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Introduction

L. B. STRANG

The past 25 years have seen a remarkable growth in our knowledge of lung
development in its structural, physiological and biochemical dimensions.
Much of the impetus for research leading to new knowledge has derived
from the perception that many respiratory disorders in the newborn infant
are due to defective development or maladaption of some component or
components of the respiratory system. Thus, to cite one example, surfac-
tant deficiency is clearly seen to be the cause of atelectasis in hyaline mem-
brane disease; and to cite another, it is widely accepted that the
mechanisms controlling patency of the ductus arteriosus and pulmonary
vascular resistance also determine the right-to-left or left-to-right shunting
frequently observed in the course of neonatal respiratory disorders. There
are, however, areas of physiological knowledge - such as those relating to
respiratory control and to liquid formation and absorption - which are
clearly of great relevance to lung adaptation at birth but where it has not
yet proved possible to link a specific clinical state to the malfunction of a
particular mechanism.

In planning this symposium an attempt was made to organize the
material in an orderly manner, starting with the embryonic and fetal stages
of growth and development, continuing with respiratory control and the
role of surfactant in lung aeration at birth, and ending with the treatment
of neonatal respiratory disorders. Within this framework, special attention
was given to matters of current interest without attempting any kind of
balanced representation of the whole subject. A bias towards matters of
current interest is most evident in the last section in which three of the four
papers deal with surfactant replacement and the fourth with high frequen-
cy ventilation.

On behalf of the International Scientific Council of the Foundation
Princess Marie-Christine, I would like to express my thanks to the many
colleagues and friends who contributed to this symposium and made of it
such a happy occasion. All the contributors owe a debt of gratitude to
Prof. F. Geubelle and Prof. G. Lyon who played an all-important role in
initiating and organizing this symposium. I would also like to thank Prof.
Herman de Croo and the Board of the Foundation for their comprehensive
support; and most particularly, HRH Princess Lilian for the great interest
she showed in our work and for the generosity, warmth and simplicity with
which she received us. ‘
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1
Lung Embryogenesis
and Differentiation

L. MARIN

INTRODUCTION

The subject of this chapter, ‘Lung embryogenesis and differentiation’,
represents an immense field which covers the whole history of lung deve-
lopment, starting from early fetal stages and continuing after birth. This
can be recounted in a number of ways. One of these would be to describe
the appearance and evolution of the various features - anatomical, histolo-
gical, biochemical, etc. - specific for functional lung. Another one would
be to try to understand these events and to consider the mechanisms
underlying lung development, i.e. the mechanisms leading from a small
group of uniformly undifferentiated prelung cells to the highly hetero-
geneous functional lung tissue.

In fact, efforts to analyse experimentally lung development, especially
its early stages, were made years ago, even though normal development
was not yet fully described. These efforts met a renewed and sustained in-
terest when respiratory problems of prematurely born babies were first
correlated with the immaturity of the surfactant system!: This explains, at
least partly, why experimental data gained so far are still restricted mostly
to two domains: at one end, the mechanisms involved in the control of the
branching mechanisms of the epithelial network, which characterize the
first stages of lung development; at the other end of fetal lung history, the
factors controlling the differentiation of the respiratory epithelium, and,
more specifically, the differentiation of type II cells.

In this chapter, early lung morphogenesis will be briefly surveyed first.
Then some results gained from our own work concerning the factors in-
volved in the control of type II cell differentiation will be discussed.

EARLY LUNG DEVELOPMENT, BRANCHING PROCESSES,
EPITHELIOMESENCHYMAL INTERACTIONS

Like many other organs, lung tissue originates from two distinct cell layers:
the endoderm and the mesoderm. Prelung endodermal and mesodermal

1



PHYSIOLOGY OF THE FETAL AND NEONATAL LUNG

cells have been traced in the chicken embryo by means of thymidine label-
ling and subsequent transplantation®. At the earliest stage investigated, the
medium-streak stage, the endodermal and mesodermal prelung cells are
not yet in contact: the first are located medially, in the anterior third of the
primitive streak, while the second lie laterally, at a more caudal level. As
the embryo develops, endodermal and mesodermal prelung cells migrate
from their original location and finally reach the ventrolateral walls of the
newly appearing primitive gut. Once they have reached this region, lung
primordia proper first appear as endodermal outgrowths which extend in
the surrounding mesoderm. This is the first morphologically recognizable
stage in lung morphogenesis. From then on the endodermal component
starts to grow and, by branching repeatedly, develops into the epithelial
network characteristic of functional lung. This aspect of lung morphogene-
sis was actively investigated about 20 years ago in a number of species. It
was then clearly demonstrated that the endodermal budding activity de-
pends on the presence of homologous mesenchyme*-’.

The inductive effect of lung mesenchyme has been reanalysed more
recently. It was thus shown that mesodermal cells act by enhancing endo-
dermal cell multiplication at precise sites®’, by acting upon the organiza-
tion of intracellular microfilaments®’ and by modifying spatial distribution
of basement membrane components'®!!, As in other tissues of dual origin,
the differentiation of the various cell types of the epithelial network de-
pends also on the associated mesoderm’.

The inductive influence is organ-specific, but not species-specific®. For
instance, as seen from Fig. 1.1a, normal type II cells can differentiate from
fetal rat epithelial cells which have been associated with chicken lung
mesenchyme. Reciprocally (Fig. 1.1b), chicken lung epithelium associated
with rat lung mesenchyme also gives rise to type II cells.

As will be seen in Chapter 2, interactions between cells of endodermal
and mesodermal origin remain essential factors throughout lung deve-
lopment!>', Although new cell types gradually differentiate, their spatial
relationships change'®, and systemic factors eventually take part in the con-
trol of lung maturation.

ROLE OF THE FETAL ‘MILIEU INTERIEUR’
IN THE CONTROL OF LUNG DEVELOPMENT

It is now widely accepted that fetal hormones, especially corticosteroids,
play a major role in the control of lung maturation'-!%, Indeed, the regula-
tory function of hormones has been largely proved in the period after dis-
tal epithelial cells have started to differentiate into type II pneumonocytes.
But the role of the hormones as factors initiating differentiation still re-
mains controversial'’»'®, We investigated this problem using two culture
methods:

1. an in vivo culture system, the intraembryonic graft method;
2. a classical in vitro technique.



LUNG EMBRYOGENESIS AND DIFFERENTIATION

Figure 1.1 (a) Rat lung epithelium originating from a 13-day-old fetus, associated with lung
mesenchyme originating from a 4.5-day-old chick embryo, and grafted for 13 days. Type II
cells have differentiated (x 5625); (b) Chick lung epithelium, originating from a 4.5-day-old
embryo, associated with rat lung mesenchyme, and grafted for 13 days, differentiated into
type II cells (X 10500)

INTRAEMBRYONIC GRAFTING

The intraembryonic graft method offers a number of advantages: the
transplanted fetal tissues start development in a living environment; the
relationships between the various cell types are maintained, and the
grafted tissues are rapidly colonized by the recipient’s circulation. There-
fore all systemic factors provided by the host reach the differentiating cells
through a normal pathway, i.e. via the blood stream.

In a first series of experiments, lungs were dissected from 13-day-old rat
fetuses, a short time after lung bud appearance. Each lung was inserted in-
to the flank of a 3.5-day-old chick embryo, at a stage when the vascular
network is already well developed and when possible circulating hormones
are still at a very low level® %, The eggs containing the graft-bearing em-
bryos were further incubated for 7 or 13 days. The embryos were then
sacrificed, the grafts recovered and processed for electron microscopy.

3



PHYSIOLOGY OF THE FETAL AND NEONATAL LUNG

The lungs that had been grafted for 7 days had theoretically reached a
stage equivalent to 20 days of gestation, and therefore should have con-
tained differentiated type II cells. In fact, as shown in Fig. 1.2a, the epithe-
lium was loaded with glycogen, as in the course of normal development,
but no type II cell had differentiated.

When lungs had been grafted for 13 days they were examined at a time
when type II cells were actively differentiating in the epithelium of the
host’s lung. As seen from Fig. 2.2b, type II cells, containing normal lamel-
lar bodies, had also differentiated in the grafted rat lungs.

So, when grafted rat lung primordia originated from 13-day-old fetuses,
they were able to differentiate, although slower than normally. In addi-
tion, type II cells seemed to appear in the grafted tissue when these cells
were appearing in the lungs of the host. It was therefore concluded that
systemic factors - possibly hormones - are necessary for type II cell dif-
ferentiation to be initiated.

In another set of graftings we transplanted lung tissue originating from
older rat fetuses. Lung tissue to be grafted was dissected from 16-, 17- and
18-day-old fetuses. In all these the respiratory epithelium was still undif-
ferentiated. The grafts were examined when they had reached a stage
equivalent to 19, 20 and 21 days of gestation; the grafting duration there-
fore depended on the initial stage of the transplanted tissue. It never ex-
ceeded 5 days, so that the hosts were never older than 8 days of incubation,
and the level of circulating hormones that are possibly involved in the con-
trol of lung maturation was still very low?*-%,

When the grafted lungs were recovered at a stage equivalent to 19 days
of gestation the epithelium was still undifferentiated, whatever the original
stage of the grafted tissue (Fig. 1.3a, b, ¢). When transplants were
recovered at a stage equivalent to 20 days of gestation, if grafts originated
from 16-day-old fetuses, the epithelium was still tall, but sometimes small
lamellar bodies were observed. In the transplants which originated from
17- and 18-day-old fetuses, differentiated type II cells were more
numerous and contained more lamellar bodies. Finally, when transplants
were recovered at a stage equivalent to 21 days of gestation, in those which
originated from 16-day-old fetuses, type II cells were more easily found
(Fig. 1.4a). This was also true when transplants originated from 17- and 18-
day-old rat fetuses (Fig. 1.4b, ¢). In addition, free lamellar bodies were
observed in the lumina.

These results show that when lung tissue originated from fetuses which
were at 16 days of gestation, or more, although differentiation was delayed
as compared to normal development, type II cells did appear in conditions
in which hormones are practically absent. Therefore, as already suggested
by others'”*¥, hormonal factors might not be involved in the initiation of
type II cell differentiation.

IN VITRO CULTURE

In order to further investigate this problem, we started to study lung
epithelial differentiation in vitro. In the preliminary experiments which

4



LUNG EMBRYOGENESIS AND DIFFERENTIATION

Figure 1.2 Rat lung primordia, originating from 13-day-old fetuses, grafted into 3.5-day-old
chicken embryos: (a) after 7 days of grafting the epithelium is loaded with glycogen, and is
still undifferentiated (X 4500); (b) after 13 days of grafting, normal lamellar bodies, specific
for type II cells, have appeared, and are sometimes released in the lumina (x 1500)

are summarized here, we first explanted lung tissue from 16-day-old rat
fetuses. These were either normal fetuses, or fetuses whose mothers had
been adrenalectomized on day 10 of gestation. Lung tissue was maintained
for 3 days on a gelified chemically defined medium (Waymouth’s medium)
without serum or hormones.

When explants were recovered, they were at a stage equivalent to 19
days of gestation. As shown by Fig. 1.5a, b normal type II cells had dif-
ferentiated within the epithelium in the two series of cultures.

We then explanted lung primordia on day 13 of gestation, and kept them
in vitro for 6 days, without serum or hormones. The survival was poor. But
as long as explants did survive, lamellar bodies appeared in the epithelial
cells (Fig. 1.6a). If serum was added to the medium the survival was better,
and so was the differentiation (Fig. 1.6b). This remained true when
charcoal-stripped serum was added to the medium, instead of normal calf
serum (Fig. 1.7a), or when an antiglucocorticoid drug was used (Fig. 1.7b).
So completely immature lung primordia gave rise to type II cells in the
absence of hormones. Moreover, as had already been observed in other
species®~?", differentiation was accelerated, when compared to normal
timing of development. As shown in Fig. 1.8a, normal lamellar bodies
were found in explants after a 5-day culture period, after 4 days (Fig. 1.8b)
and even after 3 days (Fig. 1.8c), i.e. at a stage equivalent to 16 days of
gestation.
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Figure 1.3 Fetal rat lung tissue grafted, in 3.5-day-old chicken embryos: (a) lung tissue ori-
ginating from a 16-day-old rat fetus grafted for 3 days (x 3000); (b) lung tissue originating
from a 17-day-old rat fetus, grafted for 2 days (X 4500); (¢) lung tissue originating from an
18-day-old rat fetus, grafted for 1 day (X 3000). At this stage, which is equivalent to 19 days
of gestation, the grafted epithelium is still undifferentiated

It is interesting to note that whereas differentiation is accelerated when
fetal lung tissue is grown in vitro, it is delayed, and sometimes greatly
delayed, when grafted in a living embryo. This may be due to the ex-
istence, in the latter, of some inhibiting factors, which are lacking in vitro,
allowing the cultured cells to express morphological differentiation sooner

6



LUNG EMBRYOGENESIS AND DIFFERENTIATION

Figure 1.4 Fetal rat lung tissue grafted in 3.5-day-old chick embryos: (a) lung tissue ori-
ginating from a 16-day-old rat fetus, which has been grafted for 5 days (x 7500); (b) lung
tissue originating from a 17-day-old rat fetus, which has been grafted for 4 days (x 10500); (c)
lung tissue originating from an 18-day-old rat fetus, which has been grafted for 3 days
(x 4500). At this stage, which is equivalent to 21 days of gestation, type II cells have differen-
tiated in the grafted tissue. Normal lamellar bodies have appeared, although the level of cir-
culating hormones in the embryo is still very low

7
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Figure 1.5 Lung tissue originating from 16-day-old rat fetuses, maintained in vitro for 3 days
in Waymouth’s medium: (a) lung tissue originating from a normal fetus (x 4500); (b) lung
tissue originating from a fetus whose mother has been adrenalectomized on day 10 of gesta-
tion (X 3000). Type II cells, containing numerous lamellar bodies, have differentiated

than normally. On the other hand the phenomenon may be related to the
rate of cell multiplication in the grafted or cultured tissues. Indeed, when
13-day-old lung primordia are grafted, their growth rate is very high. When
lung tissue is grafted at later stages the growth rate is lower. Finally, when
lung primordia, or fetal lung tissue, are transplanted in vitro, the growth
rate remains very low.

In conclusion, our results suggest that hormones, which undoubtedly
control lung maturation once it has started, might not be involved in the in-
itiation of type II cell differentiation in the course of normal fetal develop-
ment.
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Figure 1.6 Lung tissue, originating from 13-day-old rat fetuses, which has been maintained
in vitro for 6 days: (a) in Waymouth’s medium, without serum or hormones (X 4500); (b) in
Waymouth’s medium, plus fetal calf serum (x 4500)
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Figure 1.7 Same tissue as Fig. 1.6 maintained: (a) in Waymouth’s medium plus charcoal-
stripped calf serum (x 4500); (b) in Waymouth’s medium, plus an antiglucocorticoid drug
(x 15000)
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LUNG EMBRYOGENESIS AND DIFFERENTIATION

Figure 1.8 Lung tissue originating from 13-day-old rat fetuses, which has been maintained in
vitro () for 5 days (x 15000); (b) for 4 days (x 7500); (¢) for 3 days (X 15000). Normal
lamellar bodies have appeared in epithelial cells. The timing of the differentiation has been
accelerated, as compared to normal development (Figure 1.8b is reproduced with permission
from Cardiovascular and Respiratory Physiology in the Fetus and Neonate, published by IN-
SERM and John Libby and Company)
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Your observations with the cultured lung and the antiglucocorticoid are
very beautiful. However Dr John Torday has made opposite observa-
tions using biochemical techniques in our laboratory. Do you think it ab-
solutely necessary that the morphology and biochemistry of the fetal
lung progress in parallel?

We did not make any biochemical assays on these explants, firstly
because of having insufficient tissue and secondly because biochemical
assays may not be sensitive enough to detect relevant changes. The lack
of any detectable difference at the biochemical level does not always
mean that there is none.

I would agree that hormones may have more influence on the final stages
of maturation than in the initiation of development. They are probably
modulators and timers rather than initiators.

Your observations, Dr Marin, certainly fit in with findings in the human
fetus. There appears to be a dissociation between endocrine function
and lung development as the lungs in the anencephalic fetus may be nor-
mal even though there is gross disturbance of endocrine development.
Looking at your slides, the alveolar spaces seemed to be very small in
your cultured lung tissues, particularly in those transplanted into the
chick embryo. Could you say whether there is any evidence of liquid ac-
cumulation within the air spaces?

This aspect is not constant from one explant to another. Some were ex-
panded with liquid and others not; I can’t tell why.

Dr Wigglesworth; are you really justified in saying that the anencephalic
fetus is necessarily inadequate in endocrine development? Is there not
considerable variation in the damage to the hypothalamic region in these
fetuses.

Most of them do not have normally formed posterior pituitaries or nor-
mal formation of the hypothalamus. In the ‘true’ anencephalic these
structures are replaced by disorganized tissue although the anterior
pituitary appears normal.

Are the adrenal glands present and of normal size?

The adrenal glands are always present but severely hypoplastic. Usually
the two glands from an anencephalic fetus weigh well under 1.0 g at
term, whereas the normal adrenals weigh about 8 g. There is almost total
absence of the fetal cortex although the definitive cortex is present.
While I don’t believe that individual case reports carry a lot of weight, on
the question of anencephaly there are two reports which seem to be very
important. One was from the US, where a group' followed a fetus,
known by ultrasound to be anencephalic, with weekly amniocenteses for
L/S ratios. The L/S ratio remained immature well past normal term - in
fact until 45 weeks - when it became mature. Approximately 1 week
later the infant was delivered after spontaneous labour. A second case,
which we reported some years ago from Canada’, concerned a set of
twins born at 35 weeks. One was normal with normal corticosteroid
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Smith levels in cord blood and mature lungs, whereas the second, an
anencephalic, had low corticosteroid levels and immature lungs. These
two case reports tell me that in the appropriate time frame, hormones
are important. I would add my opinion - and this is in agreement with Dr
Marin’s work - that hormones are not necessary for the lungs to mature,
provided they are allowed enough time.
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Differentiation of the
Pulmonary Epithelium

B. T. SMITH, M. POST AND J}. FLOROS

SUMMARY

1.
2.

Respiratory distress syndrome (RDS) reflects birth prior to the ability
to synthesize adequate amount$ of the pulmonary surfactant.
Exogenous glucocorticoids precociously stimulate surfactant pro-
duction and thus reduce the incidence of RDS when administered to
mothers in premature labour.

A major limitation to prevention of RDS by this means is the time
required for demonstrable benefit: at least 24 hours must elapse bet-
ween administration and delivery.

Belatedly, it has been recognized that this effect is modelled on the
normal role of endogenous fetal glucocorticoids in timing and sti-
mulating fetal lung maturation.

This effect is indirect: glucocorticoids act on the fetal lung fibroblast
to induce production of fibroblast-pneumonocyte factor (FPF) which
in turn stimulates surfactant synthesis by the alveolar type II cell.

In the fibroblast, glucocorticoid induction of FPF production is a
pretranslational event and, hence, relatively slow.

At the level of the type II cell, FPF stimulates the rate-limiting enzyme
in surfactant-associated phospholipid synthesis, and this effect is max-
imal within 60 minutes of incubation.

INTRODUCTION

The prenatal developmental repertoire of the pulmonary epithelium in-
cludes budding and branching activity to define the future airspaces; serv-
ing as a temporary prenatal site of glycogen storage; perhaps participating
in the control of perinatal regression of interstitial tissue; achieving closer
proximity to capillary endothelium and itself attenuating the physical bar-
rier to postnatal gas exchange; and the subspecialization of a subpopula-
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tion of cells in the terminal airspaces for the synthesis and secretion of a
highly specialized material, the pulmonary surfactant. This material, re-
quired to stabilize airspaces once air-breathing commences, is produced by
the alveolar type II cells or ‘pneumonocytes’. The recognition by Avery
and Mead' that neonatal respiratory distress syndrome (RDS or hyaline
membrane disease) is due to a deficiency in the pulmonary surfactant has
led to a major revolution in our understanding of this important public
health problem? and, indeed, to diagnostic®, therapeutic*’, and even
preventive®’ approaches. Most of these gains have been brought about by
studies carried out at the organismic or organ level. The purpose of the
present communication is to share more recent studies of the regulation of
lung maturation at the cellular and molecular level, and to speculate upon
possible future clinical implications of such new knowledge.

REGULATION OF FETAL LUNG MATURATION

In the context of this communication we shall equate regulation of lung
maturation with regulation of the quantitative and temporal ability to ela-
borate components which serve as markers for the pulmonary surfactant.
Most often utilized as a marker is the synthesis or content of saturated
phosphatidylcholine, the major surface-active component of the surfac-
tant. Phosphatidylglycerol also serves as a useful marker. A large number
of agents, both hormones (glucocorticoids, thyroid hormones, thyrotropin
releasing hormone, prolactin (?) ) and exogenous agents (ambroxol,
heroin, methylxanthines) can stimulate the production of surfactant by the
fetal lung. The greatest experience has been with the glucocorticoids, and
this is the only class of agents for which there is sufficient clinical ex-
perience to recommend routine clinical use for the prevention of RDS in
fetuses at risk of premature delivery.

CLINICAL EXPERIENCE WITH GLUCOCORTICOIDS

After Liggins noted®, quite by accident, that infusion of glucocorticoid
into one of twin sheep fetuses resulted in better postnatal pulmonary aer-
ation than in the untreated twins, a clinical trial was undertaken®. As com-
pared to premature infants whose mothers, under double-blind conditions,
received placebo, such infants born after in utero exposure to betametha-
sone had a significantly reduced incidence of RDS’ This benefit was res-
tricted to infants born more than 24 h, but less than 7 days, after treatment
was commenced. The requirements for at least 24 h of exposure to the hor-
mone prior to birth now appears to be in keeping with our current
understanding of the mechanism of action (see following) and represents a
major limitation of such a preventive approach. The lack of statistically
significant benefit if delivery occurred more than 7 days after therapy,
however, may not represent so much the biology of the hormone effect as
the fact that in this circumstance both the treatment and placebo groups
had gained at least another week of maturation in utero; thus the
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incidence of RDS was quite low in both of these sub-groups.

Several other studies have confirmed these findings, the most convincing
being a large multicentred double-blind study carried out in North
America’. Amongst 696 enrolled mothers, the incidence of RDS in the off-
spring was overall reduced from 18.1% to 12.7%, a statistically significant
finding. Note, however, that the incidence of disease remains perturbingly
high (albeit lowered) in the treatment group. Treatment failures were
related to certain identified subgroups, including males and, again, those
infants delivered within 24 h of treatment initiation. It was reported that
18.2% of the treated group (and 16.7% of the placebo group) delivered
within this 24 h period. It must be noted, however, that this represents
16.7-18.2% of enrolled patients. Expected delivery within 24 h was the
major criterion for exclusion of prospective candidates from this study. In-
deed, out of 7893 mothers in premature labour screened for admission into
the study, only 696 were enrolled’, a figure of only 9%! Thus the relatively
slow action of antenatal glucocorticoids is, in our view, the major limita-
tion in their impact on the incidence of RDS.

PHYSIOLOGICAL ACTION OF GLUCOCORTICOIDS ON THE
FETAL LUNG

It is interesting to note that the clinical and basic science of glucocorticoid
regulation of lung maturation has been developed backwards. This is to say
that the effect was demonstrated by serendipity?, followed by clinical ap-
plication®’, and only belatedly by recognizing that the clinical use of gluco-
corticoids is but an attempt to mimic a physiological process’ - probably an
imperfect attempt. Given preceding clinical application, is it valid to ex-
pend resources on elucidating underlying physiology? We shall leave the
reader to reach his own conclusion.

There is now extensive evidence that the normal course of fetal lung
maturation is temporally and quantitatively controlled by a complex
panoply of hormonal regulators (reviewed in ref. 10), central among which
are the glucocorticoids. The evidence for a physiological role of glucocorti-
coids in lung maturation has been previously reviewed’!’, and includes
studies and observations along classic endocrinological lines: (a) fetal
plasma glucocorticoids rise just prior to the prenatal increase in surfactant
production!!; (b) administration of exogenous glucocorticoid increases and
accelerates lung maturation in experimental animals (reviewed in ref. 10)
and, as noted above, in proto-man; (c) ablation of the fetal pitui-
tary'»'® or of fetal adrenal function'*'* delays lung maturation; and
(d) the fetal lung contains specific glucocorticoid receptors'®~** and a local
metabolic apparatus for maintaining local glucocorticoid levels at relatively
high levels®.

CELLULAR MECHANISM OF GLUCOCORTICOID ACTION

As noted above, the surfactant is produced by the alveolar type II cell (or
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pneumonocyte). Since glucocorticoids stimulate surfactant production in
organ cultures or mixed cell cultures (which contain multiple cell types)
isolated from the fetal lung, it seemed reasonable to expect that this repre-
sented a direct effect on this epithelial cell type, especially since it is known
to possess glucocorticoid receptors®. Surprisingly, this is not the case: the
steroid acts on the fetal lung fibroblast to induce production of a small pro-
tein, fibroblast-pneumonocyte factor (FPF) which, in turn, stimulates sur-
factant production by the fetal alveolar type II cell?. Although first
identified under tissue culture conditions, this protein appears to be phy-
siologically relevant, since in vivo its injection accelerates lung matura-
tion”? and, conversely, injection of monoclonal antibodies against FPF
delays the normal course of lung maturation®. It is present in human am-
niotic fluid near term?’. Although relatively unexplored as yet, the mul-
tiple hormonal interactions known to be involved in the regulation of lung
maturation'® may also involve variations on this theme?»?,

SUBCELLULAR MECHANISM OF GLUCOCORTICOID
ACTION

As noted in the preceding section, glucocorticoid action on fetal lung
maturation appears to involve a mesenchymal-epithelial action mediated
by FPF. Only by consideration of the participation of the two cell types in-
volved can a fuller picture emerge.

Production of FPF in the fetal lung fibroblast

As noted previously, this is regulated by glucocorticoids, The process is
organ-specific’’, but not species-specific?®, Recent evidence? suggests that
FPF production is blocked by inhibitors of both protein and RNA synthe-
sis, implying pretranslational regulation by the glucocorticoid. This is in-
deed confirmed by the observation that the glucocorticoid induces the
appearance of messenger RNA which codes for FPF”. Interestingly, the
primary translation product is biologically active”. As might be expected
from the pretranslational nature of this effect, it is a relatively slow event:
FPF mRNA is not detected for at least 7 h after glucocorticoid exposure,
and the protein is not secreted by the cells in detectable amounts for at
least 10 h (unpublished observations).

Action of FPF on the alveolar type Il cell

This protein stimulates surfactant synthesis by isolated alveolar type II
cells?»¥ as reflected by the biosynthesis of saturated phosphatidylcholine.
Since the enzyme cholinephosphate cytidylyltransferase is rate-regulatory
in phosphatidylcholine biosynthesis by this cell type?!, it was logical to spe-
culate that this enzyme might be affected by FPF. Indeed, more recent stu-
dies suggest that this is indeed the case®. Most strikingly, stimulation of the
activity of this enzyme is maximal within 60 min of incubation of the cells
with FPF.
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Taken together, the above observations suggest that the relatively
delayed clinical effect of glucocorticoids in preventing RDS is more related
to the time required for production of FPF within the fetal lung fibroblast
than to the time required for it to act upon the alveolar type II cell. Thus,
future availability of this protein could considerably increase the success of
our attempts to prevent RDS in infants threatened with premature
delivery.
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Although cholinephosphate cytidylyltransferase is a rate-limiting enzyme
in the conversion of choline to phosphatidylcholine, another rate-
limiting step in phosphatidylcholine synthesis may be between glycerol
phosphate and diacylglycerols. Did you look to see whether FPF also af-
fects other enzymes - let’s say glycerol phosphate acyltransferase - or is
the effect limited to cytidylyltransferase?

I would be very surprised if it were limited to cholinephosphate cytidy-
lyltransferase. The data relate to the only part of the pathway that we
have examined as yet. It would be interesting to see whether the remod-
elling from unsaturated to saturated molecules of phosphatidylcholine
might be affected by FPF. In some of the in vivostudies the major effect
of FPF is on the percentage saturated phosphatidylcholine.

Did you look to see whether the activation of cholinephosphate cytidy-
lyltransferase is accomplished by a translocation between cytosol and
microsomes?

I can say that Dr Post is attempting these studies at the moment, but I
don’t think he has evidence for that yet.

You showed that glucocorticoid induces the synthesis of FPF. Do you
think that if there were no glucocorticoid present you would still see dif-
ferentiation?

Totally without data, my bias is that given sufficient time neither gluco-
corticoids nor FPF should be necessary for lung maturation. One of our
interests in the future will be to look for genetic anomalies which might
be expressed in the infant born very close to term who nonetheless deve-
lops respiratory distress syndrome.

Would that view imply then that these mechanisms may be absent in the
adult?

Yes, we have done studies in which we cannot detect production of FPF
in postnatal lung fibroblasts. Both Dr Van Golde’s group and Bob
Mason’s group have shown that FPF does not act on adult type II cells
(personal communicatons).

Can you reassure us that fibroblasts from tissues other than the lung
don’t produce FPF?

It is exceedingly tissue specific.

I would be interested to know more about the morphology of your cul-
ture system. You call it organotypic, but does it have anything like
airspaces in it? Secondly, can you comment on the two types of fibro-
blasts, labelled and unlabelled?

In reply to the first question one of the systems which we use is organoty-
pic; it is a three-dimensional system in which mixed fetal lung cells are
placed on a sponge of gelfoam. In that system they reconstitute
themselves three-dimensionally and there appear to be airspaces - i.e.
spheres are formed. As to the second question, yes we believe there are
multiple subpopulations of these fibroblasts, although this conclusion is
based on some very preliminary evidence on differences in staining at
the terminal parts of the differentiating lung buds. As you know, Dr
Cunha’s group’ in San Francisco has looked at glucocorticoid receptors
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within lung mesenchyme and shown that they also show subanatomical
localization adjacent to the epithelium.

You imply that if you could get enough FPF you might be able to give it
to women in premature labour, and that it would act faster than cortisol.
Have you any idea what it does to tissue other than lung?

We have not as yet done toxicology studies which will be necessary
before moving in the direction you suggest.

With reference to the US collaborative study on the effects of corti-
costeroids on the incidence of RDS, you indicated that time lag is part of
the reason for failure of treatment; but there is still a substantial failure
rate after 24 h on steroids. How does this square with your view that a
more rapidly acting agent would solve the problem?

There are, as you know, several subgroups that appear to be non-
responsive to corticosteroids. In particular the male infant is less respon-
sive than the female. Dr Torday in our group has found that the main
difference in response between the sexes is at the level of the mesen-
chyme. The male lung fibroblast is less able to produce FPF than the
female fibroblast, whereas the male type II cell responds to it as well as
does the female cell. It has also been shown by Dr Kathleen Carlson in
our group? that insulin inhibits production of FPF.

What is the mechanism of action of T, and T, in lung maturation?
Apparently the thyroid hormones do not act on FPF or on the fibroblast,
but rather on the type II cell making it more responsive to FPF.

Is there any evidence on the need for maturation of the fibroblast itself
before it is capable of producing FPF.

This protein is produced in small amounts at approximately 15 days
gestation in the lung fibroblast of the fetal rat. It peaks at day 19-20,
then falls off and is gone by the second or third postnatal day. One of our
interests will be to learn how this gene is regulated in terms of its tem-
poral expression during development.

Is there any homology of FPF with any of the known mesenchymal
growth factors?

We do not yet have any sequence data, and hence we cannot synthesize
oligonucleotide probes. With regard to functional similarity to other
known mesenchymal factors, we have studied all those available and find
that none share its pneumocyte-stimulating properties.

Cunha, G. R. and Malkinson, A. M. (1983). Autoradiographic

demonstration of the specific binding and nuclear localisation of *H-dexamethasone in
adult mouse lung. Lab. Invest., 49, 725-34

2. Carlson, K. S., Smith, B. T. and Post, M. (1984). Insulin acts on the fibroblast to inhibit
glucocorticoid stimulation of lung maturation. J. Appl. Physiol. Resp. Environ. Exercise
Physiol., 57, 1577-9
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Factors Affecting
Fetal Lung Growth

J. S. WIGGLESWORTH

INTRODUCTION - THE CLINICOPATHOLOGICAL PROBLEM

The control of organ growth in quantitative terms is a subject of sufficient
complexity to deter most developmental biologists, and particularly phy-
siologists, surgeons and pathologists from too close an enquiry. However,
it has become recognized that fetal lung growth is extraordinarily suscepti-
ble to adverse influences'. The most frequent effect of adverse influences
on the human fetal lung is to retard growth so that the lungs at birth are
hypoplastic and extrauterine respiration may not be established?-’. The hu-
man fetal lungs normally represent about 2-3% of body weight in the third
trimester with a gradual fall in weight of the lungs relative to that of the
body towards term®. Pathologists have regarded lungs representing 1.2%
or less of body weight as unduly small’®. We found that 14% of fresh
stillbirths and early neonatal deaths at Hammersmith Hospital had
hypoplastic lungs as indicated by a low lung/body weight ratio, and a fre-
quency above 10% has been recognized by other pathologists'’. Large
lungs are far less frequent than small ones, and in my experience are in-
variably associated with congenital laryngeal atresia.

A very large number of conditions are associated with congenital lung
hypoplasia. These may be grouped as shown in Table 3.1. One of the con-
ditions most frequently seen in association with lung hypoplasia is oligo-
hydramnios. Thomas and Smith'® pointed out some years ago that both the
hypoplastic lungs and the external anomalies seen in conditions with oligo-
hydramnios are purely secondary to the lack of amniotic fluid. In rare
cases where an infant with renal agenesis forms one of a monoamniotic
twin pair the lungs grow normally and the infant may survive until renal
failure supervenes'’-'2 In contrast an infant with normal renal tract but
lack of amniotic fluid due to rupture of the membranes early in the second
trimester, and subsequent leakage of amniotic fluid, may show the exter-
nal features and hypoplastic lungs typically seen with renal agenesis'*-*>.
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Table 3.1 Conditions associated with lung hypoplasia

Prolonged oligohydramnios

Skeletal dysplasias affecting integrity of
thoracic wall

Anomalies affecting development of di-
aphragm

Anomalies or damage to CNS

Renal agenesis

Severe renal cystic dysplasia
Obstruction of lower urinary tract,
prune belly syndrome

Prolonged rupture of membranes

Thanatophoric dwarfism
Asphyxiating thoracic dysplasia
Osteogenesis imperfecta (lethal variant)

Congenital diaphragmatic hernia
Congenital muscular dystrophy

Congenital amyoplasia of diaphragm

Anencephaly

Iniencephaly
Anoxic ischaemic lesions
Meckel-Gruber syndrome

Exomphalos

Severe rhesus isoimmunization
Extralobar sequestration of lung with
pleural effusion.

Miscellaneous conditions

Other forms of non-immunologic hydrops
(including some inborn errors of metabo-
lism)

Congenital abnormalities associated with reduction of the intrathoracic
volume are not unnaturally associated also with hypoplastic lungs. The
most frequent of these is congenital diaphragmatic aplasia’®; others include
thoracic dysplasias such as thanatophoric dwarfism and asphyxiating thora-
cic dystrophy®’. Anomalies or injury affecting the central nervous system
may be associated with lung hypoplasia. Such conditions include some in-
stances of anencephaly, intrauterine anoxic-ischaemic damage involving
the brain stem and cord’, and some cases of Werdnig-Hoffman disease
with prenatal onset!’. Many of the conditions that are associated with con-
genitally hypoplastic lungs of themselves suggest patterns of functional
failure or of mechanical impairment to fetal lung growth rather than a pri-
mary organogenetic defect. Lack of space for lung growth or pressure
from adjacent structures have long been assumed to account for many of
these associations. However, this does not provide a satisfactory explana-
tion for all cases. In cases of anencephaly in which the brainstem is pre-
served the lungs develop normally and the infant may survive for some
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hours or days after birth. In cases where the brainstem and upper spinal
cord are involved in the anomaly there may be lung hypoplasia despite a
normally developed thoracic cage and diaphragm. In such a situation, with
increased amniotic fluid and no structural reason to account for lung
hypoplasia, a functional basis for the condition seems likely. Similarly in
several instances where undersized lungs were associated with anox-
ic-ischaemic damage to the CNS in utero it seemed likely that some func-
tional impairment in lung growth had occurred®®.

KNOWLEDGE OF GROWTH CONTROL MECHANISMS
IN THE MAMMALIAN FETAL LUNG

Embryologically, the lung develops as an outgrowth from the ventral
aspect of the primitive foregut. In the human this occurs during the fourth
week after conception when the embryo is 3-4 mm in length. The primitive
epithelial tubule representing the trachea divides sequentially to form the
major generations of bronchial branches. Initial epithelial branching is
known to be under the control of the adjacent mesenchyme!’. Indeed
mesenchyme-epithelial reciprocal inductive processes may control a large
proportion of basic pulmonary development?. Postembryonic structural
lung development is subdivided into three classic separate stages:
pseudoglandular, canalicular and terminal sac, as discussed elsewhere in
this book. The close spatial relationship between epithelial tubules and the
surrounding condensations of mesenchyme during the pseudoglandular
phase (7-17 weeks in man) may reflect the interactions between these
tissues. The main feature of the canalicular phase (17-24 weeks) is the thin-
ning of the respiratory epithelium from a glandular to cuboidal pattern in
association with transformation of the tubules into recognizable fluid-filled
peripheral airways. Differentiation of the respiratory epithelium into type
1 and type 2 pneumonocytes and progressive elaboration of the airspaces
to form alveoli are the characteristic features of the terminal sac phase
from 24 weeks to term.

The presence of liquid within the lung from the canalicular stage on-
wards was in the past misinterpreted as indicating that the fetus expanded
the lungs by inhaling amniotic fluid, a reasonable assumption in view of the
frequent presence of amniotic debris within the lungs of stillborn infants.
It was widely believed that the inhalation and expansion of the lungs with
amniotic fluid was an essential mechanism to ensure normal fetal lung
growth?., However, the experiments of Jost and Policard?, in which deca-
pitation of the fetal rabbit in utero was shown to be followed by devel-
opment of normal or even large lungs, eventually caused this idea to be
abandoned. In the Jost and Policard experiment the trachea became oc-
cluded following operation and the fetal lungs filled with fluid which had
evidently formed in situ, providing one of the first demonstrations of lung
liquid secretion. It has since become clear that the fluid produced by the
lung forms a powerful mechanical stimulus to fetal lung growth. Although
some inward movement of fluid occurs during periods of fetal breathing
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the net flow is outwards. The fluid flows out of the trachea at an average
hourly rate of 4.5 ml/kg during the last third of gestation in the fetal
sheep?. As the fetal lung in this species represents about 2.5% of body
weight, it can be estimated that the lung secretes its own volume in fluid
over a period of 5} h. Alcorn and colleagues® showed that chronic
drainage of liquid from the trachea of the fetal lamb results in lung
hypoplasia, while surgical obstruction to the trachea, preventing egress of
fluid to the amniotic cavity, results in grossly dilated fluid-filled lungs, as
seen in the human fetus with laryngeal atresia?*?>,

Studies of fetal breathing movements during the past 15 years have
shown that they do not normally produce dramatic inflow of amniotic
fluid. Fetal respiratory movements can be recognized as bursts of high-
frequency low-amplitude activity in the diaphragm, and to a lesser extent
the chest wall, occurring in the human from early in the second trimes-
ter’?”, In lambs the movements have been considered to cause little net
flux of tracheal fluid although they are associated with significant
transthoracic pressure gradients. The normal episodic irregular low-
amplitude movements are associated with pressure swings of 3-5 torr, but
there are less frequent (about 1 per min) pressure changes of up to 20-30
torr?%,

There seems little a priori reason to believe that fetal breathing move-
ments of this type would be of any significance for lung growth. However,
the observations on human fetuses with CNS lesions, and other situations
where it seemed likely that fetal respiratory movements might be im-
paired, led us to investigate the possibility that abolition of respiratory
movements in the fetus with an intact airway might impair lung growth.
We started from the basis that a significant growth-promoting role for fetal
breathing would readily be disproved if section of the respiratory pathways
in a fetus with patent trachea was followed by normal lung growth. An
operation such as phrenectomy would be expected to cause atrophy of the
diaphragm and might impair lung growth purely by a process of mechanical
compression in a similar way to diaphragmatic hernia. We therefore
severed the neural pathways between the medulla and the phrenic nucleus
in order to produce an upper motor neurone type of lesion in which preser-
vation of the reflex arc would allow maintenance of muscle tone and nor-
mal muscle growth, while abolishing co-ordinated breathing movements.
Our experimental approach was designed to prevent co-ordinated respira-
tory movements without impairing development of chest wall and dia-
phragm, so as to avoid the possibility that lung growth impairment might
result from compression by adjacent structures. We compared the effects
of transecting the cord between the medulla and phrenic nucleus, which
should prevent all respiratory movement, with those of transecting the
cord between phrenic nucleus and thoracic inlet, which should allow dia-
phragmatic movement but prevent movement of the thoracic wall (Fig.
3.1).

Our experiments were performed at 23-24 days gestation on the fetal
rabbit when the lung is about to change from the pseudoglandular to the
canalicular stage. Spinal cord transection had no influence on fetal growth
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Figure 3.1 Summary of results of fetal surgery on lung growth in rabbits

in general, and did not impair growth of individual organs such as liver,
kidney, heart or thymus. The growth of muscles, including the diaphragm,
was also unaffected by the operation. There was, however, a consistent
and marked effect on lung growth. Transection at C1-C3 between the
medulla and the phrenic nucleus caused severe lung hypoplasia with a 70%
reduction in lung growth over the period of the experiment, as measured
by the increment of DNA®., Cord transection between the phrenic nucleus
and the thoracic outflow (C6-C8), which would be expected to prevent
thoracic movements but to allow normal diaphragmatic function, resulted
in lungs of intermediate size between those of the high cord section group
and those of control littermates. Destruction of the phrenic nucleus
(C3-C5) caused complete atrophy of the diaphragm with an even more
severe degree of lung hypoplasia than that associated with high cord sec-
tion. Tracheal ligation at time of cord transection resulted in large fluid-
filled lungs with a normal DNA content (Fig. 3.2). No consistent
differences between the groups were demonstrated in respect of the con-
centration of phospholipid components such as lecithin palmitate, in-
dicating a lack of difference in surfactant content.

The results were those to be expected if fetal respiratory movements
play an important role in aiding fetal lung growth. The alternative explana-
tion is that the effects were due to a non-specific loss of tone in chest wall
and diaphragm associated with spinal shock. Spinal shock is analogous to a
lower motor neurone injury and, if sufficiently long-lasting to cause im-
pairment in lung growth, should also retard growth of the diaphragm. The
normality of diaphragmatic growth in the high-section group suggests that
spinal shock is not a significant factor.

The effects of high cord transection on fetal lung growth were confirmed
by Liggins and colleagues using fetal lambs3!. These workers also caused
equally severe lung hypoplasia by inserting a flexible silastic membrane in-
to the chest wall to abolish the pressure swings from fetal breathing while
allowing it to continue®’. Several groups have shown that section of the
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Figure 3.2 Concentration of disaturated phosphatidylcholine expressed per mg lung DNA in
normally developed human fetal lungs as compared with hypoplastic lungs from infants with
normal or elevated amniotic fluid volume, hypoplastic lungs from cases of oligohydramnios,
and lungs from infants dying in the acute phase of hyaline membrane disease (HMD). Normal
and hypoplastic lungs from gestations 34 weeks or more and HMD cases from 28 to 33 weeks.
Figures for hypoplastic lungs with oligohydramnios significantly lower than ‘controls’
(t = 5.725, p<0.001). No significant difference between control values and those for
hypoplastic lungs from cases with normal or increased amniotic fluid

phrenic nerve causes fetal lung hypoplasia®*, but this procedure also
causes atrophy of the diaphragm. Section of the vagus has no influence on
fetal lung growth®. Dornan and colleagues®* found that total absence of
fetal breathing movements, or abnormal breathing movements in human
fetuses with congenital abnormalities affecting the respiratory system,
were associated with lung hypoplasia. Surfactant release but not surfactant
synthesis were affected. Lung development was relatively normal in an
anencephalic fetus with normal breathing movements®. There has been
shown to be a reduced relative lung size in growth-retarded fetal sheep in
which the incidence of fetal breathing movements is reduced®.

Although none of these experiments individually provides conclusive
proof of the role of fetal respiratory movements, it has become widely ac-
cepted as a result of these experiments, and human observations, that fetal
breathing is important for lung growth in fetuses with normal airways.

The question arises as to how fetal respiratory movements might in-
fluence fetal lung growth. We originally suggested that fetal breathing
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must act by influencing lung volume. It seemed reasonable to assume that,
even if the movements did not cause significant amniotic fluid inflow, they
might well impose an increased resistance to fluid outflow. Studies by
Murai and co-workers (quoted by Kitterman)®’ have shown an increase of
lung liquid volume by 20% during periods of fetal breathing. The rate of
lung liquid flow out of the trachea in the fetal lamb does not differ ir-
respective of whether breathing movements are abolished by phrenic sec-
tion or increased by administration of inhibitors of prostaglandin
synthesis®, Kitterman®” believes that this indicates that there is, after all,
an inflow of amniotic fluid during fetal breathing.

The effect of tracheal pressure has been investigated in the fetal lamb.
In the absence of breathing movements tracheal pressure is about 3 torr
above amniotic pressure, probably due to resistance to fluid outflow*:*,
Abolition of tracheal pressure in one of twin lambs led to a decrease in
lung growth*. Fewell and Johnson*® have claimed that there is obstruction
to inflow of fluid during fetal breathing by laryngeal adduction, but Har-
ding® found electrical activity in laryngeal abductor muscles apparently
opening the laryngeal orifice during the inspiratory phase of fetal
breathing. It currently seems uncertain whether any increase of lung
volume during fetal breathing can be ascribed to decreased outflow or to
significant inflow. To answer the question will need measurement of both
magnitude and direction of tracheal flows, as well as changes in lung
volume during periods of fetal breathing.

Endocrine factors which are of importance in control of general body
growth do not have any specific effect on growth of the fetal lung. Thus
pituitary and thyroid hormones are without specific effect on quantitative
fetal lung growth despite their known influences on pulmonary epithelial
maturation®’. Human infants with pituitary or thyroid aplasia are not
typically born with hypoplastic lungs. Other growth factors such as EGF
may also have an influence on maturation, but have not been shown to
have an effect on gross lung growth, although EGF may stimulate growth
and budding of the embryonic lung*»*.

MECHANISMS OF HUMAN FETAL LUNG HYPOPLASIA

The relationships postulated among fetal breathing, fetal lung volume con-
trol, and fetal lung growth may help to explain some forms of human fetal
lung hypoplasia such as those associated with abnormalities or intrauterine
damage to the CNS or disorders of neuromuscular function. They do not
provide any obvious explanation for lung hypoplasia in oligohydramnios.

The most popular theory relates lung hypoplasia to a decreased space for
lung growth. There is some experimental evidence in support of this
mechanism in that experimental surgical procedures causing reduction in
intrathoracic space result in lung hypoplasia®.

Nakayama and colleagues* produced oligohydramnios in the rabbit by
obstructing the bladder neck, and attempted to prevent lung hypoplasia by
creating an abdominal hernia. As an alternative the fluid was replaced by a
continuous saline infusion. Partial reversal was obtained by such means.
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However, the reduction in alveolar number at term following a single
removal of amniotic fluid in the monkey experiments of Hislop and co-
workers*’ is against a simple compressive mechanism.

A superficially attractive hypothesis related lung hypoplasia in renal
agenesis to lack of the normal proline production by the fetal kidney*:.
However the similarity of lung hypoplasia in oligohydramnios of any
cause, irrespective of the presence or absence of normal fetal renal tissue,
renders this hypothesis untenable. We have found a relatively high concen-
tration of hydroxyproline in this group of hypoplastic lungs, suggesting
that proline availability is unlikely to be a limiting factor in their growth
(Wigglesworth and Desai, in preparation).

An effect on fetal breathing is worth considering. Nathanielz et al.*
noted tonic focal contractions of both sheep and monkey uterus, which
they call contractures, and which cause deformation of the fetal thorax and
may abolish fetal breathing. The effects of such uterine contractions on the
fetus may be more severe in the absence of amniotic fluid. Amniocentesis
in human pregnancy causes a decrease in fetal breathing movements for up
to 2 days®% but breathing movements do occur in infants with oligohydram-
nios’’. It is also of interest that spinal cord transection has been shown to
accentuate lung hypoplasia in experimental oligohydramnios®?.

This leaves consideration of reduced fluid content in airways and
airspaces. The most striking feature of these lungs at a histological level is
the small size of the acini and a characteristic form of impaired epithelial
maturation®. This can be seen irrespective of whether the cause of oligohy-
dramnios is renal agenesis or prolonged rupture of the membranes. If such
infants survive for some hours they develop HMD. This is in marked con-
trast to the lungs of infants with lung hypoplasia associated with normal or
increased amniotic fluid, which have a normally developed structure for
the gestation.

We have found that disaturated phosphatidylcholine concentration in
the lungs of the oligohydramnios group at 34 weeks or more is as low as in
infants who die in the acute stage of HMD at an earlier gestation, in com-
parison with the normal levels seen in the equally hypoplastic lungs of in-
fants with normal or increased amniotic fluid (Fig 3.2). The narrow airways
and small airspaces of the lungs in oligohydramnios, in addition to im-
paired epithelial maturation, seem likely effects of lack of liquid retention.
Experimentally one might wish to see the effect of obstructing lung liquid
outflow at laryngeal level on lung growth in oligohydramnios. The com-
bination of renal agenesis and laryngeal atresia does indeed occur in some
infants with the synophthalmos (Fraser) syndrome. In a recent case of this
condition we found that the lungs were large and oedematous, and both
structural and biochemical indices of lung size and alveolar number were
within normal limits. We have previously observed cases with this com-
bination of anomalies in which the lungs were large rather than
hypoplastic'.
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IMPLICATIONS OF FUNCTIONAL CONTROL OF FETAL LUNG
GROWTH

The recognition that normal fetal lung growth is highly dependent on both
secretion of lung liquid and its retention by neuromuscular activity involv-
ing fetal breathing movements carries important implications for perinatal
medicine. Both types of function are readily interfered with by stresses to
which the fetus is subject. Lung liquid secretion can be abolished in fetal
lambs by infusion of catecholamines or 8, adrenergic agents*’. Thus it may
be expected that any acute stress affecting the fetus may temporarily
depress the secretion of lung liquid or lead to its resorption, with conse-
quent impairment in lung growth. Fetal respiratory movements are readily
depressed by a wide variety of influences including hypoxia, maternal
hypoglycaemia, smoking or the maternal ingestion of CNS depressant
drugs such as alcohol or barbiturates?’»>*>,

Thus on theoretical grounds it might be expected that infants subject to
recurrent episodes of intrauterine asphyxia would have smaller lungs than
those not exposed to such stress. We have recently shown that normally
formed infants who die during or soon after birth near term have smaller
lungs related to body weight than those who die earlier in gestation or
those who present as unexpected death at 2 weeks age or later (Table 3.2).
This group of normally grown and normally formed mature infants are
mainly cases of intrapartum asphyxia, many of whom show subtle signs of
preceding intrauterine stress on pathological examination®. A small group
of such normally formed infants with borderline or frank lung hypoplasia
was recognized by Page and Stocker’, and the occurrence has been
reported as ‘primary lung hypoplasia’®. These findings give support to the
hypothesis that the common forms of prenatal asphyxial stress do indeed
retard fetal lung growth.

Table 3.2 Comparison of lung weight and DNA content relative to body weight at different
ages in infants without conditions known to be associated with lung hypoplasia

Lung weight as percentage of Lung DNA in mg per kg
body weight body weight
Age n (Mean + SD) (Mean + SD)
28-36 weeks 24 2.1 + 0.4 156 =+ 10.6
p<0.01 }p<0.01
37-42 weeks 20 1.7 + 0.4 120.5 + 6.7
}p<0.001 }p<0.01
Infant 19 2.1 + 0.3 151 =+ 32.9

2 weeks-8 months

Infants in 37-42 weeks group mainly cases of intrapartum asphyxia. Statistical comparisons by
t test

33



PHYSIOLOGY OF THE FETAL AND NEONATAL LUNG

Lung size is likely to become limiting for neonatal survival only at the ex-
treme limits, as yet undefined. It must be assumed that many infants with
mild or moderate impairment in lung growth will survive the perinatal
period. It is interesting to speculate whether compensatory growth of the
lung can occur postnatally in such cases or whether the low respiratory
reserve will have a limiting influence on tissue oxygenation, and thus on
bodily growth in general. Additional point is given to this question by re-
cent observations on alveolar development in the fetal and infant lung,
which indicate that a significant proportion of the adult alveolar number
develops within the last third of gestation, rather than after birth®’»%%, Our
studies on the lungs of prematurely born infants dying at (corrected)
postnatal ages up to 9 months after prolonged mechanical ventilation for
respiratory distress syndrome show generalized persistent emphysema with
severe impairment in alveolar development long after the stage at which
the original damage to lung structure has been remodelled (Hislop, Wig-
glesworth and Desai, in preparation). Although the mechanisms of lung
growth impairment after preterm birth in these infants may differ from
those retarding lung growth in utero the study supports the hypothesis that
the lung may have strict limitation to its powers of compensatory growth
after birth.

The latter half of gestation may well prove to be a critical period for
growth of the peripheral portion of the lung lobule in the way that the first
half of gestation is critical for development of the branches of the bron-
chial tree®.
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I wonder if you have considered sufficiently the effect of muscle action
on thoracic wall compliance?

In the Liggins and Kitterman experiments referred to in my presentation
in which a ‘window’ was inserted into the chest wall, an attempt was
made to answer that question. After recovery from the operation, the
muscle tone in these lambs should have been relatively normal. They cer-
tainly carried on making normal respiratory movements. If tone was
really critical over a long period of time, then I would expect it to be im-
portant for growth of the thorax in general. But in our experiments you
get normal growth of the thorax and the same occurs in the anencephalic
fetus. There is adequate volume within the thoracic cage but the dia-
phragm is very high up within it. I don’t see how tone could be critical for
lung growth without being critical also for growth of the whole thoracic
chamber.

A contracting muscle is a stiffer muscle, there’s no doubt; but I don’t
think that’s where the issue lies. It is rather with the thyroaryteroid
muscles. As in the newborn so in the fetus, the upper airway muscles
have a crucial function in maintaining FRC. It is not so much the rate of
ingress or egress of liquid but the magnitude of the respiratory resistance
that determines lung volume.

I think, as Dr Bryan does, that the upper airways must contribute to the
maintenance of lung volume in the fetus; this could also explain your
finding of a positivity of tracheal pressure with respect to amniotic
pressure.

Is there any experimental or other evidence that there is indeed increas-
ed drainage of fetal lung liquid in fetal lung hypoplasia due to prolonged
rupture of the membranes?

I’m not aware that anyone has actually measured the output of lung
liquid in these circumstances. However, in experiments in which all the
liquid was drained from the trachea, the lungs didn’t grow (see Alcorn et
al').

Premature rupture of the membranes also produces accelerated matura-
tion of the lung, probably because this tends to be associated with infec-
tion which induces stress.

My impression as an obstetrician is that with premature rupture of the
membranes present for some time, there is accelerated maturation of the
lung and reduced risk of RDS. When the rupture of the membrane is
longstanding, and no infection develops, the result is likely to be
hypoplasia.

1. Alcorn, D., Adamson, T. M., Lambert, T. F., Maloney, J. E., Ritchie, B. C. and
Robinson, P. M. (1977). Morphological effects of chronic tracheal ligation and drainage
in the fetal lamb lung. J. Anat. London, 123, 649-60
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4
Postnatal Lung Development
and Modulation of

Lung Growth

P. H. BURRI

INTRODUCTION

The human lung at birth is not simply a miniaturized version of the adult
one. A newborn lung has to undergo very marked structural changes in
order to match adult morphology. We know that between 17 and 50 million
alveoli are present at birth, whereas the lung of a man of 75 kg body weight
contains around 300 million alveoli. Furthermore, the pulmonary
microvasculature is completely restructured in the early postnatal period.
Although this process markedly transforms septal morphology, very little
is known about it. The late E. A. Boyden, an expert in structural pul-
monary development, whose careful three-dimensional reconstructions of
the developing lung represented pioneering work, seriously argued that the
‘alveoli’ counted at birth were saccules'. Therefore the alveolar stage of
lung development has been placed after birth (Fig. 4.1). Recently Langston
and co-workers? have published a study on 42 fetal lungs showing that shal-
low alveoli were present sometimes as early as the 32nd or 34th week. At
birth they counted on average 50 million alveoli, a finding which renewed
the discussion about the degree of alveolization of the newborn human
lung. Practically, this would mean that the human lung could be born in a
more mature state than assumed so far. Nevertheless, these new data do
not overthrow the fact that the bulk of alveoli develop after birth. Indeed,
on average only 15-20% of their final number is present in the first days of
postnatal life.

In order to give an insight into the process of alveolar formation and
postnatal lung maturation, the general principles of the structural and
ultrastructural transformation will be discussed on the basis of findings ob-
tained in the postnatal rat lung. After familiarization with the mechanisms,
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Figure 4.1 Stages and timing of human lung development. Dating is based on the time point
of ovulation. Reproduced with permission from Ref. 31

comparisons will be made to the situation in man, as we were able to
observe it recently in babies.

POSTNATAL LUNG DEVELOPMENT

At birth the rat lung is devoid of alveoli. The pulmonary parenchyma is
formed by smooth-walled channels, which divide and end in a small sac-
cules which have often been interpreted as alveoli (Fig. 4.2a). We called
the septa present at birth primary septa’. They are straight, relatively thick
and show a capillary network on either side of a connective tissue sheet
(Figs. 4.2a, 4.3, 4.5a). In contrast, the gas exchange region in animals after
weaning (i.e. older than 3 weeks), has tremendously increased in complex-
ity. Within a few days the saccules have been transformed into alveolar
sacs and the smooth-walled channels into alveolar ducts by the outgrowth
of new, so-called secondary septa, which represent the prospective in-
teralveolar walls (Fig. 4.2b). The morphometric findings reflect these dram-
atic alterations. Figure 4.6 shows a double logarithmic plot of alveolar and
capillary surface areas (Sa and Sc) versus lung volume (VL). The curve
shows a triphasic growth pattern with a very steep slope between days 4
and 21. If one assumes airspaces to grow by simple expansion, airspace sur-
face area would increase with lung volume to the power of 2. The much
higher regression coefficient of 1.6 signifies that the rapid increase in sur-
face area is achieved by a change in airspace shape. As Fig. 4.2b shows, the
secondary septa increase the internal surface complexity of the lung.
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Figure 4.2 Comparison of light micrographs from rat lungs aged 1 day (a) and 21 days (b) at
the same magnification. On day 1 lung parenchyma contains smooth-walled channels and sac-
cules (s) with no alveoli. On day 21 secondary septa have been formed (arrows) and the sac-
cules have been transformed into alveolar ducts (ad) with alveoli (a). (x 230)

We can imagine a secondary septum to be formed by a folding up of
capillary loops from the primary septum. Therefore all septa present dur-
ing alveolar formation have two capillary layers; i.e. they are all of the im-
mature, primitive type (Fig. 4.5a). During the third postnatal week, along
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Figure 4.3 Transmission electron micrograph from rat lung aged 4 days. The septum is thick
and presents a central layer of interstitium (in) with a capillary network (c) on both sides; en
= endothelial cell; epl = epithelial cell nucleus of type I. (x 8000)

with a marked decrease in septal interstitial volume* the structure of the
capillary bed is dramatically altered, so that at 21 days and later a large part
of the parenchyma is made of mature septa (Fig. 4.5b). Transections show
the typical adult structure with a central capillary forming a gas-exchange
barrier on both its sides (Fig. 4.4). Based on a recent scanning electron
microscopic investigation of Mercox casts of the pulmonary vasculature we
proposed the hypothesis that the transformation of the septal capillary
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Figure 4.4 Transmission electron micrograph of a mature interalveolar septum of an adult
rat lung. The septum is slender, the capillary (c) occupies the central axis of the septum; en =
endothelial cell; epl = epithelial cell of type I. (x 6300)

system occurred by two additive processes: a patchwise fusion of the two
capillary layers combined with subsequent preferential growth’. It is clear,
however, that direct proof of such dynamic processes cannot be definitive-
ly provided by static pictures. Nonetheless the scanning pictures
demonstrated a narrowing of the intervening interstitial space and an ap-
proximation of the two capillary layers, which strongly supports the fusion
process in transformation of the septal capillaries.
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Figure 4.5 Scanning electron micrographs showing casts of the microvasculature of rat lungs
aged (a) 4 days and (b) 139 days at same magnification of x 500. Immature status of paren-
chymal septa with two capillary networks (arrows) in (a) and mature parenchymal
microvasculature with a single capillary network per septum (arrows) in (b)

As a follow-up to pulmonary vascular development the occurrence of
capillary fusions appears highly plausible. Figure 4.7 illustrates that there is
a continuous process of capillary approximation during the fetal period. In
the pseudoglandular stage of development the capillaries form a loose
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Figure 4.6 Double logarithmic plot of alveolar (Sa) and capillary (S¢) surface areas against
lung volume (VL) in growing rat lung. Intense increase of surface area between days 4 and 21
corresponds to phase of alveolar formation and septal transformation. Data from Ref. 4

three-dimensional network in the pulmonary mesenchyme. The tubular
sprouts derived from the entoderm grow into the mesenchyme and give the
organ the appearance of a gland. In the canalicular stage the airways en-
large, and at some places the capillaries come into close contact with the
cuboidal airway epithelium. Where ‘contact’ is made the epithelium flat-
tens and a thin air-blood barrier is established. Through the dilatation and
growth of the peripheral airways the relative proportion of intervening
mesenchymal mass is greatly reduced and the capillaries are rearranged
around the airspaces. This leads to a situation in which every airspace is
surrounded by its own capillary system. During the saccular stage of deve-
lopment the prospective peripheral airspaces increase in size and further
thin out the inter-airspace septa. Inevitably, the capillary networks of two
neighbouring airways come to lie close to each other. At this stage, which
corresponds to the situation at birth, the two networks show many inter-
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Figure 4.7 Follow-up of the capillary arrangement in the developing lung. (a) Pseudoglan-
dular stage: the mesenchyme contains a three-dimensional capillary network (c). (b) Canali-
cular stage: epithelial tubes of figure (a) have enlarged; epithelium differentiates into type 1
and type II cells. Capillaries are rearranged around the tubes, the mass of intervening mesen-
chyme is reduced, so that ultimately the capillaries between the tubes are forming a double in-
terconnected network. (¢) Secondary septa (arrowheads) are formed perinatally by lifting off
one capillary layer from the primary septa. Both types of septa are immature and contain two
capillary networks. (d) Mature interalveolar septa with a single capillary network meandering
through the interstitium. Reproduced with permission from Ref. 31

connections because they originate from a three-dimensional network. It is
highly plausible that, following alveolar formation through the outgrowth
of secondary septa, a further reduction of the interstitium ends up in fu-
sion of the capillaries (Fig. 4.7). If, as has been proposed, the secondary
septa form by a lifting off of one of the two capillary layers, the formation
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of alveoli is structurally linked to the presence of immature septa. It would
appear, therefore, that new alveoli can only be formed as long as parts of
the lung parenchyma still contain immature septa.

It is not known at what age alveolar formation is completed in the rat
lung. The spurt in alveolar formation occurs in the first two postnatal
weeks in the rat lung and the process appears to be open-ended. Figure 4.6
shows that alveolar surface area increases as the power of 0.71 of lung
volume after the age of 21 days, which is not significantly different from
that expected with proportional lung growth (0.67). These results suggest
that alveolar formation is complete around 21 days. Even a significantly
higher rate of increase would not prove further alveolar formation,
however, because surface area can be added simply by increasing the
height or the complexity of the existing septa. Thus, the presently available
quantitative information does not allow us to determine whether alveolar
formation continues at a slow pace after the third postnatal week, nor at
what age it finally stops. However, our results support proportional lung
growth rather than alveolar formation after 21 days.

What is the situation in man? Recently, we had the opportunity to in-
vestigate the lungs of seven children dying from non-respiratory causes ag-
ed between 31 weeks and 6 years. Figure 4.8 compares a 1-month-old
child’s lung with a 1-week-old rat lung. The pictures demonstrate clearly
that the parenchymal structures are absolutely identical except for the ob-
vious size differences in airspace dimensions. It is remarkable that both hu-
man and rat lung parenchyma show thick primary septa from which the
secondary septa arise, project into the airspaces and partition the latter in-
to a number of shallow alveoli. The septal ultrastructure presents the im-
mature aspect with two capillary systems. At 17-18 months of age,
however, a child’s lung is practically mature. Even at 5 months, large parts
of the lung parenchyma display the adult pattern, as is shown by Fig. 4.9.
From a morphological point of view, it appears therefore very unlikely that
the process of alveolization should last to an appreciable extent up to the
age of 8 or even 20 years, as postulated by Dunnill® or Emery and
Wilcock’, respectively. The data of Thurlbeck® on alveolar counts per-
formed in 36 boys’ and 20 girls’ lungs in the age range of 6 weeks to 14
years are much more in line with our findings. Despite a large scatter of the
data, he was able to conclude that only limited or no alveolar formation oc-
curred after 2 years of age.

MODULATION OF LUNG GROWTH

The second part of this contribution will address the question whether the
phase of isomorphic growth following the alveolization is genetically fixed
or whether it can be influenced by various conditions, like exposure to
altered pO, or increased O, consumption due to training or cold exposure.
Alternatively, the equilibrium between size of the gas exchange apparatus
on the one hand, and oxygen requirements of the organism on the other
hand, can be altered by resection of lung tissue. Such experiments, per-
formed over the past 15 years, were based on the general hypothesis that
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Figure 4.8 Comparison of alveolar formation in rat lung and human lung. (a) Rat lung, aged
1 week. Alveoli are formed by outgrowth of secondary septa (arrows) which subdivide
airspaces into alveoli (a). (Light micrograph, x 540) (b) Human lung, aged about 1 month.
Same structural features as in rat lung can be identified. Airspace dimensions are larger than
in rat lung. (Light micrograph, X 400)

48



POSTNATAL LUNG DEVELOPMENT

Figure 4.9 Light micrograph of human lung parenchyma at age 5 months. Most septa are
already mature (arrows); at places primitive septa are still present (arrowheads) (X 400).
Reproduced with permission from Ref. 32

lung structure was quantitatively balanced to meet the oxygen require-
ments of the organism. Clearly the answer to such questions can only be
found by exact quantitation of the pulmonary structures. Advanced mor-
phometric techniques, introduced into histology during the past 20 years,
permit reliable measurement of the parameters that determine the gas ex-
change function of the lung. These parameters are the airspace and capil-
lary surface areas, the capillary volume and the barrier thicknesses of
tissue and plasma intervening between air and the erythrocytes. Figure
4.10 illustrates how these parameters have been assembled into a model
that permits estimation of the pulmonary diffusion capacity on the basis of
the structural dimensions of the gas exchange apparatus’.

Effect of environmental pO, alteration on the growing lung

Why people living at high altitude are fairly well able to cope with hypoxia
has always interested physiologists. The physiological mechanisms involv-
ed in adaptation to hypoxia have received considerable attention. Little
effort was made, however, to answer the question as to what kind of struc-
tural adaptations were responsible for the relatively large chests'® and
larger lungs" of high-altitude natives compared with lowlanders. After the
publication of the findings that growing rats and dogs exposed to hyperoxia
showed a deficient growth in alveolar surface area'>" the question seemed
worthy of experimental investigation. To test the hypothesis of whether
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Figure 4.10 Weibel’s model for calculation of the morphometric pulmonary diffusion capa-
city DL. The relevant morphometric parameters are alveolar (Sa) and capillary (Sc) surface
areas, capillary volume (V¢) and the harmonic mean thicknesses of the tissue (tht) and plasma
barrier (thp). For explanation of the model, see Ref. 9. Reproduced with permission from
Ref. 33

environmental pO, could influence lung growth, rats aged 23 days were ex-
posed to hypoxia at high altitude (pO, = 100 mmHg), to hyperoxia in an
0O, chamber (pO, = 290 mmHg), and to room air (pO, = 150 mmHg) for
a period of 3 weeks. In these experiments the rats grown under hyperoxia
had significantly smaller lungs with a compartmental volume distribution
of airspaces, tissue and blood corresponding to that of control animals.
This unchanged relative distribution resulted in smaller absolute volumes
of every compartment and in diminished gas exchange surface areas. The
hypoxic rats showed just the opposite findings. With a slightly larger
average lung volume despite a body mass 11% smaller than in controls, all
the lung parameters were significantly reduced when compared to rats rais-
ed in normoxia'. Finally, the morphometric diffusing capacity expressed
per 100 g body weight was increased by 20% in hypoxic and decreased by
15% in hyperoxic animals. Subsequently, this type of adaptive response to
a hypoxic environment was confirmed by other authors in a number of ani-
mal species exposed to both experimental’® and natural hypoxic
environments's,

The single morphometric study performed in man seems to indicate that
high-altitude people have more and larger alveoli with a larger alveolar
surface than a comparable sea-level population'’.
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Effect of increased O, consumption on the growing lung

Decades ago, it was postulated that physical exercise was able to enlarge
the lungs and to increase the number of alveoli’®¥, In 1971 Geelhaar and
Weibel” investigated the gas exchange tissue of Japanese Waltzing Mice
(JWM), animals suffering from a genetic defect of the vestibulo-cochlear
system. Within a few weeks after birth, these mice develop a hyperkinetic
syndrome showing choreo-athetotic movements and the typical high-speed
waltz of up to three turns per second. The morphomet-
ric diffusion capacity of these animals was found to be increased in propor-
tion to their heavily augmented vO, when compared with normal white
laboratory mice. Although the authors interpreted the findings as func-
tional adaptation, it was shown later by Bartlett and Areson?' that these
lung parameters were genetically determined, as were the defects of the in-
ner ear.

In a further attempt to test the hypothesis that increased oxygen demand
could stimulate lung growth, the lungs of IDPN-mice were quantitatively
analysed. IDPN stands for the drug imino-$'S-dipropionitrile, which in-
duces (after three single injections) a waltzing syndrome in normal white
mice quite similar to the one observed in JWM?®, Three and a half months
after the induction of the waltzing syndrome, the morphometric pul-
monary DpO, per gram body weight was increased by 45% over the control
values of litter mates and matched closely the elevated O, consumption®,
In a third experiment with increased vO,, growing rats were exposed for 3
weeks to a temperature of 11°C. The cold exposure augmented vO, by
64% when compared with rats* raised at 24°C. Concomitantly, lung
volume was enlarged by 24%, the gas exchange surface areas by 18% and
the morphometrically derived D O, by 20% over control values. In the
aforementioned experiments the results had to be normalized to body
weight for intergroup comparisons, because the experimental animals
showed a smaller body mass than the controls. In the last experiment,
however, the body masses of the cold-exposed rats were identical to those
of the control group, so that the full extent of the adaptive response could
be attributed to changes in lung parameters.

In a similar experiment performed in hamsters exposed to an ambient
temperature of only 5°C, Thompson® found the 26% higher VO, com-
pared with controls was matched by a proportionally increased alveolar
surface area.

Consequences of lung tissue resection in the growing lung

It may appear problematic to put the ‘regenerative’ response occurring
after lung tissue resection on a par with the adaptive response following
exposure to hypoxia, exercise or cold. The resection of lung lobes disturbs
the natural balance between the oxygen needs of the organism and the
dimensions of the gas exchange apparatus, but the observed responses to
resection may rely more on the grounds of tissue homeostasis than on phy-
siological adaptation mechanisms. The results of resection experiments,
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however, are well suited to document the enormous plasticity of the pul-
monary tissues. Having shown in a first set of experiments that 64 weeks
after the resection of lung tissue in growing rats, the size of the gas ex-
change apparatus was back to normal®, we investigated the time course
and structural features of the recovery in a second set of experiments?”*,
Rats aged 23 days were subjected to the resection of the upper and middle
lobes which comprised 25% of the total lung volume. On days 1, 4, 6, 9, 12,
18 and 30 after surgery, their lungs were fixed under controlled conditions
processed for light, transmission (TEM) and scanning electron microscopy,
and quantitatively investigated by means of stereological techniques. From
this combined morphological and morphometric approach it was possible
to extract the following essentials of the ‘regenerative’ response.

After surgery the remaining lung increased so rapidly in volume that
even on the first postoperative day the mean lung volume of the operated
group was no longer significantly smaller than that of the sham-operated
group or of the control group. In scanning electron micrographs, widening
of the airspaces was apparent on day 1 in the alveolar ducts in particular,
and 3 days later also in the alveoli. On day 6, and even more so on day 9,
no morphological differences could be detected between groups, and the
airspaces appeared normal in size’®. The morphometric results revealed
that the initial volume gain of the lung was due solely to a dilatation of the
parenchymal airspaces and that tissue mass increased to the preoperative
value with a short delay between days 4 and 6. It is known from other in-
vestigations that RNA- and DNA-synthesis reached maximal rates on days
4 to 6 after surgery”, and that collagen synthesis was elevated during this
phase of intense cellular reaction in rabbits*’. These results permitted es-
tablishment of the following sequence of events in the remaining lung after
lung tissue resection. An initial phase of overinflation of the remaining
lung parenchyma is followed by a proliferative response in pulmonary
tissues which restores the original tissue mass within a few days. In less
than 10 days the remnants of the original lung restored the tissue surgically
lost in a highly ordered fashion, so that the dimensions of every single
parenchymal component equalled the preoperative values. The ‘recovery’
of lung function is best reflected by the morphometric diffusion capacity,
which from the sixth postoperative day onward is not significantly dif-
ferent from the values of non-operated animals (Fig. 4.11). These studies,
however, also indicate that parenchymal structures seem to have a greater
adaptive potential than non-parenchymal structures. ‘Regenerated’ rat
lungs had smaller volume densities in the conductive airway and in the
blood vessel fraction than control lungs?. Reduction of non-respiratory
tissue could lead to such functional problems as ventilation/perfusion in-
equalities in regenerated lungs. However, such potential problems escape
our analysis because our type of approach quantifies only respiratory
tissues.
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Figure 4.11 The morphometrically determined pulmonary diffusion capacity summarizes
adequately the results on the timing of the ‘regenerative’ response following resection of the
right upper and medium lobes (= 25% of total lung volume) of rat lungs. The diagram shows
that from postoperative day 6 onwards the operated lungs have completely restored the lost
tissue. Arrows indicate significant differences between controls and lobectomized animals.
Asterisks give values for corresponding lobes of controls (i.e. for total lung minus right upper
and medium lobes). Data from Ref. 27

MORPHOLOGY OF THE ADAPTIVE RESPONSE

A final problem is the question of the structural mechanism of the adaptive
increase in the number of airspace units, the alveoli, called hyperplasia.
(Both these terms, hypertrophy and hyperplasia, are in fact misnomers. It
would be preferable to use instead airspace dilatation and alveolar forma-
tion, respectively.) Despite the use of morphometric techniques in recent
publications this controversy is still alive.

Given the mode of alveolar formation described in the first part of this
paper, it is unlikely that alveolar formation to any great extent can occur in
a lung made of mature interalveolar septa, because as we have seen, for-
mation of secondary septa is based on the presence of a double capillary
network. If, however, focally distributed areas with immature septal struc-
ture were present in the lung of older animals, a limited number of new
alveoli could be produced at these sites.

In our scanning electron microscopic study we found no clues for the
formation of new alveoli. On the other hand, the pictures of operated and
non-operated lungs 9 days after bilobectomy appeared to be identical. As
explanation for these paradoxical findings we proposed that the initial
dilatation of the airspaces could subsequently be masked to the observer’s
eye by an increase in height of the interalveolar septa. To support this no-
tion, we developed a two-dimensional model which illustrates this possib-
ility?®. By means of measurements performed on the model, we could show
that the small changes in linear dimensions needed to restore the lost
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volume could barely be detected statistically. In other words, parameters
like volume densities, surface densities and mean linear intercepts could be
insufficiently discriminating under normal sampling conditions to detect
the small differences between normal and post-recovery lungs. In conclu-
sion the study demonstrated that formation of additional alveoli was not
necessarily required to explain the morphological recovery observed in the
reported experiments. Instead, the enormous potential of the pulmonary
parenchymal structure for increasing surface area of existing alveoli was
sufficient to account for the regenerative capability of mam-
malian lungs.
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Am I right in believing that hyperventilation induced by carbon dioxide
does not cause increased lung growth?

Bartlett! reported experiments on hyperventilating animals with CO,
and found no adaptive response. I think one has to differentiate between
this kind of mechanical pulmonary stress and the stress experienced by
residual lung after removal of part of it. I believe, despite Bartlett’s
negative results, that mechanical stress plays a role in adaptive response,
as is illustrated by pneumonectomy experiments.

To follow up that idea, it would seem that the internal volume of either
the fetal or the postnatal lung - the stretch applied to lung tissue - is an
important determinant of growth. If one lobe is removed, is there any
difference between the adaptive growth in the remaining lung on that
side and the opposite lung? With a mobile mediastinum there should not
be much difference in the transpulmonary pressure on the two sides.
The response to lobectomy seems to depend on the age of the animal. In
experiments in which the right upper and middle lobes were removed
from young rats aged 23 days and from adult rats of 250 g, we found in
the young animals that both lung sides contributed exactly the same
percentage of their own remaining volume to full recovery?, whereas in
adult rats the right lung (on the side of the lobectomy) contributed
more’. In the old rats the mediastinum is presumably less compliant -
hence the stretch on the right side is greater than the stretch on the left
side, whereas in the young rats the more compliant mediastinum would
equalize pressures on the two sides. The effect of hypoxia in favouring
an adaptive response could be due to an increase in end expiratory level,
documented by Verzar®.

Can you comment on the effect of growth hormone?

It is an unsettled point. I think growth hormone has a certain influence,
mainly in the sense of an overall growth stimulation®’. Unfortunately
some experiments on this topic, such as decapitation, are rather crude.
In the regenerating kidney, somatomedin C in the regenerating tissue is
elevated. In the hypophysectomized rat when there is no demonstrable
growth hormone, a lower level of tissue and serum somatomedin C is
seen. After nephrectomy there is still a small amount of regeneration
and a small increase in tissue somatomedin C level. Thus although soma-
tomedin C is primarily under the control of growth hormone, it is also in-
fluenced by local factors.

Does lung regeneration involve the formation of new alveoli?

I think new alveoli probably cannot be formed, in substantial number,
because as we have seen this requires a pre-existing double capillary net-
work. In the early stages of postnatal development you can lift off one
capillary network and get a new wall in the airspace, but in a mature lung
only few of these double networks are left. On the other hand, an in-
crease in gas exchange surface area following lung resection can be pro-
duced in another way, i.e. by a lengthening of existing septa. We have
tried to work out a model which is based on the fact that a volume gain of
33% after bilobectomy can be achieved by only a 9% increase in linear
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dimensions. If the lung model is expanded without lengthening of the
alveolar walls you can recognize dilated air spaces. But if the walls are
lengthened by 10%, restoring the original proportions between alveolar
depth and duct size, the distension of individual airspaces is no longer
detectable. The changes in dimensions are even unlikely to be statistical-
ly significant on morphometry’.

I think the chairman is driving us into a dangerously reductionist posi-
tion, particularly in equating postnatal lung growth with antenatal
growth. The most impressive finding of your group, Dr Burri, is that gas
exchange and the surface area of the lung are matched to metabolic re-
quirements over a wide variety of animal species. Hence lung growth in
the postnatal period seems not to be determined solely by stretch (or
available thoracic volume).

Although breathing a hypoxic mixture increases lung growth and
breathing a hyperoxic mixture slows growth®? the effect of an increase
in oxygen consumption by the growing animal is not so clearly defined.
Bartlett' showed no effect of increased O, uptake induced by treadmill
exercise or L-thyroxine in rats. On the other hand, Japanese Waltzing
Mice, whose O, consumption is well above normal, have a larger pul-
monary exchange surface than normal mice",

That is a genetic factor. We have produced another model, the IDPN
mouse, which becomes a waltzing mouse after three injections of the
substance imino-B'f-dipropionitrile (=IDPN)?", This mouse does not
turn as much as the Japanese Waltzing Mouse, but it increases oxygen
consumption by about 50%. These animals show an increase in all lung
parameters as compared with the untreated littermates. However, the in-
crease has to be expressed with respect to body weight, as the mice (like
the hypoxic animals) are smaller and have slightly larger lungs for body
weight than the controls. A third type of experiment uses cold exposure
to increase O, consumption. In these experiments the controls and the
cold-exposed animals had similar body weights, yet the morphometric
diffusion capacity was increased by about 20% in the cold-exposed'. The
matter of adaptation remains controversial, however, as Lechner and
Banchero®, who exposed guinea pigs at altitude, claim that the effect was
only to produce an acceleration of growth, and that the difference bet-
ween experimental and control animals, seen after 3 or 4 weeks, became
very small as the growth period came to an end.

Do you feel that it is really feasible to compare adaptation in the rat,
which is very immature at birth, and Lechner’s work on the guinea pig,
which is very mature at birth.

There is probably a difference. On the other hand, the quantitative
structural recovery after lung resection in rats occurs not only in the
neonatal period, but also at later stages when the lung seems to be
mature. However, the rat may be a special case; it continues growing un-
til it dies.

There are many examples in nature of excellent matching between struc-
ture and function of the lung, but I would interpret this as a process of
evolutionary adaptation rather than a cause-effect relationship. Most of
our structures, including the lung, are far more abundant than we actual-
ly need. Experimental removal of 25% of the lung certainly does not
decrease the amount of oxygen available, or oxygen consumption, yet
structural compensation takes place, suggesting that oxygen needs are
not directly determining the structural development of the lung.
I’m not saying that you have compensation because the animal doesn’t
get enough oxygen. There might be another mechanism related to tissue
homeostasis, analogous to that which allows a full recovery of liver
volume within 2 weeks after a two-thirds hepatectomy in rats.
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DrJ. S. To what extent do alveoli actually develop in utero during the latter part

Wigglesworth of the pregnancy? All the older investigators were quite happy about
there being lots of alveoli in the fetal lung, but in recent years it has been
said there are none.

Burri The results are controversial. In alveolar counting one uses a formula
with a shape factor, but alveolar formation cannot take place without
shape changes, which creates problems. Besides that, Hansen and
Ampaya'® have shown that, in sections, it is not possible to distinguish
between alveoli and alveolar ducts. Large errors are revealed when the
counts of alveoli in sections are compared with counts made in three-
dimensional models reconstructed from these sections. Presently,
alveolar counts at birth are in the range of 20-50 million. Since an adult
lung has on average 300 million alveoli, it is still justified to state that
alveolar formation occurs after birth.

Strang I’ve never been sure of what is defined by the word alveolus. From to-
day’s discussion it appears to be a small airspace with a single capillary
circulation. Up to now, we’ve always been told that alveoli appear at a
certain stage, but to me these ‘new’ structures were just small airspaces
not fundamentally different in kind from other small spaces. Now we
learn that at birth these spaces have a double capillary network, and that
in the course of postnatal development new airspaces are formed and
that, furthermore, one of the capillary networks is lost. This I can
understand to be a fundamental change justifying the term ‘remodel-
ling’. These postnatally developing airspaces seem to be of a new kind;
call them alveoli or not as you wish.

Burri It’s not sensible to make such an important point of when alveoli appear.
They start to appear probably in late fetal life. The important point is
that we still have an immature lung at birth, and that, in addition to the
formation of alveoli, a transformation of the capillary network takes
place after birth, a kind of maturation of the microvasculature and of the
interalveolar septa.

Wigglesworth A tremendous change in lung structure is going on throughout late gesta-
tion as well as in the postnatal period. It is not a case of there being a sac-
cular stage which remains unchanged between 30 weeks and term.

Burri Important changes also take place later in life. The lung of a man aged 20
is not composed in the same way as that of a man aged 50. The volu-
metric composition - airspace volume, tissue volume and capillary
volume - is continuously changing.
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The Secretion and Absorption
of Fetal Lung Liquid

D. V. WALTERS AND C. A. RAMSDEN

At the birth of a mammal dramatic changes must occur if the liquid-filled
lungs of the fetus are to be transformed into an air-filled organ capable of
supporting gas exchange. The aim of this paper is to examine some of the
physiological mechanisms which bring about this metamorphosis, in parti-
cular those concerned with ion transport across the pulmonary epithelium.

FETAL LUNG LIQUID SECRETION

It has been known for at least 100 years that the lumen of the fetal lung is
filled with liquid®. This liquid is a secretion of the lung and not, as once
supposed, inhaled amniotic liquor. Experiments of nature in which occlu-
sion of the airway during development produced distension of the lungs
with liquid first suggested that the site of lung liquid production is the lung
itself2. More direct evidence was presented by Jost and Policard® who, in
experiments designed to study endocrine effects, ligated the neck of fetal
rabbits and incidentally observed that after a few days the lungs became
distended with a liquid which was under considerable pressure.

Adams, Moss and Fagan* were the first to examine the chemical compo-
sition of fetal lung liquid, but they were unable to decide whether it was an
ultrafiltrate or a secretion. However, in more detailed studies, Adamson et
al’ were able to demonstrate the fluid to be distinct from both plasma and
amniotic liquor (Table 5.1). The high chloride and low bicarbonate concen-
trations led the authors to conclude that lung liquid must be a result of ac-
tive ion transport by the lung; an hypothesis later confirmed by Olver and
Strang®.

For a secretory organ to be capable of generating a chemical gradient a
barrier must be present to restrict molecular diffusion. Normand et al.’
showed that in the fetal lung this barrier resides in the pulmonary epithe-
lium. In their experiments the capillary endothelium of the fetal lung
was found to present little barrier to molecular diffusion, whereas the
pulmonary epithelium was relatively ‘tight’, completely restricting the
movement of molecules larger than mannitol. Describing their results in
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terms of pore theory, the effective pore radius of the capillary endothe-
lium was in excess of 11 nm, while that of the epithelium was only 0.6 nm.
This may explain why lung liquid contains such a small concentration of
protein (molecular radius of albumin is about 3.5 nm).

Table 5.1 Composition of lung liquid, plasma and amniotic liquid in mature fetal lambs
(from Adamson et aF).

Nat Kkt ClI~ HCO,~ Protein
Plasma 150 4.8 107 24 4.09
Lung liquid 150 6.3 157 2.8 0.027
Amniotic liquid 113 7.6 87 19 0.10

Units are mmol/kg H,O except for protein, which is g/100 ml

The mechanism of lung liquid secretion was investigated a few years
later by Olver and Strang®. They measured unidirectional fluxes of various
ions across the pulmonary epithelium, and compared the observed fluxes
with those predicted for passive diffusion by the Ussing flux ratio equa-
tion. Agreement between the observed and predicted flux ratios for a par-
ticular ion suggests that it is distributed passively across the epithelium,
whereas a significant discrepancy may be taken to indicate that the ion in
question is actively transported. Olver and Strang demonstrated net move-
ment of chloride ions (and of other halides) into the lumen of the fetal lung
against an electrical and chemical gradient. They found not only that there
was a discrepancy between observed and predicted fluxes, but also that the
observed flux ratio was greater than 1, whereas the predicted ratio was less
than 1. This observation provided strong evidence for the active transport
of chloride into the lung lumen.

They also found evidence for active movement of potassium ions into
the lumen and of hydrogen ions into (or bicarbonate ions out of) the
lumen. The quantitative fluxes of these latter ions were small compared
with that of the chloride ion, and Olver and Strang were able to conclude
that active transport of chloride was the dominant force mediating lung li-
quid secretion. Sodium appeared to be distributed passively in these ex-
periments. The permeability of the pulmonary epithelium to the chloride
ion is lower than would be expected simply from the size of its hydrated
shell. Olver and Strang suggested that this was because of a standing
negative charge on the surface of the epithelium, a proposition supported
by the relative permeabilities of the other halides they investigated.

The capacity of the pulmonary epithelium to actively transport chloride
ions and to present a permeability barrier between the interstitium and
alveolar space is established very early in gestation®. Lung liquid is cert-
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ainly secreted before 70 days gestation in the fetal lamb and no change in
permeability was detected in the lung between this gestation and term (147
days). In these experiments the number of strands comprising the tight
junctions between epithelial cells was examined, and found to decrease
with advancing gestation. This suggests that in the developing lung there is
not a straightforward relationship between tight junction structure and
permeability, unlike the observations of Claude and Goodenough®.

The lungs of the mature fetal lamb contain about 30 ml of lung liquid/kg
body weight, and secrete liquid at a rate of between 3 and 5 ml/h per kg
body weight®-%!%, Thus a fetal lamb near term secretes a volume approach-
ing 4 litre every 24 hours. The liquid volume contained in the potential
airspaces appears to have an important role in normal lung growth; inter-
ference with lung volume, either by artificially withdrawing liquid or by
preventing its escape, profoundly alters lung histology and tissue weight''~?
(see also Chapter 3 in this volume).

Figure 5.1 Pregnant ewes were operated on under sterile conditions, and catheters were in-
serted as shown. The large-bore silastic tracheal catheters produced a pressure drop of 0.22
c¢cmH,0 along their combined lengths at a flow of 35 ml/h - a value well in excess of normal
lung liquid secretion rates. In some preparations, in order to measure electrical p.d., a fine
catheter filled with KCl agar was inserted through a watertight seal into the lung catheter and
advanced so that its tip lay in the 8th to 10th bronchial generation. A circuit was completed us-
ing two calomel half-cells and a catheter connected to the vascular space to allow measure-
ment of the vascular-lung lumen electrical p.d.

LABOUR, ADRENALINE AND FETAL LUNG LIQUID
ABSORPTION

To investigate the effect of labour on lung liquid secretion, we have used
the chronically catheterized fetal lamb model'*", In our preparation (Fig.
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Figure 5.2 Lung liquid volume measured in a fetal lamb undergoing labour. Each point is
calculated from the concentration of '*I albumin in samples of lung liquid taken at regular in-
tervals. The left-hand vertical axis is cumulative lung liquid volume; sample volume is ad-
justed so that the volume of liquid remaining in the lung at any time is kept more or less
constant and thus distension of the lung is prevented. An increasing cumulative volume, i.e. a
positive slope of volume/time, means secretion, and a negative slope absorption. The arrows
indicate the time at which various parts of the lamb’s body were delivered. The right-hand
vertical axis is the adrenaline concentration in the fetal plasma in the same fetus. Note the log
scale

5.1) an exteriorized loop made of large-bore silastic catheters is inserted in-
to the trachea allowing lung liquid to flow normally through the larynx bet-
ween experiments. Small-bore silastic catheters give access to the arterial
and venous systems for withdrawal of blood samples and infusion of drugs.
To perform an experiment the tracheal loop is interrupted and a syringe at-
tached to the proximal catheter. About half the liquid volume can be gent-
ly withdrawn and put back into the lung. Frequent repetition of this action
ensures thorough mixing of the liquid. By introducing a known amount of
a volume marker (radiolabelled albumin) into the liquid, volume and thus
secretion rate can be calculated from the concentration of albumin in serial
samples. The labelled albumin is confined to the lung lumen because the
pulmonary epithelium is completely impermeable to a molecule of this
size. (The catheter to the larynx is closed off for the duration of the experi-
ment.) Corrections are made for the amount of albumin removed in
samples, and the sampling volume is adjusted so that the volume of lung li-
quid remaining in the enclosed system is as constant as possible. Figure 5.2
gives an example of an experiment in which lung liquid secretion rate was
measured over several hours. In this experiment the ewe was in labour.
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Lung liquid continued to be secreted early in labour, but as delivery of the
fetus approached, secretion slowed, and absorption of lung liquid was
observed when a presenting part (the forelimbs) appeared at the vaginal
outlet. Similar results were obtained in other experiments and these are
summarized in Table 5.2. The observations immediately following birth
were made by restraining the ewe and allowing the fetus to lie quietly at
the vaginal outlet. The placental circulation was maintained by applying
warm saline packs around the exposed cord. Because of the characteristics
of the sheep placenta, oxygenation of the fetus may be maintained for a
substantial period after birth despite the fetus being unable to breathe.

Table 5.2 Pooled data from experiments in which lung liquid secretion rate was measured in
fetal lambs undergoing labour and delivery (from Ref. 14)

Time before delivery (min) Time after delivery (min)
900-150 150-50 50-0 0-50

Jy (ml/h) +7.1 -2.2 -15.2 —28.7

[A] (ng/ml) 0.087 0.524 6.86 7.17

[NA] (ng/ml) 1.7 3.8 12.1 9.1

Jy is secretion (+ ) or absorption rate (—); [A] and [NA] are fetal plasma adrenaline and nora-
drenaline concentrations. The number of animals contributing to any value was between
three and seven; all values after delivery are the means from four animals. Note that adrena-
line concentration increased almost 100-fold, whereas noradrenaline concentration increased
only 5-fold

How then to explain the reversal of liquid flow across the pulmonary
epithelium during labour? We had already observed and reported that
adrenaline had profound effects on lung liquid secretion’. An example of
the effect of intravenous infusion of adrenaline is shown in Fig. 5.3. This
infusion rate (0.5 yug/min) produces a plasma adrenaline concentration
similar to that observed in labour. The effect on secretion is related to
gestational age: infusion of the same dose in young fetuses (about 120
days) has little effect, but the response increases as the fetus matures until
after 130 days absorption is the rule, and by 140 days rapid absorption is
generally observed (see Table 5.3).

The effect appears to be mediated by f-receptors since it is blocked by
propranolol and large concentrations of noradrenaline have little effect,
whereas isoprenaline is even more potent than adrenaline.

Can the absorption of lung liquid seen during labour be explained by the
action of endogenously derived adrenaline released in response to the
stress of delivery? To answer this question we constructed dose-response
curves by infusing adrenaline at different rates into fetuses of various
gestational ages'. The animals were grouped into 3-day gestational periods
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Figure 5.3 The effect of adrenaline infused intravenously on lung liquid secretion. In this
fetus, at 132 days gestation, absorption of lung liquid was produced. The lines are the
calculated regression lines and their slopes give J . A negative value for Jy indicates absorp-
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Table 5.3 Data demonstrating the maturation in the response of fetal lamb lungs to adrena-
line in the last weeks of gestation. Term is 145+ days. (from Ref. 14)

Gestation period N

Ka Ak AKX cAMP
(days) (ml/h) (ml/h) (ml/h) (ml/h)

120-124 11.7 6.5 5.2% } 2.8
125-129 13.2 4.5 8.6* ’

130-134 17.3 -1.3 18.5% 6.0
135-139 17.0 -9.2 26.1* 15.8
140+ 10.3 -17.9 28.2t 48.4

* Indicates significance at p<0.001, and 1= p<0.02

Jvc is the resting secretion rate, Jya the secretion or absorption rate during infusion of 0.5

ug/min of adrenaline, and K is (J¢— Jva)

AJycAMP is the response to dibutyryl cyclic AMP introduced into the lung liquid to give a
final concentration of 10™*mol/l, in a separate series of experiments
The values are means; nvaried between 4 and 12 for each gestation period

and within each group we were able to correlate the rate of lung liquid
secretion or absorption to the prevailing plasma adrenaline concentration.
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Figure 5.4 The relationship between the secretion or absorption rate of lung liquid (f) and
fetal plasma adrenaline concentration during control periods (open symbols) and infusions of
adrenaline (closed symbols). Pooled data from five fetal lambs of gestational age 135-137
days. The regression line is shown (r=0.85, p<0.01) and this is line bin Fig. 5.5

An example of the results for a single group of animals is given in Fig. 5.4.
A similar analysis was performed for fetuses undergoing labour, but in
these experiments the adrenaline in fetal blood was the result of endo-
genous fetal catecholamine release. The relationship observed in labouring
animals was closely similar to that obtained from fetuses of similar gesta-
tion into which adrenaline had been intravenously infused (Fig. 5.5a).
More quantitatively, Fig. 5.5b demonstrates that all of the slowing of
secretion and absorption of lung liquid observed during labour can be ex-
plained by the endogenous release of adrenaline by the fetus.

Other experiments in rabbits support this conclusion: -adrenergic stim-
ulation of rabbit fetuses near term can produce lungs which contain less
water'®;, exposure to labour also produces drier lungs in fetal rabbits - an
effect unaltered by subsequent route of delivery (by hysterotomy or nor-
mally by the vagina)!’. Estimations of plasma catecholamines in fetal scalp
blood samples from human infants followed for several hours before
delivery show that adrenaline concentrations are high early in labour*®, In-
deed they are higher than would be required to produce very rapid absorp-
tion of lung liquid if the sensitivity of the human lung is similar to that of
the lamb.

It is noteworthy that the concentrations of adrenaline required in the
term lamb fetus to produce cessation of lung liquid secretion are extremely
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Figure 5.5 (a) The regression lines of J on plasma adrenaline concentrations. Data points
are omitted for clarity. Lines a, b, cand eare derived from data obtained during i.v. adrena-
line infusions in gestation groups a: 132-134, b: 135-137, c: 138-140 and e: > 141 days. Line
d is obtained from fetuses undergoing labour during which the elevated adrenaline concen-
trations are the result of endogenous secretion, not infusion: gestation range 134-144. (b)
[Ai], the intercepts of the regression lines from (a) plotted against the mean gestation of each
group. [Ai] is the concentration of adrenaline which stops secretion but does not cause ab-
sorption. The regression line is calculated from the adrenaline infusion data only (i.e. points
a, b, cand ¢). Note, however, that point d lies on the line. This means that the changes in
lung liquid secretion rate observed during delivery can be attributed to endogenous adrena-
line release. No other mechanism needs to be postulated to explain the data

low. In fact, such low concentrations of adrenaline have not been reported
in any postnatal mammal even under resting conditions'. This has impor-
tant implications for the physiology of the postnatal lung; even if no fur-
ther maturational changes take place after birth there appears to be always
enough adrenaline in the circulation to produce continuous stimulation of
absorption of lung liquid. In this respect it is relevant that the adult sheep
pulmonary epithelium has been demonstrated to be capable of absorbing
liquid against large oncotic pressure gradients?® and sodium absorption has
been reported in primate distal airway epithelium?®’.

THE MECHANISM OF ABSORPTION

Absorption of fetal lung liquid could be the result of several very different
mechanisms. For example, the large protein oncotic difference between
lung liquid and the interstitium would be expected to produce passive ab-
sorption of liquid if the active transport of chloride into the luminal space
were to be totally inhibited, or if the permeability of the epithelium, parti-
cularly to chloride ions, were to be increased sufficiently to allow little res-
triction to ions but not enough to allow unrestricted protein movement.
(Indeed, a very temporary increase in epithelial permeability of this type,
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Figure 5.6 The effect of i.v. adrenaline infusion on the electrical p.d. measured between the
fetal lung lumen and the vascular compartment. Note that the p.d. becomes more negative
during adrenaline infusion

presumably due to stretching of the alveolar surface, has been described in
the first few hours of spontaneous breathing in neonatal lambs??). It is
possible that alterations in pulmonary blood flow could affect liquid move-
ment across the pulmonary epithelium by an effect on the hydrostatic
pressure gradient. However, Olver and Strang demonstrated that changes
in pulmonary vascular pressure sufficient to double lung lymph flow had
no effect on the rate of lung liquid secretion®. Furthermore, adrenaline can
induce rapid absorption of lung liquid in a dose that has no measurable ef-
fect on pulmonary blood flow as detected by electromagnetic flow meters
placed around the pulmonary artery (personal observations, Walters, D.
V. and Cassin, S.). Also it is known that isoprenaline and adrenaline have
opposite effects on the pulmonary vasculature but similar effects on lung
liquid secretion®.

Other possibilities are that adrenaline could reverse the direction of the
chloride ‘pump’ or it could stimulate some other active transport system
orientated towards the interstitium. The first evidence we obtained to sup-
port the latter hypothesis came from observations of the electrical poten-
tial difference across the pulmonary epithelium during adrenaline
infusion'®. An example experiment is shown in Fig. 5.6. The lung lumen,
which is normally electrically negative with respect to blood, became even
more negative during adrenaline infusion. This observation, whilst not
compatible with reversal of active chloride transport, provides supporting
evidence for the active transport of a positively charged ion (Na') in the
direction lung lumen to plasma. Much more convincing evidence im-
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Figure 5.7 The effect of amiloride on adrenaline-induced lung liquid absorption. Amiloride
was mixed into the lung liquid at the time indicated by the arrow to give a final concentration
of 1.2 x 107*mol/1. It completely blocked the absorption produced by adrenaline

plicating active movement of sodium ions was obtained by examining the
effect of amiloride, an agent known to block sodium channels on the apical
membranes of some transporting epithelia. When amiloride is given into
the lung liquid during resting secretion it has little effect but it completely
prevents the absorption which is produced by adrenaline in a mature fetus
(Fig. 5.7). The blocking effect of amiloride is invariable, and occurs
whether it is given before or during an adrenaline infusion'®. The concen-
tration of amiloride required to produce half maximal inhibition of the ef-
fect of adrenaline, the Ki, is 4.3 X 10~¢ mol/l, a figure in agreement with
that reported for amiloride in other tissues studied in vivo*.

Thus B-receptor stimulation of the fetal lung appears to stimulate
sodium transport from lung lumen to plasma, an effect which is dependent
on activation of sodium channels in the apical surface of the epithelial
cells. This could be the result of configurational changes of pre-existing
channels, or the insertion of preformed channels into the membrane.
When an adrenaline infusion is stopped the effect on the lung wears off
rapidly and the epithelium begins to secrete again within minutes. The
capacity of the sodium channels of the fetal lung to be activated and deac-
tivated so quickly is, as far as we know, unique to this tissue.
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Figure 5.8 A model which may explain the fetal (secretory) and postnatal (absorptive) states
of the lung. In this model Na* entry channels play a key role; when they are closed liquid is
secreted and when they are open liquid is absorbed. f-Adrenergic stimulation, by modulating
the sodium channel number or function, determines the direction of net fluid movement.
Secretion: Na*/K* ATPase generates a gradient for Na* which enters the intracellular space
across the basolateral membrane linked to CI™, the latter ion being moved ‘uphill’ against its
electrochemical gradient. Cl™having entered the cell will pass into the lumen of the lung down
the electrochemical gradient across the apical membrane (perhaps through specialized
chloride channels) resulting in net transport of CI~ from plasma to lung lumen. Absorption:
During f-adrenergic stimulation Na' channels open in the apical membrane of the cell.
Under these conditions Na* will preferentially enter the intracellular space across the apical
membrane and be extruded across the basolateral membrane by Na*/K* ATPase, resulting in
net transport of Na* from the lumen to plasma. Entry of Na* across the apical membrane
may dissipate the electrochemical gradient for linked Na* and Cl~ transport at the basolateral
membrane, causing active Cl~ transport to decrease or even cease during f$-adrenergic sti-
mulation

MECHANISM OF MATURATION

A synthetic analogue of cyclic AMP, dibutyryl cyclic AMP, when mixed in-
to lung liquid produces changes which are similar to those of adrenaline,
i.e. an effect on secretion which is related to gestation (Table 5.3) and
which can be inhibited by amiloride. Besides confirming that adrenaline is
working via the adenylate cyclase system, it also suggests that the limiting
step in the maturation of the response to adrenaline is ‘downstream’ from
the B-receptor and the generation of intracellular cyclic AMP.
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CONCLUSION

The experimental evidence we have to date allows us to postulate a cellular
model for the secretion and absorption of fetal lung liquid which is sum-
marized in Fig. 5.8. It is possible that the active transport of both chloride
and sodium ions is driven by Nat/KTATPase. The direction of net
transport in such a model, whether it is chloride into lung liquid or sodium
into the interstitium, would depend solely on the permeability of the apical
membrane to sodium ions. Adrenaline, by modulating sodium channel
function or number, could transform the epithelium from a state of
chloride secretion to one of sodium absorption. Such a system may allow
very fine control of the amount of liquid lining the pulmonary epithelium
in postnatal lungs.
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Can the developmental change in apparent sensitivity to adrenaline be
traced to differences in receptor affinity, stimulus effectiveness, or
perhaps to the presence of other effectors in the system?

We haven’t looked at f-receptor number or affinity. The resting levels
of adrenaline early in gestation are slightly higher than later in gestation,
but we haven’t taken it any further. The fact that the response to dibu-
tyryl cAMP is also gestation-dependent suggests that maturation is
‘downstream’ from the f8-receptor.

Are there other factors which seem to tune this sytem for adrenaline?
We have somewhat inconclusive evidence that neither corticosteroids
nor thyroid hormones are involved.

It is interesting that tight junctions are already so tight on the 70th day of
gestation. Is there any morphological difference between mature and im-
mature junctions?

My answer comes from the work we did with Dr Schneeberger’. We
looked at tight junction morphology by the freeze-fracture method and
found that there are fewer strands in the mature fetus than in the imma-
ture one; yet in terms of pore theory their permeability is absolutely
identical. Thus we must ask whether the junctional strands have anything
to do with permeability. The claims that strand number and permeability
are related are based on comparisons between different types of
epithelia}, which is perhaps less valid than our comparison of the same
epithelium at different stages of development.

As the fetus delivered was there substantial expulsion of fluid into the
syringe from the thorax, which might be expected if chest squeeze is im-
portant in clearing lung liquid?

No, there wasn’t.

In your final model you didn’t mention a number of the ions that were
studied in the earlier paper on the composition of lung liquid®, in parti-
cular potassium ions and protons.

We haven’t given detailed consideration to the role of other ions in the
proposed model.

May I ask a question about the stoichiometry between volume of water
removed and the number of chloride ions removed and whether or not
the ratio between sodium and potassium is the same during lung liquid
secretion and absorption?

It seems to be an isotonic absorption. Bicarbonate, chloride and sodium
concentrations in lung liquid do not alter during reabsorption. There is a
small rise in potassium.

The lung liquid Na level is 150 mmol/1, the K 5-6 mmol/] and the Na/K
exchange 3/2 at the Na/K ATPase. I’'m having trouble balancing the
books.

There are several membranes between the lung lumen and interstitial
space. We know the Na/K ATPase works at a 3/2 ratio but we would be
wrong to expect the same ratio across the whole epithelium as the K is
free to leak out of the basolateral membrane of the cell down the elec-
trochemical gradient established by the pump. Indeed the plasma mem-
brane is usually permeable to K™ and behaves as a K* electrode.
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Dr G. Enhorning  Is it known what happens when infusion of a -adrenergic agonist is used

in an attempt to arrest labour? Is there a rebound increase in secretion
when the f-agonist is stopped?

Walters We have never seen a rebound - the resting secretion rate seems to be

very stable.

Dr J. P. Mortola  Several aspects of the breathing pattern and respiratory mechanics after

birth do not seem to be strikingly different between babies born natural-
ly and those born by Caesarean section®’, In a baby delivered artificially
before labour begins, would the absorption rate of the fetal pulmonary
fluid be much slower than in the naturally born infant?

Walters Adrenaline is released in the fetus in response to the stress of labour.

The adrenaline concentration is high in the cord blood of babies whether
delivered normally or by Caesarean section, but in the infant born by
elective Caesarean section we can assume that the adrenaline level must
have been high for only a very short time. The increased incidence of
transient tachypneoa of the newborn (TTN) in Caesarean babies may be
due to lack of adrenaline stimulation over a sufficient period.

Gatzy Have you tried to change the composition of the liquid to see if the ab-
sorption is dependent on both Na* and K*?

Dr C. A. We attempted to remove Nat from the liquid but we presumed that a

Ramsden concentration below 20 mmol/I - if not below 10 mmol/]1 - would be re-

quired to have an effect on transport. That is difficult or impossible to
achieve in our preparation due to backflux of Na* from plasma to lung
liquid.
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Transport in Fetal and
Neonatal Airways
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ABSTRACT

The mode of secretion of lung liquid by the pulmonary epithelium of the
sheep during late gestation and reabsorption of this liquid around the time
of birth has been elucidated, but the role of different regions of the epithe-
lium in these processes has not been examined. We studied bioelectric prop-
erties and ion flows across upper airway epithelia excised from fetal sheep
and fetal and neonatal dogs. Transepithelial nasal p.d. values of human
neonates were also assessed in vivo. The tracheal epithelium of fetal sheep
(143 days gestation) secreted Cl= (1.4 uEq cm™2 h™' hour). Na* move-
ment (1.8 uEq cm™? h™!) was passive. Transepithelial p.d. (12 mV, lumen
negative), short-circuit current (1.6 uEq cm™2 h™') and Cl— secretion
were stimulated by isoproterenol but were not affected by amiloride.
Tracheal and 4th to 6th generation bronchial epithelia of maternal sheep
absorbed Na*; Cl- movement was passive. Amiloride inhibited p.d.,
short-circuit current and Na*t transport, but isoproterenol had no effect.
Canine fetal and neonatal (up to about 1 month) tracheas exhibited pat-
terns of bioelectric properties, ion flow and drug response similar to those
of fetal sheep trachea. Whereas the dominant ion transport deduced from
drug responses of canine fetal bronchi resembled those processes of fetal
and neonatal trachea, bronchi from 1 month neonates absorbed Nat and
responded to amiloride. Although these results suggest that Nat absorp-
tion by upper airway epithelia matures after birth and proceeds from distal
to proximal regions, the transepithelial p.d. values of the nasal turbinate of
term and preterm infants were close to the mature value (—30 mV, lumen
negative) at birth. Moreover, amiloride induced a similar inhibition of p.d.
(40%) of turbinates of infants and adults. This departure from the pattern
predicted from the canine studies could reflect species and/or regional dif-
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ferences in airway epithelial function.

INTRODUCTION

Because of the efforts of Drs Walters, Olver, Strang and their co-
workers™>, we know a good deal about the maturation of ion transport and
permeability of the fetal pulmonary epithelium of the sheep around the
time of birth. Production of lung liquid by the fetus appears to be driven
by the secretion of Cl~. This flow slows as term approaches and is sup-
planted by an absorption of Nat (Cl~) and liquid that can be inhibited by
amiloride. The changeover is induced by interaction of p-adrenergic
receptors with the rising concentration of circulating catecholamines which
accompanies the last days of gestation. Recent studies by Bland and co-
workers* demonstrated that labour stimulates Nat - Rb* exchange by dis-
aggregated granular pneumocytes. These results imply that Nat pumps, as
well as amiloride-inhibitable Nat channels, are activated around the time
of birth.

However, there is little direct evidence about the role of the different re-
gions of the pulmonary epithelium in the fetus or neonate, although the
alveolar epithelium, with its enormous surface area, is usually assumed to
dominate any measurements of epithelial function. McAteer and co-
worker’s studies of alveolar buds from fetal rat lung in subculture® indicate
that the primitive alveolar epithelium is capable of producing a liquid, but,
for the most part, direct studies of this region are, if you will pardon the
pun, ‘in their infancy’. Moreover, there is no direct information about
solute transport and permeability of small airways even though there is
reason to believe that the aqueous phase which bathes the cilia of distal air-
way cells is produced by the epithelium®. Consequently, this paper will be
limited to a description of the behaviour of a more accessible region -
namely, the large airways of fetal and neonatal sheep, dog, and man.

IN VITROMETHODS

Our approach to the study of developing airways of sheep and dogs drew
on traditional flux chamber techniques. Tracheas or large bronchi were ex-
cised from anesthetized fetal, neonatal or adult animals and were mounted
as sheets between half chambers that were filled with mammalian Ringer
solution. Potential difference was measured between Ringer-agar bridges
that were connected by calomel half-cells to a high impedance voltmeter.
Direct current was passed through a second pair of bridges and half cells.
Transepithelial conductance was taken as the ratio of the current required
to clamp the p.d. to zero (short-circuit) to the open circuit p.d. Unidirec-
tional fluxes of radiolabelled solutes were estimated from the steady-state
rate of appearance of tracer that was added to the solution bathing one sur-
face of the tissue (source) in the other bath (sink).
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Table 6.1 Bioelectric properties and ion flow across short-circuited sheep airways

Bioelectric properties Ion Fluxes
pEq cm™? h ™!
Flux p.d I G N
Tissue n direction (mV) rEq (ms/cm?) Na* cr K*
cm~ 2 h™!
Maternal 11 m=—s 15.7 2.26 4.03 3.78 2.61 0.038
bronchi +1.5 +0.15 +0.27 +0.31 +0.27 +0.005
10 s> m 17.9 2.32 3.62 1.69 3.05 0.138
+1.4 +0.14 +0.28 +0.21 +0.26 +0.040
Nett 2.09f -0.44 -0.100%
+0.38 +0.38  +0.040
Maternal 14 m-—=s 23.7 3.43 4.02 3.34 2.59 0.030
trachea +2.0 +0.29 +0.25 +0.31 +0.24 =+0.007
14 s—>m 25.6 3.45 3.85 1.19 2.84 0.060
+2.7 +0.31 +0.36 =+0.19 +0.31 +0.024
Net 2,151 -0.25 -0.30
+0.37 +0.39
+0.025
Fetal 20 m=s 12.1 1.65 3.88 1.82 1.64
trachea +0.9 +0.10 +0.24 +0.17 +0.12 0.052
20 s-m 126 1.71 373 LT3 2.99  +0.016
+08  +0.10 022 +0.16 +021  0.064
Net 0.09 —1.35f +0.011
+0.23 +0.24 -0.012
+0.019

Values are means + SE; n, no. of tissues; p.d., potential difference (lumen negative); I,
short-circuit current; G, conductance; m, mucosa; s, submucosa.

*n=6. t Indicates secretion. 1 Different from zero (p<0.05).

Adapted, with permission, from the Journal of Applied Physiology’

EXCISED SHEEP AIRWAYS

Our first experiments dealt with the behaviour of tissue from sheep’.
Table 6.1 compares the properties of excised maternal large airways with
tracheas removed from 140-145-day fetuses. The direction of isotope
movement was from the lumenal to interstitial-facing bath (mucosal to sub-
mucosal, M—S) or the opposite direction (S—>M). Transepithelial p.d. was
clamped at zero (i.e. short-circuited) by direct current from an external
source, except for brief intervals when the circuit was opened to evaluate
the magnitude of the transepithelial p.d.

Voltage across the adult airways, as we had previously noted for other
species®, was smaller in the more distal structures, and this resulted in a
smaller short-circuit current because the conductances of epithelia from
both regions were comparable. The p.d. and short-circuit current across
fetal trachea were lower than those of the maternal tracheal barrier but the
conductance was similar.

Nat moved more rapidly towards the interstitium (submucosa) than
towards the lumen of both maternal airways. Since there was no elec-
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Figure 6.1 Effect of iosproterenol on short-circuit current. Tissues were maintained under
short-circuit conditions except for 1 min every 20 min, when the circuit was opened and p.d.
was measured. At the time indicated isoproterenol was added to interstitial-facing (submu-
cosal) bath to achieve a final concentration of 107 mol/l. Short-circuit currents before expo-
sure to drug were 2.3, 3.5 and 1.6 uEq/cm?® per hour for maternal bronchi and trachea and
fetal trachea, respectively. Mean + SE; n = 10-20 tissues. Reprinted, with permission, from
the Journal of Applied Physiology’

trochemical driving force, the flux asymmetry implies the existence of an
active Na*t absorptive process. In contrast, fluxes of Cl~ across both
maternal airways were symmetric and compatible with passive diffusion.

On the other hand, Cl— flow toward the lumen of fetal trachea clearly
exceeded tracer flux in the opposite direction, a finding compatible with
active secretion. There was no evidence for the flux asymmetry that would
signal Na* absorption by the fetal trachea.

Some of the animal studies we will describe later were limited by the size
and number of preparations. Moreover, conventional flux studies and vol-
tage clamping of the epithelium of man in vivois fraught with problems.
Current passage across the epithelium has not been defined, and isotope
flows across circumscribed areas of epithelium are difficult to control and
not without risk. Accordingly, we must rely on the information that can be
gleaned from bioelectric properties, or, sometimes, only the transepithelial
p.d. Fortunately, a number of chemical agents or changes in bathing solu-
tion ion composition affect bioelectric properties and signal alterations in
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Figure 6.2 Effect of amiloride on short-circuit current of airway epithelia excised from
maternal and fetal sheep. Tissues were short-circuited except for 1 min every 20 min, when
the circuit was opened and p.d. was measured. Amiloride was added to the lumenal (mucosal)
bath (final concentration = 107 mol/l) at the arrow. Mean + SE; n = 6-8 tissues

ion permeation. An example of a drug-induced change in the short-circuit
current of sheep airways is shown in Fig. 6.1. Exposure of the submucosal
surface of the fetal trachea to 10~¢ mol/1 isoproterenol increased the cur-
rent, whereas maternal airways were not affected by the drug. Analysis of
ion fluxes revealed that Cl- secretion by fetal trachea was stimulated
selectively, but ion flows across maternal trachea and bronchi were not
changed. In contrast, the Na* channel blocker, amiloride, inhibited p.d.
and short-circuit current (Fig. 6.2) of maternal airways but did not affect
either bioelectric property of fetal trachea appreciably. Again, flux analy-
sis showed that Nat absorption by maternal airways was blocked by ami-
loride, but neither active Cl~ secretion nor the passive flow-of Na*t across
fetal trachea was affected.

In summary, we found that active ion flow across large airways of the
maternal sheep was dominated, in the basal state, by Na* absorption that
could be blocked by amiloride but was not affected by isoproterenol. In
contrast, only active Cl~ secretion was detected in studies of fetal trachea,
and this transport was stimulated by isoproterenol but not affected by
amioride.
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Figure 6.3 Relationship between age and bioelectric properties of tracheal epithelia excised
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Figure 6.4 Relationship between age and unidirectional ion fluxes across tracheal epithelia
excised from fetal and neonatal dogs. Histograms denote mean unidirectional Na* (open) or
Cl~ (stippled) fluxes across tissues excised from at least nine animals

EXCISED CANINE AIRWAYS

We extended our study of the developing lung to the dog. Liquid sampled
from lungs of fetal dogs was characterized by Na* and HCO,~ concentra-
tions that were similar to those of maternal and fetal plasma, whereas K+
(9 mEq/1) and Cl~ (129 mEq/l) concentrations were significantly greater
than those of plasma. Consequently, pulmonary liquid of fetal dogs, like
that of fetal sheep, is rich in Cl~.
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When the airways of dogs were excised and mounted in flux chambers,
we found the functional pattern of the fetal sheep, not only for the fetal
trachea, but also for tracheas from pups that ranged in age from newborn
to about 1 month’. Figure 6.3 summarizes the bioelectric properties of
these tissues. In general, p.d. tended to rise with age and conductance
tended to fall. Short-circuit current was somewhat higher in tracheas from
8-day neonates than in tissues from younger or older animals.

The ion flows reflected by these bioelectric properties are shown in Fig.
6.4. It is clear that Cl~ secretion (the difference between the unidirectional
flows) by the trachea persisted for up to 1 month and paralleled the short-
circuit current. The trend towards smaller conductances of tissues from
older neonates (Fig. 6.3) was reflected in both smaller Na*t fluxes and the
passive flux of Cl—.

Active Na* transport, which has been well documented by many studies
of adult trachea, was missing from the fetal trachea and all neonatal
tracheal epithelia. The lack of Na*t transport does not appear to be a con-
sequence of the ‘noise’ in the measurements. When we evaluated the rela-
tionship between electrical conductance (the aggregate of partial ionic
conductances) and flux it was apparent that Nat flow in either direction
described the same relationship. That is, lumen to interstitial (mucosal-
submucosal) flow and interstitial to lumen (submucosal-mucosal) flows ap-
peared to be part of the same population.

A comparable analysis of C1~ flow across the fetal trachea demonstrated
that points for interstitial to lumen flow routinely fell to the right, i.e. were
greater than the best linear relationship that described the population of
points for flow in the absorptive direction. Consequently, the Cl~ flux
asymmetry and evidence for Cl~ secretion that was noted in Fig. 6.4 was
accentuated by ‘normalization’ for overall ion conductance.

Flux studies showed that isoproterenol could stimulate Cl- active
transport by all fetal and neonatal tracheal preparations but amiloride had
no effect. Again, bioelectric properties mirrored drug action on ion
transport. When isoproterenol was added, short-circuit current nearly
doubled. Similar changes were induced by p-adrenergic stimulation of
neonatal trachea. These results suggest that the Na* transport process in
the trachea which, along with Cl~ secretion, characterizes the adult epithe-
lium, must mature very much later than the processes which transport Na*
and help clear liquid from the lung around the time of birth.

We know that the epithelial cells of the immature trachea are not defi-
cient in Na* pumps because exposure of the luminal surface to the cation
pore-former, amphotericin B, induced a net Na* absorption of several
uEq cm~2h~% It seems more likely that the appearance of amiloride-
sensitive Nat channels is delayed in the trachea.

We have additional evidence for this thesis from studies with canine
lobar bronchi. Because these bronchi are smaller in the fetus our flux
chamber information is quite limited, and we were forced to draw conclu-
sions that are based mostly on bioelectric properties. Exposure of bronchi
from three fetuses to isoproterenol induced greater than 100% increases in
short-circuit current that persisted for at least an hour, whereas exposure
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Figure 6.5 Effect of exposure of lobar bronchi excised from 30-day puppies to amiloride
(10~*mol/l, lumenal bath) and isoproterenol (10~*mol/1, submucosal bath). Histograms repre-
sent mean short-circuit currents of tissues excised from 10 animals

of the luminal surface to amiloride did not induce a consistent change. In
addition, the order of exposure of the two drugs did not affect the pattern
of response. However, bronchi from 30-day pups behaved differently. The
addition of amiloride caused a clear-cut inhibition of the mean short-circuit
current of lobar bronchi, whereas subsequent exposure to isoproterenol
stimulated the clamping current (Fig. 6.5). Once again, flux analysis con-
firmed that the inhibition of short-circuit current by amiloride was the con-
sequence of a block of Nat absorption, whereas stimulation of current by
isoproterenol resulted from a rise in Cl~ secretion. Moreover, the resting
short-circuit current was carried largely by Na* absorption rather than by
Cl~ secretion.

Since evidence for Na* absorption could not be found in studies of
bronchi excised from fetal pups shortly before the end of gestation, it ap-
pears that the basal Nat absorption, which is the dominant active ion
transport across large bronchi excised from 1-month neonates and adults,
develops after birth.

HUMAN NASAL EPITHELIUM IN VIVO

From our studies of developing canine airways one might conclude that (1)
maturation of ion transport in this region lags behind the processes which
assist in clearing the lung of liquid at birth, and (2) distal airways mature
more rapidly than proximal structures like the trachea. However, these
animal studies do not necessarily allow us to predict the behaviour of air-
way epithelia in man.

Although the transepithelial p.d. across trachea and bronchi of con-
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scious human subjects can be measured by a bridge that is positioned by a
bronchoscope, it is much more convenient to restrict the evaluation to
more proximal regions such as the nasal passages. The p.d. between the
nasal surface and an indifferent bridge placed in the subcutaneous space
can be measured with a small bridge of plastic tubing that is perfused slow-
ly with Ringer solution'. The greatest p.d. is found across regions of the
nasal epithelium, such as the inferior surface of the turbinate, that are
populated mostly by ciliated cells. The morphology of the surface epithe-
lium in these regions closely resembles that of the trachea and bronchi.
Further, the electrical p.d. is about 30 mV, lumen negative, and the
response of p.d. to drugs and changes in the composition of the perfusion
solution follows the pattern for trachea and bronchi. Flux studies on pieces
of resected turbinate revealed that ion transport across the nasal epithe-
lium, like that across the bronchial epithelium of man and other mammals,
is dominated by active Na* absorption'’.
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Figure 6.6 The effect of amiloride on the in vivotransepithelial p.d. of the nasal turbinate of
neonates, children and adults. Open histograms represent mean maximum basal p.d. values
from the inferior surface. Stippled bars denote the mean maximum steady-state p.d. that was
measured after 2 min of perfusion of an amiloride (10~ mol/1) solution over the turbinate sur-
face. Vertical lines = SE

The magnitude of the maximal turbinate p.d. in neonates, children and
adults is shown in Fig. 6.6. The open histogram on the right reiterates that
the inferior surface of the adult turbinate is characterized by a transepithe-
lial p.d. of about 30 mV. The p.d. values for term neonates and premature
infants (26-36 weeks, mean gestation = 28.5 weeks) were about 22 mV
when measured less than 24 h after delivery. These values remained stable
for at least 72 h.

Regardless of the subject population, the transepithelial p.d. was inhi-
bited by superfusion of a Ringer solution with amiloride over the surface in
contact with the bridge'>. The onset of a typical response was rapid and a
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new steady p.d. was reached within seconds. Exposure of the luminal sur-
face to amiloride induced about 40% inhibition of p.d. in adults and
children. Although the response of term and preterm neonates may be
marginally smaller, the effect of the drug is clearly evident. Consequently,
we conclude that amiloride-inhibitable channels for Na* entry into the
nasal epithelial cells and Na* transport are well developed not only in full-
term neonates but in the premature infant population.

This conclusion clearly differs from the slow development of Na*t
transport we described for canine large airways. We do not know the im-
portance of this apparent conflict but it must be emphasized that the stu-
dies in man and dog dealt with

1. different airway regions, and
2. a comparison of in vivo with in vitro results.

Either or both of these differences, along with species difference, could
complicate our attempt to generalize.

DIRECTION OF FUTURE RESEARCH

Although we have partially characterized the permeability and ion
transport of the epithelium of the upper airways of several species before
and after the time of birth, it is obvious that there is much to be done. We
have not carefully compared the mode of transport by the same airway re-
gion of different species under both in vitro and in vivo conditions and
tried to determine the role of circulating factors. More important, our
knowledge of the role of the distal airway epithelium is just as scanty for
the maturing animal as for the adult. These considerations are of great im-
portance in diseases such as cystic fibrosis where Na*t transport in proximal
airways seems to be enhanced and the vestiges of fetal Cl~ secretion ap-
pear to be missing''*®, One can postulate that mature absorptive processes
normally restricted to distal structures, such as alveoli, have invaded the
airways. However, until more direct methods are developed to assess the
function of distal airways and alveolar epithelia, our attempts to unders-
tand the maturation of the pulmonary epithelial tract, the control of air-
ways liquid, and derangement of this liquid in disease will continue to be
based largely on speculation.
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We have tended to assume that the ion transport observed in the fetal
lung takes place across the epithelium of the thin-walled distal airways,
but we have no direct evidence on which part of the epithelium is involv-
ed. However, you now tell us that adrenaline acts on the upper airways
epithelium of both the adult and fetus to initiate or increase chloride
secretion, and that it has no effect on sodium transport. Hence in the
fetal lung the main effects observed - and particularly the absorptive ef-
fect of adrenaline - must be mediated by ion transport across a different
part of the pulmonary epithelium, the peripheral airspaces.

That is a point I was trying to make. The lung periphery would also ap-
pear to be involved from the experiments on cultured type 2 epithelial
cells which show sodium absorption. This leads to the conjecture that, in
the postnatal lung, liquid may be produced and absorbed by distal thin-
walled airways. There is, presumably, a need for the cilia in small air-
ways to be covered by liquid.

Surely chloride secretion by airway epithelium would see to that?

In most of the tracheal preparations from mammals other than dogs, and
certainly in all the large bronchial preparations that we studied in the
Ussing chamber, the dominant ion transport in basal conditions is
sodium absorption. Now if you shut down sodium absorption by ami-
loride a curious phenomenon occurs. The apical membrane hyper-
polarizes and chloride secretion begins - which is why, even though we
can completely inhibit sodium transport by amiloride, there is always a
residual short-circuit current. With amiloride the p.d. falls only by about
40-50% and the conductance does not change appreciably, so we are left
with 50% of the original short-circuit current. Chloride secretion is now
carrying that current. In most of these airway epithelia, except the
trachea of the dog, the mechanism for chloride secretion is dormant
because the electrochemical driving force across the apical membrane is
not large enough to drive Cl~ out of the cell. As soon as we hyper-
polarize the apical membrane with amiloride, which shuts down the
sodium diffusion potential into the cell, chloride is ejected into the
lumen and chloride secretion is observed. In the case of dog trachea this
process is already present at rest - in tandem with sodium absorption -
and the effect of amiloride accentuates the process.

Is there evidence that the apical membrane potential of the epithelium of
the trachea is different between fetal and adult tissues?

Microelectrode studies have been done, and the results are consistent
with the requirements for chloride secretion. Those epithelia, or stages
of epithelial development, which show sodium absorption and no
chloride secretion have a lower apical membrane potential than those
that secrete chloride.

Your short-circuit currents were over 40 to 80 uA/cm? Can you turn
that into physiological dimensions?
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The short-circuit current was very closely equal to the net transport of
ions. If you take the microequivalents per cm?® transported, add
counterions, and multiply by surface area and an isosmotic water con-
centration (i.e. volume per unit osmoles) you can estimate net volume
flow.

I calculate 2.4 ml kg™ h™ for the whole surface of the lung. Is that
anywhere near right? It’s not too far from the values given for fetal lung
liquid secretion. Do you think that the volume rate of secretion matches
up well enough in the upper airway with what is required for ciliary
transport?

That’s very difficult to answer because liquid swept by ciliomotion from
lower structures adds to the contributions of absorption and secretion by
the epithelium of the upper airways.

Does it follow that the cilia in the trachea have to work very much harder
than the cilia further down? The total cross-sectional area of the lung
lumen is getting rapidly narrower as we move towards the trachea, yet
the cilia extend right down to very small bronchi.

This is a consideration that we took as one of the compelling arguments
for expecting the existence of an absorptive process in upper airways,
particularly at the point of smallest aggregate cross-sectional area. The
rate of ciliary motion probably doesn’t increase more than 3- to 10-fold
on moving up the tracheobronchial tree, whereas a 100-fold increase in
the velocity of liquid movement would be needed to keep the system
from plugging up.
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Analysis of lon and Fluid Transport Across
a Vertebrate Pulmonary Epithelium
Studied In Vitro

M. R. WARD AND C. A. R. BOYD

INTRODUCTION

Over recent years the pioneering work of Strang and colleagues' on the
driving forces of fetal lung liquid secretion and the subsequent perinatal
regulation of the process has found an unexpected functional analogy in
work on adult lung. Classically it is claimed that in the adult the airspaces
are kept dry solely by Starling (bulk osmotic and hydraulic) forces. That
this cannot be the whole story is shown by experiments, for example those
of Matthay, Landolt and Staub? in which homologous serum added to the
lung lumen may be shown to be absorbed. Clearly active transport in the
sense implied by Weymouth Reid (1902) (who had performed the analo-
gous experiment on small intestine?) is at work. This paper describes recent
experiments which seek to address the mechanism(s) involved in this pro-
cess. We start by justifying the experimental approach and the tissue
preparation which we have chosen to use.

IS THERE A NEED FOR IN VITRO STUDIES ON ION
TRANSPORT IN THE INTACT LUNG?

In order to open the black box of epithelial transport as far as the lung
epithelium is concerned two developments are necessary. One is to further
develop and characterize the properties of isolated lung epithelial cells, in
particular with respect to changes of ion pumping and of ion °‘leak’
pathways that may occur during development!. Obviously the hetero-
geneous nature of the epithelium of the mammalian lung (with type I and
type II cells showing quite different morphological characteristics) means
that it is going to be difficult to resolve the question as to the quantitative
importance of these two cell types to transepithelial ion transport in the in-
tact lung. The possibility of culturing isolated cell types following their
separation, although attractive’s, suffers from the inherent problems of de-
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or re-differentiation associated with culture of a particular cell. Second,
and in addition to the problem of cell type, it will be important to
characterize quantitatively the contribution of the paracellular pathway
through this epithelium’. Electrophysiological evidence will be needed to
describe the properties of the whole epithelium and of the apical and basal
membranes of the epithelial cells when their normal anatomical relation-
ship is preserved.

Necturus lung: structural studies

To this end we have sought to use a new pulmonary epithelial preparation
composed of a homogeneous cell type which appears to be closely related
to the mammalian type II cell. In this preparation the electrical properties
of the epithelium studied both by short-circuit current measurements in
Ussing chambers and by intracellular microelectrode recordings can be
combined with flux studies in which transepithelial movement of ions may
be related to changes in fluid absorption. The lung which shows this mix-
ture of technically attractive possibilities is an unusual one, namely that of
the urodele amphibian Necturus maculosus (the mudpuppy)®.

The lungs of this amphibian form a paired structure, each of which is in
the shape of a narrow, blind-ended sac some 5 cm long (see Fig. 7.1A).
The surface of this lung is not subdivided into lobes. Rather when the lung
is cut open it shows a smooth inner surface. Scanning electron microscopy
(Fig. 7.1C) shows this to be composed of a continuous sheet of epithelial
cells, all of which show the same surface characteristic of abundant short
microvilli (Fig. 7.1D). The diameters of these cells lie between 8 and
16 um. Figure 7.1B shows a cryostat section of the lung used for
histochemical examination. The lung may be seen to be lined with a uni-
form columnar epithelium the cells of which are some 20 um deep. No
squamous cells have been found within this epithelium . On the outer
(abluminal) surface of the epithelium there is a relatively thick layer of
connective tissue in which scattered myoid elements may be identified. In
contrast to what has been stated in the literature’ the lung epithelium of
Necturus is indeed very well vascularized. A dense network of capillaries
lies just deep to the epithelium and indeed forms a plexus completely
separating the epithelial surface from the connective tissue beneath. This
vascular structure was in fact described (see Fig. 7.2B) by Suchard (1904) in
the newt lung more than 80 years ago'’. Figure 7.2A shows very clearly
that similarly in Necturus a mass of nucleated erythrocytes lies in the dense
capillary bed just beneath the epithelium. Transmission electron micro-
scopy confirms previous reports'' that this epithelium contains as intracell-
ular organelles numerous osmiophilic lamellar bodies (Fig. 7.3) typical of
the type II cell of the mammalian lung.

Necturus lung: biochemical evidence

We have examined the crude tissue extract from Necturus lung and have
shown, using thin-layer chromatography, that it contains substantial quan-
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Figure 7.2 (A) Light micrograph (high-power) of cross-section through the surface epithe-
lium of Necturuslung. The airspace is at the top. Note the regular columnar epithelium (with
brush border) and the three underlying capillaries packed with nucleated erythrocytes
(x 350). (B) Low-power cross-section through newt (Triton) lung. This drawing is modified
from the early work of Suchard (1904): e = pulmonary epithelium; ¢ = pulmonary capil-
lary; A = pulmonary artery; L = major lung lymphatic. The airspace is at the top (compare
with Fig. 7.2A).
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Figure 7.3 Electron micrograph at high power (X 50 000) showing two lamellar bodies (one
in the process of exocytosis into a surface vacuole) in the pulmonary epithelium of Necturus
maculosus

tities of both phosphatidylcholine and phosphatidylglycerol. Furthermore,
preliminary experiments show that on a sucrose gradient this material
resides predominantly in the pooled 0.40-0.55 mol/l sucrose fractions; fur-
ther experiments should allow us to locate more precisely the lamellar
body-containing fraction'?. From these structural and biochemical studies
we conclude that the epithelium lining the lumen of the lung of Necturus
maculosus consists predominantly of a single cell type and that this cell is
very similar to the mammalian type II alveolar cell both structurally and in
its ability to synthesize and store surface-active material in lamellar bodies.
Since this epithelium may readily be opened out as a flat sheet it is highly
accessible to physiological studies.

Necturus lung: electrophysiology

Transepithelial properties

Figure 7.4 shows electrophysiological findings once this epithelium is
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Figure 7.4 Figure showing the transepithelial potential difference across the in vitro
preparation of Necturus lung. Note the resting transepithelial potential of 3.8 mV (lumen
negative) and the small depolarization that follows the addition of amiloride to the luminal
surface. Note also that addition of ouabain to the external (abluminal) surface causes the
rapid collapse of the transepithelial potential

mounted in an Ussing chamber so that the inner and outer surfaces may
separately be bathed with appropriate artificial Necturus Ringer solution®.
The potential difference observed across such preparations is 3.8 + 0.4 mV
(mean + standard area of mean in 33 preparations from 12 lungs), with
the inside being negative with respect to the serosal surface. The mean
transepithelial d.c. resistance after compensation for fluid resistance is
592 + 84 ohm cn? (n = 33) which means that this lung epithelium is
moderately tight. We cannot at present totally exclude the possibility that
some of the smaller p.d. values and resistances were from edge-damaged
preparations. Our preparations are 0.3 cm in diameter, and any edge
damage would create a particularly dominant shunt pathway across such a
small-diameter tissue. Every precaution was taken to minimize such
damage, and transepithelial resistance was monitored as the two halves of
the chamber were tightened. Visible edge damage resulted in very low
(50 ohm cm?) resistances and such preparations were excluded from the
analysis. All other preparations are included. No obvious bimodal distribu-
tion of resistances was obtained, and although three preparations had
resistances > 1400 ohm cm’, their p.d. values were only 9-10 mV. Even if
these three higher resistance epithelia turn out to be representative of the
tissue, the p.d. is clearly not going to be as great as that generated by
bullfrog alveolar epithelia'‘. Edge damage is thus a possible problem which
may require that the distribution of results be shifted to the right.

Short-circuit current

If the p.d. across the epithelium is made zero by passing current from an
external source, and if the solutions on either side of the preparation are
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identical, no electrical or chemical gradient exists across the tissue. Under
these conditions remaining net ion transport must be by active transport®,
The current applied to clamp the p.d. to zero, the short-circuit current,
reflects the active transport processes occurring within the epithelial cell.
Both resting p.d. and the short-circuit current across the Necturus lung
epithelium are abolished by application of ouabain 10~* mol/1 to the outer
(abluminal) aspect of the lung (Fig. 7.5). Application of ouabain to the
apical (lumen) surface has little effect. Since ouabain blocks sodium pump
activity this clearly indicates that the active p.d. and short-circuit current
observed in this preparation are a consequence, whether directly or in-
directly, of the activity of the sodium potassium ATPase located in the
abluminal surface of the epithelium. Amiloride, a drug which blocks
sodium transport across many tight epithelia, has a partial inhibitory effect
at 10~* mol/I on both transepithelial p.d. and short-circuit current, but this
is found only when the drug is applied to the apical (luminal) aspect of the
epithelium (Fig. 7.5).

Intracellular recordings

Intracellular recordings of membrane potential and of input resistance
have been made from the epithelial cells using the same electrophysiolo-
gical protocol as that used on small intestinal epithelium’®. The cells are im-
paled under visual control from the apical surface with a KCl-filled
microelectrode. The mean resting potential across the apical membrane is
—32 + 2.2 mV (n = 17). These potentials are recorded immediately after
impalement of the cells, since, quite unlike our experience with intracell-
ular recording from Necturus small intestinal epithelium'?, we find that the
membrane potential of these lung cells spontaneously fluctuates and shows
transient depolarizations of 2-3 mV occurring up to 10 times per minute.
This we have attributed to the spontaneous contraction of sub-epithelial
myoid elements giving rise to a movement artefact in the recordings from
the small epithelial cells, but we have not ruled out the possibility that
these fluctuations arise within the epithelial cells themselves (exocytosis of
lamellar bodies is one rather intriguing possibility). As is shown in Fig. 7.6
the membrane is hyperpolarized by the application of 10~* mol/l ami-
loride to the apical surface. This indicates that there is amiloride-sensitive
electrogenic entry of sodium ions across the apical membrane of the cell.
Moreover it appears that sodium absorption must contribute both to the
transepithelial p.d. and to the short-circuit current across the tissue:
however, and in contrast for example to frog skin, sodium absorption does
not account totally for the generation of the short-circuit current.

Effects of transport inhibitors

Figure 7.5 shows that the loop diuretic bumetanide reduces the resting p.d.
only when applied to the basolateral (abluminal) surface. This is consistent
with the presence of diuretic-sensitive sodium chloride cotransport in the
basolateral membrane as, for example, has been found in many secretory
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Figure 7.5 Figure showing the short-circuit current (I.S.C, upper trace) and transepithelial
resistance (lower trace) of Necturus lung in vitro. Note that ouabain inhibits the short-circuit
current

epithelia. It appears that such a diuretic-sensitive cotransport system con-
tributes to the generation of both the p.d. and the short-circuit current in
Necturus lung, and ion replacement studies will be needed to investigate
the mechanism of such cotransport systems in more detail. Thus, although
sodium absorption and chloride secretion are implicated in the generation
of the transepithelial p.d., a quantitative description of the origin of the
p.d. awaits the results from our isotope flux studies. Our experiments on
fluid transport (see below) lead us to believe that a net absorption of ions
occurs across the epithelium. The f-adrenergic agonist isoprenalin in-
creases the transepithelial p.d. and the short-circuit current, and also pro-
duces complex changes in resistance (see Fig. 7.7) the basis of which is at
present unclear. It may be associated both with changes in epithelial pro-
perties and also with changes in resistance of the underlying connective
tissue layer (in which, as pointed out above, smooth muscle is present).

Necturus lung: fluid transport

Recent results (Fig. 7.8) show that this epithelium is capable of performing
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Figure 7.6 Intracellular record of membrane potential recorded from the pulmonary epithe-
lium of Necturus maculosus in vitro. Note the initial membrane potential (with typical small
fluctuations) of some —20 mV and the pronounced reversible hyperpolarisation that follows
exposure of the luminal surface to amiloride (107*M). Note also the return of the recorded
potential to zero mV following the withdrawal of the microelectrode from the epithelial cell at
the end of the trace

net transepithelial water transport. Using a simple gravimetric assay similar
to that used by Diamond'¢ it has been possible to show that there is a net
absorptive water flux across the epithelium when the lung is studied in
vitro with isotonic Necturus Ringer inside and outside. As shown in Fig.
7.8, addition of ouabain rapidly reduces the rate of water absorption from
the lung Iumen. Table 7.1 confirms that this finding is a consistent one.
The magnitude of the observed s.c.c. (Figs 7.5 and 7.7) and water fluxes
(Table 7.1) shows that the absorbate is approximately isotonic. Using the
data shown in Fig. 7.7 (s.c.c.) and Table 7.1 (water flux) it is possible to
calculate the tonicity of the absorbate. Thus a short-circuit current of
10 pA cm™? (assuming Na®™ to be the only ion which is actively
transported under control conditions) is equivalent to a flux of Nat of
0.36 umol cm~? h™!; with Necturus Ringer containing 105 mmol Na‘t
litre™! this would require an isotonic volume flow of about 3 ul cm—2 h—},
whereas the water flux observed (15 ul 100 mg=' h~Y is equivalent to a
volume flow of approximately 2 ul cm~2 h~!. Similarly ouabain (Fig. 7.9)
is able to inhibit water transport from the gallbladder lumen when the
same method is used. Although the rate of fluid transport is considerably
higher in Necturus gallbladder than in lung, it should be noted that the
gallbladder does not have the thick connective tissue layer which is present
in Necturus lung, and which is important, since these fluxes are expressed
in units of volume per unit weight of tissue. Additional experiments using
4C sucrose and *H,O added to the lung lumen confirm that fluid is absorb-
ed from Necturus lung in vitro. Very preliminary studies have been carried
out to investigate the influence of both amiloride and isoprenalin on fluid
movement across Necturus lung. Amiloride (10~* mol/1 in the lumen) was
found to inhibit fluid transport by some 30% as compared to control: iso-
prenaline (5 x 10~°mol/1) added to the external (abluminal) surface ap-
peared to roughly halve the rate of fluid absorption from the lumen. These
findings warrant further investigation, as does the finding that indometha-
cin (1073 mol/1) appears to act as a secretogogue.
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Table 7.1 Measurement of fluid absorption by Necturus lung in vitro (ul (100 mg wet
weight)™ h™") mean + SEM

Control + Serosal ouabain (10 *mol)
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Figure 7.7 Record showing short-circuit current (I.S.C., upper trace) and transepithelial
resistance (R) (lower trace) of Necturus lung studied in vitro. Note the biphasic change in
short-circuit current which is associated with complex changes in resistance which follows ex-
posure of the tissue to the ff-adrenergic stimulant isoprenalin

CONCLUSION

Necturus lung should provide useful information about the mechanisms
and their regulation that are involved in the transport of fluid and electro-
lytes between the airspaces and the circulation. Because of its unique and
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Figure 7.8 Fluid absorption from Necturus lung studied in vitro. Ouabain (10™mol) was
added to the external (abluminal) surface to one of the two paired lungs. Note the profound
inhibition of fluid transport seen in the presence of ouabain as compared to the control

simple structural basis this epithelium, composed of cells similar to the
mammalian type II cell, will be useful as a model in the study of agents that
modify or regulate fluid transport between the lung and the interstitium. In
particular the prospect of intracellular epithelial analysis of membrane
resistance of the apical and basal surfaces during conditions of fluid ab-
sorption, and the modification of this process by hormonal agonists and by
pharmacological intervention, offers very attractive possibilities for
studying the interactions between the fundamental membrane transport
processes which must underlie the whole process of transepithelial ion
transport in this tissue.
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What do you think the ouabain-insensitive flow indicates?

In part it shows that there is a potassium permeability in the cells.

How did you deal with the possibility of a potassium isotope self-
exchange?

We have the same problem as everyone else who looks for isotopic flux
in isolated cells. The useful things to do are to change the external or the
internal potassium concentrations or the external or internal sodium con-
centrations, and we have done experiments of that sort. As the constant
for half-maximal activation of the ouabain-sensitive potassium in flux is
about 1.5 mmol/l, the major portion of the ouabain-sensitive flux ap-
pears to be going through a quite orthodox sodium pump. The ouabain-
insensitive flux also shows saturation, interestingly enough, but with a
much higher external concentration of 20-25 mmol/l potassium. The
fact that you can inhibit much of that ouabain-insensitive flux with loop
diuretics suggests again that it is not an exchange flux.

What do you think is happening when this ouabain-inhibitable portion
increases as a funcion of gestation or labour?

Either there is an increased delivery of sodium into the cells, with in-
creased pumping as a secondary consequence following the rise of inter-
nal sodium, or there must be an increase in the number of sodium
pumps. To distinguish between these possibilities we have tried to look
at ouabain binding by isolated type II cells at different stages of gesta-
tion. Preliminary experiments suggest that both processes (increased Na
entry and increased Na pump number) are taking place as gestation ad-
vances. The primary change appears likely to be in the number of
sodium entry sites at the apical surface of the cell: increasing sodium
delivery to the cell may induce secondary effects on the number of
pumps.

Mason and others"? have shown that if type II cells isolated from the
adult lung are kept in culture for 4 or 5 days, they form a continuous
sheet with tight junctions and then show dome formation, this being inhi-
bitable by amiloride. The domes are taken as direct evidence of fluid
transport. At the same time the cells seem to be taking on characteristics,
shown by lectin binding and electron microscopy, which relate them
perhaps more closely to type I than to type II cells. Do you have any data
with the fetal cells which would indicate similar changes?

I can’t really give you any hard information. An interesting possibility in
the intact lung would be that there are gap-junctional channels,
permeable to ions, which connect type I and type II cells. It’s at least
possible that the type 11 cells are the powerhouse but that the type I cells
provide the surface area across which ion exchange can occur. Under the
electron microscope type I cells do not look like epithelial cells specializ-
ed for active transport, yet make up 90% or so of the lung surface. Is it
possible that ions may leak into these cells, enter type Il cells by means
of gap junctions, and then be powered out of the epithelium by pumps in
the type II cells?
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8
The Maturation of the Control of
Respiration in Infancy

P. J. FLEMING, M. R. LEVINE, A. M. LONG AND ]. CLEAVE

ABBREVIATIONS USED

VB = Minute ventilation.
QS Quiet sleep.

REM = Rapid eye movement sleep.

Q = Cardiac output.

T = Transit time from lung to carotid body.
VA = Volume of the lung compartment.

During fetal life the control of gas exchange by the placenta is largely
under maternal control'. The fetus responds to fluctuations in supply or de-
mand of oxygen by chemoreflex modulation of regional blood flow'. The
fetus thus makes active responses to fluctuations in blood gas tensions, but
they are mediated almost entirely by cardiovascular adaptations. In con-
trast the adult responds to alterations of blood gas tensions by mechanisms
which are almost entirely respiratory.

Thus not only is there a change of the organ responsible for gas ex-
change at birth, but there is also at some stage in postnatal life a complete
change in the pattern of response to disturbances of gas exchange.

For over 50 years there has been an appreciation that the breathing pat-
tern of newborn infants is different from that of adults, but the importance
of many of the factors influencing breathing pattern - such as gestation,
temperature, sleep state and postnatal age - has only slowly become ap-
parent. The huge literature on this subject has been well summarized
elsewhere?”. In this paper we will attempt to discuss briefly some of the
more important observations, some of the results of stimulation or pertur-
bation of presumed control mechanisms, and the ways this information
may fit into some of the more complex mathematical models which have
recently been described.

Before discussing the results of recording infant respiration it is impor-
tant to briefly consider the methods used. Since the description by
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Cross in the 1940s of a plethysmograph for recording the rate and depth of
breathing in infants® a variety of methods have been used. No one method
can be said to have overwhelming advantages. All methods currently
available have potential limitations. For example, the face of an infant is
highly sensitive to being touched, even during sleep, and methods of recor-
ding respiration which rely on the use of a face mask or face seal may
significantly alter breathing pattern’. There is a variable slowing of
respiration, accompanied by a rise in tidal volume. The overall effect is to
produce little change in minute ventilation, but probably a slight rise in
alveolar ventilation. Such effects are most marked (but most variable) in
REM sleep, and are affected by other factors, such as maternal epidural
anaesthesia, which significantly decreases the effects of facial stimulation.

The barometric plethysmograph? is a direct method of recording respira-
tion which relies upon the measurement of the very small pressure change
which results from the warming and humidification of inspired air within
the airways and lungs. The infant is unrestrained and can adopt a position
of comfort, but access to the baby is limited. The method is complex and
expensive to install, but is accurate, reliable and relatively simple to use.
Calculation of absolute values of tidal volume requires the use of complex
formulae involving inspired gas humidity, nasal temperature, and inspira-
tory and expiratory times.

Indirect methods of recording respiration, such as impedance or induc-
tance plethysmography’»® have the advantage that they allow semi-
quantitative measurements of rate and depth of breathing in unrestrained
infants in the nursery or at home. Impedance signals are greatly affected
by movements and posture, and are thus only suitable for comparing
changes in respiration over short periods of time’. The difficulties involved
in the calibration of inductance plethysmography limit its usefulness at pre-
sent’,

Thus interpretation of the results of any study of infant respiration re-
quires some understanding of the potential limitations of the method
employed.

The importance of sleep or waking state on the pattern of respiration has
been recognized for several years, largely as a result of the work of Phillip-
son', who showed in adult dogs that respiration in QS was largely depen-
dent on chemical and vagal reflex inputs, whilst in REM sleep or the awake
state such inputs were of much less importance. The effect of sleep state
on the control of respiration in newborn infants or animals seems to be
rather more complex, but some of the apparently conflicting results may
be related either to problems with the definition of state, or to methodolo-
gical differences.

Several sets of standardized criteria for the definition of sleep state in
term or preterm infants have been described’-"'", but commonly slightly
different criteria are used by different investigators. The precise choice of
criteria may make sustantial differences to the labelling of particular
periods of recording as REM, QS or indeterminate sleep. For example,
one widely used criterion of QS is that respiration is regular, with only oc-
casional deep breaths or gross movements”’. Such a classification may
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result in episodes of periodic breathing, which commonly occur in QS, be-
ing labelled as always occurring in REM or indeterminate sleep. We sug-
gest that for the definition of sleep state in studies of the control of
respiration, respiratory pattern should not be a criterion of state.

A further problem in the definition of state is illustrated by the work of
Heinz Prechtl and John O’Brien, who showed that the proportion of time
during sleep identified as being in any particular state depended on the
length of the time window used - e.g. with a 1 min window many short
periods of REM or quiet waking were identified which would have been
missed using a 3 min window,

State definition is further complicated when the preterm infant is con-
sidered. Stefanski has recently described a scoring system for the defini-
tion of state in preterm infants which combines behavioural and EEG
criteria, but does not include respiratory pattern’. If widely adopted, such
a system might avoid many of the difficulties described.

The effect of sleep state on the response to hypoxia in the newborn
period has been studied by several groups, on different species, with ap-
parently conflicting results*'¢-!%, The human infant in thermoneutral condi-
tions shows a biphasic or triphasic response to sustained hypoxia. After a
variable immediate small fall in ventilation, there is a rise which is sustain-
ed for a minute or two, followed by a further fall, commonly to values
below baseline?*.

The effect of sleep state on this pattern seems to be species-dependent,
as shown in Table 8.1. Haddad, studying puppies, found that the late
reduction in ventilation was only present in QS in the first 2 weeks of life.
Beyond this age in QS, and at all ages in REM, there was a sustained in-
crease in ventilation', Similarly, McGinty, studying kittens, found that
hypoxia led to marked respiratory depression in QS but the onset of REM
sleep always led to increased ventilation'. These results suggest that for
these species, which are relatively immature at birth, REM sleep, an onto-
genetically older state than QS, may provide some protection from the
potential effects of hypoxia, and McGinty has speculated on the impor-
tance to such species of spending a large proportion of time in the newborn
period in REM sleep’’.

Results from the calf and the human infant are different®'3. The initial
increase in ventilation with hypoxia, which occurs in all states, is best sus-
tained in QS. Rigatto showed that the initial increase in tidal volume in the
human infant is well sustained in all states, but in all states there is a subse-
quent fall in respiratory frequency to below baseline values. In QS the
overall effect is for minute ventilation to be maintained close to or slightly
above resting values, whilst in REM or when awake there is a net fall in
minute ventilation®,

Tenney and Ou described separate neural pathways from the cerebral
cortex and the hypothalamus to the medulla’®. Hypoxia leads to respira-
tory inhibition via the former, and facilitation via the latter pathways. Thus
in the mature animal there is a balanced effect. The very low levels of CNS
noradrenaline (a facilitatory neurotransmitter) in the newborn period may
reduce the facilitatory effect of the hypothalamic pathway.
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Table 8.1 The effects of hypoxia on ventilation during sleep in the newborn

Investigator Species Effects of sustained hypoxia
Haddad et al.* Puppies U:/E in QS up to 14 days
4 Ve in REM at all ages
Baker and McGinty"’ Kittens H:/E in QS, transitional and awake states
1 V& in REM at all ages
} Time in REM
Jeffrey and Read®® Calves 1‘75 more sustained in QS than in REM
Rigatto* Human infants TVE in all states initially: subsequent Ve

in REM or awake; sustained Vgin QS

Other possible mechanisms for the late respiratory depression with
hypoxia include the release of inhibitory neuromodulators such as adeno-
sine or endorphins. Preliminary results from Darnall suggest that adeno-
sine may be important?’, He showed in piglets that theophylline, a specific
competitive inhibitor of adenosine, led to a marked reduction in the late
hypoxic ventilatory depression. Rigatto’s group have shown a similar ef-
fect in infants given intravenous naloxone, suggesting that endorphin
release may also contribute to the late ventilatory depression®’.

Recently the work of Hanson and his group has shown evidence of
another important mechanism in the differences between newborn and
adult animals’ responses to hypoxia®’. They showed that in the sheep fetus
close to term carotid chemoreceptor activity can be recorded, and is in-
creased by hypoxia. At birth the marked increase in Pao, leads to a fall in
chemoreceptor activity, which is then ‘reset’ to adult values by a shift to
the right over the next few days. In sheep fetuses ventilated in utero for 24
h to produce hyperoxia there was no consistent difference from controls in
chemoreceptor sensitivity after birth, suggesting that the process of ‘reset-
ting’ is determined by factors other than Pao, alone. However, one fetus
did show a response far to the right of the normal fetal range, which may
represent the beginning of the resetting process’’. The same investigators
have shown in newborn rats that the response to hypoxia can be modified
by prevention of the normal rise in Pao; after birth?’. Rats reared in an Fio,
of 0.15 showed no increase in ventilation when the Fio, was further reduc-
ed to 0.12 at any age from birth to 10 weeks. Whether this effect is
mediated via alteration of postnatal peripheral chemoreceptor resetting or
via changes in the maturation of central nervous processes is unclear.

The clinical implications of these studies may be important. If chronic
hypoxia in the immediate neonatal period affects the subsequent ventila-
tory response to acute hypoxia then infants with neonatal respiratory dis-
tress, particularly those who go on to develop chronic lung disease, may
have chemoreceptor responses different from those of normal infants. The
finding” that many apparently healthy growing preterm infants have
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chronic or recurrent mild hypoxia may thus be of particular relevance to
the increased risk of death from SIDS in such infants.

Despite significant falls in ventilation during hypoxia in puppies the
Pco, was lower than during normoxia, which implies either a reduction in
metabolic rate or more efficient gas exchange'’. During hypoxia oxygen
consumption fell during both QS and REM in puppies, whereas in adult
dogs there was no change.

The strategy adopted by the newborn to cope with hypoxia is thus quite
different from that of the adult, and it may be quite inappropriate to
regard the late hypoxia depression of ventilation in the newborn as a
maladaptive, primitive or immature response. Teleologically it would be
very surprising if nature had left newborn animals completely vulnerable
to the effects of what must constitute one of the major risks of early life -
i.e. hypoxia - at an age when most are quite unable to make the sort of be-
havioural response (e.g. moving to a safer environment) that would be
characteristic of the adult.

This concept is supported by the presence in the newborn of the complex
physiological phenomenon of active thermoregulation in all states, com-
pared to the adult, in whom such mechanisms are greatly depressed in
REM sleep*.

Thus the interaction between mild cold stress and the ventilatory
response to hypoxia’” may reflect the operation of complex mechanisms
which are attempting to respond to the combined stimuli in the most
economical way in terms of the preservation of oxygen supply to vital
organs.

Beyond the immediate newborn period, technical difficulties have
limited the number of detailed studies of the development of the control of
breathing in human infants. The wide inter-species differences mean that
generalizations from studies of other animals are of limited value.

The difficulties in obtaining quantitative recordings of ventilation and
sleep state in older infants have led most investigators to record only
respiratory rate rather than tidal volume, and assessments of minute ven-
tilation have been indirect - e.g. by recording TCP0O; and ETcCO,.

Changes in respiratory frequency by sleep state at ages from 1 week to 6
months have been studied by several groups®®®, There is a slight fall in
respiratory frequency with increasing age, in both REM and QS. The study
by Hoppenbrouwers*® showed more marked changes in both states than
the other studies, and perhaps of relevance is the fact that in this study the
infants were restrained, whereas in the other two studies the infants were
put into their usual sleeping position and allowed to assume a position of
comfort. The other important difference is that in this study respiratory
pattern was used as a criterion of sleep state, which was not the case in the
other two studies. Haddad et al.*! showed that the fall in respiratory fre-
quency was accompanied by a slight rise in tidal volume per kg body
weight, so the overall effect was of very little change in minute ventilation.

Carse et al.”? showed a rise in TCPO; between 1 week and 1 month, and
steady values thereafter, with no significant difference between REM and
QS. They also showed that ETCO, remained constant throughout this
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period.

The reduction in respiratory rate with age thus probably represents a
strategy to minimize the work of breathing in the presence of decreasing
specific airways conductance. There is certainly no evidence from these
studies that metabolic rate changes significantly with age.

The incidence of periodic breathing was found!*? to be highest at 1
month of age. Carse et al.” found brief episodes of periodic breathing in
all infants in QS at 1 month, and in many infants at 1 week and 3 months,
more commonly in REM. Hoppenbrouwers et al.® found that periodic
breathing was rare in QS, but, as noted above, the definition of sleep state
in this study included regularity of breathing.

One interesting observation in all three studies was that heart rate rose
between 1 week and 1 month, in both QS and REM, before progressively
falling with further increase in age®"*%

The techniques used in all these studies to extract information from
respiratory recordings were crude, and recently several investigators have
used more sophisticated signal processing techniques to identify patterns
superimposed on the respiratory signals.

Hathorn® used the technique of autocorrelation to demonstrate the pre-
sence of oscillations in tidal volume and respiratory rate in newborn in-
fants. These oscillations had a period of 8-12 seconds, and were more
marked in REM than in QS. Cross-covariance analysis showed that the
oscillations in tidal volume were usually out of phase with those in frequen-
cy, particularly in QS. In a subsequent elegant ultrasound study of human
fetuses in utero close to term, Gennser and Hathorn** showed very similar
patterns of breathing movements ~ i.e. regular oscillations, of period 6-12
seconds, and a negative cross-covariance at zero lag. These findings sug-
gest that these oscillations - at least in REM sleep - may be not just the
result of chemoreceptor feedback loops.

Waggener et al.>® have shown in a series of studies using digital comb
filtering of respiratory recordings that the pattern of respiration in REM
sleep in term and preterm infants can be closely approximated by the ef-
fects of numerous superimposed oscillations of period 6-87 seconds. The
occurrence of apnoea in REM sleep, an apparently random event, is shown
to correlate closely with the trough of one or more of these oscillations.
These oscillations may represent the activity of chemoreceptors, together
with interactions with other physiological systems such as blood pressure
control. No information is yet available on changes in the patterns of such
oscillations with age.

One important limitation of these studies of respiratory oscillations is
that they assume relatively constant operation of the control system, and
are of limited value in the analysis of transient disturbances.

One of the commonest such disturbances is a spontaneous sigh. Sighs are
common in human infants, are vagally mediated, and are important in
maintaining lung compliance through recruitment of atelectatic alveoli®,
Whatever the cause, however, one predictable effect of a sudden deep
breath will be to produce a transient fall in Paco, and probably a rise in
Pao,.
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Figure 8.1 Sections of respiratory recordings from one infant in QS at ages 23 h-206 days, to
show the changing patterns after a sigh. (Reproduced from J. Physiol. (1984), 347, 1-16)

We have carried out a series of recordings of respiration and sleep state
in normal infants and examined the responses to spontaneous sighs in
QS*". Figure 8.1 shows a series of six recordings taken from one infant, at
ages from 23 hours to 206 days. In the first recording the sigh is followed
by a brief apnoea and a slow return to baseline ventilation. By 48 hours of
age the return is more rapid, with an overshoot and slight oscillation. With
increasing age to 94 days the pattern becomes increasingly oscillatory, and
beyond that age the pattern becomes more damped, with a rapid return to
regular respiration.

Figure 8.2 shows a section of respiratory recording from an infant aged
38 hours in QS, together with computer-generated breath-by-breath plots
of tidal volume, frequency and their product minute ventilation. The oscil-
lation which is apparent in the raw tracing clearly affects tidal volume, but
there is also an oscillation, of longer period and different phase, in fre-
quency. The overall effect is of an oscillation in minute ventilation,
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F('):Ad—zz + 83 +Cy
dt? dt

@ Underdamped

Y = KeB'eos (2wt + Q)

o time t @ Critically damped
t
y = K(1+ptit?

@ Overdamped

y=KeP' vk, 1P

Figure 8.3 Equations describing the possible responses of a linear second-order system to a
disturbance

which is similar but not identical to that in tidal volume. The simplest way
to mathematically describe such an oscillation is by a linear second-order
equation (see Fig. 8.3). There are three possible solutions, which give an
underdamped, overdamped or critically damped pattern of response.

Figure 8.4 shows computer-drawn plots of breath-by-breath minute ven-
tilation for the same six sections of respiratory recording shown in Fig. 8.1.
Curves derived by a least-squares fitting programme are superimposed,
and the values are given for the damping factor, 3, and the period of oscil-
lation, T. The pattern at 23 hours approximates critical damping, by 47
hours a period of oscillation, (T), of 22.5 seconds emerges, though the
damping factor remains high. With increasing age there is a progressive
shortening of the period of oscillation and a fall in the damping factor to a
minimum at 94 days. Beyond this age the period of oscillation continues to
shorten, but the damping factor increases, to a value close to that on the
first day. One way of describing these changes is to plot the damping factor
B against the angular frequency of oscillation, 2rn/ T, equivalent to the
polar coordinates wp and @, as shown on the right of Fig. 8.4. The values
from these sighs have been plotted. If the equations fitted represent the
operation of a feedback control system, then the stability of that system
depends on the damping factor (cos @), and the undamped frequency of
oscillation (wp). Thus point a represents a highly stable but slow response;
point b a stable but faster response; points ¢ and d relatively unstable
responses, and points e and frepresent a more stable response, with rapid
recovery. Points e and f may be considered to represent optimal control,
since disturbances are rapidly corrected with minimal oscillation. Points ¢
and dindicate relatively unstable respiratory control, since a small increase
in 8 such that it became zero or positive would be associated with persis-
tent respiratory oscillation with maintained or increasing amplitude respec-
tively.

Similar patterns of change with age have been seen in all normal-term
infants studied, though there is some variation in the ages at which changes
occur.
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Table 8.2 Postnatal development of respiratory control

Stage 1 : birth-48 hours Relatively insensitive
Stuggish
Stable

Stage 2: 48 hours-3 months Increasing sensitivity

Increasidg rapidity
Decreasing stability

Stage 3: > 4 months Highly sensitive
Rapidly responding
Highly stable

A28  4Days of Age

Spontaneous W MIMAWAAWAA
Sight

—
|

1 b MMM
Co,

¥
2% CO 2 VoMl | WAoo mamal oo, VAN

co,

i
3 e AWM AL AR A ARA
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: : . . |
Secs. ; nsp,l

e

Figure 8.5 Four sections of respiratory recording, from an infant aged 4 days, to show the
effect of a spontaneous sigh and of a few breaths of 2% CO; in air (see text)
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Figure 8.6 Plots of breath-by-breath minute ventilation for the same sections of respiration
shown in Fig. 8.5. A curve has been fitted to the pattern after the spontaneous sigh

These changes are summarized in Table 8.2. Within the first day or two
of birth the response of the respiratory control system to transient distur-
bances is sluggish and the system is relatively insensitive, but it is highly
stable. From around 48 hours until around 3 months there is a progressive
change in the control system, with increasing sensitivity to disturbances, in-
creasing rapidity of response, and decreasing stability, which reached mini-
mum values between 1 and 3 months in all term infants in this study. After
about 4 months of age the system remains highly sensitive and rapidly
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responding, but the stability increases, to reach adult values by around 5 or
6 months of age.

The characteristics of these oscillations make it likely that they result
from the carotid body mediated CO, response.

Oscillations of similar period can be produced by the administration of a
few breaths of CQ,, as shown in Fig. 8.5. This shows four sections of recor-
ding from an infant aged 4 days. The top section shows a spontaneous sigh,
followed by a pattern of damped oscillation. The other three sections show
the effects of giving a few breaths of 2% CO,. In each recording the first
breath after the start of the CO, stimulation to show a significant rise in
tidal volume is marked with an arrow. The lag varied from 8 to 12 sec-
onds. Figure 8.6 shows the changes in breath-by-breath minute ventilation
for the same sections of recording. The best-fit curve has been fitted to the
pattern after the spontaneous sigh, and shows a period of oscillation of
15.6 seconds. This is consistent with the operation of a feedback loop with
a response time of 8 seconds, which is exactly that observed with the most
rapid response to CO, . The longer delay in the response in the third sec-
tion may be due to the small size of the stimulus, and to difficulty in syn-
chronizing the beginning of the stimulus with inspiration. The results of
similar CO, stimulation studies in 12 normal-term infants, in sequential
studies at ages from 7 hours to 164 days, have shown wide variation. There
are at least two different mechanisms involved in the response to transient
CO; stimulation. If more than 3-4% CO,is given there is usually a response
within 2 seconds, commonly accompanied by evidence of arousal. This is
too rapid to be a carotid body response, and is probably mediated through
airway receptors®. At lower levels of CO,the time to respond seems partly
to depend on the magnitude of the stimulus (Fig. 8.6), suggesting a ramp
effect. The response may take the form of a sigh or an increase in tidal
volume of smaller magnitude. As shown in Fig. 8.5, these increases in tidal
volume are commonly followed by damped oscillations of similar period,
but different damping from those shown after spontaneous sighs.

These results suggest that the pattern of response to spontaneous sighs,
whilst related to the carotid body CO, response, is far more complex than
the operation of a single linear feedback system.

We have now carried out similar prospective sequential studies of the
development of patterns of response to spontaneous sighs in 14 preterm in-
fants, of gestation 30-36 weeks, at ages from 4 days to 222 days. Examina-
tion of the results reveals interesting differences from the term infants.

The most striking difference is in the variability of the responses within a
single period of QS. The term infants showed quite consistent responses to
sighs during any one recording after the first few days of life. The patterns
in the preterm infants vary from one sigh to the next. As shown in Fig. 8.7,
periodic breathing can be followed by a highly damped response, and vice-
versa.

In looking for a pattern of development with age in preterm infants it is
usual to consider postconceptional age rather than postnatal age. However
in this study a clearer pattern emerges if postnatal age is used, suggesting
perhaps that postnatal environment has an important influence on the
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maturation of the control of respiration. The 12 infants in this study who
were of less than 35 weeks gestation at birth consistently showed the
‘mature’ response to sighs, with a rapid return to baseline and a highly
damped oscillation in recordings after 90 days of age, which for all of them
constituted a postconceptional age of less than 30 days past term. The two
infants of 35 and 36 weeks gestation showed patterns more similar to the
term infants. It thus appears that for the more immature preterm infants,
the development of stability of the control of respiration is not only shifted
to the left on the age scale, but it may also be compressed into a shorter age
span. It is interesting to speculate on the possible adverse consequences of
such a shifted and altered developmental pattern.

One way of trying to understand and predict the behaviour of such a
complex physiological control system as the response to transient distur-
bances such as sighs is to design a mathematical model incorporating the
known physiology, and simulate the known responses. We have described
such a model, which incorporates the simplest possible expressions for the
responses of the central and peripheral chemoreceptors to transient distur-
bances of Pac0,. The model does not deal explicitly with the responses to
changes in Pa0,, which are assumed to act through an effect on the gain of
CO, responses”. This model was able to account qualitatively for the
observed patterns of respiration.

A combination of mathematical investigation and computer simulation
guided by the mathematical results has enabled us to go some way towards
understanding the likely consequences of instability*®*. It turns out that
on transition from stability to instability the model system responds to a
disturbance by going into a limit cycle - i.e. a sustained undamped oscilla-
tion in ventilation (Fig. 8.8). The oscillation can be so great that the CO,
level falls below the threshold for respiration during each cycle, giving rise
to apnoea. This is periodic respiration, which, as described above, is com-
monly seen in both term and preterm infants. It is unstable in the technical
sense that ventilation does not settle down to the equilibrium value, but it
is a stable phenomenon in the sense that if the system is disturbed from the
limit cycle it will return to it. The condition which we derived for the transi-
tion point depends on the gains of the central and peripheral chemorecep-
tors being different. This appears to be fulfilled when Pao, is low*2. Thus
intermittent or continuous mild hypoxia might lead to respiration which
alternated between a pattern of damped oscillation and frank periodic
breathing.

Thus we now have a single framework within which to discuss both
stable damped oscillations and continuous periodic oscillations. Further in-
vestigation of a more complex model may predict other instabilities, and
perhaps chaotic behaviour. Such studies may allow understanding of the
complex ways in which the intact respiratory control system functions in
the normal infant, and give some insight into the ways in which the system
may malfunction with potentially disastrous effects.
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Figure 8.8 Computer-drawn simulations of the response of a mathematical model of the
control of respiration to a sigh®. Column (i) shows the effects of a progressive increase (from
(@)1 to (i)4) in QT/VA on the relationship between W (P co,in the lung) and Z (P co, at the
carotid body). Column (ii) shows the effects of the same changes on the output of the con-
troller (C), plotted against time (f). An increase in cardiac output as a proportion of lung
volume, or an increase in transit time, or a combination of these changes, could result in
changes in the patterns of controller output in response to a sigh, similar to those observed in
infants with increasing age”
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Dr C. J. Morley
Dr P. J. Fleming

Dr A. C. Bryan

Fleming

Dr L. B. Strang

Fleming

Strang
Fleming

Bryan

Can you comment on the influence of environmental temperature?

The effect is crucial. One of the ways the baby responds to hypoxia
seems to be to go into a state of near-hibernation. If you add a cold
stress, the pattern of response changes. However, the newborn has ac-
tive thermoregulation in all states, which the adult does not. Thus the
baby seems better adapted to cope with thermoregulatory stress than it
does to alterations of blood gas tensions. Paul Johnson' has shown that
in lambs a very stable pattern of respiration can be destabilized by chang-
ing the thermal environment when a highly damped response to distur-
bances can become an oscillatory one. The temperature at which this
change occurs is age-dependent, hence what is thermoneutrality at one
age might be heat stress at another.

I don’t like the way you swing from the word ‘damped’ to the more
pejorative ‘unstable’. You imply that if there is underdamping the
system is in bad shape. The carotid body responds perfectly to hypoxic
stimuli in the infant. It is the rest of the system which determines damp-
ing - the lung volume in relation to metabolic rate. The relationship in
the newborn is such that oscillations are not damped out, but I don’t see
that as unstable. An underdamped system can be very stable.

I agree. The computer oscillation, the limit cycle, is technically unstable
because it doesn’t return to the point from which it originated. But it is
stable in a way that really matters; it doesn’t go anywhere else, and if you
disturb it, it comes back to the same oscillation again.

I don’t know what’s meant by overdamped, underdamped, critically
damped, stable or unstable.

If there is a control system which on disturbance returns back to its pre-
set values in a smooth ‘monotonic’ way in the shortest possible time,
that’s critical damping.

What is the shortest possible time?

It depends on the system. If you have the equation that defines the
system, you can say what is the shortest possible time. A system that is
overdamped has a similar but slower pattern of return. Underdamping
means a quick return to baseline followed by an overshoot and oscilla-
tion. Optimal control is when the area under the curve between the
baseline and the curve is as small as possible. Optimal control is always
slightly underdamped.

I don’t think that is necessarily optimal. You keep slipping between
‘critical damping’ and ‘optimal damping’ but the latter certainly depends
on what you want the system to do.
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Fleming

Dr J. P. Mortola

Fleming

Mortola

Fleming

Dr C. L. Gaultier

Fleming

Dr J. A. Clements

Fleming

If the system exists to minimize error signal that must be what the
controller in the system is trying to do. We are trying to apply fairly
complex control systems analysis to a system we don’t really understand.
Even though we don’t know what’s being controlled, it is still a
reasonable supposition that the error signal should be kept to a mini-
mum.

I do not see why the breathing pattern has to be stable. For example,
during acute hypoxia in the newborn oxygen consumption decreases. Let
us assume, for the sake of argument, that it dropped to zero. Ventilation
also would decrease significantly, which may look like an extreme
situation of ‘instability’; however the drop in ventilation, in such a case,
would simply represent the appropriate response to the drop in oxygen
consumption. From your presentation you seem convinced that respira-
tion has to be as regular as possible while I find no requirement for the
breathing pattern to be regular.

If 1 gave that impression, I apologize. If you are looking at regular
respiration and quiet sleep when we must assume that the metabolic
rates do not change in the short term, variations in breathing pattern
should be unrelated to changes in metabolic rate.

I do not think that it would be difficult to list other situations which
influence the breathing pattern in the short term. Many inputs come
from the periphery to the ‘respiratory controller’ within a breath to de-
termine appropriate changes in ventilation.

If you apply a short unit impulse, the control system should respond, and
the way it responds tells you something about the system. We are trying
to analyse the nature of that feedback. If there are multiple inputs, a
control system whose response is not stable in terms of returning to the
preset value quickly might well result in positive feedback - tipping over
into instability which would set off an indefinite oscillation.

Dr Fleming, you describe the response to a sigh in a normal population
of infants. Did you have the opportunity to look at the same thing in sud-
den infant death syndrome (SIDS) babies?

We have recordings of 30 infants who subsequently died of SIDS and we
are in the process of going through these as well as recordings from age-
and sex-matched controls. We have already looked at prospective longi-
tudinal studies of 10 subsequent siblings of SIDS victims, and at four
identical twins of children who died of SIDS who were studied within 48
hours of their sibling’s death. For what it is worth, two of these four in-
fants showed very highly oscillatory patterns even though one of them
was well beyond the age when we would expect to see such a pattern.
The subsequent siblings of SIDS victims all shared developmental pat-
terns very similar to the normal infants.

I wonder if it would be useful to consider whether a system that behaves
chaotically is more energy-dispersive than one which behaves with a
regular oscillation? I would like you to discuss whether a respiratory
system which leads to the most regular kind of breathing pattern while
dealing with the various metabolic and other stresses that fall on the
respiratory system may not be the most energy-conserving system.
Would that not be a reasonable riposte to Dr Mortola?

I agree, if the response to a disturbance is regular and highly damped,
that would be energy-efficient and a desirable response by the control
system.
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Reference

Energetic aspects should not play an important role in the choice bet-
ween stability and instability, since the energy cost of breathing, at least
from what we know in the adult, seems a very small component of the
total body energy requirements whatever the breathing pattern.

The real significance of Dr Fleming’s approach is perhaps quite dif-
ferent. Our knowledge of the control of breathing tells us that it is

‘hopelessly complex. What we are at present seeking is not yet another

entry into that labyrinth but rather a practical insight into a clinical
phenomenon - periodic breathing (call it instability). The approach in
these studies seems to be a pragmatic attempt to describe what happens
in periodic breathing.

Periodic breathing is a very common phenomenon in adults at the entry
into sleep. I don’t regard it as unstable.

But if it goes too far and you stop breathing too long, you can do your
central nervous system some damage.

I’ve been doing it for over 50 years. The essential control element is the
response of the peripheral chemoreceptors. Thus if I have a high gain on
my carotid body, I don’t need to worry about apnoea because breathing
will be initiated at the first hint of hypoxia. The other side of the control
loop contains the damping factor - the store of O; in the lungs. The
reason the baby has a more oscillatory breathing pattern than the adult is
simply that the amount of oxygen in the lungs (which determines damp-
ing) is relatively small. Lung volume in the newborn infant is small
relative to metabolic rate but the relationship changes around 3 months
of age - when the lungs become relatively larger. The oscillatory
breathing pattern of the young infant reflects a high gain in the carotid
chemoreceptors and a small damping effect due to the small volume of
the lungs. This poor damping is not, I think, critical to the system.

1. Johnson, P. (1985). The development of breathing. In Jones, C. J. (ed.) The Physiolo-
gical Development of the Fetus and Newborn. pp. 201-10. (London: Academic Press)
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Establishment of the
End-Expiratory Level (FRC)
in Newborn Mammals

J. P. MORTOLA

ABSTRACT

The establishment of FRC at birth represents one of the important aspects
of the respiratory adaptation. In the immediate perinatal period the ten-
sioactive properties of the pulmonary surfactants and other purely
mechanical factors (related to the progressive aeration of the lung and the
decrease in chest wall compliance) are the main contributors to the forma-
tion of FRC. In addition, in the first hours after birth total closure of the
larynx during the expiratory phase represents an effective mechanism to
keep the lungs inflated. After the first hours FRC is maintained elevated
above the resting- volume of the respiratory system V; through a combina-
tion of dynamic factors which include the high breathing frequency, the
narrowing of the larynx and the braking action of the inspiratory muscles
during expiration. Despite the obvious advantages of an elevated FRC,
such a pattern implies a prolongation of the expiratory time, hence a
decrease in breathing rate which may not be desirable in small newborn
species with large metabolic demands and needs of high ventilatory rates.
Indeed, in newborn rats expiratory laryngeal closure is retained only in the
first hours, when it is probably important for lung expansion and fluid
reabsorption. Afterwards it is abandoned and the FRC-V; difference is
almost nil. The control of FRC therefore appears to be an important aspect
of the neonatal adaptation at birth, finely controlled and matched to the
ventilatory requirements of the animal.

INTRODUCTION

A comparative view of the functional and structural properties of the
respiratory system among animals often reveals striking similarities. One
example is the functional residual capacity (FRC), i.e. the amount of air
left in the lung at end-expiration, which not only is a characteristic of all
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mammals but is also a fixed proportion of the animal’s size'. The presence
of an FRC substantially increases the efficiency of the breathing act by
reducing the elastic and resistive components of the external work of
breathing and improving the distribution of ventilation. In addition, the
oscillations in alveolar gases, and therefore in blood gases, are not as large
as one would expect in the absence of FRC.

Newborn mammals initiate their extrauterine ventilatory activity with
fluid-filled Iungs, and it therefore seems reasonable to consider the estab-
lishment of FRC an important priority at birth, along with the onset of an
adequate external ventilation and the clearance of the pulmonary fluid.
The aim of this paper is a brief review of the factors involved in the estab-
lishment and control of FRC in the newborn period.

If one attempts to measure the changes in lung volume during the first
breaths immediately after birth, as Karlberg and co-workers? did about 25
years ago, records such as those presented in Fig. 9.1 are obtained. It is ap-
parent, despite the large individual variability, that the amount of air ex-
haled after the first breath is less than that inhaled, the difference
representing the first establishment of FRC. This is mainly the result of the
tensioactive properties of surfactants, which, by reducing surface tension
in expiration, also decrease lung recoil. The physiological role of lung sur-
factants is addressed in much detail in other chapters of this book. In part,
the stress relaxation (determined by the viscoelastic nature of the lung
tissue) could also favour air trapping, by reducing the recoil pressure dur-
ing expiration. The progressive aeration of the lung, and the probable in-
crease in chest wall stiffness which accompanies the increase in muscle
tone and geometrical changes of the respiratory structures, are additional
factors contributing to the rise in FRC. In summary, several combined
mechanical factors (tensioactive properties of surfactant, lung tissue stress
relaxation, increase in lung compliance and drop in chest wall compliance)
represent the most relevant determinants of the immediate establishment
of FRC with the onset of breathing.

In several adult mammals, including man, FRC is very close to the rest-
ing passive volume of the respiratory system (V;), which is set by the
balance between the expanding pressure of the chest and the collapsing
tendency of the lung. In newborns, the large chest wall compliance and the
relatively stiff lungs do not favour a large V;. About 10 years ago Olinsky
and co-workers* pointed out that in a few-days-old infant, during short
periods of apnoea, the end-expiratory level decreased, suggesting that dur-
ing resting breathing (a) FRC was maintained above V;, and (b) the high
breathing frequency, characteristic of the neonatal period, determined the
FRC- V; difference. In subsequent studies it has been possible to compute
the FRC-V; difference from analysis of the pressure-volume curve of the
whole respiratory system®~’ or the expiratory volume-flow relation during
resting breathing®-%. Despite the rather high individual variability, which is
in part expected considering that some factors (namely sleep state and
muscle relaxation) are known to influence the measurements, both ap-
proaches gave similar results, the FRC- V; difference in a few-days-old in-
fant averaging approximately 10-15 ml, or 3 ml/kg. Such a value cannot
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be explained only as the result of the newborn’s high respiratory rate. In
fact, if the whole expiration were a purely passive process, and assuming
that the compliance and resistance of the respiratory system are linear in
the tidal volume (Vr) range’, the amount of air left in the lung at end-
expiration (i.e. the FRC- V; difference) could be computed as
FRC -V = Vrexp (- Te/ Trs),

Tk being the expiratory time and Tis the passive time constant of the
respiratory system. Once the appropriate values are entered, the resulting
FRC-V; difference would be only 2-3 ml". In other words, if the dynamic
elevation of FRC were only determined by the interaction between
breathing pattern (Vr,Tg) and the passive properties of the respiratory
system, the FRC-V; difference should be much less than actually
measured. Therefore it must be concluded that during breathing in infants
some mechanisms are effective in retarding the emptying of the lung dur-
ing expiration, determining an expiratory time constant ( Texp) longer than
Trs. Two mechanisms appear particularly relevant during expiration in in-
fants in prolonging Texp; the increase in upper airway resistance and the
braking action of the inspiratory muscles.

Figure 9.1 Spirometric records obtained in five infants immediately after delivery. Each
record begins with the first breath after birth. Note the progressive formation of the func-
tional residual capacity. From Ref. 3, with permission
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Figure 9.2 Records of flow and volume in two infants at 10 min of age. Note the frequent
periods of interruption of the expiratory flow, with lung volume above the end-expiratory
level. From Ref. 11, with permission
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Figure 9.3 Percentage occurrence of breaths with interruptions of the expiratory flow as a
function of postnatal age. Each data point is the mean of 9 to 14 rats (from de Saint-Rome and
Mortola, unpublished)
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UPPER AIRWAY CONTROL OF EXPIRATORY FLOW

Spirometric records of infants during the first minutes after birth reveal
single or multiple interruptions of the expiratory phase, with periods of
zero flow of variable durations' (Fig. 9.2). This pattern is very common
during the first hours, then it becomes progressively less frequent. Com-
plete interruptions of the expiratory flow which have been observed in
several newborn species'>"® are not present after tracheostomy or during
deep anaesthesia, and in rats, as in infants, they are much more frequent in
the first minutes after birth than at one day of life (Fig. 9.3). During the
periods of zero flow, with lung volume maintained above FRC, the
diaphragm is not active and the pleural pressure is not more negative than
at FRC, indicating that active inspiratory breath-holding is not the underly-
ing mechanism’®, The maintained augmented lung volume most likely
reflects an increase in laryngeal resistance; the thyro-arytenoid muscle, a
laryngeal adductor of the vocal cords, has been shown to be very active
during the expiratory phase of the cycle in newborn lambs!4. In infants,
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Figure 9.4 Experimental records of air flow (v, top), tidal volume ( Vr, middle), and mouth
pressure (P, bottom) in two infants at a few days after birth. When the airways are occluded
at end-inspiration P does not rise instantaneously, indicating the presence of post-inspiratory
muscle activity. From Ref. 7, with permission

when the vocal cords are bypassed with an endotracheal tube, an end-
expiratory pressure is commonly added to preserve blood gases within the
normal range!>'S, a procedure which may be regarded as a replacement of
the laryngeal function. The observation is also of interest that total closure
of the larynx in expiration with maintained lung inflation is commonly
adopted in snakes and other reptiles'’-'%, while in adult mammals it seems
to occur only in a few species, as in the seal resting ashore, in which
the coupling between lung and chest does not favour a large V:. After the
first day of life periods of zero flow during expiration are less common,
both in infants and in newborn animals. However, the phenomenon per-
sists in the form of partial closure of the vocal cords, obviously aimed at
prolonging the time required for expiration, i.e. the effective expiratory
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time constant of the respiratory system. In a few-days-old infant the partial
narrowing of the glottis opening may be the source of perceivable noise, or
grunting. In the adult this is much less pronounced, although some adduc-
tion of the vocal cords in expiration as a way to control the expiratory flow
is well documented'*-%,

BRAKING ACTION OF THE INSPIRATORY MUSCLES

The second mechanism adopted by the infant to delay lung deflation,
hence to maintain FRC elevated, is represented by the prolonged activity
of the inspiratory muscles during expiration. The quantitative aspects of
this mechanism can be estimated by occluding the airways of a spon-
taneously breathing infant exactly at end-inspiration. In fact, if all the in-
spiratory muscles ceased their activity precisely at end-inspiration, the
pressure in the airways (and at the mouth, where it is actually recorded)
should instantaneously rise to the value corresponding to the recoil
pressure of the respiratory system. This is not the case (Fig. 9.4). On the
contrary a rather long time, of the order of several hundred ms, is required
before the plateau is reached; since peripheral inequalities in mechanical
time constants, internal redistribution of air due to recovery of chest dis-
tortion or the time constant of the recording system could explain a delay
of only a few ms, one is left with the conclusion that this pattern reflects
the post-inspiratory activity of the inspiratory muscles, which appear then
to last for a substantial portion of expiration, on average about 80%’.
Similar values have also been obtained with a different approach, based on
the analysis of expiratory flow-volume curves during resting breathing’.
The above-described mechanisms to maintain an elevated lung volume
(high breathing rate coupled with laryngeal expiratory braking and post-
inspiratory activity of the inspiratory muscles) are not equally operative in
different newborn species. Although the specific relative role of laryngeal
control and braking activity of the inspiratory muscles have not been defin-
ed in quantitative terms for the different species, the net combined effect
can be estimated through the analysis of the resting expiratory
flow-volume curves?'. The expiratory time constant, Texp, is usually longer
than the passive value Trs in species breathing at relatively low rates as in-
fants or lambs, while Texp is more similar to Ty in species breathing at high
rates such as newborn rats or mice?’. The difference in Texp among species
is so pronounced that it more than compensates their differences in Tg:
hence the FRC- W difference tends to be less in smaller newborn species.
In this respect it should be considered that an elevated FRC implies a pro-
longation of Tg through a vagally mediated pulmonary reflex, and some
‘loss’ of inspiratory muscle output at the beginning of the inspiratory phase
in order to offset the internal recoil of the respiratory system. Neither
aspect is probably desirable in newborns of the smallest species which have
high oxygen consumption; hence their needs of high ventilatory rates. The
observation® is relevant, however, that newborn rats resume the pattern of
expiratory laryngeal braking in an obvious attempt to defend mean lung
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volume, when pressures tending to collapse the respiratory system are arti
ficially applied. This indicates that the mechanisms controlling the expira-
tory flow are functionally developed even in these small fast-breathing ani-
mals. All these results suggest therefore that the control of FRC is an
important aspect of the neonatal adaptation at birth, involving several con-
trolling mechanisms; however, when metabolic and ventilatory require-
ments are very elevated, as in the smallest mammalian species, the control
of FRC assumes a lower priority.
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Mortola

It worries me that both the mechanisms you describe - thyroarytenoid
activity and post-inspiratory diaphragmatic activity - are switched off in
REM sleep, which is the predominant sleep state of the baby. So if the
baby loses these mechanisms of maintaining FRC in REM sleep, what
keeps his lungs inflated?

You are right, both mechanisms decrease during rapid eye movement
sleep, and in fact lung volume and Po; go down. There may be other
priorities during REM sleep which require the abolition (or decrease ef-
fectiveness) of these mechanisms. Perhaps something else is required
that cannot be achieved at the same time. It is certainly possible to
breathe - many small newborn species do' - without keeping lung
volume elevated. During REM sleep newborn infants behave just like
certain small animals.

The fall in Po; in REM sleep is trivial really, so why are these
mechanisms important?

As 1 mentioned before, perhaps there are other aspects of breathing
which involve these mechanisms. For example, if I breathe in, close the
larynx and relax, the pressure in the airways becomes positive, which
may represent a ‘useful’ mechanism for reasons not directly related to
gas exchange. In the very first hours after birth positive pressure may
help in ‘pushing’ the fluid out of the lungs. This could be the function of
the end-inspiratory pauses commonly observed in adult snakes, during
which, just like in infants, alveolar pressure is positive’. Snakes have a
high pulmonary artery pressure and low protein osmotic pressure, with a
spontaneous tendency to fluid filtration in the alveoli, a fluid that must
be reabsorbed during the expiratory phase. Their breathing strategy
seems therefore very similar to that of newborn mammals during the
first hours after birth.

As I understand it, you showed that the post-inspiratory braking
mechanism is less effective in the premature infant than in later life. I
have always thought of the grunt in respiratory distress syndrome as the
sign of an airway closure mechanism which presumably protects lung
volume. Would it be fair to assume that this mechanism is more primitive
than the post-inspiratory braking mechanism?

I agree. Grunting is nothing but laryngeal narrowing (rather than com-
plete closure). Post-inspiratory muscle activity is a more sophisticated
way of keeping lung volume elevated, perhaps evolutionarily a more re-
cent mechanism. It certainly requires more energy than just contracting
the thyroarytenoid muscle.

Concerning the decrease in FRC during REM sleep, it has been reported
that oxygen consumption is greater in REM sleep than in quiet sleep.
Can you commend the strategy of the baby which decreases FRC at the
same time as needing more O3?

I am not aware of such a report for the newborn infant, which would in-
deed present a paradox. At the same time, though, it may indicate that
there is no strict relationship between oxygen consumption and
breathing pattern. At rest, the system has such a reserve of oxygen that
one can afford to increase oxygen consumption despite an unfavourable
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Dr C. J. Morley

pattern of breathing.

From our mainly anecdotal experience it appears that the smaller the
mammal and the more compliant its chest wall, the better its surfactant
composition. When there is a very floppy chest wall, the only thing to
hold the lung open is good surfactant. Another question: do you think all
expiration in babies is passive or do you think that many expire actively?
This is what we often observe.

Mortola If active expiration means contraction of the expiratory muscles, I don’t
quite agree; but if you mean post-inspiratory activity of the inspiratory
muscles, that is what I’ve shown.

Morley I mean contraction of expiratory muscles.

Mortola I don’t think that active contraction of the expiratory muscles is common

Dr E. A. Egan

Mortola

Egan

Mortola

Dr W. Seeger

Mortola
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We have not done the necessary measurements, but others have. With
our type of measurement a small drift in the airflow integrated signal
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possibility.
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10
Postnatal Development
of Lung Function

Cl. GAULTIER

Changes in pulmonary function during postnatal development are not yet
very well understood. Most of the studies undertaken have concerned
either neonates or children after the age of 6. The active period of postna-
tal lung growth occurs during the first years of life!, and there is a lack of
information about lung function development in this period due to limited
cooperation of infants and young children. The present review summarizes
the current knowledge on postnatal lung function development in humans.

CHEST WALL

The configuration of the rib cage in infants differs from that of adults>*. In
infants the rib cage is more circular than in the adult. This mechanical
arrangement seems inefficient. In the adult the volume of the rib cage can
be increased by raising the ribs. In infants, the ribs are already ‘raised’,
and this may be one of the reasons why the motion of the rib cage contri-
butes little to tidal volume. Moreover, the angle of insertion of the dia-
phragm is different: oblique in adults and almost horizontal in infants. This
induces decreased efficiency of diaphragmatic contraction. This
mechanical disadvantage is worsened in the supine posture which is the
usual nursing position of babies in most modern societies. With age,
changes in rib cage geometry occur’. Concurrently, there is progressive
mineralization of the ribs. These changes in shape and structure are of
major importance in improving the stiffness of the rib cage.

A large chest wall compliance (Gy) is an inherent characteristic of
newborn mammals’. Gy has been measured in preterm and full-term
newborns®’. Whatever the methodology used, there is a tendency for Gy
to decrease between preterm and term infants (Fig. 10.1)" and during the
first 6 months of life’. After this age there is a gap in the literature until the
age of 5. Total respiratory compliance of children between the ages of 5
and 16 was measured by Sharp et al’. A progressive fall in compliance of
total respiratory system (C) with age was observed which was attributed to
changes in Gy (Fig. 10.2).
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Figure 10.1 Relation between gestational age and chest wall compliance in 36 newborn
infants. (From Ref. 7)
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Figure 10.2 Changes in compliance of the total respiratory system with age. Group 2 had a
mean age of 5 years; group 3, 8 years; group 4, 12 years; group 5, 16 years. (From Ref. 9)
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Figure 10.3 Upper panel: Changes in chest wall mechanics during REM sleep in an infant.
Surface intercostal and diaphragmatic EMG and motion of rib cage and abdomen (magne-
tometers) in non-REM (quiet) and REM sleep (active). In REM sleep there is marked inhibi-
tion of intercostal muscle activity, significant increase in amplitude of diaphragmatic EMG
and in excursion of abdominal magnetometer with paradoxical motion of the rib cage. (From
Ref. 10). Lower panel: Changes in chest wall mechanics during REM sleep in normal adoles-
cents: EMG I, intercostal electromyogram: EMG D, diaphragmatic EMG; RC: rib cage con-
tribution to tidal volume ( V1); ABD: abdominal contribution to V7. REM sleep is associated
with decreased intercostal muscle activity. This is accompanied by a diminished RC contribu-
tion to tidal volume ( V). Vr is maintained, however, because of a substantial increase in di-
aphragmatic muscle activity. No paradoxical movement of the rib cage was observed. (From
Ref. 17)

The pliable rib cage of newborns and infants is therefore easily deform-
ed under the effect of diaphragmatic contractions or when the stabilizing
effect of the intercostal muscles is inhibited, such as during rapid eye
movement (REM) sleep’’. During REM the rib cage is deformed by the ef-
fect of phasic inspiratory diaphragmatic contraction, causing it to move in-
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Figure 10.4 Pressure/volume curves of the lungs from three groups of children with volume
expressed as percentage of volume at a distending pressue of 25 cmH,0 ( Vpst25). (From Ref.
26)

ward rather than to expand (Fig. 10.3). Rib cage distortion is a mechanical
phenomenon which is unfavourable to sleep respiratory adaptation''. Dur-
ing REM, distortion is one of the factors responsible for the decrease in the
end-expiratory lung volume'? (Fig. 10.3); it is associated with a drop in
transcutaneous partial pressure of oxygen'’. In the distortion periods the
efficiency of the diaphragm as a generator of pressure has been shown to
diminish**. However, despite these disadvantages, it has been suggested
that in infants the distorted breathing pattern may have an energetic ad-
vantage". With age, periods of rib cage distortion during REM sleep get
shorter'® and disappear completely in adolescents because of their low Gy
(Fig. 10.4)".

LUNG ELASTIC PROPERTIES

Little is known about the development of lung connective tissue. Emery'?
showed expansion of the elastic network in the peripheral pulmonary
parenchyma with growth. More recently, Keely et al.”’ reported that true
elastin expressed as a percentage of dry lung weight increases after full-
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term birth to reach adult proportions at about 6 months of postnatal age.

Functional studies of the elastic properties of the lung involve measure-
ment of lung elastic recoil at the end expiratory level and static
pressure-volume (P/V) curves. Absolute intraoesophageal pressure at the
end-expiratory volume (PLgrc) was found less negative in newborns and
infants than in adults. Newborn PLgrc values®?? range from -0.7 cmH,0
to -2.65 cmH,0. The less negative absolute end-expiratory oesophageal
pressure in infants when compared to that in adults can be explained by
changes in lung elastic recoil, chest wall recoil, or a combination of these
factors. Concerning P/V curves in newborns and infants, information can
be obtained only from postmortem studies. Stigol et al.?, using a maximal
pressure of 20 cmH,O, did not find any change in the overall shape of the
P/V curves during infancy, while Fagan®, using a 30 cmH,O maximal
pressure, observed a sharp drop in the proportion of volume retained at
low pressure and then a shift to the right of the P/V curves during the first
months of life. No in vivo studies are available in the young child. In older
children and adolescents from 6 to 18 years old static P/V curves can be
obtained. However, the problem is that of the comparison of P/V curves
of different age groups. Volume used to be expressed as a percentage of
total lung capacity (TLC)*. However, because the transpulmonary pressure
at TLC increased with age?, TLC is not measured at a fixed distending
pressure. Bryan®* therefore chose to use the volume at 25 cmH,O, which is
very close to the asymptote of the curve, and thus nearly independent of
the shape. When the data are expressed in this way there is a progressive
increase in lung elastic recoil with age at any lung volume and the shapes of
the curves are quite comparable (Fig. 10.4), suggesting that there is no
change in lung compliance between 6 and 18 years of age.

LUNG VOLUME

The end-expiratory lung volume, i.e. the functional residual capacity
(FRCQ), is dependent upon several factors. As for any lung volume, FRC is
influenced by alveolar growth. During the active period of postnatal
alveolar multiplication' there is a significant relationship between increases
in FRC and in alveolar number?. However, factors other than alveolar
growth act on FRC: (1) the balance between elastic recoil of lung and chest
wall, which implies lower passive FRC in newborns than in adults’ (2)
neuromuscular control of the end-expiratory level, which explains why
dynamic FRC is higher than passive FRC. Indeed, when infants become
apnoeic their lung volumes fall to levels consistently lower than their end-
tidal volumes®. The rise in dynamic FRC during normal breathing results
from the parallel action of mechanisms that brake the expiratory flow:
post-inspiratory muscle activity?®-** and narrowing of the vocal cords?".
These mechanisms which elevate FRC, are inefficient during REM sleep'.
In full-term newborns, Henderson-Smart and Read*? showed a decrease in
FRC during REM sleep compared to NREM sleep (Fig. 10.5). The
decrease in FRC during REM sleep is due to rib cage distortion, loss of
tonic inspiratory diaphragmatic activity? and loss of the laryngeal break-
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Figure 10.5 Thoracic gas volume in non-REM (quiet) and REM (active) sleep in seven in-
fants, illustrating the approximately 30% fall in the end-expiratory lung volume in REM
sleep. (From Ref. 12)

ing mechanism®. The changes in the dynamic control of FRC with growth
and age are still unknown.

TLC is an effort-dependent measurement. The maximal pressures that
children are capable of generating increase with age (see below). There-
fore the increase in TLC with age reflects both the increase in lung volume
and the increase in the strength of the child. FRC/TLC ratio does not
change significantly between the age of 6 and adolescence despite
changes in the chest wall. However when FRC is related to a volume at a
fixed distending pressure, there is a significant correlation with age?.
Residual volume (RV/TLC) ratio decreases with age®. It is lower in males
than in females, which can be explained by the greater increase in expira-
tory force in males®,

AIRWAYS

Upper airways

The configuration of upper airways changes with age**. In the newborn
the upper airways are narrow. The epiglottis is large and able to cover the
soft palate. This forms the velo-epiglottic sphincter, favouring the obliga-
tory ‘nasal breathing’ of the newborn. This configuration is associated with
the horizontal position of the tongue and the elevated position of hyoid
bone and laryngeal cartilage. In the course of the first 2 years of life the
configuration changes, leading to a dynamic velo-lingual sphincter permit-
ting buccal respiration and speech. The epiglottis, the larynx and the hyoid
bone move down the posterior part of the tongue to take a vertical position
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during infancy. Despite the ‘obligatory’ nasal breathing newborns and in-
fants can breathe through the mouth in cases of nasal obstruction®. Passive
mechanical properties of the upper airways have been studied in newborn
and adult animals®. In newborns nasal resistance was smaller than in
adults, and mouth resistance similar to that found in adults. Thus the so-
called obligatory nose breathing behaviour of newborns cannot be fully ex-
plained by the passive mechanical properties of the upper airways. The
percentage contribution of nasal resistance (Rn) to airway resistance (Raw)
in sedated infants was assessed. Rnis equal to 49.2 + 7.5 (SD)% of Raw in
Caucasian infants®. However, this percentage can be questioned because
of the effect of sedation on upper airway resistance®. Furthermore,
changes in upper airway resistance between wakefulness and the different
stages of sleep are unknown in infants and children..

Intrathoracic airways

From morphometric studies it is known that conducting airways down to
the terminal bronchioles are present at the sixteenth week of gestation,
whereas respiratory bronchioles and alveolar ducts are present only at
birth*’. During growth airways increase in calibre. However, different
results have been found concerning the proportional growth of central and
peripheral airways. For Hislop et al.*® the length and diameter of each
branch appear to grow proportionately and to retain a constant relation-
ship to the whole airways, while Hogg et al.*! reported that peripheral air-
ways are disproportionately narrow, suggesting that they grow at a delayed
rate under 5 years of age.

Airway resistance and/or airway conductance have been assessed by
plethysmographic measurement from birth to adolescence (Fig. 10.5)**,
Specific airway conductance is primarly a measurement of central airways
and is higher in infancy than in childhood. Thus growth of the lung is non-
isotropic. Airways are present and relatively large in the newborn. Growth
of lung volume occurs after birth and results in a dysanaptic process. For
the same reasons there is a fall with age in size-corrected flows?*»?>* and in
specific upstream conductance®.

In unsedated infants expiratory resistance is higher than inspiratory
resistance*’. This difference was not observed when infants were sedated,
probably because of a marked reduction in thyroarythenoid muscle
activity®. Lung tissue resistance appears to decrease with age***,

Conflicting results have been reported concerning the dynamics of the
peripheral airways. Hogg et al.*' measured peripheral conductance per
gram of lung tissue as a function of age, and found a sharp rise in
peripheral conductance around the age of 5 years. This was in agreement
with his pathological findings reported above. Other functional studies
reported arguments in favour of high peripheral resistance in infants**-%
while some studies suggested that central and peripheral airways may have
a similar relationship in newborns and adults®’.

Finally, recent studies have shown sex differences in growth patterns of
the airways and lung parenchyma. When corrected for lung size, young
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Figure 10.6 Comparison of regression lines of airway conductance (Gaw) during mouth
breathing from infancy to adulthood. The regression lines have been obtained from the follo-
wing studies: (a) Ref. 38; (b) Ref. 43 data on children 1 year to 5 years - this line was
calculated from estimated Gaw by assuming 49% of Raw to be due to nasal resistance; (c) Ref.
25; (d) Ref. 45 data on adult males. (From Ref. 38)

girls have higher flow rates than do boys of the same age®. The same results
were found in older children and adolescents®**>. However the effects of
puberty on the final process of development of airways and lung have yet
to be completely described in both sexes®

In addition to the uncertainties surroundlng the relatlonshlp between
airways and lung parenchymal development, and thus airway dynamics, lit-
tle is known about the role of genetic and postnatal environmental
factors®»,

RESPIRATORY MUSCLES

With growth, there is a progressive increase in the bulk of the muscles of
respiration. Coincident with this increase in muscle bulk, there is a pro-
gressive increase in the maximum inspiratory (Pimax) and expiratory
pressures (Pgmax) with substantial differences between sexes in all age
groups®**% (Fig. 10.6). By 11-12 years of age adult values are attained in
females for both Pimax and Pgmax, whereas this is true only for Pimax in
males. Pgmax in males continues to increase during adolescence (Fig.
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Figure 10.7 Relationship of Py ; (cmH20) and age (years) in 62 children aged 4 to 16 years.
Circles: boys; triangles: girls. Average values (+ SD) for adults of both sexes aged from 18 to
32 years. (From Ref. 60)

10.6). However, the development of respiratory muscle force is only partly
reflected by maximal pressure, since force is the product of pressure and
surface area over which the pressure is applied, and both these parameters
increase with growth. Indeed, when forces are determined the propor-
tional increases in inspiratory and expiratory forces are greater than the
corresponding increases in pressures®’,

Children have greater inspiratory pressure demands during breathing at
rest than do adults®, as assessed by measurement of the occlusion pressure
(Po.1) (Fig. 10.7). High inspiratory neuromuscular drive in children is ex-
plained by a higher metabolic rate. Thus inspiratory force reserve of the
respiratory muscles in healthy children is reduced with respect to adults
because the inspiratory pressure demands at rest are greater and Pimax is
lower. Therefore the ratio : mean inspiratory pressure over Pimax (Py/
Pymax) decreases with age (Fig. 10.8)%". In newborns and infants this ratio
was estimated to be higher®? than in the youngest children for whom results
are available (Figs. 10.7 and 10.8).

Bellemare and Grassino® have shown in adults that the timing of the
breathing cycle, as well as the pressure developed, both intervene in
respiratory muscle fatigue. Depending on the ratio of inspiratory time over

147



PHYSIOLOGY OF THE FETAL AND NEONATAL LUNG

100

80

60

40

20

r %TLC

MALES

Prax cm H20

1

-200

100,

- %TLC

+100

+200

FEMALES

60

4o

Prmax ecmH20

-200 -100 (o] +100 +200

Figure 10.8 Maximal static pressures generated at different lung volumes in males (A) and
females (B). Volume is plotted on the ordinate as percentage TLC, and pressures along the
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years (circles). The bars indicate 1 SD. The expiratory limb of the curves meets the volume ax-
is at RV and the inspiratory limb at TLC. Crosses are values in healthy adults®. (From Ref.
33)

the total duration of the respiratory cycle (Ti/ T tot), there is a large spec-
trum of critical pressures above which fatigue occurs. In adults mean in-
spiratory pressure over maximal inspiratory pressure was assessed by
transdiaphragmatic pressure (Pgi/ Psimax) measurements®. In Fig. 10.9 it
can be seen that adults during resting breathing conditions are far from the
fatigue threshold of the respiratory muscles. When estimating Pqi/ Pgimax
ratio from P/ Pmax®*% values, it appears that the younger the child is the
nearer he is to the fatigue threshold of the respiratory muscles (Fig. 10.9)%.
Presumably newborns and infants are even closer to this threshold. In
newborns and infants the only easy approach to the diagnosis of respira-
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tory muscle fatigue is spectral analysis of the EMG of the respiratory
muscles'’. Using the ratio of low-frequency over high-frequency power of
surface diaphragmatic EMG in preterm infants, Muller et al.'® showed a
decrease in this ratio during periods of marked chest wall distortion, sug-
gesting diaphragmatic fatigue during resting breathing in REM sleep. One
breathing strategy to cope with a fatiguing diaphragm is to shorten 7Ti and
then to lower the Ti/Tiot ratio in order to breathe below the fatigue
threshold. Such a breathing strategy, which can lead to apnoea, was
observed in preterm infants resisting fatigue'®.%. Children with an increase
in elastic® or resistive®' load behave in a similar way by shortening Ti and
then decreasing the tension time of the diaphragm (i.e. Ti/ Tiot X Pdi/ Pdi max).

Thus in infants and children the respiratory reserve in terms of diaphrag-
matic fatigue appears to be lower than in adults. Furthermore, there are
considerable changes in the fibre composition of the respiratory muscles
during the first year of life®”. In preterm infants there are less than 10%
type 1 fibres (slow-twitch high-oxidative fibres) in the diaphragmatic and
intercostal muscles. The type I fibres increase rapidly to about 30% at term
and continue to increase throughout the first year of life, when they reach
adult values of about 50- 60%°’. A low proportion of type I fibres leads to
a greater risk of respiratory muscle fatigue in preterms and during the first
year of life.
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Figure 10.10 Capillary Po, in 84 children aged from 20 days to 18 years plotted against age.
In the equation of the regression curve x is age expressed in months (From Ref. 70)

OXYGEN ARTERIAL TENSION

In the newborn the mean arterial oxygen pressure Pao,equals 69.5 + 0.86
torr®®. The alveolo-arterial difference in partial pressure of O, (A-aPo,) is
about 30 torr during air breathing and 120 torr during O, breathing. Ana-
tomic R-L shunt and low ventilation-perfusion ratio account almost
equally for the total venous admixture. In children after the age of 8, Pao,
does not change with age and reaches adult values®’. In this age range
A-aPo,is equal to 9.4 + 4.8 torr®. During infancy and childhood P ao,
rises rapidly during the first 2 years of life and then slowly up to the age of
8 (Fig. 10.10) No A-aPo, measurements are available in the young child.
The increase in P ao, with age results presumably from a reduction in the
inequalities of the ventilation-perfusion ratio at the resting breathing
level”. Children of 8 years of age have a higher closing volume (CV)
compared to adolescents™™. The closing capacity, i.e. CV plus RV,
decreases with age. At 8 years the closing capacity is close to the FRC. In-
fants and young children may have closing capacities greater than FRC,
and some areas of the lung may be closed throughout part or all of the tidal
volume, with consequent impairment of gas exchange. However no results
are available to confirm this assumption.

CONCLUSION

Despite two decades of important research many other studies are needed,
especially in infants and young children, in order to fully describe the com-
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plexity of the development of lung function. We now know that newborns
and infants risk respiratory failure when even minimal lung injury occurs.
Futhermore, lung injury can induce abnormal lung development in struc-
ture and function™, shown for example after bronchiolitis” and after
severe viral infection”. Abnormal lung development presumably leads to
respiratory diseases at the adult age. However, further studies of lung
function follow-up in children with lung injury during growth are necessary
to specify the dependence of lung function in adults on the individual’s
‘lung growth story’.
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Alveolar Ventilation in
Newborns and its Postnatal
Development

D. LAGNEAUX AND F. GEUBELLE

Alveolar ventilation is that part of the total ventilation actually reaching
the pulmonary structures where gases are exchanged with blood. For the
other part of the total ventilation travelling through the bronchial tree,
heat and water are exchanged in the so-called ‘conducting airways’, the
volume of which corresponds to the anatomical dead space.

Evolution of these two parts in growing infants and young children de-
pends on various factors. Firstly, tidal volume (Vr) increases with body
size, while respiratory rate decreases. Secondly, the morphological
changes of the lung structures are actually specific in the first 8-10 post-
natal weeks, and differ from changes observed later on.

Unfortunately, data are scarce, and without systematization in the mor-
phological field. However, at least in a small age range - i.e. between birth
and infancy - these data allow an estimation of gas displacement in the air-
ways and its evolution with age.

Two sets of facts will be considered. Firstly, the relationship between
pulmonary structures and their function. Secondly, the alveolar gas
parameters estimated from available respiratory and metabolic data.

RELATION BETWEEN THE GROWING STRUCTURES AND
THEIR FUNCTION

When analyzing ambient air flowing from the airway openings to exchang-
ing structures, the most convenient approach is to refer to Weibel’s A-
model’. This symmetrical dichotomous system is useful but it does not take
into account the asymmetry of branching and the dissimilarities be-
tween airways. Indeed, in adults the distance from the trachea and the
respiratory bronchicles varies from 7 to 22 cm - i.e. a ratio of 1 to 3
for length and a ratio of 1 to 5 for gas transit time.

Nevertheless a lot of information can be obtained from a symmetrical
branching system!. For the conducting airways, from the trachea to the
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respiratory bronchioles (16th generation) a similar type of branching
system is already present before birth and will develop with body size, ac-
cording to Hislop and Reid® The bronchial tree should be a reduced model
of the adult’s one. Hofmann® fitted regression curves on the values col-
lected from different published data. From these curves, anatomical - if
not morphological - characteristics of conducting airways can be indirectly
defined for postnatal growing lungs. These values will be used below in
Weibel’s model.

In the distal part of the airways (i.e. in the primary lobules) of adults,
three generations of respiratory bronchioles, three generations of alveolar
ducts and the terminal alveolar sacs are observed, corresponding to the
respiratory zone with numerous alveoli. In newborns these distal parts of
airways, beyond terminal bronchioles, are morphologically different and
they will grow and develop extensively during the first 2 months. Ana-
tomical data have been collected by Boyden and Tompsett! in a newborn,
1- and 2-month babies and a 7-year-old child. From their casts a schematic
model has been derived by Hislop and Reid?. From a terminal bronchiole
three generations of respiratory bronchioles are followed by short transi-
tional ducts ending in a cluster of saccules. At birth no structures actually
have the morphological characteristics of the alveolus, and gas exchange is
probably performed through the capillaries of the saccule’s epithelium.
During the first 2 months after birth, explosive growth is observed, the ter-
minal cluster growing from 1.1 to 1.75 mm. Moreover numerous alveolar
structures develop, and their morphology then becomes similar to the
usually described alveoli. Afterwards, during childhood, the number of
alveoli increases, reaching about 300 million at 7-8 years, a figure which is
also observed in the adult lung. The length between terminal bronchioles
and the blind end of respiratory airways reaches 4 mm at 7 years and 8 mm
in grown-ups. Total alveolar surface area is increased two-fold at 3 mon-
ths, and two-fold again at 10 months. At the start this increase depends on
identation of saccules and later on, on alveolar size increase.

What are the functional consequences of these morphological changes?
Knowing the mean dimensions of the bronchial tree® and those of the ter-
minal lobules®, some classical data and their changes with growth can be
calculated. They are illustrated (Fig. 11.1) for 2-day-, 2-month-, and 7-
year-old children, and they are compared with data collected from adult’s
lung in Fig. 11.2. The classical ‘trumpet model’ of airways is drawn accord-
ing to two dimensions: the length of the bronchial tree and its correspond-
ing total cross-sectional area. After the trachea (generation number 0)
there are 2! bronchi of first generation, 2? bronchi of second generation
and so on, until 2! terminal bronchioles. In successive generations the
number of bronchioles increases far more rapidly than their section
decreases, so that the total cross-sectional area increases greatly up to 600
cm? in the adult lung at the level of the terminal bronchioles. The same
‘trumpet model’ is illustrated for different ages (Fig. 11.1) with scales very
different from those used for the adult lung model (Fig. 11.2). The
cumulative volumes calculated from the successive generations up to the
terminal bronchioles give a value for the anatomical dead space, the upper
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Figure 11.1 Relation between length and total cross-sectional area of the bronchial tree con-
sidered as a ‘reduced model’ of the adult’s conducting airways for a newborn (2-day-old), 2-
month-old and 7-year-old children. The starting point of the bronchial tree’s length (L) is the
distal part of trachea (generation 0) and the terminal bronchioles’ situation (T.Br.) is in-
dicated for the three ages considered. The vertical broken lines at the right locate the blind
end of the airways (P] = pleura). For a given mean inspiratory flow () and considering the
increase of the total cross-sectional area (A) in the latest generations, the mean axial velocity
(@ = Vi/A) falls considerably at the distal part of the airways. The segment of bronchial tree
where the transit time by convection (t.conv.) is no longer different from the transit time by
diffusion (.diff.) (see text) is in the 16th generation for 2-day-old and 2-month-old children,
and in the 17th generation for the 7-year-old. Above this ‘transitional’ generation O (i.e.)
travels by convection and its cumulative transit time (Cum.t.conv.) is indicated. Below this
generation between this segment and the blind end of airways, gases are travelling by diffu-
sion

airways being excluded since the trachea is the first section taken into ac-
count. This dead space volume is 6.3 ml in the newborn model, a figure
which is at the upper limit of the values estimated in vivo by Koch® and 7.1
and 60 ml respectively for the 2-month-old and the 7-year-old children.
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Figure 11.2 Relation between length and total cross sectional area in an adult’s bronchial
tree. The morphological data are obtained from Weibel'. For the derived values, see Fig.
11.1. The difference between the scales of Fig. 11.1 and of Fig. 11.2 must be emphasized

Broadly speaking, this kind of lung model gives an overestimation of the
dead space volume, actually reaching 175 ml for the adult’s model.

Other data are calculated from these models in the following way. The
flow of ambient air from the airway opening to the gas exchange or
respiratory zones is due partly to convection (mass movement of gas as a
consequence of a total pressure gradient between two sites) and partly to
diffusion depending on the thermokinetic movement of the molecules.

Conductive and diffusive transit times for each segment of the bronchial
tree are calculated as follows:
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mean transit time by convection (or: t.conv.): L/iI
mean transit time by diffusion (or: t.diff.): nL?/D
where L = the length of the segment,
u = the mean axial velocity at the level of the considered
segment = V/A,
V = flow rate of ventilation,
A = total cross-sectional area at the level of this segment,
D = gas diffusion constant in gas phase at 37 °C
(Do, = 0.222 cm? ™! and Dco, = 0.200 cm? s7Y)

BN —

How do these derived values change during growth? Due to the increase of
the total cross-sectional area with the successive generations, mean axial
velocities, for a given mean inspiratory flow rate (Vi) falls considerably.
These values are indicated below the cumulative length of the airways in
Figs. 11.1 and 11.2, the Vi values used being noted at the right-hand side.
As the_total cross-sectional area increases, the mean axial velocity for a
given Vi falls and Oz molecules are transported by convection in moving
fluid only up to a given point. Indeed at this particular level travel time by
convection through the segment is no longer different from the time need-
ed for diffusion in the same segment. In adults, with a mean inspiratory
flow of 280 ml s=! at rest, and taking the largest morphological values
observed by Weibel on lungs inflated to their maximal volumes, convec-
tion and diffusion transit times are equal in the 18th generation (Fig. 11.2).
Above this so-called ‘transitional’ generation, the gas is transferred by con-
vection and below it, by diffusion.

Taking the ‘reduced model’ of pre-acinar airways in newborns of Hislop
and Reid®, the Hofmann regression from dimensions of the structures and
the resting ventilatory data at different ages compiled from the Geigy
scientific tables® and from Hofmann’s data’, the mean axial velocities are
also illustrated for children’s models in Fig. 11.1. Convection transit time
equals diffusion transit time in the 16th generation in 2-day-old and in 2-
month-old infants, but in the 17th generation in 7-year-old children (Fig.
11.1).

This transitional point being determined, a total transit time for Oz can
be calculated. It is equal to cumulative convection times in the successive
generations up to this transitional zone plus a diffusion transit time for the
remaining length of the airways up to its blind end. The cumulative mean
convection transit times (Cum.t.conv.) are indicated below the mean axial
velocities in Figs. 11.1 and 11.2. For the different ages where the dimen-
sions of the structures are known, the values for convection, diffusion and
total transit times are summarized in Table 11.1.
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