image field of 35.7.10-3 mm2). 

In four fields (taken from the mid myocardial layer of septum, anterior, lateral and posterior 

left ventricular wall of each heart) the total number of cardiomyocyte nuclei and number 

of Ki-67 positive cardiomyocyte nuclei were counted. Only dark brown nuclear staining was 

counted as positive.

Statistics

All data are expressed as mean ± SD. The possible differences between and within the Sal and 

Dex groups were assessed by using a two-way ANOVA with a Bonferroni post-hoc test using 

the SPSS v 12.0 statistical package. Statistical significance was defined as p< 0.05.

RESULTS

Anatomical parameters and routine histopathology

As indicated in table 1 bodyweight was significantly lower at all stages in the Dex-treated 

rats, except for day 2. Their heart weight was until day 7 not significantly different (table 1). 

At day 21 the heart weight was significantly lower in the Dex-treated rats (p<0.001). With 

routine histopathology no signs of necrosis of cardiomyocytes or fibrosis of the interstitium 

were found in the left ventricles of any group (Figure 3A and B).
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Proliferative activity

Proliferative activity of cardiomyocytes was determined by the mitotic index (number of 

mitotic spindles per 1.51 mm2) and by the number of immunohistochemically stained Ki-

67 positive cardiomyocyte nuclei. As shown in Figure 1 a significantly lower mitotic index 

in the cardiomyocytes of the Dex-treated rats was found on day 2 and day 4, compared to 

day 0 (p<0.001) and day 7 (p<0.001) and also compared to the age matched control group 

(p<0.001). On day 7 the mitotic index was no longer different between the two groups. On 

day 21 almost no more mitotic activity was present in any group (Figure 1).

Table 1: Anatomical parameters

Age (days) Treatment Number Body weight (g) P Heart weight (g) P

0 none 8 4.99 ± 0.38 NS 0.036 ± 0.012 NS

2 Sal 10 7.69 ± 0.38 NS 0.048 ± 0.008 NS

Dex 10 6.91 ± 0.45 NS 0.057 ± 0.008 NS

4 Sal 9 9.73 ± 0.38 NS 0.071 ± 0.015 NS

Dex 8 6.43 ± 0.71 0.002 0.054 ± 0.009 NS

7 Sal 7 13.78 ± 1.08 NS 0.077 ± 0.010 NS

Dex 6 10.66 ± 1.58 0.016 0.077 ± 0.019 NS

21 Sal 6 47.67 ± 3.54 NS 0.276 ± 0.014 NS

Dex 6 42.72 ± 4.41 <0.001 0.228 ± 0.022 <0.001

Data are presented as mean ± SD (p-value Dex vs Sal)

Figure 1: Proliferation of cardiomyocytes (Mitotic index) of dexamethasone- and saline-treated neonatal rats. The mitotic index is showing 
a significant decrease in proliferative activity of cardiomyocytes on day 2 and day 4 in the dexamethasone-treated rats (diagonal stripes), as 
compared to the saline (control) group (black). On day 7 and day 21 there is no difference in mitotic index between both groups. At day 21 there 
is a low mitotic activity in both groups. Data are presented as mean ± SD. * p < 0.05 vs saline. Mitotic index = number of mitotic spindles in a 
myocardial area of 1.51 mm2/ventricle (see methods).

8

Chapter 2 -figure 1 



Suppression of cardiomyocyte proliferation after neonatal glucocorticoid treatment 37

Figure 2: Proliferation of cardiomyocytes (Ki-67 staining) in dexamethasone- and saline-treated neonatal rats. The Ki-67 staining is showing 
a significant decrease in cardiomyocyte proliferation on day 2 and day 4 in dexamethasone-treated rats (diagonal stripes), as compared to 
the saline (control) group (black). At day 7 there is no difference in positive nuclei between both groups. From day 2 onward the total number 
of cardiomyocytes in the dexamethasone-treated rats is lower compared with the saline rats (although not significant at day 21). Data are 
presented as mean ± SD. * p < 0.05 vs saline. The total number of cardiomyocyte nuclei and number of cardiomyocyte nuclei that is positive 
with the proliferation marker Ki-67 as found in a myocardial area of 35.7*10-3 mm2 (one high power field=HPF).

10
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Figure 3: Histology and immunohistochemistry of 4 and 21 day old rats, neonatally treated with saline and dexamethasone. Left row: In the 
H&E-staining on day 4 mitotic spindles are more readily seen in the saline (control) (A) and hardly in the dexamethasone (B) group. Second 
row: On day 4 the Ki-67 staining shows clearly a reduction in proliferative activity in the dexamethasone-treated rat pups (D) compared 
with the saline-treated pups (C). The former picture shows significantly less myocyte nuclei that stain positive with the proliferation marker 
Ki-67. Note also the lower number of cardiomyocytes in the dexamethasone-treated group (D) compared with saline (C) photographed at 
the same magnification indicating cardiomyocyte hypertrophy. Third row: On day 21 the Ki-67 staining shows hardly any mitotic activity 
both in the saline (E) and the dexamethasone (F) group. There are less cardiomyocytes per field in the dexamethasone-treated rats, again 
indicating cardiomyocyte hypertrophy. Right row: Ki-67 staining on day 4 at a larger magnification showing the cardiomyocytes (saline (G) en 
dexamethasone (H)). Magnification is the same for the pictures A-F, the bar in picture A indicates 50 micrometer. The pictures G and H are at a 
larger magnification, the bar in picture G indicates 20 micrometer.

9
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With the use of the proliferation marker Ki-67 the lower proliferative activity of cardiomyo-

cytes in the Dex-treated rats was confirmed (Figure 2). On day 2 and day 4 significantly less 

cardiomyocyte nuclei of Dex-treated pups stained positive as compared to the age matched 

control group (p<0.001) (see for a typical example Figure 3C and D). At day 7 the total number 

of Ki-67 positive nuclei was no longer significantly different between Dex- and Sal-treated 

pups (Figure 2). However, Dex pups showed a significantly lower number of cardiomyocytes 

per myocardial area (p=0.011), indicating cardiomyocyte hypertrophy at that time. At the age 

of 21 days only a very low proliferative activity was present that did not differ between the 

Dex and the Sal group (also shown in Figures 3E and F). The total number of cardiomyocytes 

per myocardial area tended to be lower in Dex as compared to Sal-treated pups although not 

statistical significant.

Apoptosis

Only a small fraction of cardiomyocytes (<<1%) were Caspase-3 positive with no differences 

between Dex and Sal groups at any age. The DNA repair enzyme Poly (ADP-ribose) poly-

merase (PARP) was widely present in the nuclei of cardiomyocytes in both groups and at all 

ages. The cleaving product of PARP (indicating activity of PARP and thus apoptosis) showed 

only a small fraction of cardiomyocytes, comparable to the Caspase-3 staining.

DISCUSSION

Normal growth of the fetal heart occurs largely by an increase in the number of cardiomyo-

cytes (hyperplasia), whereas postnatal growth of the heart, also during adult age after an 

increased afterload, is accomplished almost exclusively by an increase in size of the cardio-

myocytes (hypertrophy) [33]. Although there is evidence for cardiomyocyte hyperplasia in 

the first month postnatally in rats and sheep [6,33], increase in myocardial mass thereafter 

will predominantly occur by hypertrophy. Possible factors responsible for this modified 

increase in cardiac mass are thought to be related to changes in the hormonal milieu around 

birth: for example plasma catecholamine concentrations increase during labor and are 

increased in the newborn [35], as are triiodothyronine concentrations during the first hours 

after birth [5]. In particular changes in endogenous glucocorticoid levels probably play an 

important role in this respect [23,31,32]. Fetal blood corticosteroid concentrations increase 

manifold shortly before birth in the lamb fetus [26]. In an elegant study in the perinatal lamb 

preparation, Rudolph et al. showed that selective exogenous cortisol infusion into the left 

coronary artery markedly decreased left ventricular DNA [28], indicating that exogenous 

cortisol inhibits cardiomyocyte mitosis and in fact mimics the modification of the myocardial 

growth pattern during the postnatal period. In view of these findings it seems reasonable 

to assume that glucocorticoid treatment during the ante- and perinatal period (mostly by 
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Dex or betamethasone) may have an important negative influence on myocardial growth by 

prematurely inhibiting cell division of (fetal) cardiomyocytes [27]. The present experimental 

study indeed showed an evidently negative effect of early postnatal Dex treatment on the 

proliferative activity of cardiomyocytes of rat pups in the first days after birth, as indicated 

by the significantly lower mitotic index and lower fraction of cardiomyocyte nuclei staining 

positively with the Ki-67 proliferation marker in the Dex-treated rat pups at days 2 and 4. On 

day 7 there were no longer differences in proliferative activity as there was no difference 

in mitotic index and number of proliferative Ki-67 positive cardiomyocyte nuclei between 

Dex- and Sal-treated pups.

At day 7 the total number of cardiomyocyte nuclei per unit area was lower in the Dex 

compared to Sal. This finding indicates not only that the cardiomyocytes were larger in the 

Dex than in the Sal group but, since heart weights were not different between the groups, 

this finding also indicates a decreased total number of cardiomyocytes in Dex-treated hearts. 

Because no signs of necrosis or increased apoptosis of cardiomyocytes were found in the Dex 

group, we believe that the reduced number of cardiomyocytes is caused by a suppression of 

proliferative activity of cardiomyocytes during the first days of life. 

At day 21 there was only a very low number of proliferating cardiomyocytes, the number 

being not different between Sal and Dex. The total number of cardiomyocytes tended to be 

lower in Dex-treated hearts. However, with an about 20% reduced heart weight in the Dex 

group as compared to Sal, this finding indicates that there were less cardiomyocytes in the 

heart of the Dex-treated group and that there was no catch up of the suppressed prolifera-

tion. The latter finding stresses the notion that there is only a limited postnatal time frame in 

which cardiomyocytes can undergo cell division. Furthermore, because of this limited time 

frame, it illustrates that even if cardiomyocyte proliferation is suppressed for only a few post-

natal days (within the first week) it already has negative repercussions on the total number 

of cardiomyocytes later in life. 

The results of the present study strongly suggest that postnatal treatment with glu-

cocorticoids such as Dex are at least in part responsible for the long term and eventually 

fatal changes of myocardial tissue which we reported in an earlier study [9]. It showed that 

neonatally Dex-treated rats during adulthood end up with a smaller number of (although 

hypertrophied) cardiomyocytes and a severe reduction in life span [9,20]. It has been postu-

lated that cardiomyocyte hypertrophy is mandatory in Dex-treated rats to maintain normal 

cardiac function with less cardiomyocytes during adult life [9,27,28].

These results obtained from experimental studies put into question the safety of early post-

natal glucocorticoid treatment for prevention of chronic lung disease in the human baby. Of 

course, we are fully aware of the fact that we cannot simply extrapolate the reported findings, 

obtained in the newborn and adult rat model, to the preterm infant and adult human. Two 

important differences are obvious when comparing rat studies with the clinical situation. 

First, we are dealing here with term rat pups whose myocardial tissue may have an affinity 
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to Dex different from the affinity of myocardial tissue in the preterm infant. Second, human 

fetal and neonatal development of the myocardium may differ from development of the rat 

or lamb myocardium. With respect to the first issue however, there is a large amount of data 

showing that the term rat heart responds to neonatal Dex treatment in a way comparable 

to the heart of preterm babies treated with Dex for prevention of chronic lung disease: in 

both situations transient systemic hypertension and hypertrophic cardiomyopathy of the left 

ventricle occurs [21,30,36]. With respect to the second issue regarding fetal and postnatal 

growth of myocardial tissue, Huttenbach et al. [18] investigated cardiomyocyte proliferation in 

autopsy material from hearts of preterm and term infants. They reported that cardiomyocyte 

proliferative activity in left ventricular myocardial tissue remained present and constant dur-

ing the early preterm period and only decreased in late preterm and early postterm periods. 

Moreover, a recent study of Nadal-Ginard et al. [24], discussing regeneration of myocardial 

tissue during cardiac hypertrophy and failure, stated that cardiomyocytes that retain the 

ability to divide always remain present. Although the above stated arguments do not prove 

that the newborn rat or lamb heart is fully comparable to the (preterm) human heart with 

regard to cardiomyocyte proliferative activity and their reaction to Dex exposure, it is valid to 

consider the possibility of transient down regulation of cardiomyocyte proliferative activity 

in preterm infants neonatally treated with glucocorticoids such as Dex. In the routine care 

of the preterm fetus and infant at risk for chronic lung disease neonatal (but also antenatal) 

treatment with glucocorticoids has been established not so long ago yet [8,11]. Although 

nowadays controversy exists regarding the routine postnatal use of glucocorticoids for 

management of chronic lung disease in neonates [7,12] glucocorticoids (mainly Dex) are still 

widely used. With regard to the cardiovascular status of individuals treated pre- or neonatally 

with glucocorticoids no follow-up studies have been reported yet. However since neonatal 

treatment with glucocorticoids appears to have long lasting consequences as shown in the 

rat, a mandatory cardiovascular follow-up program should be seriously considered.

Although apoptotic activity is a physiological event during fetal and postnatal cardiac 

development [16] and plays an important role in loss of cardiomyocytes during the aging 

process especially in the failing heart [4,13,16,19,24,25], we did not find evidence in this study 

that neonatal Dex treatment in rat pups gave rise to an upregulation of apoptotic activity. 

Also no signs of early necrotic cardiomyocyte cell death in the rat pups could be found. 

In summary, neonatal Dex treatment in rat pups, with a duration and dosage similar to 

those used in the preterm infant to prevent chronic lung disease, caused a temporary sup-

pression of the proliferative activity of cardiomyocytes. This finding provides an explanation 

for the reduced number of cardiomyocytes and for the established hypertrophy in adult rats 

treated with Dex in the neonatal period as reported earlier and might give a clue as to the 

cause of the reduction in their life span.
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ABSTRACT

Glucocorticoid treatment is widely used to prevent chronic lung disease in premature infants. 

Recent studies in adult rats, treated with dexamethasone in the neonatal period, report nega-

tive long-term effects on the heart and severely reduced life expectancy. We treated neonatal 

rats with dexamethasone and studied cardiac function after 4 weeks (prepubertal age) to 

investigate whether the late effects as previously described are preceded by detectable 

alterations in cardiac function at a younger age.

Male rat pups (n=12) were injected intraperitoneally with dexamethasone on day 1, 2, and 

3 (0.5, 0.3 and 0.1µg/g) of life. Control pups (n=10) received saline. At 4 weeks the animals 

were anesthetized, intubated and ventilated and a miniature pressure-conductance catheter 

was introduced into the left ventricle to measure pressure-volume loops. Cardiac function 

was measured and systolic and diastolic pressure-volume relations were determined to 

quantify intrinsic systolic and diastolic function. Subsequently, hearts were excised for histo-

logical examination. Compared to saline-treated animals, dexamethasone-treated rats had a 

reduced ventricular weight (270±40 vs. 371±23mg, p<0.001) and reduced systolic function 

(end-systolic elastance: 1.24±0.43 vs. 2.50±1.39mmHg/µL, p=0.028). Cardiac output was 

maintained and end-diastolic volume was increased (84±23 vs. 59±19µL, p=0.012) indicat-

ing a state of compensatory dilatation. Heart rate, diastolic function and systemic vascular 

resistance were unchanged. 

Neonatal dexamethasone treatment causes cardiac alterations which can be detected in 

the prepubertal period and which may precede more severe cardiac dysfunction later in life. 

If our findings are confirmed in humans, this may have consequences for a potentially large 

patient population and cardiac screening at relatively young age may be indicated to enable 

secondary prevention.
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INTRODUCTION

Glucocorticoids (GCs), in particular dexamethasone (Dex), are used widely to treat or pre-

vent chronic lung disease in preterm infants [1]. Besides their anti-inflammatory action, 

GCs stimulate lung maturation including enhanced surfactant production [2,3]. Thus GC 

treatment improves pulmonary function and enables early weaning from the ventilator and 

consequently increased survival of extremely premature neonates [4]. 

In the past two decades Dex therapy in preterm infants has gained wide acceptance. How-

ever, despite the short-term beneficial effects, concerns have been raised about long lasting 

negative side effects of GCs [5-7]. Several studies describe neuro-developmental impairments 

in infants treated with GCs in the neonatal period [8-10].

With regard to the cardiovascular system hypertension and reversible myocardial hyper-

trophy have been reported [11-13], but possible long-term effects became apparent only 

recently. De Vries et al. [14] showed that rats treated with Dex in the neonatal period had 

decreased heart weights, as well as hypertrophy and signs of early degeneration of cardio-

myocytes in adulthood. Moreover, preliminary findings indicate a significantly reduced life 

expectancy [15].

The above mentioned concerns and reports prompted us to investigate if these late cardiac 

side effects are preceded by detectable alterations in cardiac function at a younger age. Early 

detection would be of great importance for possible early intervention in the large number 

of individuals previously treated with Dex for prevention of chronic lung disease.

METHODS

Animals

The study protocol was approved by the Animal Research Committee of the University of 

Leiden. The investigation conforms to the Guide for the Care and Use of Laboratory Animals 

(NIH Publication No.85-23, revised 1996).

Pregnant Wistar rats (270–300 g) were housed individually and kept under conventional 

housing conditions. Pups were born on day 21-22 of gestation. On the day of birth (day 0) male 

pups were selected and randomly divided between treatment and control groups. Treatment 

and control animals were kept separately and placed with foster mothers in groups of 4-6 

pups. Rat pups in the treatment group were injected intraperitoneally (IP) with dexametha-

sone using a 3-day tapering dose mimicking the 21-days tapering course used in human 

preterm infants [14]. Consequently, the treated animals received 0.5, 0.3 and 0.1µg/g body 

weight Dex on, respectively, day 1, 2 and 3 of life. The animals in the control group received 

equal volumes (10µl/g) sterile pyrogen-free saline (Sal). Temperature and humidity were kept 

constant and the rats had free access to food and water. An artificial 12hrs-light/12hrs-dark 
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cycle was used. Body weight was measured daily during the first week and weekly from day 7 

onward. The rats were weaned on day 21 and hemodynamic studies were performed on day 

28 (4-weeks) as described below.

Animal preparation

Twenty-two male rats (12 Dex and 10 Sal) were studied. The animals were sedated by inhala-

tion of a mixture of halothane (4%) and oxygen. Subsequently, general anesthesia was initi-

ated by intraperitoneal injection (IP) of a fentanyl-fluanison-midazolam mixture (FFM). The 

FFM mixture consisted of 2 parts Hypnorm® (0.315mg/ml fentanyl + 10mg/ml fluanison), 1 

part Dormicum® (5mg/ml midazolam) and 1 part water. This mixture was administered in a 

dose of 0.4ml/100g body weight. Supplemental IP injections (one-third of initial dose) were 

provided if necessary. The animals were placed on a regulated warming pad to keep body 

temperature constant, intubated using a 20G cannula and ventilated with air/oxygen mixture 

(FiO
2
=0.5, 120strokes/minute) using a pressure-controlled ventilator. 

Instrumentation

The animals were placed under a microscope (Zeiss, Germany) and the left jugular vein and 

the right carotid artery were exposed via a midline cervical incision. The jugular vein was can-

nulated for infusion of hypertonic saline to determine parallel conductance (see below). Via 

the carotid artery a combined pressure-conductance catheter (Millar Instruments, Houston, 

TX, USA) was introduced and positioned into the left ventricle (LV) guided by on-line pressure 

and volume signals. The abdomen was opened via a small incision just below the diaphragm 

to enable temporary preload reductions by directly compressing the inferior vena cava using 

a cotton-tipped stick. The pressure-conductance catheter was connected to a Sigma-SA sig-

nal processor (CD Leycom, Zoetermeer, The Netherlands) for on-line display and registration 

of LV pressure and volume signals. All data were acquired using Conduct-NT software (CD 

Leycom) at a sample rate of 2000Hz and analyzed off-line by custom-made software.

Conductance catheter method

The conductance catheter method to measure instantaneous LV volume has been developed 

by Baan et al. [16]. Recently, miniaturized 1.4F pressure-conductance catheters have been 

developed which enable pressure-volume studies in closed-chest small animals [17]. The 

catheter used in this study contains four platinum electrodes, each 0.25mm in width with 

interelectrode distances between electrodes 1-2, 2-3 and 3-4, respectively, 0.5mm, 4.5mm 

and 0.5mm. A high-fidelity pressure sensor is incorporated between electrodes 2 and 3. 

A 30µA, 10kHz current is applied between electrodes 1 and 4 to generate an intracavitary 

electric field and the voltage gradient between electrodes 2 and 3 is measured to determine 

the instantaneous electrical conductance of the blood in the LV. The volume calibration of 
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the conductance measurements was performed in vitro as described by Yang et al. [18] and 

parallel conductance was determined by the hypertonic saline method [16,19,20].

Hemodynamic measurements

Steady state

After instrumentation, LV pressure-volume signals were acquired in steady state to quantify 

general hemodynamic conditions: Heart rate (HR), stroke volume (SV), cardiac output (CO), 

end-diastolic volume (EDV), end-systolic volume (ESV), ejection fraction (EF), end-diastolic 

pressure (EDP) and end-systolic pressure (ESP) were determined. Stroke work (SW) was 

determined as the area of the pressure-volume loop, and the maximal and minimal rate 

of LV pressure change, dP/dt
MAX

 and dP/dt
MIN

, and the isovolumic relaxation time constant 

Tau were calculated. Mean aortic pressure (MAP) was determined from the pressure signal 

recorded just prior to the catheter insertion into the LV. Systemic vascular resistance (SVR) 

was calculated as MAP/CO, without correction for central venous pressure. In addition, we 

determined effective arterial elastance (E
A
) as ESP/SV.

Pressure-volume relationships

To obtain indices of systolic and diastolic LV function we determined pressure-volume rela-

tions by recording pressure-volume loops during a gradual preload reduction by gently 

compressing the inferior caval vein. By this procedure we reduced systolic pressure typically 

by 20-30mmHg within 2s (~15 beats). To quantify systolic function we used the end-systolic 

pressure-volume relation (ESPVR), the relation between dP/dt
MAX

 and EDV, and the preload 

recruitable stroke work relation (PRSWR: SW vs. EDV). The slopes of these linear relations, E
ES

 

(end-systolic elastance), S-dP, and S-PR, respectively, are sensitive measures of intrinsic sys-

tolic LV function [21-23]. In addition, the position of the ESPVR was quantified by its intercept 

at ESP=75mmHg (ESV
75

), whereas the positions of the dP/dt
MAX

-EDV and SW-EDV relations 

were quantified by calculating their intercepts at EDV=70µL, respectively dP/dt
MAX,70

 and 

SW
70

 [24]. The values (75mmHg and 70µL) were selected retrospectively as the typical mean 

values of ESP and EDV for these rats. For diastolic function the chamber stiffness constant 

k was determined by fitting the end-diastolic pressure-volume points with an exponential 

relation.

Wall stress

Time-varying wall stress, WS(t), was calculated from the LV pressure and volume signals (P(t), 

V(t)) as described by Arts et al. [25]: WS(t)=P(t)⋅(1+3⋅V(t)/V
WALL

). Ventricular wall volume (V
WALL

) 

was determined post-mortem as described below. Peak WS is the maximum of the WS(t) 

curve.
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Parallel conductance

To determine parallel conductance we performed intravenous hypertonic saline injections 

(10% saline, 20µL) [18,20]. Parallel conductance was calculated as the mean of three consecu-

tive assessments.

Echocardiographic measurements

To support the conductance catheter-derived findings we performed echocardiographic 

measurements in a small group of additional animals (3 Dex- and 3 Sal-treated rats). The 

animals were sedated with 1.5% isoflurane, and placed in a supine position. Imaging was 

performed in the parasternal long- and short-axis plane through the shaved anterior chest 

using a Vingmed echocardiography system FIVE with a 10 MHz phased-array transducer. 

After two-dimensional imaging, a single M-mode line was directed across the ventricle at the 

level of the papillary muscles perpendicular to the anterior and posterior walls to determine 

LV end-systolic and end-diastolic diameters. The measurements were performed by an expe-

rienced echocardiographer (RFMB) who was blinded to the treatment.

Histopathological analysis

After the hemodynamic measurements the heart was arrested by slowly infusing 1ml 0.1M 

CdCl
2
 via the jugular vein. The chest was opened and the heart excised and immersion 

fixed in phosphate-buffered formalin 4%. After removal of extracardiac structures and atria 

the hearts were weighed and then embedded in paraffin. Subsequently the hearts were 

sectioned parallel to the equator in 3-mm slices and stained with hematoxylin and eosin 

for conventional histopathological analysis. A slice at the level of the papillary muscles was 

selected for measurement of LV free wall thickness.

Statistics

All data are expressed as the mean±SD. Comparisons between group's means were performed 

by unpaired t-tests and statistical significance was defined as p<0.05.

RESULTS

Rats

Experiments were performed in Dex-treated (Dex, n=12) and saline (Sal)-treated male rats 

(Sal, n=10). Figure 1 shows body weight curves for both groups. No significant differences 

were found on day 0 and day 1, but from day 2 onward the Dex animals had a significantly 

lower body weight. At 4 weeks the mean body weight for Dex was 75±6 versus 85±10g for 

Sal (p=0.013).
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Hemodynamics

Typical LV pressure and volume signals acquired during steady state and followed by a 

preload reduction induced by caval occlusion are shown in Figure 2. Mean hemodynamic 

indices derived from the steady state signals are given in Table 1. Typical pressure-volume 
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Figure 1: Body weight in saline-treated (Sal, 
n=10) and dexamethasone-treated (Dex, n=12) 
rats during 4 weeks. Differences were significant 
(p<0.05) from day 2 onward.

Table 1: Hemodynamic indices: saline-treated (Sal) vs dexamathasone-treated (Dex) rats

Sal Dex P-values

HR (bpm) 509±36 488±46 NS

MAP (mmHg) 63±11 60±11 NS

ESP (mmHg) 76±10 74±12 NS

EDP (mmHg) 3.8±2.7 4.1±2.1 NS

dP/dt
MAX

 (mmHg/s) 9599±1433 9702±2793 NS

dP/dt
MIN

 (mmHg/s) 7067±1662 6959±1903 NS

Tau (ms) 9.1±2.0 9.4±1.6 NS

ESV (µL) 34±11 54±18 0.005

EDV (µL) 59±19 84±23 0.012

CO (mL/min) 12.9±4.6 15.0±5.1 NS

EF (%) 43±7 37±8 0.078 (NS)

SW (µl.mmHg) 2128±982 2481±1106 NS

PWS (mmHg) 124±21 154±32 0.015

SVR (mmHg/mL/min) 5.1±1.5 4.3±1.4 NS

E
A 

(mmHg/µl) 3.3±1.1 2.6±0.7 0.091 (NS)

Values are mean±SD. HR indicates heart rate; MAP, mean arterial pressure; ESP, end-systolic pressure; EDP, end-diastolic pressure; dP/dt
MAX

 and 
dP/dt

MIN
 , maximal and minimal rate of LV pressure change; Tau, time constant of isovolume relaxation; ESV, end-systolic volume; EDV, end-

diastolic volume; CO, cardiac output; EF, ejection fraction; SW, stroke work; PWS, peak wall stress; SVR, systemic vascular resistance; E
A
, effective 

arterial elastance.



52

C
ha

p
te

r 3

loops obtained during preload reductions for Sal and Dex are depicted in Figure 3, which 

also shows the derived pressure-volume relationships ESPVR, EDPVR, dP/dt
MAX

-EDV and 

PRSWR. The summarized results for these relations are given in Table 2. The most apparent 

differences between the groups were found for the ventricular volumes. Compared to the Sal 

animals, both ESV and EDV were significantly higher (58% and 43%, respectively) in the Dex 

animals indicating substantial dilatation. Pressure-derived indices (ESP, EDP, Tau, dP/dt
MAX

 and 

dP/dt
MIN

) were largely unchanged. Heart rate, cardiac output and ejection fraction were also 

not significantly altered, although the latter tended to be lower in the Dex animals. SVR and 

E
A
 did not change significantly. Calculated peak wall stress was significantly higher. The con-

tractility indices E
ES

 and S-dP (the slopes of the ESPVR and dP/dt
MAX

-EDV relation respectively) 

clearly show a reduced intrinsic systolic function in the Dex animals (-50%, respectively -42%, 

vs. Sal). The decrease in S-PR (the slope of the PRSWR) did not reach statistical significance. 

Reduced contractile state is further supported by the significant rightward and downward 

shift of the pressure-volume relations as quantified by their intercepts: x-intercept ESV
75

 

increased by as much as 56%, whereas y-intercepts dP/dt
MAX,70

 and SW
70

 decreased by 32% 

Table 2: Pressure-volume relations: saline-treated (Sal) vs dexamethasone-treated (Dex) rats

SAL DEX P-values

ESPVR E
ES

 (mmHg/µL) 2.50±1.39 1.24±0.43 0.028

ESV
75

 (µl) 34±13 53±20 0.016

dP/dt
MAX

-EDV S-dP (mmHg/s/µL) 176±90 102±30 0.032

dP/dt
MAX,70

 (mmHg) 12444±4186 8520±3226 0.027

PRSWR S-PR (mmHg) 45±13 41±10 NS

SW
70

 (mmHg.µL) 2649±560 1915±933 0.050

EDPVR k (1/µL) 0.017±0.006 0.029±0.026 0.154 (NS)

ESPVR, end-systolic pressure-volume relation; dP/dt
MAX

-EDV, relation between dP/dt
MAX

 and EDV; PRSWR, preload recruitable stroke work 
relation; EDPVR, end-diastolic pressure-volume relation. E

ES
, end-systolic elastance; ESV

75
, volume intercept of ESPVR at 75mmHg; S-dP, slope of 

dP/dt
MAX

-EDV relation; dP/dt
MAX,70

 intercept dP/dt
MAX

-EDV relation at 70µL; S-PR, slope of PRSWR; SW
70

, intercept of PRSWR at 70µL; k = diastolic 
chamber stiffness constant.
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Figure 2: Typical LV pressure and 
volume signals recorded during steady 
state, followed by vena caval occlusion 
(vco). Steady state signals were used to 
determine the various hemodynamic 
indices as summarized in Table 1. Data 
acquired during the preload reduction 
are used to derive the pressure-volume 
relations as shown in Figure 3 and 
summarized in Table 2.
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Figure 3: Representative data from a saline-treated rat (Sal, black) and a dexamethasone-treated rat (Dex, grey). The top panel shows 
pressure-volume loops during preload reduction. The end-systolic and end-diastolic points are marked and the ESPVR is indicated. The first 
loop (in bold) represents the preceding steady state condition. The rightward position of the Dex loops on the volume axis indicate substantially 
enlarged volumes. The reduced slope and rightward shift of the ESPVR indicate a decreased systolic function in Dex compared to Sal. The lower 
panels show the various pressure-volume relations. The ESPVR, the dP/dt

MAX
-EDV relation and the PRSWR all show a rightward shift and a 

decreased slope consistent with reduced contractile state. The EDPVR is shifted upwards, however the overall difference in diastolic stiffness 
constant between the two groups did not reach statistical significance. 
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and 28%, respectively. The increased chamber stiffness constant k may suggest a slightly 

reduced diastolic compliance, but the increase did not reach statistical significance. The 

significant rightward shift of EDPVR (Figure 3) indicates substantial remodeling in the Dex-

treated animals.

Echocardiography

Compared to the Sal rats, the Dex rats showed increased end-systolic (3.0±0.7 vs 2.6±0.5mm) 

and end-diastolic diameters (4.6±0.5 vs 3.9±0.4mm). The 17% increase in end-diastolic 

diameters in the Dex rats appears to be fully consistent with the 42% increase in end-diastolic 

volume found in the invasive studies. The two dimensional ultrasound images did not allow 

for reliable and reproducible measurements of long axis ventricular lengths in all of these rats, 

but assuming a fixed LV end-diastolic long axis of 7mm would predict (spheroidal model) an 

end-diastolic volume of 77µl in the Dex and 56µl in the Sal animals.

15
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Figure 4: Hematoxylin-eosin-stained histological slides. The top panels show crosssections of the LV free wall at the level of the papillary 
muscles. Note the substantially thinner wall in Dex compared to Sal. The lower panel show the myocardium tissue at a higher magnification. No 
clear signs of cellular necrosis or fibrosis are visible.
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Histopathology

Heart weight (HW) was significantly lower in the Dex animals as compared to the Sal animals 

(270±40 vs. 371±23mg, p<0.001). After normalization for body weight (BW), which was also 

reduced in the Dex animals, HW/BW was still significantly lower in the Dex animals: (3.62±0.48 

vs. 4.40±0.49mg/g, p<0.001). Histopathological inspection of the hematoxylin-eosin-stained 

slides showed reduced wall thickness (1.07±0.10 vs. 1.40±0.12mm p<0.001) but no clear 

signs of cellular necrosis or fibrosis (see Figure 4).

DISCUSSION

A recent study showed gross histological abnormalities in myocardial cells of adult rats that 

had been treated with Dex in the neonatal period [14]. These findings are consistent with 

a preliminary report [15] indicating reduced survival of Dex-treated rats. However, further 

data on the intermediate and long-term cardiovascular effects of neonatal Dex treatment 

are lacking. Currently, no human data on intermediate and long-term cardiovascular effects 

are available. However, substantial cohorts of patients are currently reaching puberty and 

adulthood. We therefore studied cardiac function in 4-week-old rats to investigate whether 

the late effects as described by de Vries et al. [14] are preceded by detectable alterations in 

cardiac function at a younger (prepubertal) age.

We found that rats treated with Dex in the neonatal period have a significantly reduced 

ventricular wall volume and reduced contractility at 4 weeks of age. Cardiac output was 

maintained in the Dex-treated animals as compared to the controls, but end-diastolic volume 

was increased by 43%, clearly indicating a state of compensatory dilatation. The reduced 

wall volume and increased cavity volume result in a substantially increased wall stress. Heart 

rate, diastolic function and systemic vascular resistance were largely unchanged. We did not 

normalize our volumetric and contractility parameters for body weight of ventricular weight. 

However, body weight and ventricular weight were significantly lower in the Dex-treated rats 

and therefore the differences between the two groups would be even more pronounced 

when using normalized parameters.

Myocardial growth in the fetus is obtained by hyperplasia, which changes to hypertrophy 

after birth. This is shown by an immunohistochemical study in human hearts by Huttenbach 

et al. [26] which reports a comparatively high rate of proliferation from 12 to 28 weeks of 

gestation, with a significant decrease in proliferation after 28 weeks of gestation. This finding 

is in line with stereological studies in fetal and early postnatal human hearts by Mayhew et 

al. [27] which suggest that proliferation ceases approximately 2-3 weeks after birth. Thus, 

Dex treatment in preterm infants occurs during a developmental period in which substantial 

myocyte hyperplasia would be expected. In rat pups a rapid switch from myocyte hyperplasia 

to hypertrophy occurs between postnatal day 3 and 4, as described by Li et al. [28]. They 
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found that the number of myocytes increased by 68% during the first 3 days and remained 

constant thereafter, whereas myocyte volume remained relatively constant during the first 3 

days and increased 2.5-fold from day 3 to day 12. These studies support that Dex treatment in 

term rat pups on day 1,2 and 3 (as performed in our study) corresponds with the clinical Dex 

treatment of preterm human babies.

With regard to the effects of Dex on ventricular function several mechanisms may be impor-

tant. Rudolph et al. [29] investigated the effects of cortisol on fetal and neonatal myocardial 

growth and found that cortisol inhibits myocyte replication. We found a reduced myocardial 

wall volume which fits with the hypothesis that neonatal Dex treatment leads to an earlier than 

normal transition from hyperplasia to hypertrophy resulting in fewer myocytes. In addition, 

Dex treatment alters the number of steroid receptors in the hypothalamic-pituitary-adrenal 

axis which may affect, e.g., the renin-angiotensin system which in time would lead to various 

cardiovascular disorders including hypertension [30]. Dex is also associated with inhibition of 

angiogenesis and capillary growth [31,32], which may result in relatively poor vascularization. 

Oxygen supply to the myocardium may then become a limiting factor especially when the 

myocardial cells are hypertrophied. This situation may be further aggravated when oxygen 

demand is enhanced by increased wall stress as found in our study.

Our results in 4-week-old rats show a substantial reduction in intrinsic systolic function 

in the Dex-treated animals, however cardiac output and pressures are normal. The latter 

presumably is a result of compensatory dilatation as evident from the significantly increased 

ventricular volumes, indicating that the animals invoke their Starling mechanism. Combined 

with the reduced wall volume these alterations markedly increased wall stress. The rightward 

shifts of both the ESPVR, evidenced by its increased volume intercept ESV
75

, and the EDPVR 

indicate a process of remodeling. The finding that end-diastolic pressures and stiffness were 

relatively normal despite an increased end-diastolic volume suggests structural changes such 

as slippage of cardiomyocytes [33]. We speculate that excessive hypertrophy initially fully 

compensates, but in a later stage this mechanism may fail and lead to a state of compensa-

tory dilation (as found in our prepubertal rats) and eventually may progress to cardiac failure 

as suggested by the study of de Vries et al. [14].

The pressure-volume loops in our study were obtained with a miniature conductance 

catheter. This methodology has been extensively validated in various species including mice 

which are substantially smaller than 4-week-old rats [17-19]. However, the experience with 

the conductance catheter applied in young rats is limited. Therefore, to support our main 

findings, we also performed echocardiographic measurements in a small group of additional 

animals. The echocardiographic findings were fully consistent with the hemodynamic data 

obtained by the conductance catheter method.

Whether our findings are applicable to humans is unknown. At this point no cardiac 

abnormalities have been reported in children in the age group (pre-puberty, 10-12 year-old) 

corresponding to the 4-week-old rats in our study. However, from the lack of such reports we 
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would not draw the conclusion that findings similar to those found in our rats can be excluded 

in humans. First, widespread routine Dex treatment started in the early 90’s, therefore the 

number of children that have reached puberty is still fairly limited. Second, the effects in 

this age group may be subclinical (as suggested by our findings in rats) and therefore such 

studies may not have seemed to be warranted. This may explain that, to our knowledge, no 

studies are available regarding the long-term effects of Dex on cardiac function (or cardiac 

dimensions) in humans. In contrast to possible late side effects, the early cardiac adverse 

effects of neonatal Dex treatment have been well studied in human babies. Serial echocar-

diographical measurements have documented a transient phase of LV hypertrophy which 

starts during treatment and is generally resolved 2-3 weeks after Dex weaning [12,13,34,35]. 

The same phenomenon of transient early hypertrophy has also been shown to be present in 

the rat model [11]. This finding supports the validity of the rat model and the treatment dose. 

The rat model has also been used extensively in neurological studies and these studies have 

demonstrated important late side effects of Dex treatment [6]. Importantly, recent clinical 

studies indicate very similar findings in humans [5,8,9,36], again showing the correspondence 

with the rat model.

The Dex treatment in our study was based on extrapolation of the human treatment pro-

tocol. The 3-day duration of the Dex exposure represents about 15% of the lactation period 

in the rat (21 days), which corresponds with a typical 21-days treatment period in humans. 

Similar to the typical clinical treatment, a tapering dose of 0.5, 0.3 and 0.1µg/g was used. 

The same approach was used in most previous cardiovascular and neurological studies in 

the rat.

Obviously, extrapolation of our data to humans must be done with extreme caution, 

but we feel that further hemodynamic studies in humans should be considered. Screening 

of children previously treated with Dex may be relevant in order to initiate early medical 

intervention if necessary. It is important to realize that in our study alterations in systolic 

function were derived from pressure-volume relations, which are difficult to obtain in clinical 

practice. Our data regarding ejection fraction and cardiac output, systolic and diastolic pres-

sures, which are more commonly used in patient studies, did not reveal abnormal function. 

Therefore determination of absolute cardiac volumes, that were found to be enlarged, pre-

sumably as a compensatory mechanism, might be a realistic and useful diagnostic possibility. 

In addition, recently developed echocardiographic methods like tissue-Doppler myocardial 

velocity imaging or strain rate imaging may prove to be of value.

Limitations

We used term male rat pups as a model for premature human babies. This model has been 

proven useful for neurologic studies because with regard to brain development, a 7-day old 

rat is roughly equivalent to a full-term human infant and consequently term rat pups may cor-

respond well to premature infants [37]. Furthermore, at day 1-3 after birth the rat myocardium 



58

C
ha

p
te

r 3

still shows substantial hyperplasia [28], similar to the preterm human myocardium [26,27]. 

Thus, with respect to the transition from myocyte hyperplasia to hypertrophy the term rat pup 

appears to be a good model for the preterm human infant. However, potential differences in 

the degree of maturation of neurohormonal systems, receptor mechanisms and innervation 

[38] may also be of influence in the response to Dex treatment. The development of these 

systems has been studied in the rat [39], but very few data are available for the (preterm) 

human situation. Thus, species differences may be present, but other studies [11,14,40,41] 

have employed the same model and shown that several of the effects of Dex treatment found 

in humans, including early transient hypertrophy, were also found in the rat model.

We used only male pups to limit the within-group variability of the various parameters, but 

potentially gender-specific responses could be present. Neurological studies appear to indi-

cate that males are more susceptible to adverse effects of neonatal GC treatment, however 

we are not aware of studies showing gender-specific effects on the cardiovascular system.

The relatively low ejection fraction and mean arterial pressure in the control (Sal) animals 

indicate that cardiac function was somewhat depressed presumably as a result of general 

anesthesia. We cannot rule out that the Dex animals are more sensitive to our anesthesia 

resulting in relatively more depressed cardiac function. However by using fentanyl-fluanisone-

midazolam anesthesia we aimed at minimizing this effect [42]. Furthermore, our additional 

echocardiographic measurements were obtained during isoflurane inhalation and indicated 

very similar differences between Dex- and Sal- treated rats as the invasive data.

In conclusion

Neonatal Dex treatment in rats leads to unfavorable changes in systolic left ventricular func-

tion in the prepubertal period. Whether this represents an early stage of heart failure remains 

to be demonstrated. Further studies are required to investigate the long-term cardiac effects 

of Dex treatment and the underlying mechanisms. If applicable to humans, a rather large 

patient population is involved and early cardiac screening of children treated with Dex may 

be indicated.
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ABSTRACT

Left ventricular (LV) pressure-volume relations provide relatively load-independent indexes 

of systolic and diastolic LV function, but few data are available on pressure-volume relations 

during growth and development in the normal adult heart. Furthermore, to quantify intrinsic 

ventricular function the indexes should be normalized for heart weight. However, in many 

studies the indexes are reported in absolute terms, or body weight-correction is used as a 

surrogate for heart weight-correction. 

We determined pressure-volume relations in young (8 weeks old, n=13) and middle-aged 

(50 weeks old, n=19) male Wistar rats in relation to their heart and body weights. The animals 

were anesthetized and a 2F pressure-conductance catheter was introduced into the LV to 

measure pressure-volume relations. 

Heart and body weights were significantly higher in the 50-week-old rats, whereas the 

heart-to-body weight ratio was significantly lower (2.74±0.32 vs. 4.41±0.37 mg/g, p<0.001). 

Intrinsic systolic function, quantified by the slopes of the end-systolic pressure-volume rela-

tion (E
ES

), the dP/dt
MAX

 vs. end-diastolic volume relation (S-dP), and the preload recruitable 

stroke work relation (PRSW), normalized for heart weight, was slightly decreased in the 50-

week-old rats (S-dP: -26%, p<0.004; PRSW: -13%, p<0.06). Heart weight-corrected diastolic 

indexes were not significant different. The absolute indexes qualitatively showed the same 

results, but body-weight corrected pressure-volume indexes showed improved systolic func-

tion and significantly depressed diastolic function. 

Intrinsic systolic function slightly decreases from the juvenile to the middle-aged period in 

normal male Wistar rats. Furthermore, correction of pressure-volume indexes for body weight 

is not an adequate surrogate for heart weight-correction in these animals.
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INTRODUCTION

Systolic and diastolic left ventricular pressure-volume relations reflect inotropic and lusitropic 

properties of the left ventricle [37]. These relations are relatively independent of loading 

conditions and therefore they are considered the best way to quantify intrinsic ventricular 

function [22]. Indexes derived from pressure-volume relations have shown to be highly sen-

sitive to changes in myocardial function induced by various diseases and pharmacological 

interventions, and consequently these indexes are widely used in physiological and clinical 

studies. However, few data are available on the changes in pressure-volume relations dur-

ing growth and development in the normal adult heart. Most studies focus either on the 

maturation in very early stages, or on the pathology in the senescent heart [12,30]. In the 

intermediate age-range, representing the young to middle-aged adults, it is often implicitly 

assumed that cardiac function is relatively constant. 

Furthermore, theoretical and experimental studies indicate that indexes derived from 

pressure-volume relations should be normalized for heart (or ventricular) weight [6,17,38,45]. 

However, in many studies the indexes are either reported in absolute terms or are indexed for 

body weight (or body surface area) as a surrogate for heart weight. Justification for these cor-

rections is generally not given and, to our knowledge, no previous study directly compared 

the effect of the various corrections on the derived indexes.

Therefore, in the present paper we studied systolic and diastolic pressure-volume relations 

in normal 8- and 50-week-old rats, representing the young adult and middle-aged stages. 

Data were obtained invasively in closed-chest, anesthetized animals, by miniaturized pres-

sure-conductance catheters [1,2,15]. We determined the age, heart-weight and body-weight 

dependence of the derived indexes and investigated the influence of normalization.

MATERIALS AND METHODS

The study protocol was approved by the Animal Research Committee of the University of 

Leiden. The investigation conforms to the European Convention for the Protection of Verte-

brate Animals used for Experimental and other Scientific Purposes (Council of Europe No 123, 

Strasbourg 1985).

Animals and instrumentation

Male Wistar rats were obtained from our in-house breeding and were studied at 8 weeks 

(n=13) and 50 weeks (n=19) of age. Prior to the studies the animals were kept under constant 

temperature and humidity conditions and had free access to food and water. The rats were 

sedated by inhalation of a mixture of halothane (4%) and oxygen. Subsequently, general 

anesthesia was initiated by intraperitoneal (IP) injection of a fentanyl-fluanison-midazolam 
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mixture (FFM). The FFM mixture consisted of 2 parts Hypnorm® (0.315 mg/mL fentanyl + 10 

mg/mL fluanison), 1 part Dormicum® (5 mg/mL midazolam) and 1 part saline. This mixture 

was administered in a dose of 0.4 mL/100 g body weight. Supplemental IP injections (one-

third of the initial dose) were provided if necessary so that the animals remained unrespon-

sive to tail pinch by forceps. The animals were placed on a controlled warming pad to keep 

body temperature constant. A tracheostomy was performed, a 25G cannula was inserted and 

connected to a pressure-controlled respirator, and ventilation was started with an air/oxygen 

mixture (FiO
2
 = 0.5). The animals were placed under a microscope (Zeiss, Germany) and the 

left jugular vein and the right carotid artery were exposed via a midline cervical incision. 

The jugular vein was cannulated for infusion of hypertonic saline to determine parallel con-

ductance (see below). Via the carotid artery a miniaturized combined pressure-conductance 

catheter (SPR-878, Millar Instruments, Houston, TX, USA) was introduced and positioned 

into the left ventricle (LV) guided by on-line pressure and volume signals. The abdomen 

was opened via a small incision just below the diaphragm to enable temporary preload 

reductions by directly compressing the inferior vena cava using a cotton-tipped stick. The 

pressure-conductance catheter was connected to a Sigma-SA signal processor (CD Leycom, 

Zoetermeer, The Netherlands) for on-line display and registration of LV pressure and volume 

signals. All data were acquired using Conduct-NT software (CD Leycom) at a sample rate of 

2000 Hz and analyzed off-line by custom-made software (CircLab).

Hemodynamic measurements

Steady state

After instrumentation, LV pressure-volume signals were acquired in steady state to quantify 

general hemodynamic conditions: Heart rate, stroke volume, cardiac output, end-diastolic 

volume, end-systolic volume, ejection fraction, end-diastolic pressure, and end-systolic pres-

sure were assessed. Mean arterial pressure was determined from the aortic pressure recording 

obtained just prior to insertion of the catheter into the LV. Stroke work was determined as the 

area of the pressure-volume loop, and the maximal and minimal rate of LV pressure change, 

dP/dt
MAX

 and dP/dt
MIN

. The relaxation time constant τ was calculated as the time-constant 

of mono-exponential pressure decay during isovolumic relaxation: P(t) = A+B·exp(-t/τ). The 

isovolumic period was defined as the time-period between the moment of dP/dt
MIN

 and the 

time-point at which dP(t)/dt reached 10% of dP/dt
MIN

 [23]. 

Pressure-volume relationships

To obtain load-independent indices of systolic and diastolic LV function we determined pres-

sure-volume relations by recording pressure-volume loops during a gradual preload reduc-

tion obtained by gently compressing the inferior caval vein. By this procedure we reduced 

systolic pressure typically by 20-30 mmHg within 2 s (~15 beats). To quantify systolic function 
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we used the end-systolic pressure-volume relation (ESPVR), the relation between dP/dt
MAX

 

and end-diastolic volume, and the preload recruitable stroke work relation (stroke work vs. 

end-diastolic volume). The slopes of these linear relations, E
ES

 (end-systolic elastance), S-dP, 

and PRSW, respectively, are sensitive and relatively load-independent measures of systolic LV 

function [16,24,39]. For diastolic function the chamber stiffness constant k
ED

 was determined 

by fitting the end-diastolic pressure-volume points with an exponential relation [27]. Since 

some previous studies have used a linear approach, we also determined end-diastolic stiff-

ness E
ED

 as the slope of a linear relation fitted to the end-diastolic pressure-volume points.

Calibration of the conductance catheter

To derive absolute volumes from the conductance catheter, the signals must be calibrated 

for parallel conductance (V
P
) and slope factor (α). Parallel conductance was determined by 

the hypertonic saline method [2]. We performed intravenous injections via the jugular vein 

cannula (10% saline, 20µL) and parallel conductance was calculated as the mean of three 

consecutive assessments [43,48]. To determine slope factor α we placed a transit-time ultra-

sonic flow probe (Transonic Systems, Maastricht, The Netherlands) on the ascending aorta, 

after opening the thorax at the end of the experiment, via a midsternal incision: α was calcu-

lated as cardiac output determined by conductance divided by cardiac output determined 

by aortic flow.

Heart preparation

After all hemodynamic measurements, the abdominal aorta was cannulated and we performed 

a perfusion fixation of the heart with 10% formalin diluted 1:1 with NaCl. Subsequently, the 

heart was excised, extracardiac structures were carefully removed and weight was obtained.

Statistical analysis

All data are expressed as the mean ± standard deviation (SD). Variability of a specific index 

was quantified by the coefficient of variation calculated as 100%·SD/mean. Comparisons 

between group means were performed by unpaired t-tests and statistical significance was 

defined as p<0.05.

RESULTS

Heart and body weights

As expected heart weight and body weight were significantly higher in the 50-week-old rats, 

whereas heart-to-body weight ratio was significantly reduced (Table 1, Figure 1). Plotting 

heart weight versus body weight showed a positive correlation in the 8-week-old rats, how-

ever the correlation was lost in the 50-week-old animals (Figure 2).
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Table 1: Body weight, heart weight, and heart-to-body weight ratio in 8- and 50-week-old rats

8 weeks 50 weeks p

BW (g) 261 ± 32 541 ± 40 < 0.001

HW (mg) 1,146 ± 140 1,476 ± 103 < 0.001

HW/BW (mg/g) 4.41 ± 0.37 2.74 ± 0.32 < 0.001

BW = body weight; HW = heart weight

17

Chapter 4 -Figure 1 

Figure 1: Body weight (BW), heart weight (HW) and HW/BW ratio in 8- and 50-week-old rats

18

Chapter 4 -Figure 2 

Figure 2: Relation between heart weight and body 
weight in 8- and 50-week-old rats
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Pressure-derived indexes

Heart rate and pressure-derived indexes are shown in Table 2. Heart rate, mean arterial 

pressure, total peripheral resistance, end-systolic pressure, dP/dt
MAX

 and dP/dt
MIN

 were all 

significantly lower in the 50-week-old rats. We did not find a significant correlation between 

heart weight or the heart-to-body weight ratio and mean arterial pressure in the 8-week-old 

or the 50-week-old rats. End-diastolic pressure and τ tended to be increased but differences 

were not statistically significant.

Table 2: Heart rate and pressure-derived indexes in 8- and 50-week-old rats

8 weeks 50 weeks p

HR (beats/min) 444 ± 21 415 ± 24 < 0.001

MAP (mmHg) 72 ± 8 52 ± 13 < 0.001

TPR (mmHg/ml/min) 0.96 ± 0.18 0.59 ± 0.25 <0.001

LVESP (mmHg) 82 ± 14 57 ± 8 < 0.001

LVEDP (mmHg) 4.4 ± 1.7 5.0 ± 1.5 0.300

dP/dt
MAX

 (mmHg/s) 11,933 ± 1,612 9,973 ± 2,651 0.016

dP/dt
MIN

 (mmHg/s) 6,810 ± 1,776 4,588 ± 930 0.001

τ (ms) 10.4 ± 1.9 10.9 ± 3.2 0.637

HR = heart rate; MAP = mean arterial pressure; TPR = total peripheral resistance; LVESP = left ventricular end-systolic pressure; LVEDP = left 
ventricular end-diastolic pressure; τ = relaxation time constant 

Volumetric indexes

Volumetric indexes (cardiac output, stroke volume, end-diastolic volume and end-systolic 

volume) are shown in Table 3. They are presented in absolute terms, after correction for body 

weight, and after correction for heart weight, respectively (note that ejection fraction, which 

is the ratio of stroke volume and end-diastolic volume, is invariant to weight correction). 

The results show that all absolute volumes were significantly increased in the 50-week-old 

rats. However, the indexed (i.e. divided by body weight) cardiac output and stroke volumes 

were significantly decreased, whereas indexed end-diastolic volume was unchanged, and 

indexed end-systolic volume was increased in the 50-week-old rats. After normalization for 

heart weight, cardiac output and stroke volume were the same in both groups, whereas end-

systolic and end-diastolic volumes were significantly higher in the 50-week-old rats.

Pressure-volume relations

Typical examples of pressure-volume loops and pressure-volume relations in 8- and 50-week-

old rats are shown in Figure 3. Summarized results of the slopes of the LV pressure-volume 

relations are presented in Table 4. Like the volumetric indexes they are given in absolute terms 

and after correcting for body weight and heart weight, respectively. To avoid confusion, note 

that the slope of the ESPVR, E
ES

, represents the change in end-systolic pressure divided by 

the change in end-systolic volume. Since the correction for body (respectively heart) weight 
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is done by dividing end-systolic volume by body (heart) weight, the slope E
ES

 is corrected by 

multiplying its absolute value by body (heart) weight. The same reasoning also holds for S-dP, 

k
ED

 and E
ED

. PRSW, however, is unaffected by weight corrections because the determinants of 

this relation (stroke work and end-diastolic volume) are both volumetric indexes.

In absolute terms there was a significant decrease in S-dP and PRSW in the 50-week-old 

rats, whereas the other indices remained constant. Indexing the pressure-volume relations 

for body weight results in a significant increase in all indexes in the 50-week-old rats. After 

normalization for heart weight S-dP showed a significant decrease in the 50-week-old rats, 

whereas the other indexes tended to be increased, but this effect did not reach statistical 

significance.

Variability

We calculated the coefficient of variation of the various volumetric and pressure-volume 

indexes to investigate whether correction for body weight or heart weight reduced the 

within-group variability. Results are shown in Figure 4. For the volumetric indexes correction 

for body weight resulted in a small but systematic reduction in variability: On the average 

variability was reduced from 33.1 to 30.2% in the 8-week-old animals, and from 35.3 to 33.6% 

in the 50-week-old animals. Correction for heart weight also tended to reduce variability, but 

this effect was even smaller and not consistent for all indexes. For the slopes of the pres-

sure-volume relations, E
ES

 and S-dP, correction for body weight and for heart weight both 

consistently reduced variability, with a larger reduction by the correction for heart weight. In 

the 8-week-old animals, variability reduced from 45.0 to 40.4% with body weight correction, 

and to 38.5% with heart weight correction. In the 50-week-old animals, the variability reduced 

from 53.3 to 52.6% and to 49.3%, respectively. As mentioned earlier ejection fraction and PRSW 

are invariant to weight corrections, but these indexes are shown in Figure 4 for comparison.
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Figure 3: Typical examples of pressure-volume 
loops and end-systolic (ESPVR) and end-diastolic 
(EDPVR) pressure-volume relations. Open circles: 
ESPVR in an 8-week-old rat; closed circles: EDPVR 
in an 8-week-old rat; open squares: ESPVR in 
a 50-week-old rat; closed squared: EDPVR in a 
50-week-old rat.
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DISCUSSION

This study was conducted to gain insight into the possible changes in cardiac function 

during normal growth and development in adult rats. In addition, we investigated the 

influence of correction of hemodynamic indexes by body weight and heart weight. Left 

ventricular function was quantified by indexes derived from pressure-volume relations in 

8- and 50-week-old rats. We used these two age groups because they represent the young 

adult and middle-aged stages. Our findings regarding heart weight and body weight show, 

as expected, that heart and body weight were significantly higher in the 50-week-old rats, 

whereas the heart-to-body weight ratio was significantly lower in the 50-week-old rats. In 

the 8-week-old rats a close correlation was found between heart weight and body weight, 

but this relation was absent in the 50-week-old animals. The relation between heart weight 

and body weight in rats was studied previously by other groups [14,35] showing a decline 

in heart-to-body weight ratio with increasing age consistent with our findings. In contrast, 

Capasso et al. [9] found a remarkably constant heart-to-body weight ratio in female Wistar 

rats from 2 to 10 months of age. A linear increase in heart weight with body weight in young 

rats was previously demonstrated [34]. A similar effect was also observed in human studies, 

showing that in infancy virtually the entire variability of left ventricular mass is explained by 

body size whereas with advancing age the ability of body size to predict left ventricular mass 

decreases [13].

20

Chapter 4 -Figure 4 

Figure 4: Coefficient of variation of various volumetric and pressure-volume indexes in 8- and 50-week-old rats
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Our findings regarding heart and body weights already predict that comparison of 

hemodynamic indexes between the groups will strongly depend on whether correction 

for body weight or for heart weight is performed. This may complicate the answer to the 

question whether cardiac function was different between the age groups. With regard to 

the contractile indexes derived from pressure-volume relations, theoretically correction for 

heart weight is optimal to derive the ‘intrinsic’ cardiac properties and correction for body 

weight should be regarded as a surrogate method [6,17,38,45]. In addition to the attempt to 

obtain an index that reflects the ‘intrinsic’ properties of the muscle, an (often implicit) aim of 

normalization in many studies is to reduce the within-group variability. Typically two groups 

are compared (e.g. treated vs. untreated) and the variation in heart (of body) weight in each 

group is assumed to be random and not systematically different between the groups. By 

correcting contractile indexes for heart (body) weight one hopes to reduce the within-group 

variability and increase the sensitivity to detect differences between groups. Our analysis of 

within-group variability shown in Figure 4 reveals that the reduction in variability by weight 

corrections was only very limited. It shows that for the volumetric indexes the variability is 

reduced mostly by body weight correction, whereas in the pressure-volume derived indexes 

heart weight correction produced a better reduction in variability. Apparently, biological 

variability and variability induced by other sources, such as experimental conditions (anes-

thesia, temperature, etcetera), play a more important role.

In this study we used multiple pressure-volume relations to compare LV function in the 

two age groups. For LV systolic function, we determined the end-systolic pressure-volume 

relation, the preload recruitable stroke work relation, and the relation between dP/dt
MAX

 

and end-diastolic volume, and for LV diastolic function the end-diastolic pressure-volume 

relation. In the literature, the systolic relations are frequently used interchangeably and they 

typically show the same directional changes after positive or negative inotropic stimulation 

[25,44,46,47]. However, inotropic sensitivity and relative load independency were reported to 

vary between these relations. Takeuchi et al. [46] reported a comparable inotropic sensitivity 

of the end-systolic pressure-volume relation and the preload recruitable stroke work relation, 

but found the latter to be less load-dependent. Wallace et al. [47] found an equal load-inde-

pendency for all three relations. Kass et al. [22] described the end-systolic pressure-volume 

relations as the least sensitive with regard to inotropic changes, but the most load-indepen-

dent relation. In contrast, Little et al. [25] found the preload recruitable stroke work relation to 

be the least sensitive to intropic stimulation, and the end-systolic pressure-volume relation 

the most dependent on load changes. Partial inconsistencies between these studies may be 

related to species and methodological differences. Moreover, although all of these relations 

are used to quantify systolic function, they are not fully comparable because the end-systolic 

pressure-volume relation is defined at end-ejection, dP/dt
MAX

 vs. end-diastolic volume at pre-

ejection, and the preload recruitable stroke work relation describes more globally the entire 

cardiac cycle.
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Our data show that intrinsic systolic function, as quantified by the slopes of the systolic 

relations (E
ES

, S-dP, and PRSW) normalized for heart weight, appeared to be slightly decreased 

in the 50-week-old rats: although E
ES

 was not significantly changed, S-dP was reduced by 26% 

(p<0.004), and PRSW by 13% (p<0.06). The heart weight-normalized diastolic pressure-vol-

ume indexes k
ED

 and E
ED

 both increased by approximately 50% suggesting increased diastolic 

stiffness (i.e. reduced diastolic function), but these changes were not significant. In a qualita-

tive sense, the absolute indexes (i.e. without correction for weight) showed the same results. 

However, after correction for body weight the systolic indexes E
ES

 and S-dP both improved 

significantly, whereas the diastolic indexes showed a significantly increased diastolic stiff-

ness. This indicates that correction for body weight is not an adequate surrogate for heart 

weight-correction when comparing 8-week-old and 50-week-old animals. This is due to the 

fact that the heart-to-body weight ratio was substantially lower in the 50-week-old rats and 

thus the body weight-corrected pressure-volume indexes were relatively overestimated in 

the older animals.

The decrease in systolic function obtained from the heart weight-normalized pressure-

volume relations is consistent with the reduction in ejection fraction and dP/dt
MAX

. The find-

ing that the normalized volumes were significantly increased, whereas normalized CO was 

unchanged, suggests the use of the Frank-Starling mechanism to compensate for reduced 

systolic function.

To our knowledge no previous studies have investigated intrinsic LV function by pressure-

volume relations in a similar adult age range in intact animals. The effects of more advanced 

aging on myocardial function were studied with pressure-volume loops by Pacher et al. [30]. 

They found decreased systolic function accompanied by delayed relaxation and increased 

diastolic stiffness in 2-years-old male Fischer 344 rats, compared to 6-months-old animals. 

Cardiac function in these aging rats reflected a condition of heart failure consistent with the 

fact that ~50% of the animals in this group died during the observation period with dilated 

hearts and marked fluid accumulation. In a recent study [32] it was shown that these effects 

may be importantly counteracted by inhibition of poly(ADP-ribose) polymerase (PARP), 

indicating a prominent role of oxidant-induced cell injury in cardiac dysfunction with aging. 

Capasso et al. [8] documented hemodynamic function at 4, 12, 20 and 29 months of age in 

male Fischer rats. Their data confirm the findings of Pacher et al. in the senescent animals and 

show that the decline in cardiac function occurs largely after 20 months. Data from 12- and 

20-months-old animals only show a tendency towards reduced diastolic function, but no 

change in systolic function. However, no load-independent pressure-volume indexes were 

obtained. The changes in the 12-months old group are in line with our findings in the 50-

week old animals for cardiac output, cardiac index, dP/dt
MIN

, diastolic pressure, end-systolic 

and end-diastolic volume. The drop in dP/dt
MAX

 was similar in both studies but it did not 

reach statistical significance in Capasso’s study. Moreover, systolic pressure was unchanged 

in Capasso’s study but dropped significantly in ours. These differences may be related to the 
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different anesthetic approaches (see Limitations section), but they may also be dependent 

on the rat strain (Fischer vs. Wistar).

Additional insight into the age-associated changes in contractility may be obtained from 

basal in vitro studies. Heller et al. [18] studied cardiac cell preparations from 53 and 153-day-

old rats and found a 20% decrease in actomyosin ATPase activity. Since myofilament ATPase 

activity is related to contractile function, including the speed and duration of contraction 

[40] this suggests an age-related decrease in contractility comparable to our findings. Studies 

by Chesky et al. [10,36] suggest that the declining actomyosin ATPase activity represents an 

age-related diminished ability of calcium to reverse the inhibitory action of the regulatory 

proteins. Altered ATPase activity may also be related to myosin iso-enzyme make-up shift 

from fast cycling V1 to a slower cycling V3, which occurs with increasing age [19]. Qi et al. 

[33] proposed that this shift in myosin iso-enzymes underlies the changes in contractile 

function found in papillary muscles isolated from 7 weeks, 4 months and 9 months old rats. 

However, the differences between preparations from younger and older rats also depended 

on extracellular calcium concentrations, suggesting that the age-related changes are at 

least partly the result of differences in calcium availability and handling. In line with this, 

recent studies show that alterations in intracellular calcium handling in older animals are 

compensated by prolongation of the action potential [20] leading to maintained contractile 

function. In contrast, a study by Nair et al. [29] shows an age-associated increase in con-

tractility in isolated myocytes from 2, 6 and 12-months old rats. Their data suggest that this 

age-dependent variation may be mediated by variation in the distribution and function of 

sarcolemmal calcium channels. Thus, the reported molecular and cellular changes are largely 

in line with our findings, but mechanical, electrical and structural changes may interact and 

serve as compensatory mechanisms. Thus, it remains difficult to predict how these findings 

from in vitro studies translate to changes in cardiac function in the intact animal.

Limitations

The blood pressures in our study were relatively low in comparison to other studies in anes-

thetized rats [4,8,11,14,26,30-32,35]. This could be related to the type of anesthesia. We used 

a fentanyl-fluanison-midazolam (FFM) mixture whereas most other comparable studies in 

rats used barbiturates (pentobarbital) or ketamine/xylazine. We preferred FFM because it is 

reported to have only relatively mild cardiac depressant effects, and is associated with stable, 

near-physiological hemodynamic conditions [7,21]. In contrast, barbiturates may interfere 

with calcium transports and tend to decrease contractility, whereas ketamine is reported 

to have a strong peripheral vasopressor effect that is considered to be centrally mediated. 

In line with our findings, in comparison to pentobarbital, FFM is reported to produce lower 

blood pressure mainly related to a better preserved tissue perfusion [42]. The dP/dt
MAX

 and 

heart rate values in our study are in the same range or even higher than most other studies 

in anesthetized rats, suggesting that indeed myocardial depression is limited and that the 
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low blood pressures are mainly the result of peripheral vasodilatory effects. This is confirmed 

by the calculated total peripheral resistance in our study which was substantially lower than 

values reported in rats under barbiturate anesthesia [5,30]. Since our outcome variables 

derived from pressure-volume relations are relatively load-independent, the lower blood 

pressures do not importantly affect with our main conclusions. We cannot exclude possible 

age-dependent cardiovascular effects of the anesthesia used in our study, however we have 

no indications from the literature that this would be the case. Another potential bias could 

be related to the body weight differences between the two groups: the anesthesia dosage 

(in ml/g body weight) was the same in both groups, but differences in body composition may 

have resulted in differences in pharmacokinetics.

Stroke volumes (and cardiac output) in the present study appear to be somewhat higher 

than recently reported values in anesthetized rats. The 8-week-old rats in our study had an 

average stroke volume of 175±34 μL. In young rats of similar body weight (~300g) Nahrendorf 

et al. [28] found 127±8 μL, whereas Pacher et al. [30] reported 124±9 μL, and from a study 

by Batkai et al. [4] we derived a stroke volume of approximately 160 μL. These differences 

may be related to anesthesia since these mentioned studies all used barbiturates, whereas 

we applied FFM. In addition, differences may be related to rat strain and/or gender, since 

the previous studies were performed in female Wistar rats, male Fischer 344 rats, and male 

Spray-Dawley rats, respectively, whereas we used male Wistar rats.

Body weight, absolute and relative heart weights, and age-dependent weight gains vary 

substantially between different rat strains [41]. Our findings were obtained in male Wistar 

rats and therefore further studies are required to investigate whether our conclusions can be 

extrapolated to other strains.

The 4-electrode pressure-conductance catheter used in the present study registers only 

a single volume segment, in contrast to multiple segments that may be obtained with 10-

12 electrode catheters used in larger hearts. The implicit assumption is that this segment is 

representative for the heart as a whole. This assumption seems very reasonable, especially in 

view of the fact that in many (small animal) studies volume estimates are based on a single 

diameter or cross-sectional area. Underestimation was corrected by comparing the stroke 

volume obtained with the conductance catheter with stroke volume (SV) obtained from a 

flow probe placed on the ascending aorta. The gain factor (SV
CONDUCTANCE

/SV
FLOW PROBE

) was used 

to calibrate the volume readings from the catheter. This approach of using an independent 

stroke volume or cardiac output measurement to calibrate the conductance catheter is used 

in most previous conductance catheter studies. However, in small animals, particularly in the 

mice, reliable independent cardiac output measurements may be difficult to obtain. Therefore, 

several studies have used in-vitro calibration methods based on conductance measurements 

in cylindrical holes with known diameters [30,48]. In a previous study in 4-week-old rats we 

have used a similar in-vitro calibration method [3], however in the present study the larger 
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size of the animals allowed us to place a flow probe on the ascending aorta, and we preferred 

this more direct in-vivo calibration method. 

In conclusion, our study indicates that intrinsic systolic left ventricular function slightly 

decreases in the adult male Wistar rat during normal growth and development from the 

juvenile to the middle-aged period, whereas diastolic function does not change significantly. 

Pressure-volume indexes for intrinsic LV function require normalization for heart weight. 

Correction for body weight is not a good surrogate because the decreased heart-to-body 

weight ratio in the older male Wistar rats causes a relative overestimation of the body-weight 

corrected pressure-volume indexes. 
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ABSTRACT

Dexamethasone treatment is clinically applied to wean preterm infants from mechanical 

ventilation. However, concern has emerged about adverse side-effects. The cardiovascular 

short-term side-effects of neonatal dexamethasone treatment are well documented, but 

the long-term consequences are unknown. Previous studies showed suppressed mitosis 

during dexamethasone treatment leading to reduced ventricular weight, depressed systolic 

function and compensatory dilatation in prepubertal rats. In addition, recent experimental 

data indicated a reduced life expectancy. Therefore, we investigated the long-term effects of 

neonatal dexamethasone treatment on cardiovascular function.

Neonatal rat pups were treated with dexamethasone or received saline. Cardiac function 

was determined in 8-, 50-, and 80-week-old animals, representing young adult, middle-aged 

and elderly stages. A pressure-conductance catheter was introduced into the left ventricle 

to measure pressure-volume loops. Subsequently, the hearts were collected for histological 

examination. Our results showed reduced ventricular and body weights in dexamethasone-

treated rats at 8 and 80 weeks, but not at 50 weeks. Cardiac output and diastolic function 

were unchanged in all age groups, but systolic function was depressed at 50 and 80 weeks 

evidenced by reduced ejection fractions and rightward shifts of the end-systolic pressure-

volume relationships.

Early adverse effects of neonatal dexamethasone treatment are transient but reduced 

ventricular weight and systolic dysfunction become manifest again in elderly rats. Presum-

ably, cellular hypertrophy initially compensates for the dexamethasone treatment-induced 

lower number of cardiomyocytes but fails at a later stage leading to systolic dysfunction. If 

applicable to humans, cardiac screening of a relatively large patient group to enable second-

ary prevention may be indicated.
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INTRODUCTION

Glucocorticoids, in particular dexamethasone, are widely used to treat or prevent chronic 

lung disease in preterm infants. However, due to adverse long-term effects on cognition and 

motoneuron development, neonatal glucocorticoid treatment remains controversial [3]. 

The American Academy of Pediatrics and the Canadian Pediatric Society recently published 

guidelines for the use of postnatal steroid treatment in preterm infants [1]. With regard to 

the long-term effects on the brain, studies have documented adverse outcome including 

cerebral palsy and delayed and abnormal neurological development [5,6,12,18,41]. The short-

term cardiovascular effects after neonatal dexamethasone treatment include hypertension 

and hypertrophic cardiomyopathy. These effects were described both in animal and human 

studies and are generally thought to be transient [7,8,17,28,29,35,39]. However, recent data 

showed a significantly reduced life expectancy of rats treated with dexamethasone in the 

neonatal period suggesting permanent damage and detrimental long-term effects [20]. 

The cause of premature death in these rats remained speculative, but was considered to 

be due to cardiac or kidney failure. In a recent study in rats we have shown that neonatal 

dexamethasone treatment inhibits cardiomyocyte mitosis and results in a reduced number 

of cardiomyocytes at adult age [10]. Cardiovascular effects of neonatal dexamethasone 

treatment were previously studied in 4-week-old rats, representing the pre-pubertal period 

[4]. These young animals showed reduced heart weights and reduced left ventricular wall 

thickness. Hemodynamic measurements revealed impaired systolic function and increased 

left ventricular volumes with maintained cardiac output, indicating a state of compensatory 

dilatation [4]. However, the long-term cardiovascular effects are unknown. Therefore, in the 

present study we investigated cardiac function in 8-, 50-, and 80-week-old rats that were 

treated with dexamethasone in the neonatal period and compared those with age-matched 

control animals.

METHODS

Animals

The study protocol was approved by the Animal Research Committee of the University of 

Leiden. Pregnant Wistar rats (270–300 g) were housed individually and kept under conven-

tional housing conditions. Pups were born on day 21–22 of gestation. On the day of birth, 

male pups were selected and randomly divided into treatment and control groups. Treatment 

and control animals were kept separately and placed with foster mothers in groups of four to 

six pups. Rat pups in the treatment group were injected intraperitoneally with dexametha-

sone using a 3-day tapering dose following a protocol as used before [19]. Consequently, the 

treated animals received 0.5, 0.3, and 0.1 µg/g body weight dexamethasone on day 1, 2, and 
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3 of life, respectively. The animals in the control group received equal volumes (10 µL/g body 

weight) sterile pyrogen-free saline. Temperature and humidity were kept constant and the 

rats had free access to food and water. An artificial 12 h-light/12 h-dark cycle was used. The 

rats were weaned on day 21 and studied at 8 weeks, 50 weeks or 80 weeks of age. 

Animal Preparation

The rats were sedated by inhalation of a mixture of halothane (4%) and oxygen. Subsequently, 

general anesthesia was initiated by intraperitoneal (IP) injection of a fentanyl-fluanison-

midazolam mixture (FFM). The FFM mixture consisted of 2 parts Hypnorm® (0.315 mg/mL 

fentanyl + 10 mg/mL fluanison), 1 part Dormicum® (5 mg/mL midazolam) and 1 part saline. 

This mixture was administered in a dose of 0.4 mL/100 g body weight. Supplemental IP injec-

tions (one-third of the initial dose) were provided if necessary so that the animals remained 

unresponsive to tail pinch by forceps. The animals were placed on a controlled warming pad 

to keep body temperature constant. A tracheostomy was performed, a cannula was inserted 

and connected to a pressure-controlled respirator, and ventilation was started with an air/

oxygen mixture (FiO
2
=0.5). The animals were placed under a microscope (Zeiss, Germany) 

and the left jugular vein and the right carotid artery were exposed via a midline cervical 

incision. The jugular vein was cannulated for infusion of hypertonic saline to determine 

parallel conductance (see below). Via the carotid artery a miniaturized combined pressure-

conductance catheter (SPR-878, Millar Instruments, Houston, TX, USA) was introduced and 

positioned into the left ventricle (LV) guided by on-line pressure and volume signals [14]. The 

abdomen was opened via a small incision just below the diaphragm to enable temporary 

preload reductions by directly compressing the inferior vena cava using a cotton-tipped 

stick. The pressure-conductance catheter was connected to a Sigma-SA signal processor (CD 

Leycom, Zoetermeer, The Netherlands) for on-line display and registration of LV pressure and 

volume signals. All data were acquired using Conduct-NT software (CD Leycom) at a sample 

rate of 2000 Hz and analyzed off-line by custom-made software.

Hemodynamic measurements

Steady state

After instrumentation, LV pressure-volume signals were acquired in steady state to quantify 

hemodynamic conditions: Heart rate, cardiac output, end-diastolic volume, end-systolic 

volume, ejection fraction, end-diastolic pressure, and end-systolic pressure were assessed. 

Stroke work was determined as the area of the pressure-volume loop, and the maximal and 

minimal rates of LV pressure change, dP/dt
MAX

 and dP/dt
MIN

, and the isovolumic relaxation 

time constant τ were calculated.
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Pressure-volume relationships

To obtain load-independent indices of systolic and diastolic LV function we determined 

pressure-volume relations by recording pressure-volume loops during a gradual preload 

reduction obtained by gently compressing the inferior caval vein [9]. By this procedure we 

reduced systolic pressure typically by 20-30 mmHg within 2-3 s (~15 beats). To quantify 

systolic function we used the end-systolic pressure-volume relation (ESPVR), and the preload 

recruitable stroke work relation (PRSW, stroke work vs. end-diastolic volume). The slopes of 

these linear relations, E
ES

 (end-systolic elastance) and S
PRSW

 , respectively, and their positions 

yield sensitive and relatively load-independent measures of systolic LV function [15,24,32]. 

The position of the ESPVR was quantified by its volume intercept (ESV
INT

) at a fixed end-sys-

tolic pressure, whereas the position of the PRSW was determined as its stroke work intercept 

(SW
INT

) at a fixed end-diastolic volume. The fixed values for end-systolic pressure and end-

diastolic volume were determined retrospectively as the corresponding overall mean values 

for all animals. Diastolic LV function was quantified by the linear slope of the end-diastolic 

pressure-volume relationship (EDPVR) and its position defined as its end-diastolic pressure 

intercept (EDP
INT

) at the fixed end-diastolic volume [25].

Calibration of the conductance catheter

To derive absolute volumes from the conductance catheter, the signals were calibrated 

for parallel conductance (V
P
) and slope factor (α). Parallel conductance was determined by 

the hypertonic saline method [2]. We performed intravenous injections via the jugular vein 

cannula (10% saline, 5-10 µL) and parallel conductance was calculated as the mean of three 

consecutive assessments [36,40]. To determine slope factor α we placed a transit-time ultra-

sonic flow probe (Transonic Systems, Maastricht, The Netherlands) on the ascending aorta, 

after opening the thorax at the end of the experiment, via a midsternal incision: Slope factor 

α was calculated as cardiac output determined by conductance divided by cardiac output 

determined by aortic flow.

Heart preparation

After the hemodynamic measurements a cannula was inserted retrogradely into the abdomi-

nal aorta to allow external perfusion of the heart. The hearts were arrested in diastole by 

slowly infusing 1 mL 0.1 M Cadmium chloride via a needle introduced in the apex of the 

left ventricle. Subsequently, the right atrium was cut to allow drainage and external perfu-

sion via the aortic cannula was started using a reservoir at approximately 70 cm height. A 

mixture of saline and nitroprusside (0.1 mg/ml) was infused for 3 minutes to achieve coronary 

vasodilatation followed by 3 min perfusion with formalin solution (2%). The hearts were then 

excised and immersion fixed in phosphate-buffered formalin 4%. After at least 48h of fixation 

any remaining extra-cardiac structures and the atria were carefully removed from the hearts 

and ventricular weight was determined. 
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Statistical analysis

All data were expressed as the mean ± standard deviation (SD). Comparisons between 

group means were performed by unpaired t-tests and statistical significance was defined as 

p<0.05.
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Figure 1: Weight and hemodynamic characteristics in 8-, 50-, and 80-week-old saline- and dexamethasone-treated rats. BW indicates body 
weight; VW, ventricular weight; CO, cardiac output; EF, ejection fraction; EDV, end-diastolic volume; ESV, end-systolic volume; *, p<0.05; **, 
p<0.01; ***, p<0.005. 
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RESULTS

Experiments were performed in dexamethasone- and saline-treated male rats in three age 

groups: the 8-week-old group (8wk; saline: n=12, dexamethasone: n=10); the 50-week-old 

group (50wk; saline: n=18, dexamethasone: n=18), and the 80-week-old group (80wk; saline: 

n=14, dexamethasone: n=14).

Heart and body weights

Anatomical data for dexamethasone- and saline-treated rats in the three groups are summa-

rized in Table 1 and are depicted in Figure 1. In the 8wk group, body weight, ventricular weight, 

and the ventricular-to-body weight ratio were all significantly lower in dexamethasone-

treated rats (p<0.05). No significant differences between dexamethasone- and saline-treated 

rats were found in the 50wk group. In the 80wk group however, the dexamethasone-treated 

animals again showed a significantly reduced body weight (p<0.01) and ventricular weight 

(p<0.05), but no difference in the ventricular-to-body weight ratio.

Hemodynamics

Hemodynamic indices for the three age groups are listed in Table 2. In the 8wk group no 

significant differences were found between saline- en dexamethasone-treated rats. In the 

50wk group, ejection fraction was decreased in the dexamethasone-treated rats and the 

ESPVR and PRSW relations were shifted significantly towards larger volumes as indicated by 

the increased ESV
INT

 and decreased SW
INT

, respectively. These changes reflect a decrease in 

systolic function. In the 80wk group these differences were more pronounced (as shown in 
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the typical examples in Figure 2), whereas the increase in end-systolic volume also reached 

statistical significance, and end-diastolic volume showed a clear tendency to increase 

(p=0.091). Despite the reductions in systolic function in the dexamethasone-treated rats, 

cardiac pump function was maintained in all age groups as shown by the unchanged cardiac 

output and stroke work. Diastolic function was also not significantly affected.

DISCUSSION

Short-term adverse cardiovascular side effects of neonatal dexamethasone treatment, 

including hypertension and hypertrophic cardiomyopathy, are well documented both in 

experimental studies and in humans [7,8,17,28,29,35,39]. However, possible detrimental long-

term effects have not been studied in detail. Clinical data, in this respect, are not available 

since neonatal dexamethasone treatment started in the early 90’s. However, a substantial 

patient cohort is current reaching adulthood. Our previous studies in 4-week-old prepuber-

tal rats revealed reduced heart weight and depressed systolic function with compensatory 

dilatation and maintained cardiac output [4]. Histopathological studies indicated that these 

cardiovascular effects were presumably due to suppression of cardiomyocyte mitosis during 

dexamethasone treatment resulting in a significantly reduced number of cardiomyocytes 

[10]. In addition, recent data indicated a reduced life span in rats treated neonatally with 

dexamethasone [20]. The present longitudinal study investigated cardiovascular function 

during life span in 8- 50- and 80-week-old rats. Our findings indicated that at 8 weeks the rats 

still had reduced heart and body weights, but much less pronounced than at 4 weeks. Our 

previous studies documented 27% reduction in ventricular weight and 12% reduction in body 

weight at 4 weeks, whereas in the present study we found, respectively, 14% and 9% reduc-

tion at 8 weeks. At 50 weeks the ventricular and body weights were fully normalized, but at 80 

weeks the dexamethasone-treated rats again showed significantly reduced ventricular and 

body weights by 14% and 10%, respectively. In line with these findings, the cardiac function 

studies revealed that the systolic dysfunction previously found at 4 weeks was normalized 

at 8 weeks, but reappeared at 50 weeks and, more pronouncedly, at 80 weeks. In all age 

groups global pump function quantified by cardiac output and stroke work was maintained. 

However, the animals with depressed systolic function showed evidence of compensatory 

cardiac dilatation although the increase in end-diastolic volume did not reach statistical 

significance (P=0.091), indicating that these animals used their Frank-Starling mechanism to 

maintain normal cardiac output. 

Thus, our study supports a previous hypothesis that neonatal dexamethasone treatment 

may lead to cardiovascular dysfunction later in life. However, the present data did not show 

a continuous decline of cardiac function, but rather indicated that the systolic dysfunction 

at 4 weeks was followed by normalization in the adult phase and gradual development of 
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systolic dysfunction only in the elderly animals. Importantly, these effects were not only 

evident from a reduced ejection fraction, but also from significant rightward shifts of the 

ESPVR and PRSW relationships. The positions of these relations are relatively load-indepen-

dent [9,21,38] markers of systolic function and the shifts therefore confirm a true decline in 

intrinsic ventricular function and exclude that the reduced ejection fraction merely results 

from, e.g., increased afterload in the dexamethasone-treated animals. The slopes of the 

ESPVR and PRSW were not affected, however previous studies indicate that the positions of 

these relationships particularly when determined at a physiological level yield more sensitive 

and consistent indexes for detection of changes in contractile state [9,37].

Presumably, the early effects of dexamethasone on ventricular function are gradually 

masked by compensatory cellular hypertrophy in the adult animals, but become manifest 

again in the elderly animals. We would speculate that the depressed systolic function was 

linked with a substantially lower number of cardiomyocytes in the dexamethasone-treated 

rats resulting from suppression of proliferation during dexamethasone treatment [10]. The 

ventricular weight measurements indicated that the lower number of cardiomyocytes was 

partly compensated by cellular hypertrophy in the 8-week-old group, but fully compensated 

only in the 50-week-old animals. Apparently, the development of cellular hypertrophy in 

this model is relatively slow and not fully completed at 8 weeks. The reduced ventricular 

weight at 80 weeks may reflect that possibilities for cellular hypertrophy become exhausted 

in the elderly dexamethasone-treated rats or that these animals show increased cell loss, as 

previously suggested, reflecting early aging.

Interestingly, in this study we did not observe increased mortality in the dexamethasone-

treated rats as was seen in a previous study [20]. Whereas in the earlier study 25% of dexa-

methasone-treated rats died prematurely before 80 weeks (18 months), none of the rats in 

the present study died prior to the hemodynamic studies. A possible explanation could be 

that the rats in the present study were housed in groups of 4-6 rats, whereas in the earlier 

study each rat was housed individually. Based on behavioural studies [31], solitary animals 

are exposed to more stress which could have amplified the differences between dexametha-

sone-treated and control animals and lead to reduced life span.

Extrapolation of the results found in this study in rats to the clinical practice of dexa-

methasone treatment in humans remains speculative. We used term rat pups as a model 

for premature human babies. With regard to brain development, a 7-day-old rat is roughly 

equivalent to a full-term human infant and thus in this respect term rat pups correspond 

well to premature infants [13]. Furthermore, at day 1-3 after birth, the period during which 

dexamethasone treatment was installed, the rat myocardium still shows substantial hyper-

plasia [23], similar to the preterm human myocardium [16,26]. Thus, with respect to the 

transition from myocyte hyperplasia to hypertrophy the term rat pup is also a good model 

for the preterm human infant. However, potential differences in the degree of maturation of 

neurohormonal systems, receptor mechanisms and innervation [33] may also be of influence 
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in the response to dexamethasone treatment. The development of these systems has been 

studied in the rat [30], but very few data are available for the (preterm) human situation. Thus, 

although species differences may be of influence, this model is frequently used and several 

effects of dexamethasone treatment found in humans, including early transient hypertrophy, 

were also found in the rat model [11,22,27,34].

We conclude that the reduced ventricular weight and systolic dysfunction previously 

found in 4-week-old rats after neonatal dexamethasone treatment is transient, presumably 

due to compensatory cellular hypertrophy, but becomes manifest again in elderly rats. The 

elderly animals with depressed systolic function showed evidence of compensatory cardiac 

dilatation, indicating that these animals have to invoke the Frank-Starling mechanism to 

maintain normal cardiac output. If our results are applicable to humans, a relatively large 

patient population is involved and early screening and a cardiovascular follow-up program 

may be warranted to enable secondary prevention.
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ABSTRACT

Dexamethasone is widely used to treat or prevent chronic lung disease in preterm infants, but 

recent studies have raised concerns regarding potential negative long-term effects. Multiple 

short-term cardiovascular side effects have been described both in rat pups and humans, 

but studies regarding long-term effects on the heart are lacking. The aim of this study was to 

investigate the histopathological myocardial changes after neonatal dexamethasone treat-

ment in the young and adult rat heart.

Rat pups were treated with dexamethasone on day 1, 2 and 3 (0.5, 0.3 and 0.1 µg/g) of 

life. Control pups received saline. At 4, 8 and 50 weeks of life the rats were sacrificed and 

anatomic data collected. Heart tissue was stained with HE, Cadherin-PAS and Sirius Red for 

cardiomyocyte morphometry and collagen determination. Cardiomyocyte length of the 

dexamethasone-treated rats was significantly increased (p<0.05) compared to controls in 

all three age groups, whereas ventricular weight was reduced. This was accompanied by a 

significant increase in cardiomyocyte width (p<0.01) in the 50-week-old rats. These changes 

resulted in significantly increased cardiomyocyte volume at 50 weeks (p<0.01) indicating 

cellular hypertrophy. Collagen content gradually increased with age and was 62% higher 

(p<0.01) in the dexamethasone-treated rats at 50 weeks of age. 

Neonatal dexamethasone treatment affects normal growth of the heart resulting in cellular 

hypertrophy and increased collagen deposition in the adult rat heart. Since previous studies 

in rats have shown premature death and suggested cardiac failure, cardiovascular follow-up 

programs for preterm infants treated with glucocorticoids should be considered.
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INTRODUCTION

In preterm infants suffering from severe respiratory distress syndrome (RDS), chronic lung 

disease is a serious complication [16,20]. In the pathogenesis of chronic lung disease an 

underlying excessive pro-inflammatory process seems to be involved [37]. Glucocorticoids 

(GCs), in particular dexamethasone (Dex), are widely used to treat or prevent chronic lung 

disease in preterm infants because of their anti-inflammatory action. Moreover, GCs stimulate 

lung maturation and enhance surfactant production [10].

However concerns have been raised about the wide range of side effects of GCs [4]. These 

concerns included findings of abnormal brain development in newborn animals treated 

with systemic steroids [19]. Recent reports on follow-up in ex-preterm children neonatally 

treated with Dex confirm its adverse effects on brain growth [28] and neuromotor develop-

mental outcome [6]. With regard to the cardiovascular system, short-term side effects such as 

myocardial hypertrophy, manifested by increased ventricular septal and left ventricular wall 

thickness, and hypertension have been reported in animal and human studies [15,21,38]. 

Recent studies from our group suggested that neonatal Dex treatment may have detrimental 

long-term effects on the heart, possibly initiated by temporary suppression of the prolifera-

tive capacity of cardiomyocytes during and early after treatment [11].

We performed histopathological and immunohistochemical studies on hearts of rats 

sacrificed 4, 8 and 50 weeks after neonatal Dex treatment to delineate the cardiac effects in 

the pre- and postpubertal and middle-aged period. In this study we show increased cellular 

hypertrophy and collagen deposition in the Dex-treated rats of all three age groups, being 

most pronounced in the 50-week-old rats.

MATERIALS AND METHODS

Animals

The study protocol was approved by the Animal Research Committee of the University of 

Leiden. The investigation conforms to the Guide for the Care and Use of Laboratory Animals 

(National Institutes of Health Publication No.85–23, revised 1996). Pregnant Wistar rats (270 

–300 g) were housed individually and kept under conventional housing conditions. Pups 

were born on day 21–22 of gestation. On the day of birth, male pups were selected and 

randomly divided into treatment and control groups. Treatment and control animals were 

kept separately and placed with foster mothers in groups of four to six pups. Rat pups in 

the treatment group were injected intraperitoneally with Dex using a 3-day tapering dose 

following a protocol as used before [18]. Consequently, the treated animals received 0.5, 

0.3, and 0.1 µg/g body weight Dex on day 1, 2, and 3 of life respectively. The animals in the 

control group received equal volumes (10 µl/g body weight) sterile pyrogen-free saline (Sal). 
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Temperature and humidity were kept constant and the rats had free access to food and water. 

An artificial 12h-light/12h-dark cycle was used. The rats were weaned on day 21 and studied 

at 4 weeks, 8 weeks or 50 weeks of age. Prior to sacrifice for the current histopathological 

study, hemodynamic measurements were performed that were reported elsewhere [5]. All 

groups at the various ages (4-, 8-, and 50- weeks-old) consisted of eight rats. 

The animals were sedated by inhalation of a mixture of halothane (4%) and oxygen, 

subsequently general anesthesia was initiated by intraperitoneal injection (IP) of a fentanyl-

fluanison-midazolam mixture. This mixture consisted of 2 parts Hypnorm® (0.315 mg/ml 

fentanyl + 10 mg/ml fluanison), 1 part Dormicum® (5 mg/ml midazolam) and 1 part water and 

was administered in a dose of 0.4 ml/100 g body weight. Supplemental injections (one-third 

of initial dose) were provided if necessary. Before instrumentation, body weight (BW) was 

measured.

Instrumentation and histopathological preparation

Under general anesthesia a midsternal thoracotomy was performed and the abdomen of 

the rats was opened with a medial incision. A 20G cannula was inserted retrogradely into 

the abdominal aorta to allow external perfusion of the heart. Subsequently, the hearts were 

arrested in diastole by slowly infusing 1 ml 0.1 M Cadmium chloride via a needle (25G) intro-

duced in the apex of the left ventricle. Subsequently, the right atrium was cut to allow drainage 

and external perfusion via the aortic cannula was started using a reservoir at approximately 

70 cm height. A mixture of NaCl and nitroprusside (0.1 mg/ml) was infused for 3 minutes to 

achieve coronary vasodilatation followed by 3 min perfusion with formalin solution (2%). 

The hearts were then excised and immersion fixed in phosphate-buffered formalin 4%. After 

at least 48h of fixation any remaining extra-cardiac structures and the atria were carefully 

removed from the hearts and ventricular weight (Vw) was determined. The ventricles were 

cut in 2 or 3 coronal sections of approximately 2 mm thickness and embedded in paraffin. 

Subsequently, the hearts were sectioned parallel to the equator in 3 µm slices.

Staining procedure

Hematoxilin and Eosin (HE) staining was performed using routine techniques for general 

histopathological assessment. Subsequently a HE-stained slice at the level of the papillary 

muscles was selected for measurement of LV free wall thickness. 

Sirius Red staining (Polysciences, Warrington, PA) was performed in 3 µm sections after 

pre-treatment with picrinic acid to determine collagen content. The collagen-positive area 

was quantified using Image-Pro analysis software (Media Cybernetics, Inc) in a total of 40 

fields of 4 predefined regions (left ventricular free wall, anterior wall, posterior wall, and 

interventricular septum) using a final magnification of x200. Collagen content was expressed 

as fraction of the total (measured) myocardial area.
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Cadherin-Periodic Acid Schiff (PAS) staining, modified from Brϋel et al. [8] was used for the 

morphometric measurements of the cardiomyocytes. The Cadherin-PAS provides staining of 

the intercalated discs and the lateral sarcolemma. First, 3-µm sections of the ventricles were 

deparaffinized. EDTA boiling was used for antigen retrieval. The slides were then incubated 

with Cadherin (pan, C1821, Sigma-Aldrich, Denmark) for 1h at room temperature. After apply-

ing this primary antibody, the slides were incubated with RAMPO (P0161, dakocytomation) 

for 30 minutes. Subsequently, a Horse Radish-labeled antibody (powervision poly HRP-anti-

Rabbit IgG, immunologic) was used. After developing the slides with di-aminobenzidene 

acid (DAB) and washing, the PAS staining was performed. The slides were incubated with 

1% periodic Acid for 10 minutes, followed by incubation with Schiff’s reagent (Merck) for 30 

minutes. Finally the slides were counter-stained with hematoxylin.

Cardiomyocyte Morphometry

Morphometry was performed as described by van Oosterhout et al. [35] using the Cadherin-

PAS staining. In brief, myocytes from predefined myocardial areas (see below) were visualized 

with a microscope (Zeiss Axiomat, final magnification 400x) equipped with a digital camera 

(Nikon Eclipse E800) and coupled to a personal computer equipped with dedicated software 

(QProdit, Leica micro-systems). In the middle part of the left ventricular free wall and the 

interventricular septum, longitudinally oriented myocytes (40 from each site, rendering 

80 cell measurements for each animal) were selected and the cell boundaries were traced. 

Diameter and longitudinal sectional area of these cells were automatically determined by 

dedicated software (QProdit, Leica micro-systems). Only those myocytes in which the nucleus 

was centrally located within the cell and with intercalated discs visible at both ends of the cell 

were used to ensure that the long axis of the myocyte was perpendicular to the microscope 

objective [36]. Effective cardiomyocyte length was defined in this study as longitudinal 

sectional area divided by the diameter of the longitudinally oriented cells. Cardiomyocyte 

volume was calculated as area (in the longitudinal section) multiplied by width times π/4 on 

the assumption of a cylindrical configuration. For each heart the median of volume, length 

and width was calculated and used for statistical analysis.

Statistics

Data are presented as mean ± SD. Anatomical data of the age groups were compared using 

unpaired t-tests. Morphometric data and collagen content for each age group were analyzed 

using Mann-Whitney U tests because of a non-linear distribution of the data. P-values of 

<0.05 were considered statistically significant.
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RESULTS

Anatomical parameters

Anatomical data for Dex-treated and Sal-treated rats are summarized in Table 1. In the 4-week-

old rats, Bw, Vw and the ratio of Vw/Bw were lower in the Dex-treated rats by, respectively, 

16% (p<0.001), 22% (p<0.001) and 8% (p<0.05). In the 8-week-old rats, Vw was 11% lower in 

Dex (p<0.05), but no difference was found for Bw or Vw/Bw. No differences between Dex and 

Sal were found for Bw, Vw or ratio Vw/Bw in the 50-week-old rats.

Ventricular wall thickness was lower by 20% (p<0.01) in the Dex-treated rats at 4 weeks, but 

no differences were found in the 8- and 50-week-old rats.

Cardiomyocyte morphometry

No significant differences for width and length of longitudinally oriented cardiomyocytes (80 

for each animal) between the free wall and interventricular septum were detected (data not 

shown) thus pooled data are presented.

25

Chapter 6 - Figure 1 

Figure 1: Histology of the hearts of 50-week-old rats neonatally treated with dexamethasone (Dex) or saline (Sal). Upper panel: Representative 
examples of the Cadherin-Pas staining for 50-week-old Sal- and Dex-treated rats (A and B). Longitudinally sectioned myocytes showed an 
increased distance between intercalated discs in the Dex-treated rats (B) compared to Sal (A), indicating increased length of the cardiomyocytes. 
Lower panel: Increased collagen content in the 50-week-old Dex-treated rat (D) compared to the Sal-treated rat (C).
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In Figure 1, representative examples of the Cadherin-Pas staining for 50-week-old Sal- and 

Dex-treated rats are shown. Longitudinally sectioned myocytes showed an increased distance 

between intercalated discs in the Dex-treated rats compared to Sal, indicating increased 

length of the cardiomyocytes.

Figure 2 shows the relation between cardiomyocyte volume and ventricular weight. In the 

Sal-treated rats a linear relation between cell volume and ventricular weight was found. In 

the Dex-treated rats however, this relation was non-linear with a disproportional increase in 

cell volume between 8 and 50 weeks of age, indicating relatively smaller hearts and larger 

cardiomyocytes. Following Dex treatment, cell volume was higher, though not significantly, at 

4 and 8 weeks by 15%. At 50 weeks, cell volume was significantly increased by 62% (p<0.01).

At all ages this increased cell volume in the Dex-groups was accompanied by a significant 

increase of the cardiomyocyte long axis (4 weeks: +14% (p<0.05), 8 weeks: +14% (p<0.01), 

50 weeks: +19% (p<0.05). The width of the cardiomyocytes did not increase in the 4- and 

8-week-old rats, but eventually increased by 17% (p<0.01) in the 50-week-old Dex-treated 

rats. The relation between the myocyte width and length is depicted in Figure 3. It shows 

that cellular enlargement in the Dex-groups was predominantly due to lengthening in the 

4- and 8-week-old rats, whereas at 50 weeks both length and width were increased compared 

to Sal. These findings suggest eccentric hypertrophy at the younger ages and concentric 

hypertrophy in the older animals.

Collagen content measured as a fraction of the total myocardial area tended to be higher 

already at 4 weeks (Dex: 0.74 ± 0.46% vs Sal: 0.50 ± 0.33%, p=0.248) and 8 weeks (Dex: 1.16 

± 0.70% vs Sal: 0.74 ± 0.51%, p=0.141). In the 50-week-old Dex-treated rats the collagen 

content was 62% higher than in control rats (Dex: 2.20 ± 0.60% vs Sal: 1.36 ± 0.21% (p<0.01)). 

Figure 2 (bottom) shows typical examples to illustrate the increased collagen content in the 

50-week-old Dex-treated rats.
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DISCUSSION

Our study shows that neonatal Dex treatment leads to a significant lower ventricular weight 

at 4 weeks, which is still present at 8 weeks, but no longer at 50 weeks. These differences were 

only partly explained by a lower body weight in the Dex-treated animals, because the ven-

tricular weight:body weight ratio remained significantly reduced in the 4-week-old animals. 

At the cellular level, however, cardiomyocyte cell volume was increased in the Dex-treated 

animals, but most pronouncedly and significantly in the 50-week-old rats. This increased 

cell volume, compared to the age-matched controls, was caused primarily by an increase in 

cell length, whereas in the 50-week-old animals cardiomyocyte width was increased as well. 

Combining the increased cell volume with the lower ventricular weight clearly suggests a 

lower number of cardiomyocytes in the Dex-treated rats, which presumably is explained by a 

suppression of cardiomyocyte proliferation during Dex treatment as recently reported by our 

group [11]. Furthermore, our data show a proportional increase in cell volume and ventricular 

weight in the control animals (as would be expected over this age range), but the increase in 

cell volume is relatively accelerated in the Dex-treated animals suggesting additional cardio-

myocyte loss in the 50-week-old rats. This finding is consistent with previously reported early 

aging after neonatal Dex treatment [12]. In order to interpret the long-term effects of neonatal 

Dex treatment, normal myocardial development and growth should be considered. In fetal 

and neonatal rats, the increase in myocardial mass occurs mainly by hyperplasia [9,24,25]. In 

the transition period after birth, proliferation is replaced by hypertrophy as evidenced by an 

increase in the percentage of binucleated myocytes, although hyperplasia continues in the 

first week of life [9,22,23,40].

In humans, the myocardial growth involves continuous proliferation of myocyte nuclei 

from 16 weeks of gestation to term. At or soon after full term birth proliferation ceases and 

thereafter growth occurs by hypertrophy of individual myocytes. In preterm infants however, 
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cardiomyocyte proliferative activity remains present and constant during the early preterm 

period and only decreases in the late preterm and early postnatal period [14,25]. The transi-

tion between hyperplasia and hypertrophy during the early postnatal period is influenced by 

nutritional, hemodynamic and humoral factors [31]. The increasing mechanical load [3], the 

perinatal increase in plasma catecholamine [34], triidothyronine concentrations [7] and GCs 

[27,29] accelerate the conversion to hypertrophic growth. Although several studies suggest 

that a significant fraction of myocytes retain the ability to divide [17,30] a decrease in the total 

number of cardiomyocytes occurs in the aging heart [2]. In view of the above mentioned fac-

tors neonatal Dex treatment is expected to affect myocardial development through the nega-

tive effect on mitosis. Indeed perinatal administration of cortisol in fetal lambs was shown to 

inhibit myocyte hyperplasia and to stimulate the hypertrophic myocardial growth pattern 

which normally starts postnatally [33]. As a consequence, Dex may interfere not only with the 

number of cardiomyocytes retaining the ability to divide but also with the total number of 

cardiomyocytes. Together with a premature transition to hypertrophy demonstrated in this 

study, postnatal Dex treatment in rats, results in a reduced number of cardiomyocytes later 

in life [11].

The results of the present study confirm the presence of a lower number of cardiomyocytes 

in Dex-treated adult rats, whereas cell length and cell volume were increased, indicating 

cellular hypertrophy to compensate for the lower number of cells. In the young Dex-treated 

rats ventricular weight was reduced despite this cellular hypertrophy, but in the 50-week-

old animals in which also myocyte width was increased substantially, these hypertrophic 

processes are thought to be compensatory. Consequently, we suggest that the early cellular 

hypertrophy becomes more pronounced at a later stage (50-week-old rats) due to additional 

physiological cell loss during aging [2]. On top of this, the increased collagen content seen 

in the 50-week-old Dex-treated rats in this study may indicate premature aging and may be 

associated with impaired diastolic function (unpublished data).

Although these findings may explain why the Dex-treated rats might be prone to cardiac 

failure at a later stage in life, the underlying mechanism of the persisting hypertrophy found 

in this study is not entirely clear. It has been suggested that Dex may influence the intra-

cellular calcium concentration and the transcription of growth factors [32,39]. Normally the 

width and length of rat myocytes increase isomorphically during cellular hypertrophy with 

a constant length-to-width ratio [1]. However, in this study the cardiomyocytes of the 4- and 

8-week-old Dex-treated rats mainly show an increased cardiomyocyte length, whereas the 

50-week-old cardiomyocytes show a more isomorphical growth with a substantial increase 

in cardiomyocyte volume. Further studies are necessary to reveal the actual mechanism of 

this growth pattern.

To date no follow-up studies have been reported in human subjects regarding the car-

diovascular status after neonatal Dex treatment. Dodic et al. [13] found hypertension, left 

ventricular hypertrophy and reduced cardiac functional reserve in adult sheep after brief 
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prenatal exposure to Dex. These animals also showed an increased collagen content. This is 

in accordance with our study showing an increase of collagen in the 50-week-old Dex-treated 

rats.

The results obtained from this as well as earlier experimental studies by our group, put to 

question the safety of early neonatal GC-treatment in the human setting. One cannot simply 

extrapolate the reported findings in the newborn and adult rat model to the preterm infant 

and adult human since the myocardial tissue of term rat pups may have a different affinity 

to Dex than the myocardial tissue of the preterm infant. However, the proliferative pattern 

of cardiomyocytes in the perinatal period in human tissue generally mirrors that seen in rat 

hearts, in which hyperplasia in the early postnatal period changes to hypertrophy. Moreover, 

Dex administration to newborn pups is producing cardiac hypertrophy during the treatment 

similar to that seen in premature infants treated with GCs [21,26,38].

In conclusion, neonatal Dex treatment leads to permanent histopathological changes 

during growth and development of the rat heart. At all ages investigated, Dex-treated rats 

have smaller hearts with larger cardiomyocytes compared to control rats. Since a substantial 

number of the preterm infants have been treated with Dex in the late nineties up to recently, a 

mandatory cardiovascular follow-up program in preterm infants treated with Dex in neonatal 

period should therefore be seriously considered.
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ABSTRACT

Glucocorticoids, in particular dexamethasone (Dex), are often used to improve chronic lung 

disease in premature infants. Hypertrophic cardiomyopathy is an acute negative side effect 

thought to be transient. However, studies in rats suggest that neonatal treatment with Dex 

has long-term effects on cardiac structure and function. Dex-treated rats show a reduction 

in cardiomyocyte number and an increase in cardiomyocyte volume persisting throughout 

life.

To investigate whether the increase in cardiomyocyte cell volume induced by neonatal Dex 

treatment is associated with long-lasting changes in the ventricular expression of contractile 

and structural proteins. Rat pups were injected with Dex or saline (Sal) on day 1, 2 and 3 

of life. At 4, 8 and 50 weeks rats were sacrificed and ventricular expression of α-actin, total 

myosin heavy chain (MHC), β-MHC, desmin, α- and β tubulin proteins were determined by 

Western blotting. 

Dex treatment increased the expression of the contractile protein α-actin in all age groups; 

4-week (33%, p<0.01), 8-week (45%, p<0.05) and 50-week (228%, p<0.001). This increase in 

α-actin was accompanied by an increase in total MHC (40%, p<0.05; 143%, p<0.01; 105%, 

p<0.05) and in β-MHC (94%, p<0.01; 60%, p<0.05; 61%, p<0.05) at all respective ages. The 

ratio of α-MHC/β-MHC mRNA was significantly decreased by neonatal Dex treatment in 8-

week-old rats. Increase in contractile proteins was not associated with a Dex-induced change 

in the expression of structural proteins such as desmin and tubulin. 

Neonatal Dex treatment induced an increase in the contractile proteins MHC and α-actin 

that persisted into adulthood. The change in MHC protein expression resembles the classical 

isoform switch that has been described in pressure or volume overload of the heart as well 

as in aging.
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INTRODUCTION

Glucocorticoids (GCs), in particular dexamethasone (Dex), have been widely used to treat 

or prevent chronic lung disease in preterm infants suffering from severe infant respiratory 

distress syndrome [41].

Despite the short-term beneficial effects of neonatal Dex, there is increasing concern 

with respect to long-term deleterious side effects such as an impaired neurodevelopmental 

outcome of children [29,47]. In addition, short-term cardiovascular side effects have been 

described both in animals and humans although it has been speculated that the myocar-

dial hypertrophy detected in preterm infants during neonatal Dex treatment is transient, 

long-term follow-up data are lacking [17,22,39,46]. The mechanism underlying the acute 

myocardial hypertrophy during treatment is as yet unknown, but is thought to be either due 

to a transient hypertension associated with steroid treatment or to cell specific effects of 

corticosteroids irrespective of hypertension [21].

It has been suggested that the newborn rat is a suitable animal model to study the pos-

sible long-term (adverse) effects of neonatal GC therapy in humans [19]. Using this model 

we have previously shown that neonatal Dex treatment causes systolic dysfunction and 

compensatory dilatation in juvenile rats [1]. Moreover, we observed a significantly reduced 

life-expectancy of rats treated neonatally with Dex as compared to Saline (Sal)-treated con-

trol rats [20]. A temporary suppression of normal physiological cardiomyocyte proliferation 

during and early after treatment with Dex on day 1, 2 and 3 of life was detected in the same 

model, contributing to a reduced number of cardiomyocytes in adulthood [9]. This finding 

was confirmed in another study, in which we showed that neonatal Dex treatment in rats 

induced a life long hypertrophy of the cardiomyocytes presumably because of the lower 

amount of cardiomyocytes (chapter 6).

We hypothesized that the observed functional and histopathological changes of the heart 

after neonatal Dex treatment are associated with long lasting changes in contractile- or 

structural proteins or both. The contractile protein myosin is responsible for energy trans-

duction and force development in cardiac and skeletal muscles [12,14]. It is composed of 

two myosin heavy chains (MHC): α and β. In rats during fetal life β-MHC is the predominant 

isoform, whereas in adult life a switch occurs towards decreased β- and increased α-MHC [4]. 

Pressure-and volume-overload induced hypertrophy and senescence are known to change 

the developmental pattern towards a return of fetal gene expression, hence increased β-

MHC and decreased α-MHC [8,35,36]. The contractile activity of α-MHC is considered to be 

fast while β-MHC is more economical though considerably slower than the α-MHC [25,31,42]. 

Another contractile protein, α-actin, can be present as two isoforms in the cardiac muscle cell, 

the skeletal isoform and the cardiac isoform [37]. In the rat heart, both isoforms are expressed 

in utero but at adult age the mRNA expression of the cardiac isoform is predominant [3]. 

An increase in α-actin mRNA of the skeletal isoform has been demonstrated in a variety of 
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experimental models of hypertension accompanied by myocardial hypertrophy [30,35,36,38]. 

Because the skeletal isoform of α-actin is normally only active in fetal life and not during adult 

life, the α-actin expression switch by hemodynamic overload represents another example of 

a fetal program reactivation [38,40].

The intermediate filament protein desmin and the microtubule proteins α- and β-tubulin 

are examples of structural proteins, also called true cytoskeletal proteins. The desmin fila-

ments play an important role in maintaining the structural integrity of myocytes [45] and 

tubulin, which is composed of α and β-tubulin dimers, is responsible for the transmission of 

mechanical and chemical stimuli within and between cells [34,43]. In numerous experimental 

studies, the role of cytoskeletal alterations especially of microtubules and desmin, in cardiac 

hypertrophy and congestive heart failure has been described [7,34,44].

The aim of the present study was to characterize the cardiomyocyte hypertrophy induced 

by neonatal Dex treatment at the protein level. Given that pathologic stimuli can cause shifts 

in the expression of the contractile proteins MHC as well as changes in expression of α-actin, 

we analyzed changes in expression of these contractile proteins throughout life in rats treated 

neonatally with Dex in comparison to rats treated with Saline (Sal). We compared these data 

with the expression of the structural proteins desmin and tubulin in the same animals.

MATERIALS AND METHODS

Animals

The study protocol was approved by the Animal Research Committee of the University of 

Leiden. The investigation conforms to the Guide for the Care and Use of Laboratory Animals 

(National Institutes of Health Publication No.85–23, revised 1996).

Pregnant Wistar rats (270 –300 g) were housed individually and kept under conventional 

housing conditions. Pups were born on day 21–22 of gestation. On the day of birth (d0), male 

pups were selected and randomly divided between treatment and control groups. Treatment 

and control animals were kept separately and placed with foster mothers in groups of six 

pups. Rat pups in the treatment group were injected intraperitoneally with Dex using a 3-day 

tapering dose following the protocol we used before [19]. Consequently, the treated animals 

received 0.5, 0.3, and 0.1 µg/g body weight Dex on day 1, 2, and 3 of life, respectively. The 

animals in the control group received equal volumes (10 µL/g body weight) sterile pyrogen-

free Sal. Temperature and humidity were kept constant and the rats had free access to food 

and water. An artificial 12 h-light/12 h-dark cycle was used. Body weight was measured daily 

during the first week and regularly from day 7 onward. The rats were weaned on day 21 and 

the groups (n=7-8/group) were sacrificed by decapitation at 4 weeks (juvenile), 8 weeks 

(adult) or 50 weeks (middle aged).
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Antibodies

The following primary antibodies were used: mouse-anti-α-Actin (Sigma-Aldrich, Saint Louis, 

USA), mouse-anti-α-Tubulin (Sigma-Aldrich), mouse-anti-β-Tubulin (Sigma-aldrich), mouse-

anti-myosin-heavy chain-α/β (α-β-MHC) (Chemicon International Huissen, Netherlands), 

mouse-anti-myosin-heavy chain-β (β-MHC) (Chemicon International), mouse-anti-Desmin 

(Sigma-Aldrich). 

The secondary antibody used was goat-anti-mouse-IgG conjugated with horseradish 

peroxidase (Sigma-Aldrich).

Western Blotting

After decapitation the hearts were rapidly excised and the atria were removed. Subsequently, 

ventricles were freeze-clamped in liquid nitrogen. Samples were preserved on dry ice 

during the procedure and stored at -80 oC afterwards. Frozen ventricular tissue was crushed 

under liquid nitrogen using a mortar and pestle. Crushed tissue was homogenized in a 

buffer (20 mmol/L Tris pH 7.4, 5 mmol/L EDTA, and 100 mmol/L NaCl, 0.1% SDS, 1% sodium- 

deoxycholate, 1% Triton-x-100) supplemented with protease inhibitors (leupeptin 10µg/mL, 

pepstatin 5 µg/mL, benzamidine 200µg/mL and 1 mmol/L PMSF). Homogenates were centri-

fuged at 13,000g for 15 mins to remove nuclei and debris. Supernatants were collected and 

aliquots were stored at -80°C. Protein concentration was determined using Bio-Rad protein 

assay using bovine serum albumin (BSA) as standard. Western blot analyses were performed 

using 5-20 µg aliquots of protein, resolved on 10% and 7.5% SDS-PAGE gels. Proteins were 

then transferred to nitrocellulose membranes (Hybond-C, Amersham, UK) by electroblotting. 

Membranes were incubated either 2 hrs at room temperature or overnight at 4°C with 5% 

dry milk-TBST or 2% BSA-TBST with the primary antibodies followed by incubation for 1 hour 

with the secondary antibody. Bands were visualized using the enhanced chemiluminescence 

detection system (ECL, Amersham, UK) and exposure to X-ray film. Chemiluminographs were 

scanned using a GS-700 Imaging Densitometer (Bio-Rad, Hercules, CA, USA).

Reverse Transcription and Real-Time PCR

Total RNA was extracted with Trizol reagent (Invitrogen, Carsbad, USA). Using random 

primers cDNA was synthesized from 0.5ug total RNA with the Superscript RNase H-reverse 

transcriptase kit (invitrogen). Real-time polymerase chain reaction (PCR) was performed with 

the use of DNA Master SYBR-green kits and a light cycler apparatus (Roche applied science). 

The following primer pairs were used: CAG ATT TTC CCG GTG GAG AG for α-MHC and ACA GTC 

ACC GTC TTG CCA TTC for β-MHC. The ratio of alpha to beta-MHC was determined.

Statistics

Data for Western blot analyses were normalized to the average densitiy of bands in the Sal 

group of each age group and are presented as means ± SD. Data for Sal- and Dex-treated 
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animals in each age group were analyzed using unpaired t-tests. P values of <0.05 were 

considered statistically significant.

RESULTS

Differences in body weight (BW), ventricular weight (VW) and the ratio VW/BW between Dex-

and Sal-treated rats have been described in an earlier study (Chapter 6). Briefly, Dex-treated 

rats had significantly lower BW (16%), VW (22%) and VW/BW (8%) at 4 weeks. In the 8-week-

old rats, only VW was significantly lower (11%) in Dex-treated rats, whereas at 50 weeks no 

differences were detected in BW, VW or ratio VW/BW. Cardiomyocyte volume was increased 

at 4 weeks of age (18%) and further increased in 8- and 50-week-old Dex-treated rats to 

respectively 29% and 67% larger than the cardiomyocyte volume of saline-treated rats.

Expression of contractile proteins

In the Dex-treated rats, α-actin was increased at 4 weeks (33% p<0.01) and continued to 

increase at 8 weeks (45% p<0.05) and at 50 weeks of age (228% p<0.001) (Figure 1a). The 

expression of MHC was analyzed using an antibody that recognizes both the α as well as the 

β isoform of MHC. The expression of MHC was significantly increased at 4 weeks of age in the 

Dex-treated animals by 40% (p<0.05). The increase in MHC was even more pronounced in 

the 8- and 50-week-old Dex-treated rats with 143% (p<0.01) and 105% (p<0.05) respectively 

(Figure 1b). We also performed Western Blot analyses with an antibody specific for β-MHC. 

Similarly the expression of β-MHC increased significantly at 4 weeks (94% p<0.01), 8 weeks 

(60% p<0.05) and 50 weeks (61% p<0.05) (Figure 1c). We were not able to test α-MHC sepa-

rately since no commercial antibody against this particular isoform is available. Therefore, to 

address the question whether Dex treatment induces a change in the ratio of α- to β-MHC we 

performed real-time PCR analyses on reverse transcribed RNA from hearts from 4-week- and 

8-week-old rats. Neonatal Dex treatment did not alter the ratio of α-MHC to β-MHC mRNA as 

determined at 4 weeks. However, at the age of 8 weeks, the ratio α-MHC to β-MHC was sig-

nificantly decreased (p<0.01) in the Dex-treated rats, suggesting a shift towards an increase 

in β-MHC expression, consistent to what is seen during hypertrophy (Figure 2). 

Expression of cytoskeletal proteins 

In contrast to the contractile proteins, the mean expression of the cytoskeletal proteins 

desmin and β-tubulin did not differ between the Dex-treated rats and Sal-treated rats at all 

ages. In addition, the expression of α-tubulin in the 4- and 50 weeks-old Dex-treated rats was 

not different from Sal-treated rats. Only at 8 weeks we observed significantly higher values 

for α-tubulin in the Dex-treated rats (75%; p<0.05) (Figure 3 a-c).
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Chapter 7 - Figure 1a-c 

Figure 1a-c: Increased α-actin, total-MHC and β-MHC expression was observed in 4-, 8- and 50-week-old Dex-treated rats. Data are presented 
as mean ± sd and are depicted as percentage of the control group. The Western blots represent the individual animals either treated with Sal or 
Dex and are shown as such in an alternating way.
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DISCUSSION

The data presented here demonstrated that neonatal Dex treatment in rats induced a life-

long increase in the cardiac contractile proteins MHC and α-actin, whereas the expression 

of the structural proteins desmin and tubulin remained largely unchanged. Dex treatment 

induced an increase in the expression of proteins recognized by an antibody directed against 

both α and β-MHC at all ages. Using a specific antibody against β-MHC, we showed that at all 

ages this protein was significantly increased in the Dex-treated rats. In addition, the ratio of 

the α- and β-MHC isoforms at the mRNA-level was not changed at 4 weeks, but increased at 8 

weeks in the Dex-treated rats, indicating that a shift towards increased β-MHC isoform levels 

occurred. A significant increase in the contractile protein α-actin was also observed in all age 

groups. In contrast, the relative expression of the two structural proteins tubulin and desmin 

did not change in the Dex-treated rats compared to the Sal-treated rats, although α-tubulin 

was significantly increased in the 8-week-old Dex-treated rats. The latter may reflect the 

active involvement of tubulin in the reparation of cardiomyocytes [11], which would not be 

surprising in view of the partly restored cardiac function at this age (Bal et al. submitted). 

The long-lasting Dex-induced increase in contractile proteins and not structural proteins, is 

suggesting that the effect of Dex is specific for certain proteins and does not reflect a general 

change in the expression of all cytoskeleton associated proteins.

A former study of our group showed that neonatal Dex treatment in rats resulted in 

inhibition of cardiomyocyte mitosis and a reduction in the total number of cardiomyocytes 

present at the age of 3 weeks [9]. In addition, cellular hypertrophy was observed in 4-, 8- and 

50-week-old Dex-treated rats (Chapter 6). It has been described that during hypertrophy 

the expression of contractile cardiac proteins changes and that re-expression of a fetal 

30

Figure 2 

Figure 2: The ratio of α-MHC to β-MHC mRNA in the 4-week-old Dex-treated rats was not different as compared to Sal-treated rats. At 8 weeks 
the ratio α-MHC to β-MHC was significantly decreased (p<0.01) in the Dex-treated rats, suggesting a shift towards an increase in β-MHC 
expression.
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Chapter 7- Figure 3a-c 

Figure 3a-c: No changes in expression of the cytoskeletal proteins desmin and β-tubulin between the Dex- and Sal-treated rats in all groups. 
In the 4-, and 50-week-old rats also α-tubulin expression did not change, whereas in the 8-week-old Dex-treated rats a significant higher 
expression was observed (p<0.05)
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phenotype occurs during this process. The mechanism and factors involved in these changes 

are still largely unknown [5,26]. The neonatal Dex-induced increase in β-MHC protein at 4, 8 

and 50 weeks and the decrease in the ratio of alpha/beta MHC mRNA observed at 8 weeks 

resembles the classical isoform switch from α to β-MHC that has been described in pressure- 

and volume-overload induced hypertrophy and in senescence [25,27,42]. Such changes in 

proportion of MHC proteins are thought to be directly related to the level of mechanical 

performance of the heart [27]. A shift towards more β-MHC could be advantageous since less 

energy is required for force maintenance. It reduces the speed of contraction and relaxation 

in the hypertrophied fiber [13,24] resulting in improved economy of force development that 

is usually considered adaptive [18,36]. 

In a recent study performed in 4-week-old rats treated neonatally with Dex we observed 

systolic dysfunction and compensatory dilatation with increased volumes [1]. Interestingly, 

at this time point, we did already observe increased β-MHC and α-actin expression. It may 

well be possible that this change in contractile proteins results from the volume overload and 

reflects an adaptive response of the cardiomyocytes. At 4 weeks the ratio of α/β-MHC mRNA 

was similar in Sal- and Dex-treated animals. At 8 weeks, however, the α/β MHC mRNA ratio 

showed a shift towards increased β-MHC concomitant with normal hemodynamic function 

(submitted). Interestingly, at 50 weeks the increased expression in β-MHC was still observed 

in the Dex-treated group, but at that age systolic function was depressed (Bal et al. submit-

ted), suggesting that compensatory mechanisms start to fail. Unfortunately, we do not have 

data yet on the ratio of alpha-and beta MHC at this time point. 

Not only MHC expression, but also α-actin expression was increased throughout life after 

neonatal Dex treatment. It has been suggested that an upregulation of α-skeletal actin 

isoform in hypertrophic myocardium may serve to achieve a high degree of myocardial 

contractility [2,15]. Since we used an antibody that recognizes both alpha-skeletal and alpha 

cardiac muscle actins, we do not know which subtype of actin was altered. We hypothesize, 

however, that the increase in MHC protein, the decrease in α/β MHC ratio and the increase in 

actin reflect adaptation of the cardiomyocytes to enhance contractile performance. 

During aging continuous loss of myocytes has been suggested to generate a greater 

workload on the remaining myocyte, thereby increasing the level of β-MHC [33,37,40]. It has 

been shown that with an increase in body size and age the expression of the slow β-MHC 

isoform becomes more pronounced [42]. Moreover, a shift towards increased β-MHC isoform 

has been reported in accelerated senescence [8]. Interestingly, we have shown that the life 

span of rats treated neonatally with Dex was markedly reduced and that cardiomyocytes 

showed early degeneration during adulthood [10,20]. It may well be possible that neonatal 

Dex treatment leads to earlier aging, and that the difference between Dex-treated and Sal-

treated rats with respect to cardiac contractile proteins reflects a process of premature aging. 

Interestingly, Muangmingsuk et al. [28] described an acute Dex treatment induced increase 

in α-MHC mRNA expression and a decreased β-MHC mRNA expression after neonatal Dex 
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treatment in rats, which were sacrificed 1, 3, 5, 7 and 9 days after treatment. Apparently, the 

acute effects of neonatal Dex treatment (increased ratio α-MHC to β-MHC) are different from 

the long term effect of treatment we observe here (decreased ratio α-MHC to β-MHC). Clark et 

al. [6] have shown that Dex treatment in young adult rats also induces an increase in contrac-

tile proteins, and preferentially MHC. They speculate that the increase in contractile proteins 

and preferentially MHC is exerted through a direct effect of GCs on protein metabolism and 

that GCs produce heterogeneous regulation of specific cardiac proteins [32]. In this study we 

have shown a long-lasting increase in contractile protein level after neonatal Dex treatment. 

It is therefore not likely that direct effects of Dex on protein metabolism are responsible. The 

possibility remains however, that acute Dex treatment induces epigenetic modifications in 

the α and /or β-MHC gene that have consequences into adulthood. 

Based on the present and other studies performed by our group we question the safety 

of early neonatal GC-treatment in humans. We used a rat model to investigate the long term 

cardiac effects after neonatal Dex treatment. Extrapolation of the results from this and other 

experimental studies must be exerted with caution, since the myocardial tissue of term rat 

pups may have a different affinity to Dex than the myocardial tissue of the preterm infant. 

However, several studies have shown that the proliferative pattern of cardiomyocytes in the 

perinatal period in human tissue generally mirrors the pattern seen in rat hearts, in which 

hyperplasia in the early postnatal period changes to hypertrophy after birth [16,23]. It has also 

been demonstrated that during Dex treatment newborn pups develop cardiac hypertrophy 

during the treatment similar to that seen in premature infants treated with GCs [22,28,46].

In conclusion, neonatal Dex treatment induces an increase in contractile proteins that 

persists into adulthood. It is conceivable that the increase in contractile proteins contributes 

to maintain cardiac function as an adaptive response to the reduced cardiac cell number but 

eventually will fail in adulthood.
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SUMMARY

The present thesis describes the issue of “neonatal glucocorticoid treatment and predisposi-

tion to cardiovascular disease in rats”. Glucocorticoid treatment, in particular dexamethasone 

(Dex), is widely used to treat chronic lung disease in premature infants. However, short and 

long-term side effects have been reported both in animal and human studies. Especially, 

the long-term neurological side effects such as cerebral palsy and delayed and abnormal 

neurological development have been described. With regard to the cardiovascular system, 

the short-term side effects are well documented, but the long-term effects are still largely 

unknown. However, recent studies in adult rats indicated negative long-term effects of 

neonatal Dex treatment on the heart and a severely reduced life expectancy. In this thesis we 

have therefore investigated the functional, histopathological and biochemical consequences 

of neonatal Dex treatment on the heart during life span in rats. 

An earlier study of our group showed that neonatal Dex treatment in rat pups caused 

a decrease in heart weight, probably due to inhibition of myocyte mitotic activity during 

treatment. Moreover this treatment resulted in permanent histopathological changes, in 

particular cellular hypertrophy, in the adult heart.

In chapter 2 we investigated the early effects of neonatal Dex treatment in rats on cell pro-

liferation after birth. We tested the hypothesis that a lower number of cardiomyocytes later 

in life was caused by a Dex-induced, diminished cardiomyocyte proliferation and/or early cell 

death. This is a plausible assumption in view of the fact that GCs are administered during a 

critical period of cardiac development. In an experimental but established model rat model, 

histopathological and immunohistochemical studies were performed to look at signs of 

apoptosis and/or differences in proliferation capacity of cardiomyocytes before, during and 

after Dex treatment.

Male rat pups were injected intraperitoneally with Dex on day 1, 2, and 3 (0.5, 0.3 and 0.1 

μg/g) of life. Dosages and duration of treatment were proportional to those used in human 

preterm infants. Control pups received Sal in equal volumes. The rats were sacrificed at day 0, 

2, 4, 7 and 21, and hearts were harvested and immersion fixed in formalin.

The cardiomyocytes of the Dex-treated pups showed a reduced proliferation as indicated 

by a lower mitotic index and reduced number of Ki-67-positive cardiomyocytes on day 2 and 

4 compared to day 0 and day 7 and also as compared to the age-matched Sal-pups. On day 7 

and day 21 the mitotic index was not different between groups. From day 2 onward up to day 

21 Dex-treated pups showed a lower number of cardiomyocytes. No signs of cardiomyocyte 

apoptosis were found in any group. 

From this study we concluded that Dex treatment causes temporary suppression of cardio-

myocyte hyperplasia which will lead to a reduced number of cardiomyocytes during life.
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In chapter 3 we determined the effects of neonatal Dex treatment on cardiac function in 

4-week-old rats (pre-pubertal), measured by pressure-volume loops. This study was designed 

to investigate if neonatal Dex treatment causes detectable alterations in cardiac function at a 

young age. Using the same animal model as described before; the animals were anesthetized, 

intubated and ventilated, and a miniature pressure-conductance catheter was introduced 

into the left ventricle to measure pressure-volume loops. Cardiac function was measured 

and systolic and diastolic pressure-volume relations (ESPVR/EDPVR) were determined to 

quantify intrinsic systolic and diastolic function, virtually independent of loading conditions. 

Subsequently, hearts were excised for histological examination. Compared to Sal-treated 

animals, Dex-treated rats had a reduced ventricular weight (Dex vs Sal: 270±40 vs. 371±23mg, 

p<0.001) and reduced systolic function (end-systolic elastance: 1.24±0.43 vs. 2.50±1.39 

mmHg/µL, p=0.028; end-systolic volume intercept at 75 mmHg: 34±13 vs. 53±20 µl, p=0.016). 

Cardiac output was maintained and end-diastolic volume was increased (84±23 vs. 59±19 

µL, p=0.012) indicating a state of compensatory dilatation. Heart rate, diastolic function and 

systemic vascular resistance were unchanged. From these findings we concluded that cardiac 

dysfunction was present already in the prepubertal period.

In chapter 4 we investigated the pressure-volume relations during growth and develop-

ment in the normal rat. Whereas it is known that left ventricular pressure-volume relations 

provide relatively load-independent indexes of systolic and diastolic LV function, little data 

are available on pressure-volume relations during growth and development in the normal 

adult heart. Furthermore, in order to quantify intrinsic ventricular function in animals of dif-

ferent size and weight, the indexes derived from pressure-volume relations ideally should 

be normalized for heart weight (i.e. volume is replaced by volume/heart weight). In many 

studies, however, the indexes are reported in absolute terms, or body-weight correction is 

used as a surrogate for heart weight-correction. Therefore, the effects of normalization on 

pressure-volume relations were also examined. We determined pressure-volume relations in 

young adult (8-week-old) and middle-aged (50-week-old) normal Wistar rats.

Heart and body weights were significantly higher in the 50-week-old rats, whereas the 

heart-to-body weight ratio was significantly lower (2.74±0.32 vs. 4.41±0.37 mg/g, p<0.001). 

Intrinsic systolic function, quantified by the slopes of the end-systolic pressure-volume rela-

tion (E
ES

), the dP/dt
MAX

 vs. end-diastolic volume relation (S-dP), and the preload recruitable 

stroke work relation (PRSW), normalized for heart weight, was slightly decreased in the 50-

week-old rats (S-dP: -26%, p<0.004; PRSW: -13%, p<0.06). Heart weight-corrected diastolic 

indexes were not significantly different. The absolute indexes qualitatively showed the same 

results, but body-weight corrected pressure-volume indexes showed improved systolic func-

tion and significantly depressed diastolic function. 

This experimental study showed that intrinsic systolic function slightly decreases from 

the juvenile to the middle-aged period in normal male Wistar rats. Furthermore we found 
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that correction of pressure-volume indexes for body weight is not an adequate surrogate for 

heart weight-correction in these animals.

In the previous chapters we reported suppressed mitosis during Dex treatment leading to 

significantly reduced ventricular weight, depressed systolic function and compensatory 

dilatation in prepubertal (4-week-old) rats. In addition, recent experimental data indicated 

a significantly reduced life expectancy of rats treated with Dex in the neonatal period [2]. 

Therefore the aim of the study described in Chapter 5 was to investigate the long-term effects 

of neonatal Dex treatment on cardiovascular function. Neonatal rat pups were treated with 

Dex or received Sal. Cardiac function was determined in 8-, 50-, and 80-week-old animals, 

representing young adult, middle-aged, and elderly stages. We determined cardiac function 

as described before.

Our results showed reduced ventricular and body weights in Dex-treated rats at 8 and 

80 weeks, but not at 50 weeks. Compared to control animals, cardiac output and diastolic 

function were unchanged in all age groups, but systolic function was depressed at 50 and 

80 weeks evidenced by reduced ejection fractions and rightward shifts of the end-systolic 

pressure-volume relationships. 

From this study we concluded that the early adverse effects of neonatal Dex treatment, 

as found in the 4-week-old rats, are transient but reduced ventricular weight and systolic 

dysfunction become manifest again in elderly rats. We speculate that cellular hypertrophy 

and possible other factors (see below chapter 7) initially compensate for the Dex treatment-

induced lower number of cardiomyocytes but fail at a later stage leading to reappearance of 

systolic dysfunction.

In the previous chapters we investigated hemodynamic function in normal and Dex-treated 

rats in different age groups. Using the same animals as before, Chapter 6 describes histo-

pathological myocardial characteristics after neonatal Dex treatment during life span (4-, 

8- and 50-week-old rats) in comparison with Sal-treated rats. 

Heart tissue was stained with HE, Cadherin-PAS and Sirius Red for cardiomyocyte mor-

phometry and collagen determination. Cardiomyocyte length of the Dex-treated rats was 

significantly increased (p<0.05) compared to controls in all three age groups, whereas ven-

tricular weight was reduced. This was accompanied by a significant increase in cardiomyocyte 

width (p<0.01) in the 50-week-old rats. These changes resulted in significantly increased car-

diomyocyte volume at 50 weeks (p<0.01) indicating cellular hypertrophy. Collagen content 

gradually increased with age and was 62% higher (p<0.01) in the Dex-treated rats at 50 weeks 

of age. 

We concluded that neonatal Dex treatment affects normal growth of the heart resulting in 

reduced heart weight, cellular hypertrophy, and increases in collagen deposition in the adult 

rat heart, confirming earlier hypotheses.
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The study described in Chapter 7 was performed to investigate whether the increase in 

cardiomyocyte cell volume induced by neonatal Dex treatment as reported earlier (chapter 

6) is associated with long-lasting changes in the ventricular expression of contractile and 

structural proteins.

Ventricular expression of the contractile proteins α-actin, total myosin heavy chain (MHC) 

and β-MHC were determined. In addition, we determined the expression of the structural 

proteins desmin and α- and β tubulin by Western Blotting.

Dex treatment in rat pups increased the expression of the contractile protein α-actin in all 

age groups; 4-week (33%, p<0.01), 8-week (45%, p<0.05) and 50-week (228%, p<0.001). This 

increase in α-actin was accompanied by an increase in total MHC (40%, p<0.05; 143%, p<0.01; 

and 105%, p<0.05, respectively) and in β-MHC (94%, p<0.01; 60%, p<0.05; and 61%, p<0.05, 

respectively) in all age groups. The ratio of α-MHC/β-MHC mRNA was significantly decreased 

by neonatal Dex treatment in the 8-week-old rats. The increase in contractile proteins was not 

associated with Dex-induced changes in the expression of structural proteins such as desmin 

and tubulin. 

This study demonstrated that neonatal Dex treatment induced an increase in the con-

tractile proteins MHC and α-actin that persisted into adulthood. The change in MHC protein 

expression resembles the classical isoform switch that has been described in pressure or 

volume overload of the heart as well as in aging. 

It is conceivable that the increases in contractile proteins contribute to maintain cardiac 

function as an adaptive or compensatory response to the reduced cardiac cell number previ-

ously found.

Concluding remarks and future directions 

The studies described in this thesis support our hypothesis that neonatal exposure to Dex in 

rats has serious life-long adverse consequences on the heart. This hypothesis was tested at 

the functional, histopathological and biochemical level. 

Neonatal Dex treatment caused a suppression of mitosis during a phase in which normally 

substantial hyperplasia occurs resulting in a lower number of cardiomyocytes compared to 

control. Presumably compensatory mechanisms, i.e cellular hypertrophy and upregulation of 

the expression of contractile proteins were found at various time points during life span. At 

the functional level depressed systolic function at prepubertal age was found in Dex-treated 

rats. In the young adults normal cardiac function was found but systolic dysfunction reap-

peared in middle-aged and elderly rats with maintained cardiac output and compensatory 

dilatation.

GC treatment started in the early nineties. With the expanding technical and medical 

knowledge an increasing number of extremely premature babies are being treated with GCs. 

However, because of the frequently reported long-term neurological adverse side effects, the 

American Academy of Pediatrics recommended more restrictive use of GCs [1].
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The results obtained from the experimental studies in this thesis also question the use of 

early neonatal GC treatment in the human setting in view of the cardiovascular adverse side 

effects. Extrapolation of the findings in our rat studies to the human situation must, however, 

be done with caution.

If our findings are confirmed in humans, this may have consequences for a potentially 

large patient population that has been treated with Dex during the neonatal period in the 

early nineties up to now. On the basis of our data, we strongly recommend a large controlled 

clinical study focusing on cardiac screening before and after puberty of prematurely born 

Dex-treated children to enable secondary prevention. 

Since, GC treatment can not always be avoided, alternatives to Dex such as hydrocortisone 

should be considered. A very recent retrospective matched cohort study performed by our 

group indicated that hydrocortisone-treated children had better behavioral and motor 

developmental outcome at school age than Dex-treated children [3].

Long-term effects of hydrocortisone on the cardiovascular system are unknown. We would 

therefore recommend to include cardiovascular investigations in future multicenter random-

ized controlled clinical trials regarding the use of hydrocortisone to prevent CLD.
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SAMENVATTING

Dit proefschrift beschrijft de effecten van neonatale glucocorticosteroïd behandeling en 

de gevolgen voor het cardiovasculaire systeem bij ratten. Glucocorticosteroïd behandeling 

en vooral dexamethason (Dex) wordt wereldwijd gebruikt ter behandeling van chronische 

longziekte bij premature kinderen. Echter, het gebruik van glucocorticosteroïden heeft zowel 

korte als lange termijn bijwerkingen, welke worden beschreven in zowel dier als in humane 

studies. In het bijzonder zijn de neurologische lange termijn bijwerkingen zoals cerebrale 

parese en vertraagde en abnormale neurologische ontwikkeling beschreven. De korte 

termijn bijwerkingen op het cardiovasculaire systeem zijn goed gedocumenteerd, de lange 

termijn bijwerkingen echter zijn nog steeds niet goed bekend. Recente studies in volwassen 

ratten laten negatieve lange termijn bijwerkingen zien na neonatale behandeling met Dex. 

Bovenal werd een verminderde levensverwachting gezien in de met Dex behandelde dieren. 

Naar aanleiding hiervan onderzochten wij in dit proefschrift gedurende de levenscyclus 

van de rat de functionele, histopathologische en biochemische effecten van neonatale Dex 

behandeling op het hart.

Een eerder verschenen studie van onze groep liet zien, dat neonatale Dex behandeling in 

de rat een verminderd hartgewicht veroorzaakt, waarschijnlijk tengevolge van vroegtijdige 

remming van myocyt proliferatie gedurende de behandeling. Bovenal leidde deze behande-

ling tot permanente histopathologische veranderingen, zich vooral uitend in hypertrofie van 

de myocyt, in het volwassen rattenhart.

In hoofdstuk 2 onderzochten wij in ratten de vroegtijdige effecten van neonatale Dex 

behandeling op cel proliferatie na de geboorte. De hypothese dat een verminderd aantal 

cardiomyocyten op volwassen leeftijd werd veroorzaakt door een door Dex-geïnduceerde 

verminderde cardiomyocyt proliferatie en/of vroegtijdige celdood werd getoetst. Dit is een 

logische aanname gezien het feit, dat glucocorticosteroïden toegediend worden in een kri-

tische fase van de ontwikkeling van het hart. Histopathologische en immunohistochemische 

studies werden uitgevoerd in een bestaand rattenmodel om te kijken naar tekenen van 

apoptose en/of verschillen in proliferatie capaciteit van cardiomyocyten voor, gedurende en 

na Dex behandeling.

Mannelijke ratten pups werden intraperitoneaal geïnjecteerd met Dex op de eerste, 

tweede en derde levensdag (0.5, 0.3 and 0.1 μg/g). De dosis en de duur van de behandeling 

waren in verhouding met hetgeen gegeven wordt aan te vroeggeboren kinderen. Controle 

dieren kregen gelijkwaardige hoeveelheden van een zoutoplossing ingespoten (Saline). De 

ratten werden opgeofferd op dag 0, 2, 7 en dag 21, waarna de harten werden verzameld en 

gefixeerd in formaline.
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De cardiomyocyten van de Dex behandelde pups toonden op dag 2 en 4 van hun leven 

een verminderde proliferatie, aangeduid door een lagere mitotische index en de aanwezig-

heid van een verminderd aantal van Ki-67-positieve cardiomyocyten vergeleken met de 

controle dieren. Op dag 7 en dag 21 was de mitotische index niet verschillend meer tussen 

de behandelde en onbehandelde groepen. Vanaf dag 2 tot dag 21 lieten de Dex behandelde 

dieren een verminderd aantal cardiomyocyten zien. Tekenen van cardiomyocyt-apoptose 

werd in geen enkele groep gevonden.

Deze studie toonde aan, dat behandeling met Dex in de neonatale periode tijdelijk de 

cardiomyocyt hyperplasie onderdrukt, wat uiteindelijk zal leiden tot een verminderd aantal 

cardiomyocyten tijdens het verdere leven.

In hoofdstuk 3 werden de effecten bestudeerd van neonatale Dex behandeling op de car-

diale functie in 4 weken oude ratten (pre-puberteit) d.m.v. druk-volume curven. Deze studie 

werd uitgevoerd om te kijken of neonatale Dex behandeling al op jonge leeftijd veranderin-

gen in de cardiale functie te weeg brengt. Gebruik makende van hetzelfde diermodel zoals 

boven beschreven, werden de dieren onder narcose gebracht, geïntubeerd en beademd. Een 

miniatuur druk–conductantie catheter werd in de linker ventrikel gebracht om druk-volume 

curven te meten.

Cardiale functie werd gemeten en systolische en diastolische druk-volume relaties (ESPVR/

EDPVR) werden bepaald om de intrinsieke systolische en diastolische functie te kwantificeren 

onafhankelijk van de belasting van het hart. Vervolgens werden na opoffering de harten 

uitgesneden en gebruikt voor histologisch onderzoek.

De met Dex behandelde ratten hadden in vergelijking met de controle dieren een lager 

ventrikel gewicht (Dex vs Sal: 270±40 vs. 371±23mg, p<0.001) en een verminderde systolische 

functie (eind-systolische weerstand: 1.24±0.43 vs. 2.50±1.39 mmHg/µL, p=0.028; eind-systo-

lisch volume intercept at 75 mmHg: 34±13 vs. 53±20 µl, p=0.016).

Het hartminuut volume bleef gehandhaafd en het eind-diastolisch volume was toegeno-

men (84±23 vs. 59±19 µL, p=0.012) duidend op compensatoire dilatatie. Hartslag, diastolische 

functie en systemische vasculaire weerstand waren onveranderd.

Uit deze bevindingen concludeerden wij, dat cardiale dysfunctie al aanwezig is in de 

prepuberale periode.

In hoofdstuk 4 onderzochten wij druk-volume relaties van het hart gedurende groei en 

ontwikkeling in de normale rat. We weten, dat linker ventrikel druk-volume relaties relatief 

belasting onafhankelijke indexen weergeven van de systolische en diastolische linker 

ventrikel (LV) functie. Er is echter weinig data voorhanden betreffende druk-volume relaties 

gedurende groei en ontwikkeling in het normale volwassen rattenhart.

Om de intrinsieke kamer functie in dieren van verschillende grootte en gewicht te kwantifi-

ceren, moeten de indexen afgeleid van druk-volume relaties idealiter worden genormaliseerd 
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voor hart gewicht (bv. volume wordt vervangen door volume/hart gewicht). Echter in vele 

studies worden de indexen gegeven in absolute waarden of lichaamsgewicht wordt gebruikt 

als surrogaat voor hartgewicht correctie.

In deze studie werden daarom ook de effecten van normalisatie van de druk-volume 

relaties bestudeerd.

Druk-volume relaties werden bepaald op de jong volwassen (8-weken-oud) en op mid-

delbare leeftijd (50-weken-oud) in normale Wistar ratten.

Hart- en lichaamsgewicht waren significant hoger in de 50-weken oude ratten, terwijl de 

hartgewicht/lichaamsgewicht ratio significant was afgenomen in de 50-weken oude ratten 

(2.74±0.32 vs. 4.41±0.37 mg/g, p<0.001).

De intrinsieke systolische functie, bepaald door de hellingen van eind-systolische druk-

volume relatie (Ees), de dP/dt
MAX

 versus eind-diastolische volume relatie (S-dP), en de “pre-

load recruitable stroke work” relatie (PRSW) genormaliseerd voor hart gewicht, was lichtelijk 

afgenomen in de 50-weken oude ratten (S-dP: -26%, p<0.004; PRSW: -13%, p<0.06). De 

diastolische indexen gecorrigeerd voor het hartgewicht waren niet significant verschillend. 

De absolute indexen lieten over het geheel dezelfde resultaten zien, terwijl lichaamsgewicht 

gecorrigeerde druk-volume indexen een verbeterde systolische functie en een significant 

verslechterde diastolische functie lieten zien in de 50-weken oude ratten.

Deze experimentele studie toonde aan, dat in normale mannelijke Wistar ratten de intrin-

sieke systolische functie geleidelijk afneemt vanaf de jong volwassen leeftijd tot de mid-

delbare leeftijd. Verder constateerden wij, dat lichaamsgewicht correctie van druk-volume 

relaties niet een goed alternatief is voor hartgewicht correctie in deze dieren.

In de voorafgaande hoofdstukken rapporteerden wij, dat een onderdrukte mitose gedurende 

neonatale Dex behandeling leidt tot een significant verminderd ventrikel gewicht, vermin-

derde systolische functie en compensatoire dilatatie in prepuberale (4-weken- oud) ratten. 

Daarnaast toont een recente studie van onze groep aan, dat de levensverwachting van ratten, 

die neonataal behandeld zijn met Dex, significant is verminderd [2]. Daarom was het doel van 

de studie in hoofdstuk 5 om de lange termijn effecten van neonatale Dex behandeling op de 

cardiovasculaire functie te onderzoeken. 

Neonatale ratten pups werden behandeld met Dex of kregen een zoutoplossing (Sal) inge-

spoten. De cardiale functie werd bepaald (zoals boven beschreven) in 8-, 50-, en 80-weken 

oude ratten. Zij vertegenwoordigen jong volwassen, middelbare en bejaarde ratten.

Onze resultaten toonden in de 8- en 80 weken oude Dex behandelde dieren een lager ven-

trikel en lichaamsgewicht, maar niet in de 50 weken oude ratten. Vergeleken met de controle 

dieren, waren hart minuut volume en de diastolische functie ongewijzigd in alle groepen. 

Echter de systolische functie was onderdrukt in de 50- en 80-weken oude ratten wat te zien 

was aan een verminderde ejectie fractie en een rechtsverschuiving van eind-sytolische druk-

volume relaties.
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Uit deze studie concludeerden wij, dat de vroege negatieve bijwerkingen van neonatale 

Dex behandeling zoals gevonden in de 4-weken oude ratten voorbijgaand zijn, maar zich 

opnieuw manifesteren in bejaarde ratten. We speculeren, dat cellulaire hypertrofie en 

mogelijk andere factoren (zie ook hoofdstuk 7) in eerste instantie compenseren voor het ver-

minderde aantal cardiomyoyten ten gevolge van de neonatale Dex behandeling. Uiteindelijk 

faalt ook dit mechanisme en dit resulteert in heroptreden van systolische dysfunctie op latere 

leeftijd.

In de voorafgaande hoofdstukken onderzochten we de hemodynamische functie in normale 

en neonatale Dex behandelde ratten in verschillende leeftijdsgroepen. Hoofdstuk 6 beschrijft 

histopathologische myocard karakteristieken na neonatale Dex behandeling gedurende de 

levensloop van Wistar ratten (4-, 8- en 50-weken oud). De resultaten werden vergeleken met 

de uitkomsten van de controle dieren.

Hartweefsel werd gekleurd met HE, Cadherin-PAS en Sirius Red voor bepaling van 

cardiomyocyt morfometrie en collageen gehalte. Op alle leeftijden was de lengte van de 

cardiomyocyt in de Dex behandelde dieren significant toegenomen (p<0.05) vergeleken met 

de controle dieren, terwijl het ventrikel-gewicht verminderd was. De toename in lengte in de 

Dex behandelde ratten werd vergezeld met een significante toename (p<0.01) in breedte van 

de cardiomyocyt in de 50-weken oude ratten. Deze veranderingen leidden in de 50-weken 

oude met Dex behandelde ratten tot een significante toename (p<0.01) in volume van de 

cardiomyocyt, duidende op hypertrofie. Het collageen gehalte nam geleidelijk toe met de 

leeftijd en was vergeleken met de controle dieren met 62% toegenomen in deze 50-weken 

oude Dex behandelde ratten.

We concludeerden, dat neonatale Dex behandeling de normale groei van het hart 

beïnvloed resulterend in een verminderd hart gewicht, cellulaire hypertrofie en toegenomen 

collageen afzetting in het volwassen rattenhart. Deze bevindingen bevestigden onze eerdere 

hypothesen.

In de studie beschreven in hoofdstuk 7 onderzochten wij of de eerder gerapporteerde 

toename in cel volume van de cardiomyocyt (hoofdstuk 6), ontstaan door neonatale Dex 

behandeling, geassocieerd is met langdurige veranderingen in de expressie van contractiele 

en structurele eiwitten in de ventrikel.

De ventriculaire expressie van de contractiele eiwitten α-actine, totaal myosin heavy chain 

(MHC) and β-MHC werd bepaald. Daarnaast onderzochten wij de expressie van de structurele 

eiwitten zoals desmine, α- and β tubuline d.m.v. Western Blotting.

De expressie van het contractiele eiwit α-actine nam toe in alle leeftijdsgroepen in Dex 

behandelde ratten; 4-weken (33%, p<0.01), 8-weken (45%, p<0.05) and 50-weken (228%, 

p<0.001). Deze toename in α-actine werd vergezeld door een toename in de expressie van 

totaal MHC in alle groepen met respectievelijk 40%, p<0.05; 143%, p<0.01; en 105%, p<0.05. 
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De expressie van β-MHC nam ook toe in alle groepen met respectievelijk 94%, p<0.01; 60%, 

p<0.05; en 61%, p<0.05.

In de 8-weken oude ratten was de ratio α-MHC/β-MHC mRNA significant afgenomen door 

neonatale Dex behandeling.

De toename in contractiele eiwitten was niet geassocieerd met Dex-geïnduceerde veran-

deringen in de expressie van structurele eiwitten zoals desmine en tubuline.

Deze studie toonde aan, dat neonatale Dex behandeling een blijvende toename veroor-

zaakte van de contractiele eiwitten MHC en α-actine. De verandering in expressie van MHC 

komt overeen met de klassieke isoform verandering, die beschreven wordt bij druk of volume 

overbelasting van het hart of bij veroudering.

Mogelijk dat de toename in contractiele eiwitten dient als een adaptieve of compensatoire 

respons op het verminderde aantal cardiale cellen om de hartfunctie te waarborgen.

Conclusies en toekomstperspectieven

De studies beschreven in dit proefschrift ondersteunen onze hypothese dat neonatale 

blootstelling aan het glucocorticosteroïd Dex ernstige, levenslange bijwerkingen heeft op 

het hart. Deze hypothese werd in dit proefschrift getest op functioneel, histopathologisch 

en biochemisch niveau.

Neonatale Dex behandeling veroorzaakte een onderdrukking van de mitose in een fase, 

waarin normaal gesproken substantiële hyperplasie optreedt. Dit leidde tot een uiteindelijk 

verminderd aantal cardiomyocyten op volwassenen leeftijd vergeleken met controle dieren.

Compensatoire mechanismen zoals cellulaire hypertrofie en verhoging van de expressie 

van contractiele eiwitten werden gevonden in verschillende fasen van het leven. Op functio-

neel niveau werd een verminderde systolische functie gevonden in Dex behandelde ratten 

in de prepuberale periode. Op jong-volwassenen leeftijd werd een normale hart functie 

gevonden, maar op middelbare leeftijd en in bejaarde ratten trad opnieuw systolische 

dysfunctie op met een normaal hartminuut volume maar met compensatoire dilatatie.

Glucocorticosteroïd behandeling en, zoals gezegd, vooral Dex behandeling werd gestart 

begin jaren negentig. Door de toegenomen technische en medische kennis wordt een toege-

nomen aantal ernstig te vroeggeboren kinderen behandeld met deze glucocorticosteroïden. 

Echter vanwege de frequent gerapporteerde neurologische bijwerkingen op lange termijn, 

heeft de American Academy of Pediatrics aanbevelingen gedaan in zake het gebruik van GSs 

[1].

De hier genoemde cardiovasculaire bijwerkingen van Dex stellen het gebruik van neona-

tale GC behandeling in de humane setting ter discussie. 

Uiteraard moet extrapolatie van de bevindingen in onze ratten studies naar de humane 

situatie met beleid gebeuren. Als onze bevindingen in mensen wordt bevestigd, heeft dit 

consequenties voor een potentieel grote patiënten populatie die behandeld zijn met Dex 

vanaf de jaren negentig tot nu toe in de neonatale periode. 
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Op basis van onze data, adviseren wij een grote gecontroleerde klinische studie voor 

cardiale screening van ex-premature kinderen behandeld met Dex in de neonatale periode. 

Deze screening is van belang om eventuele secundaire preventie mogelijk te maken.

Alternatieven voor Dex, zoals hydrocortison, een minder potent corticosteroïd, moet 

worden overwogen, aangezien GC behandeling niet altijd kan worden voorkomen. Een door 

onze groep recent uitgevoerde retrospectieve matched controlled cohort studie in ex-pre-

mature kinderen, wel of niet behandeld met glucocorticosteroïden, laat zien dat kinderen op 

schoolleeftijd, die behandeld zijn met hydrocortison een betere cognitieve en motorische 

ontwikkeling laten zien dan kinderen behandeld met Dex [3].

De lange termijn effecten van hydrocortison op het cardiovasculaire systeem zijn niet 

bekend. Wij adviseren daarom om cardiovasculaire onderzoeken aangaande het gebruik 

van hydrocortison voor preventie van chronische longziekte in te vroeggeborenen in de 

toekomst te includeren in multicenter gerandomiseerde klinische trials.
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DANKWOORD

Promoveren doe je nooit alleen en gezien de lijst met vele namen kan ik het met dit statement 

slechts hartgrondig eens zijn. Ondankbaar is de plek die aan het dankwoord, doorgaans 

achter in het proefschrift, wordt toebedacht. Dankbaar daarentegen is de “wetenschap” dat 

het dankwoord wel het meest gelezen deel van het proefschrift is. En met dit laatste aspect 

ben ik oprecht blij omdat zo extra wordt benadrukt wie de mensen zijn die voor mij onmisbaar 

waren en mij liefdevol hebben gesteund met raad en daad bij de totstandkoming van dit 

proefschrift.

Met wie heb ik de eer gehad te mogen samenwerken, in de hoop dat ik niemand vergeet, 

gedurende mijn zwerftocht aan de Universiteiten van Utrecht, Leiden en Groningen.

Prof. dr. F. van Bel, beste Frank, jij was mijn promotor in Utrecht en dat heb je geweten ook. 

Zo maakte je altijd grapjes als ik weer eens aan de telefoon hing om iets te vragen. Jouw 

vooruitziende blik dat dit zelfs nog tijdens mijn huwelijksreis zou gebeuren kwam door 

omstandigheden ook uit. To the point tijdens vergaderingen en de reputatie hebben van 

“shortest discussion writer ever” maakte je waar door menigmaal behoorlijke stukken tekst 

in de discussie te verwijderen. Niet lang nadenken welke hotels het best in aanmerking 

kwamen tijdens congressen deed de kreet “brakke Braxton” geboren worden. Frank, bedankt 

voor je steun, ook om in opleiding te komen, omdat jij altijd hebt geloofd dat ik mij als AIO 

daar geen zorgen over hoefde te maken. Ik heb het als een eer ervaren dat jij mij persoonlijk 

voor dit promotieonderzoek hebt gevraagd!

Prof. dr. J. Baan, beste Jan, jij was mijn tweede promotor in Leiden en ik had de eer je laatste 

promovendus te zijn, omdat je tijdens mijn promotieonderzoek met emeritaat ging. Jouw 

kennis van de cardiophysica was voor mij van onschatbare waarde. Bedankt dat je in ver-

gaderingen altijd rake zaken wist te benoemen waardoor de lijn voor mij weer helder werd. 

Beste Jan, bedankt voor al je steun, ik ben trots dat ik je laatste promovendus mocht zijn.

Dr. P. Steendijk, beste Paul, jij was mijn co-promotor in Leiden en ik heb ontzettend veel aan 

jou te danken. Jouw rustige uitstraling, je immer aanwezige bereidheid mij te helpen en je 

altijd goede humeur zijn een paar eigenschappen, waar ik steun uit kon putten. Altijd stond 

je mij te woord en hielp je mij uit de brand. Samen hebben we met veel plezier vele proeven 

gedaan die altijd vlekkeloos verliepen. Jouw stimulans daarbij wist je bij mij iedere keer weer 

goed over te brengen, een prestatie temeer omdat ik de tel ben kwijtgeraakt hoeveel ratten 

er door onze handen zijn gegaan. Paul, bedankt voor het doornemen van de stukken, de tijd 

die je me bood om mijn hart te luchten en je optimistische instelling waardoor ik weer de 

positieve kant van het verhaal kon zien. Beste Paul, ik had geen betere co-promotor kunnen 

hebben dan jij! Ik hoop dat wij ook in de toekomst contact zullen blijven houden.
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Dr. F. R. van der Leij, beste Feike, na anderhalf jaar Leiden vond ik het een hele stap om naar 

Groningen te gaan. Leek die ik ben in de moleculaire celbiologie en als pure clinicus heb jij 

getracht mij het één en ander te leren, omdat PCR en Western Blotting voor mij allemaal 

totaal nieuwe begrippen waren.

Helaas zaten sommige zaken niet echt mee, want wat moet je nu met ratten die zich in 

Groningen anders gedragen dan in Leiden. Gronings aanspreken? We zijn er nooit achter 

gekomen. Maar tegenslagen maken een mens sterker en uiteindelijk kunnen we terugkijken 

op een mooi resultaat. Beste Feike, bedankt voor je steun als co-promotor!

Prof. C. J. Heijnen, beste Cobi, wat een warm onthaal heb ik van jou en je medewerkers 

gekregen in jouw laboratorium in Utrecht! Zomaar geïnstalleerd door Frank van Bel hadden 

jullie ineens weer zo’n “domme clinicus” in het laboratorium. Ik kan niet anders zeggen dan 

dat ik het enorm getroffen heb om in jullie laboratorium terecht te zijn gekomen. Al ben ik 

dan geen echte onderzoeker pur sang, jullie hebben mij oprecht weten te motiveren tot het 

echte onderzoekswerk. Dank daarvoor!

Dr. A. Kavelaars, beste Annemieke, ongelofelijk hoeveel tijd jij hebt gestoken in het project. 

Hartverwarmend om te zien dat iemand die “geen verstand heeft van harten zaken” toch zo 

ontzettend veel weet en enthousiast wordt bij elk leuk resultaat. Ik moet zeggen, gaandeweg 

stak jij mij aan met jouw enthousiasme wat heeft geleid tot een heel mooi artikel. Bedankt!

Dr. B. Bartelds, beste Beatrijs, jou wil ik hartelijk bedanken voor je enorme kennis die je hebt 

ingebracht, waarbij elke invalshoek werd bekeken. Op je vrije dag naar een vergadering 

komen in Utrecht vanuit Groningen, dan moet je wel echt hart hebben voor onderzoek.

Prof. dr. R. M. F. Berger, beste Rolf, de echo’s die door jou zijn uitgevoerd in 4 weken oude 

ratten vormden een mooie aanvulling in het verschenen artikel. Dank voor je tijd en energie 

die je erin hebt gestoken. 

Drs. W. B. de Vries, beste Willem, als mede promovendus op hetzelfde onderwerp hebben 

wij aan vele vergaderingen samen deelgenomen. Het heeft geleid tot prachtige resultaten. 

Als ik het even niet meer zag zitten, was jij er om mij ervan te overtuigen dat alles goed 

kwam, waarbij jij mij toesprak als mijn “grote broer”. Ik hoop dat we er met z’n allen een mooi 

symposium van maken en in de toekomst zullen wij als collega’s zeker verder gaan.

Dr. F. M. van Oosterhout, beste Matthijs, jou wil ik uit de grond van mijn hart bedanken als 

ik weer eens met mijn potten vol organen kwam aanzetten die door jou en medewerkers 

van het pathologielaboratorium behandeld moesten worden. Jij bleef er altijd heel rustig 

onder en bewaakte de kwaliteit van de preparaten. Wie had gedacht dat ik ooit nog zelf de 
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preparaten zou gaan beoordelen? Menigmaal heb ik bij jou aangeklopt als ik er met een 

pathologisch preparaat niet uitkwam en even zovele keren was jij mij daarbij behulpzaam. 

Alice in wonderland maar ik was het meisje in de microscopiekamer waar ik menig uurtje in 

het donker heb doorgebracht.

Prof. dr. E. E. van der Wall, beste Ernst door jou leuke grappen kon ik de tegenvallers die bij 

een promotie onderzoek horen weer relativeren.

Collega’s van de tuin cardiologie, bedankt voor de gezelligheid. We hebben een leuke tijd 

gehad en veel gelachen. Pascalle, je had altijd een luisterend oor en fijn dat we een vriend-

schap hieraan over hebben gehouden.

Iedereen van het laboratorium psychoneuroimmunologie, al was mijn tijd bij jullie maar kort, 

toch hebben jullie mij het gevoel gegeven dat ik er thuis hoorde. Bedankt daarvoor. Cora en 

Wendy, jullie wil ik speciaal bedanken voor jullie eindeloze geduld wat betreft mijn vragen 

over de Western Blotting. En, voor jullie is straks ook het einde van de promotie in zicht. Zet 

‘m op!

Mede-onderzoekers van de AIO kamer en alle medewerkers van het laboratorium metabole 

ziekten in Groningen, als was mijn tijd in Groningen niet altijd even happy, met jullie heb 

ik mij altijd reuze vermaakt. Wij “chicks en uberchick” hebben een leuke tijd gehad! Anniek, 

grote bewondering heb ik voor jouw doorzettingsvermogen en je altijd grote interesse in 

anderen. Maaike, “never a dull moment” met jou in de buurt!

Yan, thank you for the nice time and all the work we did together. I hope that your thesis is 

going well and I’m sure you will succeed. Good luck in your home country China. May all your 

wishes come true.

Inge-Lot, jouw interesse in mijn onderzoek was hartverwarmend. Bedankt, dat ik af en toe 

mijn hart kon luchten als zaken tegen zaten. Over een paar jaar ben ik getuige van jouw 

promotie.

Het dierenlaboratorium in Leiden wil ik bedanken voor de uitstekende samenwerking. Peter 

de Jong, jij hebt mij geleerd hoe ik mannetjes en vrouwtjes ratten kan onderscheiden. Helaas 

heb ik nooit mijn angst voor de Wistar rat overwonnen, ondanks de hoeveelheid ratten die in 

de studie zijn opgenomen. Gelukkig hielp jij mij iedere keer weer trouw met het wegen van 

de ratten. Ik geloof dat dat beter was, zowel voor mij als voor de ratten. Ben en Fred, bedankt 

dat jullie de verzorging van de ratten ter hand hebben genomen toen ik in Groningen was en 

ik vanwege de afstand niet iedere keer kon terug komen om te wegen.
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De leden van de beoordelingscommissie: Prof. dr. W. A. Helbing, Prof. dr. J. M. Wit, Prof. dr. 

G. H. A. Visser, Prof. dr. A. F. Bos, Prof. dr. C. J. Heijnen dank ik voor het kritisch beoordelen van 

mijn proefschrift.

De secretaressen Danielle Nijssen, Ineke Krijgsman en Lot Hassert bedank ik voor jullie mee-

leven tijdens de afgelopen vier enerverende jaren.

Dr. W. Maertzdorf, beste Wiel, wie had kunnen denken dat een stage neonatologie in het 

tweede jaar van mijn studie zou leiden tot groot enthousiasme voor de kindergeneeskunde? 

Direct vanaf het eerste moment toen wij elkaar zagen, hadden wij een klik en die is er nog 

steeds. Mijn eerste congres in Belfast als student-assistent zal ik nooit vergeten. Toen is de 

basis gelegd voor mijn verdere carrière. Zie hier het resultaat! 

Mijn twee lieve oudste broers, Martijn en Peter-Christiaan, ik vind het een hele eer dat jullie 

mijn paranimfen zijn. Ik had geen betere “steunpilaren” kunnen uitzoeken. Bedankt voor jullie 

hulp en fijn dat we in alle omstandigheden op elkaar kunnen rekenen!

Mijn twee lieve jongste broers, David en Constantin, jullie zijn natuurlijk erg blij dat jullie zus 

gaat promoveren, want dan hebben jullie weer een vrije dag op school. David, ik zou het 

heel “cool” vinden je als toekomstige collega te consulteren. Constantin, ongelofelijk hoeveel 

interesse jij altijd hebt getoond in mijn studie. Geniet van deze dag!

Lieve mama en papa, als twee mensen een plaats verdienen in dit dankwoord, dan zijn jullie 

dat wel. Dit boekje begint met jullie en is met recht ook jullie eer! Mama, wat een tijd en 

energie heb jij gestoken in schoolwerk, regelen van bijlessen, tijdschema’s e.d. Het is ook 

niet verwonderlijk dat je er uiteindelijk je beroep van hebt gemaakt. Remedial teacher ben 

je met recht in hart en nieren! Jullie hebben altijd in mij geloofd, ook als ik het zelf niet meer 

zag zitten. Jullie betrokkenheid is ongelofelijk. Niet alleen wat betreft deze promotie, maar 

ook met andere zaken kan ik altijd bij jullie terecht. Ik ben er trots op, dat ik uit zo’n hecht en 

warm gezin kom!

Tot slot, lieve Tim. Wat hebben wij een turbulent jaar achter de rug! Trouwen, verhuizen en 

een auto-ongeluk tijdens onze huwelijksreis doen je nog dichter bij elkaar brengen. Bedankt 

voor je zorgzaamheid, geduld en kalmte als ik weer eens opstandig was. Jij ging meestal uit 

van het standpunt “de soep wordt niet zo heet gegeten als ze wordt opgediend”. Jij kon mij 

altijd weer relativeren door te zeggen: slaap er maar eens een nachtje over, dan ziet alles er 

weer anders uit. Ik heb alle vertrouwen in een mooie toekomst voor ons samen, waarin we 

elkaar goed aanvullen.
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CURRICULUM VITAE

Miriam Petronella Bal werd op 25 maart 1974 geboren te Den Haag. Na het behalen van het 

VWO-diploma in 1993 startte zij met de studie geneeskunde aan de Rijksuniversiteit Limburg 

te Maastricht, waar zij in 1998 haar doctoraal met genoegen heeft behaald. Tijdens deze 

periode deed zij een wetenschapsstage op de afdeling Klinische Genetica. Tussen 1998 en 

2000 deed zij haar co-schappen in diverse ziekenhuizen, alsmede een onderzoeksstage aan 

het instituut “The Centre of Fetal Origins of Adult Disease (FOAD)” in Southampton. Na het 

behalen van haar diploma tot basisarts werd zij AGNIO kindergeneeskunde in het Rijnstate 

ziekenhuis te Arnhem. Vanaf 2002 werkte zij als onderzoeker op de afdeling Neonatologie 

aan het Universitair Medisch Centrum Utrecht (afdelingshoofd: Prof. dr. F. van Bel). Voor dit 

onderzoekstraject was zij anderhalf jaar werkzaam op de afdeling Cardiologie van het Leids 

Universitair Medisch Centrum (afdelingshoofd: Prof. dr. E.E. van der Wall). Vervolgens werkte 

zij anderhalf jaar op de afdeling Metabole ziekten (kindergeneeskunde) van het Universitair 

Medisch Centrum Groningen (afdelingshoofd: Prof. dr. P.J. Sauer). De afronding van het 

onderzoek vond plaats in Utrecht op de afdeling Psychoneuroimmunologie (afdelingshoofd: 

Prof. dr. C. J. Heijen) en Leiden (wederom afdeling Cardiologie). 

In januari 2007 zal zij starten met de opleiding kindergeneeskunde aan het Leids Universi-

tair Medisch Centrum.


