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ABSTRACT
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Hyaluronan is an important component of the lung extracellular matrix, with a high capacity
for water immobilization, but information on perinatal changes in the lung hyaluronan
concentration and their association with changes in the lung water content is limited.

In this study, conducted both in rabbit pups and in human infants, we investigated
changes in the hyaluronan concentration and distribution in the lung and in the lung water
content after preterm or term birth, and changes produced by common antenatal and postnatal
pathological conditions and treatments.

In rabbit pups, we found a gradual decrease in lung hyaluronan concentration and in the
intensity of alveolar hyaluronan staining with advancing gestational age at birth in late
gestation, but no further changes during the first 7-9 days of life. The lung water content was
uniformly high before birth, but decreased significantly after preterm delivery or at birth at
term.

Postnatal exposure of newborn preterm or term rabbit pups to hyperoxia for 4-9 days
resulted in an increase in both lung hyaluronan concentration and lung water content. This
was accompanied by more intense hyaluronan staining, mainly in the alveolar walls.

Antenatal exposure of rabbit pups to betamethasone or terbutaline resulted in a lower
lung hyaluronan concentration at preterm birth, associated with less intense hyaluronan
staining in alveolar walls, without altering the lung water content. Whereas betamethasone
exposure had the greatest effect at 25 days of gestation (term = 31 days), decreasing thereafter
with advancing gestation, terbutaline exposure resulted in a gradually increasing effect during
late gestation, most marked at 29 days.

In deceased infants born at a gestational age of < 32 weeks, the lung hyaluronan
concentration at death was most strongly associated with the gestational age at birth. It also
covaried with sex, antenatal steroid administration, intrauterine bleeding, mode of delivery,
birth weight, IRDS, and surfactant treatment. In infants born at a gestational age of
> 33 weeks there was a weaker association between lung hyaluronan concentration and
gestational age. In this group, the lung hyaluronan concentration was associated with
administration of a high concentration of oxygen, and covaried with maximal ventilatory
pressure, and lung water content.
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BACKGROUND

Introduction

Hyaluronan is a ubiquitous component of the extracellular matrix, with a

multitude of diverse biological functions. In addition to its functions under

physiological conditions in adults, hyaluronan also plays important roles during

morphogenetic, restorative, and pathological processes (Toole 1998).

Hyaluronan can potentially immobilize large quantities of water, and also, by

osmotic activity, it can contribute to interstitial edema during inflammation.

This can be especially deleterious in the lung, since an increase in the distance

between the alveoli and the capillaries may impede normal gas exchange

(Laurent & Fraser 1992).

Increased lung hyaluronan concentrations have been found to be associated

with several noninfectious inflammatory lung diseases in adult humans

(Bjermer et al 1987), and after lung injury in adult experimental animals

(Nettelbladt et al 1989). In the perinatal period, increased lung hyaluronan

concentrations have been observed in animals with experimental infant

respiratory distress syndrome (IRDS) (Juul et al 1994), but the knowledge of

the role of lung hyaluronan in physiological and pathological conditions during

this period is sparse.

The main interest in studying variations in the lung hyaluronan concentration in

the present investigations concerned the potential influence of hyaluronan on

the lung water content, and hence on the capacity of the lung to provide

adequate gas exchange after preterm or term birth.
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The aim of this work was to gain further knowledge of changes in the lung

hyaluronan concentration, the hyaluronan distribution within the lung, and the

lung water content after preterm or term birth, and of alterations in these

variables associated with common antenatal and postnatal pathological

conditions and treatments.

This summary will begin with some background facts about lung development,

hyaluronan, and lung water. The aims, methods and results of the present

investigation will then be presented, and the summary is concluded with a

discussion of the major findings.

Lung development

Developmental stages. Lung development is usually divided into five phases

(Pringle 1986). In the embryonic phase, the lung bud forms as an outpocketing

of the foregut endoderm, and the 19 bronchopulmonary segments with

conducting airways and accompanying blood vessels of mesodermal origin are

subsequently formed. In the pseudoglandular phase, the respiratory channels

are lined with cuboidal epithelium and separated by thick interstitial septa.

During the canalicular phase, the thinning airway epithelium in the terminal

bronchioles is differentiated into type-I and type-II alveolar cells, and the

vascularization of the respiratory surface begins. In the human, extrauterine life

is possible at the end of this stage. In the saccular phase, thin-walled primitive

alveoli (saccules) are formed. The vascularization of respiratory surfaces is now

complete, but the capillary network continues to expand with the further

branching of the airways. In the final alveolar phase, there is an extensive

expansion of the gas-exchange area following the development of true alveoli
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with a rich capillary supply, and a maturation of the type-II surfactant producing

cells (Pringle 1986; Randell & Young 2000).

In the human, the canalicular phase starts at a gestational age of 15-17 weeks

(40% of the gestational period) and continues up to 26-28 weeks (65%), when

the saccular phase begins. At a gestational age of approximately 36 weeks

(90%), the transition to the alveolar phase commences (Pringle 1986; Randell &

Young 2000). Overlap between phases occurs as a result of differences in

developmental velocity between different segments of the lung, and also

between different individuals of the same gestational age (Pringle 1986).

In animals, the same developmental phases occur, but they follow markedly

different time schedules in different species. In the rabbit, which was used in

the present experimental studies (Papers I-III), the normal gestation period is 31

days. The canalicular phase of lung development starts at 23-24 days (75%) of

gestation and extends to 27-28 days (90%), when the saccular phase begins. The

alveolar phase begins at a gestational age of approximately 30 days (97%)

(Pringle 1986).

Extracellular matrix. The extracellular matrix consists of a network of locally

synthesized proteins and polysaccharides. The matrix composition determines

the physical characteristics of the tissues, and can also influence many cellular

processes. In the lung, the matrix is adapted to facilitate gas exchange by the

presence of a network of collagen (tensile strength) and elastin (elasticity) fibers

(Riley 2000). During lung development, the extracellular matrix regulates cell

differentiation, organization, and function (McGowan 1992). The regulation of

cell activity is accomplished either by binding or release of growth factors, or

by activation of specific cell receptors (Riley 2000).
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During the early phase of embryonic development with rapid cell multiplication

and migration, hyaluronan, synthesized by undifferentiated cells, is the

dominating extracellular tissue component. During the subsequent tissue

condensation phase, both the relative bulk of the matrix and its hyaluronan

concentration decrease sharply. A further gradual decline in the hyaluronan

concentration during postnatal development has been established in many

tissues and organs. A similar sequence of events occurs during wound healing

(Laurent & Fraser 1992; Fraser & Laurent 1996; Toole 1998).

 Lung hyaluronan. The lung hyaluronan concentration decreases during lung

development, with the lowest concentrations near term (Allen et al 1991). The

distribution within the lung also changes; in the early embryonic stages

relatively large amounts are found in the interstitium, which then gradually

becomes depleted of hyaluronan as development progresses. In the adult lung

hyaluronan is normally found only in the regions surrounding major blood

vessels, bronchi, and bronchioli. Macrophages expressing CD44, and thus able

to internalize and degrade hyaluronan, progressively increase in number during

lung development, and they are considered to be at least partly responsible for

the decrease in lung hyaluronan concentration seen during development

(Underhill et al 1993). In monkeys, this decrease in lung hyaluronan occurs

despite the fact that cell hyaluronan synthesis in mixed lung parenchyma seems

to increase during gestation to reach a maximum at term, falling abruptly

thereafter (Juul et al 1993).

Preterm birth. Preterm birth can affect the complex interplay between

regulatory factors and their receptors, and thereby the subsequent lung

development (Randell & Young 2000). An increase in the number of pulmonary
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smooth muscle and goblet cells, more pronounced in ventilated infants, has

been found in infants that died after preterm birth (Hislop & Haworth 1989).

Exposure to high oxygen concentrations can also interfere with the lung

developmental process by arresting the formation of alveoli (Massaro &

Massaro 2000). In experimental animals, increased collagenase activity and a

profibrotic inflammatory reaction have also been associated with hyperoxia

(Riley 2000). Corticosteroids can also inhibit cell division in the lung, and a

decrease in the number of alveoli has been found following antenatal (Willet et

al 1999) or postnatal (Massaro & Massaro 2000) steroid administration in

experimental animals.

Hyaluronan

Structure. Hyaluronan belongs chemically to the group of connective tissue

polysaccharides called glycosaminoglycans. It is a linear polymer of

hyalobiuronic acid, composed of repeating disaccharide units of D-glucuronic

acid and N-acetyl-D-glucosamine. The molecular weight of hyaluronan

extracted from tissues varies between 105 and 107. In solution, hyaluronan forms

a stiffened random coil, stabilized by hydrogen bonds, that can contain

approximately 1,000-fold more water than polymer (Laurent & Fraser 1992;

Fraser & Laurent 1996).

Synthesis. Hyaluronan can be synthesized by most mammalian cells. The

synthesis takes place in the plasma membrane, where the hyaluronan chain then

grows. It is proposed that this occurs by addition of sugar residues at the

reducing end on the inside of the membrane. The completed chain is

translocated to the pericellular space. Several growth factors, other cytokines,

and hormones can activate the synthesis (Laurent & Fraser 1992; Fraser &
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Laurent 1996). Three different mammalian hyaluronan synthases are known.

These produce hyaluronans of different chain lengths that can affect cell

behavior in different ways. The pattern of expression of the different synthase

genes also varies over time during embryonic development (McDonald &

Spicer 1998).

Turnover. Hyaluronan shows a rapid turnover rate in most tissues, supposedly

to facilitate its role in physiological regulatory mechanisms. The synthesis is

usually balanced by catabolism, whereby a constant concentration is maintained

in the tissue under normal conditions. The hyaluronan concentration varies both

between different tissues, the highest concentrations being found in the

umbilical cord, and between different species. A substantial amount of

hyaluronan is degraded within the tissues, where it is internalized into cells and

degraded in its lysosomes. Hyaluronan is also removed from the extracellular

matrix by the lymphatic system. The reticulo-endothelial cells lining this system

take up and degrade almost 90 percent of the hyaluronan removed in this

manner, before the remainder reaches the vascular system. Circulating

hyaluronan is rapidly degraded by the liver. During inflammatory processes,

degradation in the tissue by macrophages or by free radicals is often enhanced

(Laurent & Fraser 1992; Fraser & Laurent 1996; Hascall & Laurent 1997).

Binding to hyaladherins. Hyaluronan is able to bind to a large number of

proteins, termed hyaladherins, that are present in the extracellular matrix and on

the cell surface. They all recognize and bind to a 6-12 sugar chain of

hyaluronan. Supermolecular complexes of proteoglycans formed by such

bindings contribute to the functional properties of the matrix. The CD44

receptors are a family of transmembrane glycoproteins, which when activated

by hyaluronan binding can alter cellular behavior (i.e., aggregation, and
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adhesion), and cause hyaluronan endocytosis and consequent catabolism in lung

macrophages. Other receptors influence cell locomotion (receptors for

hyaluronan-mediated motility, RHAMM) and clearance of circulating

hyaluronan in the liver (Fraser & Laurent 1996). The process by which

hyaluronan binding to a receptor influences cell signaling pathways and the

cytoskeletal arrangement to alter cellular behavior is presently being clarified

(Bourguignon et al 1999).

Detection. The currently most accurate methods for measurement of

hyaluronan, using hyaladherins as ‘antibodies’ in RIA or ELISA-like assays,

can detect as little as 1 ng (Laurent & Fraser 1992). Several different assays are

now used, but the differences found between them have been small compared to

the biological variation, and the results of clinical investigations in which the

various methods have been applied are therefore considered comparable

(Lindqvist et al 1992). In all the studies presented in this thesis, a radiometric

assay with iodinated hyaluronan-binding proteins (HABP) from proteoglycan

aggregates was used (Brandt et al 1987). In short, this method involves

incubating the sample with 125I-HABP, followed by recovery of unbound

protein on hyaluronan-Sepharose gel. The gel is separated by centrifugation and

its radioactivity is determined in a gamma counter. The level of radioactivity is

inversely related to the hyaluronan concentration in the sample. Hyaladherins

can also be used to detect hyaluronan in tissue slides by a technique similar to

immunohistochemical methods (Ripellino et al 1985), and this techniques was

employed in the studies presented in this thesis.

Biological effects. Hyaluronan plays a structural role in many tissues. At

physiological concentrations, hyaluronan forms a random network of chains

that allow less and less space for other molecules the larger they are, and



14

thereby regulate the distribution and transport of plasma proteins in the tissues.

Hyaluronan exhibits non-ideal osmotic behavior, and at higher concentrations it

creates a higher osmotic pressure than expected from the molar concentrations.

In tissue matrix, hyaluronan has a considerable capacity for retarding water flow

and particle movement. The water contained within the hyaluronan coil is

mainly mechanically immobilized and not chemically bound. Hyaluronan can

also protect tissues against free radical damage, supposedly by deterring

potentially damaging enzymes from reaching the cells (Laurent & Fraser 1992;

Fraser & Laurent 1996; Hascall & Laurent 1997).

Hyaluronan is also involved in the immune response. Hyaluronan can enhance

or inhibit cell phagocytosis depending on its molecular weight, and can also

stimulate pinocytosis (Fraser & Laurent 1996). Through binding to the CD44

receptors, hyaluronan can trigger the release of a variety of inflammatory

mediators, growth factors, and other cytokines, effects that are also dependent

on its molecular weight (Camenisch & McDonald 2000). A host of cytokines

have been found to increase hyaluronan synthesis (Elias et al 1988; Sampson et

al 1992), and during inflammatory processes the tissue hyaluronan

concentration is often increased in parallel with an increase in water content

(Gerdin & Hällgren 1997).

Lung hyaluronan. Increased lung hyaluronan concentrations have been

associated with several noninfectious inflammatory lung diseases in adult

humans (Modig et al 1989; Bjermer et al 1987), and after lung injury in adult

experimental animals (Nettelbladt et al 1989; Teder et al 1995; Savani et al

2000).
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In the neonatal period, the lung hyaluronan concentration has been found to

increase progressively with increased severity of IRDS in premature monkeys

(Juul et al 1994). The increase in hyaluronan concentration found in that study

was parallel with an increase in specific staining for hyaluronan in alveolar

microvasculature. One underlying cause of the increased lung hyaluronan

associated with IRDS in the monkey appears to be an increased synthesis (Juul

et al 1993). In contrast, lower lung hyaluronan concentrations than in control

animals have been found in neonatal piglets with group B streptococcal (GBS)

pneumonia (Juul et al 1996). Antenatal administration of one to four doses of

the glucocorticoid betamethasone did not affect the lung hyaluronan

concentration in preterm lambs in one study (Ikegami et al 1997). Exposure of

3-day-old term rats to a high oxygen concentration has been found to cause an

increase in the lung hyaluronan concentration and wet-to-dry lung weight

(W/D) ratio, with maximal values after 5-7 days of exposure (Juul et al 1995).

In that study, increased staining for hyaluronan was found in perivascular cuffs

of medium-sized arteries and in the alveolar walls in lungs from animals

exposed to hyperoxia. The effects of other perinatal complications and

treatments on the lung hyaluronan concentration or distribution have not been

reported previously.

Lung water

Lung fluid secretion. Changes in the lung water content during gestation and the

neonatal period have been studied extensively in experimental animals. During

gestation the lungs secrete liquid into potential air spaces, a process necessary

for normal lung growth. The major underlying process appears to be

transepithelial chloride secretion. The hourly rate of production increases up to
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near term. This supposedly reflects the increase in the pulmonary vascular and

epithelial surface areas that is associated with lung development. However, the

lung water content remains fairly constant during the last trimester (Bland

1998).

Lung fluid absorption. The secretion of lung fluid begins to decrease 2 to 3 days

before spontaneous vaginal delivery (Kitterman et al 1979), and onset of labor

before birth, either vaginally or by cesarean section, is associated with a

decrease in lung water content at birth (Bland et al 1979). The cause of this

reduction in fetal lung liquid secretion, which often occurs before any

detectable release of catecholamines takes place and which cannot be prevented

by β-adrenergic blockade, is unclear. Some observations support roles of both

nitric oxide and surfactant in this process (Bland 1998). Parallel to the decrease

in chloride secretion, sodium absorption in the pulmonary epithelium increases.

This active sodium absorption is accomplished by alveolar type II cells, which

have abundant Na+,K+-ATPase on their basolateral surface. The absorption can

be increased by β-adrenergic stimulation, and decreased by the administration

of amiloride (a sodium-transport inhibitor), or ouabain (an inhibitor of Na+,K+-

ATPase) (Bland 1998). Also, events associated with term, such as the increase

in intravascular protein osmotic pressure that occurs near term, and labor, may

stimulate the sodium absorption, and evidence suggests that both

glucocorticoids and surfactant may promote this absorption by increasing the

Na+,K+-ATPase activity. The sodium pump turnover is reduced in fetal lung

epithelial cells, indicating lower activity before term (Bland 1998). Aquaporins,

small hydrophobic membrane proteins that can mediate osmotic water

movement in the adult lung, are developmentally regulated. They have been

detected near term, and their expression is increased during the first week of

life. It has been proposed that aquaporins may be involved in the transition to
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fluid absorption around birth, but their role in this process remains unclear

(Carter et al 1997).

Perivascular puddling. At birth, air inflation shifts residual lung liquid from the

airways to the interstitium, where it accumulates in the perivascular space

around large pulmonary blood vessels, a space which can be distended with

little or no impairment of lung function. This puddling allows time for this fluid

to be cleared by small pulmonary blood vessels and lymphatics. In rabbits, the

lung water content begins to decrease 30 to 60 minutes after birth, and by 6

hours after birth the perivascular fluid collections have normally vanished. In

mature lambs, the transepithelial lung liquid clearance is completed in 2 to 3

hours, and the further drainage from the interstitium into the circulation is

complete by 6 hours. After preterm birth, the clearance of water from the lungs

is often delayed (Bland 1998; Bland & Carlton 2000).

Pulmonary edema. An increased lung water content, pulmonary edema, is an

important feature of many lung diseases affecting the newborn. This edema can

result from increased filtration pressure in the microcirculation of the lungs, e.g.

following hypoxia. Lymphatic obstruction, for example in pulmonary interstitial

emphysema, may also increase the lung water content. In preterm infants,

hypoproteinemia and a consequent low intravascular osmotic pressure may

predispose to this development. Hyperoxia and infection may injure the

pulmonary vascular endothelium, leading to accumulation of protein-rich fluid

in the lungs (Bland 1983). Pulmonary edema, mainly as a consequence of

increased microvascular permeability, can also result from ventilator treatment

with a high tidal volume (Dreyfuss & Saumon 1998).
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Hyaluronan and lung water. In a study in the rabbit, perinatal changes in the

lung hyaluronan concentration were found not be accompanied by parallel

changes in the lung water content (Allen et al 1991), and the role of hyaluronan

in the perinatal adaptation process of the lung water content to extrauterine life

is still unclear. In the above-cited studies of lung hyaluronan under neonatal

pathological conditions (Juul et al 1993; Juul et al 1994; Juul et al 1996), the

lung water content was not assessed.
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PRESENT INVESTIGATION

Aims

The overall aim of this investigation was to gain further knowledge of the

variations in the lung hyaluronan concentration, lung hyaluronan distribution,

and lung water content after preterm or term birth, and of the changes produced

by common antenatal and postnatal pathological conditions and treatments. The

study was partly experimental (Papers I-III), using rabbit pups, and partly

clinical (Paper IV), on deceased human infants.

The specific aims of the experimental studies were to investigate variations in

the lung hyaluronan concentration, lung hyaluronan localization, and lung water

content:

•  at birth and during the immediate neonatal period following preterm or

term delivery (Paper I).

•  during the immediate neonatal period after exposure to a high oxygen

concentration (Paper I).

•  at preterm birth after antenatal exposure to betamethasone (Paper II).

•  at preterm birth after antenatal exposure to terbutaline (Paper III).

The specific aim of the clinical study was to determine the relationship between

lung hyaluronan concentration and gestational age, postnatal age at death,

perinatal complications, and methods of treatment in deceased human infants

(Paper IV).
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Methods

In the experimental studies (Papers I-III), New Zealand White rabbits were

used. In order to determine the gestational age of the pups correctly, the does

were either inseminated (Paper I) or allowed to mate for 2 hours (Paper II-III),

and this was considered day 0 of gestation. The normal duration of gestation in

this breed of rabbit is 31 days.

In the first study (Paper I), pups were delivered by cesarean section at a

gestational age of 29 or 30 days, and some does were left to deliver

spontaneously. Spontaneous birth occurred at a mean gestational age of 30.7 +

0.94 (SD) days (range 29-34 days). All pups were subsequently kept in

incubators at 32-34oC, either in room air or exposed to continuous or

intermittent hyperoxia (> 85%). The pups were killed by an injection of

thiopental sodium at different ages up to 8 days post-term. Pups that died

spontaneously were excluded from further analysis.

In the subsequent studies, does were injected subcutaneously (s.c.) with either

0.75 mg betamethasone (Paper II), 30 µg terbutaline (Paper III), or saline

(controls), one day before delivery at gestational ages of 25, 27, 28, or 29 days

(Paper II), or 27, 28, or 29 days (Paper III). In addition, two does were given a

s.c. injections of betamethasone on two consecutive days before delivery at a

gestational age of 25 days (Paper II), and four does were given s.c. injections of

betamethasone at 25 days of gestation, followed by a s.c. injection of terbutaline

at 26 days of gestation, before delivery at 27 days of gestation (Paper III). The

pups were killed by an injection of thiopental sodium immediately after birth.
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The lungs were removed en bloc immediately after death. The right lung was

fixed in formalin buffer with microwave heating, according to the method

described by Hellström et al (1990). From the five lungs in each group that had

a concentration of hyaluronan per dry lung weight closest to the mean

concentration in that group, 5-6 µm thick cryostat sections were taken and

stained with hematoxylin and eosin, and labeled in situ for hyaluronan with a

biotinylated hyaluronan-binding protein according to the method of Rippelino

et al (1985). The intensity of the hyaluronan staining of visceral pleura,

arterioles, bronchioli, and the alveolar interstitial space was semiquantified on a

0 to 3 scale, by one author (L.E.) before knowledge of background data was

obtained.

The left lung was weighed and frozen and then freeze-dried for 72 hours. The

dried lung was reweighed, and the water content was calculated as the W/D

ratio. The dried lungs were then digested with Pronase, and the content of

hyaluronan was subsequently determined with a radiometric assay kit

(Pharmacia HA Test, Pharmacia, Uppsala, Sweden; Brandt et al 1987). The

intra-assay and inter-assay coefficients of variation with this method are both <

10%, and no measurable interference from chondroitin sulphate (< 100 mg/l),

keratan sulphate (< 50 mg/l), or fibronectin (< 500 mg/l) has been found. The

hyaluronan concentration was calculated in relation to the dry and wet lung

weights.

In the clinical study (Paper IV), lung tissue (approximately 1 cm3) was taken,

with parental consent, from each of the five lung lobes at the clinical autopsy

(performed as early as possible, in all cases within 48 hours of death) of 117

infants who died in 1990-96 at an age of 0-228 days (0-32 weeks) after preterm

(gestational age 21-36 weeks) or term birth. The samples were divided into two
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parts. One part was frozen for subsequent measurements of hyaluronan and lung

water, and the other part was stored in a formaldehyde solution until embedded

in paraffin, and then used for specific staining for hyaluronan according to the

method described by Ripellino et al (1985).

The W/D ratio was determined by dividing the wet lung weight by the dry lung

weight. Hyaluronan was extracted by adding saline buffer to the pulverized

freeze-dried lung tissue, and the samples were then centrifuged. The

supernatants were used for determining the hyaluronan content with a

radiometric assay kit (Pharmacia HA Test, Pharmacia, Uppsala, Sweden; Brandt

et al 1987), and the lung hyaluronan concentration was calculated in relation to

dry lung weight.

Patient data were extracted from archived clinical charts.

Statistical analysis of differences between differently treated groups in studies

I-III was performed either with a two-tailed independent sample t test (two

groups), or with a one-way analysis of variance (ANOVA), followed by the

Bonferroni (equal variance) or the Tamhane T2 (unequal variance) post hoc test

(more than two groups). In study I, the semiquantitative staining scores and

mortality rates were analyzed by the Kruskal-Wallis H test. Differences between

different groups were evaluated for significance by the Mann-Whitney U test.

Covariance analysis was performed with the Pearson correlation. In study IV,

statistical analysis was performed with a two-tailed independent-sample t test

(qualitative variables), Spearman’s rank correlation method with two-tailed

significance (quantitative variables), one-way ANOVA (cause of death), and

stepwise linear logistic regression analysis. For all statistical analyses the
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software SPSS version 10.0 (SPSS, Chicago, IL) was used. In all tests the level

of statistical significance was set at p< 0.05.

Ethical approval. The study was approved by the Uppsala University Animal

Trials Ethics Committee (C 35/90, C 80/91, and C 226/96; Papers I-III), and the

Uppsala University Human Ethics Committee (no. 53/94; Paper IV).

Results

Postnatal changes after preterm or term delivery (Paper I)

The aims of this part of study I were to determine the lung hyaluronan

concentration, lung hyaluronan distribution, and lung water content during a

longer neonatal period (7-9 postnatal days) than that studied previously, also

with inclusion of pups delivered preterm. Three groups were studied: pups

delivered by cesarean section at a gestational age of 29 days, pups delivered by

cesarean section at a gestational age of 30 days, and pups born vaginally around

term.

The lung hyaluronan concentration at birth decreased progressively with

advancing gestational age from 29 to 31 days. No significant change in the lung

hyaluronan concentration was found in any of the gestational age groups during

the first 7-9 postnatal days. When the hyaluronan staining scores at birth were

compared with those during the studied postnatal period, no significant changes

were found.

The lung water content at birth, calculated as the W/D ratio, was high in pups

delivered at a gestational age of 29 or 30 days, and significantly lower in those



24

born at a gestational age of 31 days. In pups delivered at a gestational age of 29

or 30 days, all the W/D ratios after birth were significantly lower than the ratio

at birth. Pups born in spontaneous vaginal delivery at a gestational age of 30

days had a W/D ratio at birth of the same magnitude as that in pups delivered by

cesarean section at the same gestational age. In vaginally delivered pups, only

the W/D ratio at birth at a gestational age of 30 days was significantly higher

than the W/D ratio found in pups killed at term or at 2, 4, 6 or 8 days post-term.

In summary, the lung hyaluronan concentration at birth was found to decrease

during the last days of gestation (29-31 days) in rabbit pups, while no

significant change was observed during the first 7-9 postnatal days either in this

concentration or in the distribution of hyaluronan in the lung. The lung water

content was high in pups delivered preterm, and decreased significantly shortly

after birth. In pups born after spontaneous vaginal delivery at term, the lung

water content was low at birth and did not change during the investigated

neonatal period.

When the results from the vaginally delivered pups in study I are considered

together with the results for control pups in study II delivered by cesarean

section (Fig. 1), these results show that the lung hyaluronan concentration was

very high at birth at a gestational age of 25 days, then decreased gradually with

advancing gestational age up to term, when the concentration was less than 20

percent of that at 25 days. The mean lung hyaluronan concentrations at

postconceptional ages > 33 days were not significantly different from the

concentration at term.
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Figure 1. Mean lung hyaluronan (µg/g dry lung weight) concentration at birth
in relation to postconceptional age (and term=31 days) in control pups delivered
by cesarean section (c.s.) (Paper II), and in pups born after spontaneous vaginal
delivery (spontaneous) around term (Paper I). The dams of the control pups had
received an injection of saline one day before delivery.

In contrast, the lung water content at birth was unchanged during late gestation,

from day 25 to term, but decreased markedly after birth (Fig. 2).
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Figure 2. Mean wet-to-dry lung weight ratio in relation to postconceptional age
(and term=31 days) in control pups delivered by cesarean section (c.s.) (Paper
II), and in pups born after spontaneous vaginal delivery (spontaneous) around
term (Paper I). The dams of the control pups had received an injection of saline
one day before delivery.

Oxygen exposure (Paper I)

The aim of this part of study I was to determine the effects of neonatal

hyperoxic exposure on the lung hyaluronan concentration, lung hyaluronan

distribution, and lung water content, and also to examine the influence on these

parameters of gestational age at birth and mode of oxygen administration

(intermittent or continuous). The pups described in the previous section served

as controls.
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A significantly higher hyaluronan concentration per dry lung weight was found

at 6 days post-term in pups delivered at a gestational age of 29 days and

exposed to continuous, but not to intermittent, hyperoxia than in pups kept in

room air. When pups exposed to both modes of oxygen administration were

pooled, they together displayed a significantly higher mean hyaluronan

concentration than the pups kept in air. Four days post-term the W/D ratio in the

pups exposed to continuous hyperoxia was significantly higher than that in pups

kept in room air, while no significant change in water content was found after

intermittent oxygen exposure.

In pups delivered at a gestational age of 30 days, exposure to hyperoxia, both

continuous and intermittent, resulted in significantly higher hyaluronan con-

centrations at 6 days post-term, than were found in pups kept in room air.

Concomitantly, significantly higher W/D ratios were noted in comparison with

pups kept in air. When pups exposed to both modes of hyperoxia were pooled,

they showed a mean hyaluronan concentration that was significantly higher than

that in pups kept in air.

Pups delivered spontaneously around term and exposed to continuous or

intermittent hyperoxia showed hyaluronan concentrations per dry lung weight at

6 days after term that were not significantly different from the value in pups

kept in room air. When pups exposed to both modes of hyperoxia were pooled,

they together displayed a significantly higher mean hyaluronan concentration

than the pups kept in air. Four days post-term, the pups exposed to intermittent

hyperoxia showed a significantly higher W/D ratio than the pups kept in air.

When pups born spontaneously and killed 4 and 6 days post-term were pooled,

highly significant differences were found in both lung hyaluronan concentration

and W/D ratio.
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When the groups of pups exposed to the two different modes of hyperoxia were

compared no significant difference in hyaluronan concentration or W/D ratio

was found, except that four days post-term the W/D ratio in the pups delivered

by cesarean section at a gestational age of 29 days exposed to continuous

hyperoxia was significantly higher than the ratio in pups exposed to intermittent

hyperoxia.

In pups delivered by cesarean section at a gestational age of 29 days, the

semiquantitative hyaluronan staining scores for alveoli, arterioles and

bronchioli in the group exposed to intermittent hyperoxia were significantly

higher 6 days post-term than at birth. In the group exposed to continuous

hyperoxia only the alveolar score was significantly higher 6 days post-term than

at birth, while the staining scores for arterioles and bronchioli were higher, with

borderline significance, than those at birth. In all treatment groups of pups

delivered by cesarean section at a gestational age of 30 days, the staining of

alveoli was not significantly different 6 days post-term from the score at birth.

In pups delivered spontaneously around term, the staining scores of alveoli in

all groups 4 and 6 days post-term were not significantly different from the score

at birth.

Only a weak correlation between the lung hyaluronan concentration and lung

water content was found. Regression analysis resulted in r=0.166 (adjusted

r2=0.025) for all pups, and r=0.252 (adjusted r2=0.058) for all pups exposed to

hyperoxia. The pups delivered at a gestational age of 30 days exposed to

continuous hyperoxia at 6 days post-term showed an approximate doubling of

the hyaluronan concentration, parallel with an approximately 20% increase in

the W/D ratio.



29

In summary, this part of study I demonstrated that exposure to hyperoxia in the

neonatal period in both term and preterm rabbit pups can result in an increase in

the lung hyaluronan concentration, parallel to an increase in the lung water

content. This response was more pronounced in pups delivered preterm. No

marked difference in the results was found after exposure to intermittent or

continuous hyperoxia. Specific staining for hyaluronan in lung tissue revealed

that the excess hyaluronan in the hyperoxia-exposed lungs was located mainly

in the perialveolar interstitium, and in bronchiolar and arteriolar walls. There

was only a weak correlation between lung hyaluronan concentration and water

content, indicating that the tissue hyaluronan is largely a part of the normal

structure.

Antenatal betamethasone exposure (Paper II)

The aim of this study was to determine whether antenatal exposure to a

corticosteroid decreases the lung hyaluronan concentration, or alters the

hyaluronan distribution within the lung, or the lung water content at birth, in

preterm rabbit pups. Betamethasone was chosen, since it is one of the two

agents recommended for prevention of IRDS in the human infant (Ballard &

Ballard 1995). The dose, calculated as mg/kg maternal weight, was comparable

to that used in humans.

The main finding in this study was that preterm rabbit pups exposed to one dose

of betamethasone, given to the dam one day before delivery, and delivered at a

gestational age of 25 or 27 days, had lower lung hyaluronan concentrations than

control pups of corresponding gestational ages (Fig 3). Among pups delivered

at 28 or 29 days, there was no difference in the lung hyaluronan concentration

between those exposed antenatally to betamethasone and control pups of
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corresponding gestational ages. Pups delivered at a gestational age of 25 days

exposed to two doses of betamethasone had a lower mean lung hyaluronan

concentration than control pups, but this concentration did not differ

significantly from that in pups of the same gestational age exposed to only one

dose of betamethasone.
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Figure 3. Mean hyaluronan concentrations (µg/g dry lung weight) at birth in
preterm rabbit pups exposed to one dose of betamethasone or saline and
delivered at a gestational age of 25, 27, 28 or 29 days (Paper II).

Among pups delivered at a gestational age of 25 days, the staining for

hyaluronan in the alveolar walls was much less intense in those exposed to

betamethasone antenatally than in controls of the same maturity. Among pups
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born at a gestational age of 27 days, the staining differed less markedly between

these two groups of pups. In pups born at a gestational age of 28 or 29 days, no

obvious difference in staining for hyaluronan was observed.

The lung water content did not differ between rabbit pups exposed to one

antenatal dose of betamethasone and control pups. Only in pups delivered at a

gestational age of 25 days and exposed to two doses of betamethasone was the

lung water content higher than in control pups of the same gestational age.

In summary, antenatal exposure to betamethasone decreased the lung

hyaluronan concentration at birth in preterm rabbit pups delivered at a

gestational age of 25 or 27 days, but not in those delivered at 28 or 29 days.

This lower lung hyaluronan concentration was accompanied by clearly less

intense staining for hyaluronan in the subepithelial tissue in the alveolar walls.

The lung water content at birth was not altered by administration of one dose of

betamethasone in pups delivered at any of the gestational ages studied.

Administration of two equal doses of betamethasone preceding delivery at 25

days of gestation did not result in a lower lung hyaluronan concentration at birth

than that seen in pups exposed to only one dose of betamethasone. However, in

pups exposed to two doses of betamethasone the lung water content at birth was

higher than that in controls.

Antenatal terbutaline exposure (Paper III)

The aims of this study were to determine whether antenatal exposure to

terbutaline altered the lung hyaluronan concentration, lung hyaluronan

distribution, and lung water content at birth in preterm rabbit pups, and to

examine the influence of prior betamethasone exposure on the response to

terbutaline administration.
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Figure 4. Mean hyaluronan concentrations (µg/g dry lung weight) at birth in
preterm rabbit pups exposed to one dose of terbutaline or saline and delivered at
a gestational age of 27 to 29 days (Paper III).

The main finding in this study was that administration of terbutaline to the

rabbit dam one day before preterm delivery at 27 to 29 days of gestation

resulted in a lower lung hyaluronan concentration at birth in the pups, compared

to control pups delivered at the same gestational age. This reduction of the lung

hyaluronan concentration increased with advancing maturity. The lower

hyaluronan concentration noted in pups exposed to terbutaline was also

reflected by weaker staining for hyaluronan in the alveolar walls in lung

sections from pups delivered at 28 or 29 days. There was no difference in the
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lung water content between pups exposed to terbutaline and control pups of the

same gestational age.

Administration of betamethasone at 25 days of gestation, followed by

terbutaline at 26 days and delivery at 27 days of gestation, did not result in a

lower lung hyaluronan concentration at birth in these pups than that observed in

the previous study (Paper II) in pups delivered at the same gestational age and

exposed to only one dose of betamethasone.

Clinical study (Paper IV)

The aim of this study was to determine perinatal influences on the lung

hyaluronan concentration at death of gestational age, postnatal age, specific

complications and methods of treatment in infants that died during the first 32

weeks of life, after preterm or term birth.

For analyses, the infants were divided into subgroups according to gestational

age and postnatal age at death.

In infants born at a gestational age of < 32 weeks, a high lung hyaluronan

concentration was significantly associated with vaginal delivery, IRDS, and

surfactant treatment. The lung hyaluronan concentration covaried inversely with

gestational age, birth weight, and weight at death.

In infants born at a gestational age of < 32 weeks that died at a postnatal age of

< 24 hours, a high lung hyaluronan concentration was significantly associated

with female sex, antenatal steroids not given, intrauterine bleeding, vaginal

delivery, IRDS, and surfactant treatment. The lung hyaluronan concentration

covaried positively with Apgar score at 5 min, and postnatal age at death
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(completed hours < 24), and covaried inversely with gestational age, and birth

weight.

In infants born at a gestational age of < 32 weeks that died at a postnatal age of

1-5 days, no significant covariation was found. In infants born at a gestational

age of < 32 weeks that died at a postnatal age of > 6 days, the lung hyaluronan

concentration was inversely correlated to the number of days of continuous

positive airway pressure (CPAP) treatment.

In infants born at a gestational age of > 33 weeks, a high lung hyaluronan

concentration was significantly associated with treatment with a fraction of

inspired oxygen (FiO2) > 0.5, and the lung hyaluronan concentration covaried

positively with postnatal age at death (completed hours < 24), and W/D ratio.

In infants born at a gestational age of > 33 weeks that died at a postnatal age of

< 24 h, the lung hyaluronan concentration covaried positively with postnatal

age at death (completed hours < 24).

Because of the few infants in each group, infants born at a gestational age of >

33 weeks that died at a postnatal age of 1-5 days, and corresponding infants that

died at an age of > 6 days, were analyzed together. In this group, a high lung

hyaluronan concentration was significantly associated with delivery by cesarean

section. The lung hyaluronan concentration covaried positively with maximal

positive inspiratory pressure (PIP) in the first 24 hours, and W/D ratio, and

covaried inversely with gestational age, and Apgar score at 5 minutes.

In all infants, the highest mean lung hyaluronan concentration in groups defined

by cause of death was found in the two infants that died of bronchopulmonary
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dysplasia (BPD), and high concentrations were also associated with death from

intestinal necrosis, cerebral hemorrhage, and IRDS. When the means were

compared, the only significant differences were found between infants that died

of cerebral hemorrhage and infants that died of fetal hydrops or unspecified

fetal causes.

In summary we found that in infants born at a gestational age of < 32 weeks the

lung hyaluronan concentration at death was most strongly associated with the

gestational age at birth. In this gestational age group the lung hyaluronan

concentration also covaried with sex, antenatal steroid administration,

intrauterine bleeding, mode of delivery, birth weight, IRDS, and surfactant

treatment. In infants born at a gestational age of > 33 weeks there was a weaker

association between the lung hyaluronan concentration and gestational age. In

this gestational age group a high lung hyaluronan concentration was associated

with administration of a high concentration of oxygen or the use of a high

ventilatory pressure. In infants born at a gestational age of > 33 weeks there was

a significant correlation between the lung water content and the lung

hyaluronan concentration.
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DISCUSSION

Hyaluronan has important functions in the lung during development and in later

life, and has the important property of having a high water-binding capacity

(Laurent & Fraser 1992). In experimental lung injury, an increase in the

hyaluronan concentration has been found to be paralleled by an increase in the

lung water content both in neonatal (Juul et al 1995) and in adult animals

(Nettelbladt et al 1989). An increased lung water content can also be an

important sequel of preterm birth and of pulmonary disease in the neonatal

period (Bland & Carlton 2000), and is thus of clinical interest. It was therefore

considered important to investigate neonatal changes in lung hyaluronan

concentration and distribution, and subsequent changes in lung water content.

One previously published study had addressed this problem (Allen et al 1991).

In rabbit pups, the lung hyaluronan concentration was found to decrease with

advancing gestation, from a high level six days before term to a minimum one

day before term, and then to increase during the first four days of life after term

birth. Specific staining for hyaluronan also decreased progressively with

gestation, especially in the interalveolar region, and then increased again

postnatally in the pleura and bronchiolar epithelium. The water content was

high prior to term, and then decreased during the first days of life.

In a study in rabbit pups (Paper I), we found that close to term the lung

hyaluronan concentration gradually decreased and the hyaluronan staining in

the alveolar walls became weaker with advancing gestational age at birth, and

that the concentrations then remained unchanged during the first postnatal

week. Our results differ from those of Allen et al (1991) mainly in the lower

lung hyaluronan concentration at 30 days of gestation found in their study,
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while the concentrations found at term were similar in the two studies. The

methods used were similar, and the reason for this difference is unclear.

The lung water content decreased significantly after birth preterm or at term,

and remained low during the first postnatal week, as was also found by Allen et

al (1991).

In conclusion, changes in the lung water content do not occur in parallel with

changes in the lung hyaluronan concentration during late gestation and in the

immediate neonatal period, and it thus appears that other mechanisms are

responsible for the marked decrease in lung water that is seen after preterm

delivery or at birth at term. The major cause of this latter decrease seems to be

the switch from secretion to absorption in the lung epithelium, and the

subsequent clearance of water from the lungs (Bland 1998).

Following preterm birth, the balance between secretion and absorption in the

airways may be disturbed, resulting in interstitial edema. Also, many

pathological pulmonary processes (e.g. IRDS and BPD) during the neonatal

period involve injuries that promote fluid retention (Bland & Carlton 2000).

This edema is known to disturb the alveolar gas exchange by obstructing

diffusion and probably by increasing ventilation/perfusion mismatching.

Treatment of neonatal disorders often includes prolonged oxygen

supplementation and/or ventilatory support, both of which per se may increase

the tendency to interstitial edema (Bland 1983; Davies et al 1991; Dreyfuss &

Saumon 1998). Hyperoxia, as well as reoxygenation episodes (Saugstad 1996),

may also, through the production of free oxygen radicals, cause interstitial

edema, with consequent repeated obstruction of gas exchange and lung

structural damage (Devaskar et al 1994). In experimental lung injury in adult
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animals, parallel increases in the lung hyaluronan concentration and lung water

content have been found (Nettelbladt et al 1989), and in view of the common

occurrence of supplementary oxygen treatment of newborn infants, it was of

interest to determine the effects of this treatment on these parameters.

The findings of an increased lung hyaluronan concentration and lung water

content, accompanied by more intense staining for hyaluronan in alveoli,

arterioli, and bronchioli, in newborn preterm and term rabbits after exposure to

4-9 days of hyperoxia in our study (Paper I), are similar to those in term rats

reported by Juul et al (1995). In the latter study, exposure to a high oxygen

concentration from 3 days of life was also found to cause parallel increases in

the lung hyaluronan concentration and lung water content, with maximal values

after 5-7 days of hyperoxic exposure. Excess hyaluronan in the hyperoxia-

exposed lungs in that study was located around small and mid-sized vessels and

in alveolar walls. Other studies, without measurements of the hyaluronan

concentration, have shown that hyperoxia alone can cause lung injury with

inflammatory changes in neonatal animals (Davies et al 1991). The findings of

increased lung hyaluronan concentration and lung water content in study I are

also consistent with those associated with experimental lung injury in adult

animals (Nettelbladt et al 1989).

The response following exposure to a high oxygen concentration was more

marked in preterm pups. This was also expected, in view of the lower activity of

lung antioxidant enzymes and the lower ability to increase this activity in

response to hyperoxic exposure that are seen after preterm birth (Frank &

Sosenko 1991). The largest effects were found in pups delivered at a gestational

age of 30 days, while we had expected an even larger effect in pups delivered at

29 days. The observed lower-than-expected increase in the lung hyaluronan
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concentration and lung water content in 29-day pups might be a result of the

higher inadvertent mortality rate in this group; alternatively, the higher lung

hyaluronan concentration at birth might offer some protection against oxygen

injury, as observed by some investigators (Presti & Scott 1994; Cortivo et al

1996).

We found no marked difference between the results of intermittent and those of

continuous exposure to a high oxygen concentration. We had hypothesized that

intermittent hyperoxia might cause more pronounced changes, based on

evidence that hypoxia-reoxygenation can cause more lung damage (Kelly

1993). In study I, however, the periods of exposure to hyperoxia were alternated

with periods of normoxia, and both hypoxic and hyperoxic periods might be

required to further increase the lung injury.

The origin of the increased tissue hyaluronan concentration in inflammation is

unclear. Both increased synthesis and reduced degradation have been proposed

as causative factors. In mechanically ventilated preterm monkeys with IRDS,

increased hyaluronan synthesis has been found (Juul et al 1993), while in adult

rats with bleomycin-induced lung injury, decreased hyaluronan degradation by

alveolar macrophages without changes in lysosomal hyaluronidase activity has

been reported (Teder & Heldin 1997).

The use of antenatal corticosteroids to prevent IRDS in preterm infants was first

described by Liggins and Howie (1972), and is a regimen now used routinely.

Maternal corticosteroid administration before preterm birth is associated with a

reduced incidence of respiratory distress syndrome and a lower neonatal

mortality (Ballard 1995), which are generally considered to be due to a steroid-

induced increase in surfactant synthesis and/or release, and accelerated
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morphological development (Gross & Ballard 1998). In experimental animals,

accelerated lung maturation has been observed after steroid exposure (Kikkawa

et al 1971), but recent investigations have indicated that this maturation might

in effect be a ‘dysmaturation’, associated with impaired alveolarization (Willet

et al 1999). The effects of antenatally administered corticosteroids vary

considerably depending on the species, gestational age at exposure, and steroid

dosage (Seidner et al 1988). Preterm rabbits have been found to have improved

postnatal lung function after maternal corticosteroid administration without

showing an increase in the surfactant content of lung tissue or alveoli (Ikegami

et al 1989). In view of the important roles of hyaluronan during developmental

processes, and the widespread practice of administering corticosteroid

antenatally, it was of interest to investigate the effect of antenatal steroid

exposure on the lung hyaluronan concentration and distribution and on the lung

water content.

In one previously published study antenatal administration of one to four doses

of betamethasone to the ewe did not affect the lung hyaluronan concentration or

the lung water content in lambs mechanically ventilated for 40 minutes after

preterm delivery (Ikegami et al 1997).

The lower lung hyaluronan concentrations found at a gestational age of 25 or 27

days after antenatal betamethasone exposure in study II could be a consequence

of an inhibitory effect of betamethasone on hyaluronan synthesis, or of a direct

stimulation of hyaluronan degradation, or both. Either or both of these two

effects could in turn constitute one part of the general acceleration of lung

maturation that can be induced by antenatal administration of corticosteroids

(Ballard & Ballard 1995; Gross & Ballard 1998). The lack of effect on pups

delivered at 28 and 29 days of gestation might be explained by a hypothetical
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gestational age-related time window of corticosteroid sensitivity (Rider et al

1990), or by the almost complete lung maturation at 28 days of gestation

(Kikkawa et al 1971). The different finding in our study of rabbit pups

compared to that in sheep reported by Ikegami et al (1997) can probably best be

explained by the different species used (Pringle 1986; Seidner et al 1988), but

there were also other methodological differences, the most important being that

the sheep in their study were investigated after 40 minutes of mechanical

ventilation, while the rabbit pups in our study were killed immediately after

delivery.

After exposure to one antenatal dose of betamethasone no change in the lung

water content was found. However, in pups exposed to two doses of

betamethasone the lung water content at birth was higher than that in controls.

This finding is in conformity with two other reports. In preterm rabbit pups

delivered at a gestational age of 28 days, von Stepinska et al (1989) found an

increase in the pulmonary fluid content after the dams had received two doses

of betamethasone on the days preceding delivery. The administered doses were

approximately equal to those given in the present study. In fetal rats,

Schellenberg et al (1987) found an increase in lung water content following

antenatal exposure to dexamethasone. In other studies the lung water content

was found to be unaffected by antenatal steroid exposure, both in fetal rabbits

(Rider et al 1990; Kotas et al 1974) and in preterm lambs (Ikegami et al 1997).

Based on the results of the present study, we speculated whether the lower

hyaluronan concentration in the alveolar walls of pups delivered at a gestational

age of 25 or 27 days and exposed to betamethasone antenatally, might

contribute to a reduced amount of perialveolar lung water immediately after
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birth, and thus to improvement of gas diffusion between the alveoli and blood

vessels.

Terbutaline, a selective β2 receptor-stimulating drug, is widely used as a

tocolytic agent. The primary aim of this treatment is labor arrest, but terbutaline

readily crosses the placenta and may affect the fetus (Bergman 1981). In

preterm infants, the main effect on the lung observed after antenatal terbutaline

exposure is a lower incidence of IRDS (Palta et al 1998). Antenatal exposure to

terbutaline can cause release of surfactant in preterm rabbit pups (Ekelund et al

1981), and can decrease the production of luminal liquid over time in fetal

lambs (Chapman et al 1991). The effects of terbutaline exposure on the preterm

lung become increasingly pronounced during gestation, a finding which has

been explained by an increase both in the lung β-adrenoreceptor concentration

and in agonist-specific, high-affinity binding (Barnes et al 1984; Cheng et al

1980). In view of the important roles played by hyaluronan during

developmental processes, and the widespread practice of antenatal terbutaline

administration, it was of interest to investigate the effect of antenatal exposure

to terbutaline on the lung hyaluronan concentration and distribution and on the

lung water content.

In a study in rabbit pups (Paper III), we found a gradually greater reduction of

the lung hyaluronan concentration at birth with advancing gestational age after

antenatal exposure to terbutaline, paralleled by less intense hyaluronan staining

in alveolar walls. This finding is in accordance with the improved lung

compliance observed in preterm rabbits after terbutaline administration in the

study by Bergman et al (1978).
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The association between an increased effect of antenatal terbutaline exposure

and an increase in lung β-adrenoreceptor concentration and affinity suggests

that terbutaline affects the lung hyaluronan concentration through its β-

adrenergic activity, and it is known that stimulation of β-receptors in neonatal

experimental animals can reduce the DNA synthesis in the lung in an age-

dependent manner (Slotkin et al 1987). However, terbutaline can also intervene

in cellular processes in other ways than by receptor binding (Navarro et al

1991), and the mechanism by which terbutaline can alter the lung hyaluronan

concentration is still unclear. It is possible that either the synthesis or

degradation of hyaluronan, or both, are affected, leading to the observed

reduction in the lung hyaluronan concentration.

The lung water content did not change significantly after exposure to terbutaline

at any gestational age studied. It thus again appears that other factors than

hyaluronan have greater influence on the lung water content under these

circumstances.

Antenatal corticosteroid exposure, in association with its stimulating effect on

lung maturation described above, can accelerate the increase in lung cell β-

adrenergic receptors seen during late gestation (Barnes et al 1984; Cheng et al

1980). Combined administration of antenatal corticosteroids and tocolytic

agents has also been associated with a better neonatal outcome (lower mortality,

reduced risk of seizures) than the use of either drug alone or no treatment in

preterm human infants (Piper et al 1996). It was therefore of interest to

determine whether antenatal corticosteroid exposure alters the response to

subsequently administered terbutaline. No such effect was found in a study

(Paper III). The probable explanation for this is that the effect of betamethasone
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exposure at this gestational age is so pronounced that the additional effect of

terbutaline exposure is obscured.

On the basis of the results of this study we speculated whether the reduction in

the lung hyaluronan concentration after antenatal administration of terbutaline

might lead to a decrease in the amount of hyaluronan-immobilized water in the

alveolar walls, thereby facilitating gas exchange after the establishment of

breathing. In that case, the previously reported effects of antenatal

administration of terbutaline and other β2-adrenergic agonists to the mother, e.g.

the lower incidence of IRDS in preterm infants (Palta et al 1988) and the

improved lung compliance at birth in term infants (Eisler et al 1999), might to

some extent be due to a reduced hyaluronan concentration and hence a lower

water content in the alveolar walls.

Changes in the lung hyaluronan concentration in association with physiological

and pathological processes have been investigated in experimental animals, but

very little is known about the effects of these processes in the human infant.

Experimental conditions similar to those in animal experiments can obviously

not be created for humans, so in order to gain further knowledge in this area we

had to rely on an autopsy material, collected from infants with a varied

background regarding gestational age, postnatal age, cause of death,

complications, and treatments.

The main finding in the clinical study (Paper IV) was the strong association

between gestational age and lung hyaluronan concentration in infants born at a

gestational age of < 32 weeks. The gradual decrease in lung hyaluronan

concentration seen with advancing gestational age was consistent with our

findings in rabbit pups (Papers I and II). The significant covariation between
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both birth weight and weight at death and the lung hyaluronan concentration is

probably a result of the strong correlation between these variables and

gestational age.

Antenatal steroid administration to infants born at a gestational age of < 32

weeks that died within 24 hours of birth was associated with a lower lung

hyaluronan concentration, similar to the finding in our animal experiments

(Paper II). In contrast to the finding in rabbit pups (Paper III), antenatal

terbutaline administration was not associated with significant variations in the

lung hyaluronan concentration in the infants (Paper IV). However, the perinatal

conditions were quite different for the infants and the rabbit pups. Whereas the

pups in study III were exposed to terbutaline during an otherwise normal

gestation, the infants in study IV exposed to antenatal terbutaline were born at

the end of a pregnancy complicated by preterm labor, which might explain the

different findings.

There was a significantly higher lung hyaluronan concentration in infants born

after a pregnancy complicated by intrauterine bleeding compared to that in

infants born after a pregnancy not affected by this complication. Intrauterine

bleeding during pregnancy is a marker for several complications, some of which

might in turn influence the lung hyaluronan concentration through the release of

inflammatory mediators (Gomez et al 1998; Sampson et al 1992).

The increased lung hyaluronan concentration found in infants with IRDS in

study IV was consistent with the findings in animal studies (Juul et al 1993,

Juul et al 1994). Surfactant administration was associated with a significantly

higher lung hyaluronan concentration, an association that was most pronounced

in the infants who died within 24 hours. This association could seem a little
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surprising at first, since surfactant has not been found to stimulate hyaluronan

production in vitro by fetal lung fibroblasts and epithelial cells (Johnsson et al

1997), and in view of the fact that a lower lung hyaluronan concentration has

been found at an age of 6 hours in mechanically ventilated and oxygen-

supplemented preterm monkeys given surfactant immediately after delivery,

compared with non-surfactant-treated monkeys (Juul et al 1994). However, the

surfactant-treated monkeys in the study by Juul et al (1994) had a low incidence

of IRDS (9/16), whereas the non-surfactant-treated monkeys had a high

incidence of IRDS (16/17). In contrast, the surfactant-treated infants in study IV

had a high incidence of IRDS (50/61), a fact that in addition to the

methodological differences might explain this difference in findings.

The significant covariation between postnatal age at death (completed hours <

24) and lung hyaluronan concentration found in both gestational age groups was

interpreted as resulting from the impact of a few outliers.

The higher lung hyaluronan concentration associated with treatment with a

fraction of inspired oxygen over 0.5 at any time in infants born at a gestational

age of > 33 weeks was consistent with both our experimental finding (Paper I),

and with the finding of Juul et al (1985).

A significant correlation was found between lung water content and lung

hyaluronan concentration in infants born at a gestational age of > 33 weeks,

supporting the concept that hyaluronan can be an important determining factor

of the lung water content in the neonatal period under pathological

circumstances.
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CONCLUSION

The findings in these studies have increased the knowledge of changes in the

lung hyaluronan concentration and distribution and the lung water content

during the perinatal period. There is a strong association between gestational

age and lung hyaluronan concentration at birth, both in rabbit pups and in

human infants. The gradual decrease in the lung hyaluronan concentration with

advancing gestational age is accompanied by a redistribution of the lung

hyaluronan away from the interstitium surrounding the alveoli, while the lung

water content remains unaffected. High oxygen concentrations can induce a

lung injury in newborn rabbits that is associated with an increase in the lung

hyaluronan concentration, more intense staining for hyaluronan in the alveolar

walls, and an increase in the lung water content. In the human infant, a high

lung hyaluronan concentration is also associated with exposure to a high

oxygen concentration. Antenatal exposure to betamethasone and terbutaline can

decrease the lung hyaluronan concentration and cause a less intense staining for

hyaluronan in the alveolar walls at birth in preterm rabbits, without a change in

the lung water content, whereas in human infants only antenatal administration

of betamethasone is associated with a lower lung hyaluronan concentration. In

infants, IRDS is also associated with a high lung hyaluronan concentration.
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