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ABSTRACT. The influence of triiodothyronine and hydro-
cortisone on maturation of the response to epinephrine that
leads to reabsorption of lung liquid was investigated in nine
chronically catheterized fetal sheep. Experiments were
performed on thyroidectomized fetal sheep at 116-120 d
gestation, well before the reabsorptive response to epi-
nephrine is normally seen. After i.v. administration of
either triiodothyronine (60 ng/d) or hydrocortisone (10 mg/
d) for 3 d (three fetuses in each case), all fetuses continued
to secrete lung liquid during exposure to epinephrine (se-
cretion rate = 5.9 * 3.2 mL/h in triiodothyronine-treated
and 4.4 * 1.9 mL/h in hydrocortisone-treated fetuses).
However, when the two hormones were administered to-
gether in the same doses to three fetuses, a striking reab-
sorptive response to epinephrine was seen (absorption rate
= —-12.3 * 3.6 mL/h), similar to that observed in the
mature fetus. Induction of this capacity to reabsorb lung
liquid may be of importance in the management of respi-
ratory problems of the newborn infant. (Pediatr Res 27:
588-591, 1990)
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The secretion of lung liquid by the pulmonary epithelium
maintains expansion and promotes development of the fetal lung
(1, 2). At birth, however, effective aeration of this organ is
dependent on rapid reabsorption of the liquid from its alveolar
spaces (3, 4). The switch from secretion to absorption depends
on a reversal in direction of net ion transport across the pulmo-
nary epithelium, brought about by a change from active chloride
transfer into the alveolar lumen (2) to the active transport of
sodium from the lumen towards the interstitium (5). This change
is normally activated by a rise in fetal plasma epinephrine
brought about by the stress of labor and delivery (4). In the fetal
sheep (gestation = 147 d), a reabsorptive response to infusion of
1.v. epinephrine in the fetus is seen from about 130 d (3, 4), and
this response increases more than 20-fold in the last 2 wk of
gestation. We have undertaken an investigation of hormones
that might control the maturation of this reabsorptive response.
We have shown previously that thyroidectomy prevents devel-
opment of the reabsorptive response (6) and that this can be
restored by the infusion of Ts to the thyroidectomized fetus (7).
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However, precocious exposure of the fetus to Ts at an early
gestation did not significantly advance the time of appearance of
this reabsorptive capacity, from which it could be concluded that
some other factor must play a role in determining its maturation
during gestation. Steroid hormones, alone or in combination
with thyroid hormones, are known to be important in determin-
ing the maturation of structural aspects of the lung and its
surfactant system in the fetus (8, 9). Our experiments were
undertaken to examine the influence of hydrocortisone alone
and in combination with T; on the maturation of the reabsorp-
tive response. Fetal sheep were studied at 116-120 d, which is a
gestation well before that at. which the reabsorptive response to
epinephrine normally appears.

MATERIALS AND METHODS

Experimental preparation. The surgical preparation of chron-
ically-catheterized fetal sheep to allow for repeated measurement
of lung liquid secretion or absorption rate was identical to that
described in detail by Walters and Olver (3). Nine dated, pregnant
ewes were operated on at 112-115 d gestation under general
anesthesia induced by thiopentone and maintained with flu-
othane. Fetal thyroidectomy was carried out and wide bore (inner
diameter, 2.6 mm) catheters placed into each end of the incised
fetal trachea, finer gauge catheters were inserted into the carotid
artery and jugular vein. The catheters were brought out through
the uterus and flank of the ewe and the tracheal catheters joined
to form an external loop that allowed uninterrupted flow of lung
liquid from the fetal lung to the larynx between experiments.
After surgery, antibiotics were given for the first 48 h to the ewe
(streptomycin 500 mg intramuscularly, benzyl penicillin 300 mg
intramuscularly) and to the fetus (streptomycin 70 mg i.v., benzyl
penicillin 50 mg i.v.). No experiments were performed during
this recovery period.

Experimental procedure. The measurement of lung liquid
secretion or absorption depends on the use of an impermeant
tracer ('*’I-albumin) added to lung liquid. Dilution of the tracer
over a time period of 30 min by newly formed liquid allows
accurate determination of secretion rate, whereas an increase in
concentration reflects a diminution in volume, or reabsorption.
Under sterile conditions, the exteriorized loop of tracheal cathe-
ter was interrupted and the distal (lung) half was connected to a
glass burette into which approximately half of the lung liquid
could be withdrawn by gravity. The impermeant tracer was added
to this reservoir and thoroughly mixed into lung liquid by
repeated raising and lowering of the burette. After half an hour
of mixing, the resting secretion rate was calculated from the
changing concentration of tracer in seven samples of lung liquid
taken at 5-min intervals over 30 min. In the second half of the
experiment, similar measurements were made during epineph-
rine infusion (0.5 pg/min) over a 30-min period commencing 15
min after the start of the infusion. In both control and thyroid-
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ectomized fetuses, infusion of epinephrine at this rate has been
shown to increase resting fetal plasma epinephrine concentration
from about 0.1 ng/mL to about 1.0 ng/mL (4, 6). Samples of
carotid arterial blood were taken from the fetal carotid artery
catheter for blood gas determinations and fetal hormone analysis
before and during epinephrine infusion. Blood samples were
immediately separated and the plasma stored at —40°C for later
analysis. Arterial blood pressure and heart rate were measured
by means of a transducer set at the estimated level of the fetal
heart, which allowed for measurement of heart rate and relative
changes in mean blood pressure during the experiment but
precluded measurement of absolute blood pressure. At the end
of the experiment, the epinephrine infusion was discontinued,
sulphmethazine was mixed into the lung liquid and given i.v.
(165 mg into each compartment) to reduce the risk of infection,
and the tracheal loop reestablished to allow normal flow of lung
liquid to the fetal larynx.

Infusion of Ts, hydrocortisone, or Ts and hydrocortisone. Be-
fore starting the hormone infusion, a control experiment was
performed as described above to measure the secretion rates of
lung liquid before and during epinephrine infusion. The infusion
of T alone, hydrocortisone alone, or T; and hydrocortisone
together was then started and continued for 3 d (Grasby Syringe
Driver, Grasby Medical Ltd., Watford, Herts, UK, Ms16). The
daily dose of T3 (60 ug/d, Glaxo Labs, Ltd., London, England),
hydrocortisone succinate (10 mg/d, Upjohn, Crawley, England),
or the two hormones in combination (same doses) were diluted
in 10 mL sterile water and infused continuously over 24 h. (See
Discussion for explanation of high T; dosage.) There were three
fetuses in each treatment group. After 3 d of hormone adminis-
tration, a second experiment was performed to determine any
hormonal influence on resting and epinephrine-stimulated lung
liquid flow.

Hormone concentrations. Fetal plasma T;, T4, and cortisol
concentrations were measured using commercially available
radioimmunoassay kits (Amersham International, Little Chal-
font, Buckinghamshire, UK).

All values given are mean + SD. Where paired observations
were made, a paired ! test is used.

RESULTS

T and cortisol concentrations. At the time of the first experi-
ment (2-4 d after surgery), fetal plasma T, and T3 concentrations
had fallen to very low levels (mean Ta, 14.8 + 5.1 ng/mL; mean
T, 0.12 +0.06 ng/mL) as a result of fetal thyroidectomy [normal
values for fetuses of 120-130 d gestation: T, 98.8 ng/mL, T;
0.21 ng/mL (6)]. Following 3 d T; infusion, mean T concentra-
tion rose from 0.14 + 0.08 ng/mL to 0.96 + 0.63 ng/mL, and,
after 3 d combined T; and hydrocortisone infusion, from 0.06 =+
0.05 ng/mL to 0.5 + 0.26 ng/mL. Three d after hydrocortisone
infusion, plasma cortisol had risen from 1.05 + 0.35 ug/dL to
14.03 + 12.82 ug/dL, and, after combined hormone infusion,
from 1.03 + 0.87 ug/dL to 5.9 + 1.56 pg/dL. These concentra-
tions of both T3 and hydrocortisone were similar to those nor-
mally seen in the fetal sheep a few days before delivery (10, 11).

Fetal blood pressure, heart rate, and arterial blood gas moni-
toring. All three experimental groups of fetuses showed similar
rises in mean blood pressure and heart rate during epinephrine
infusion both before and after exposure to hormones. Thus, the
increases during epinephrine infusion before hormone adminis-
tration were: blood pressure, 4.2 £ 2.9 mm Hg and heart rate,
13.3 + 10.9 beats/min, whereas, after 3 d of hormone exposure,
these increases were 3.6 + 3.3 mm Hg and 9.5 + 10.1 beats/
min. Epinephrine infusion caused a small fall in pH (7.39 = 0.03
to 7.37 £ 0.03, p < 0.05) and a small rise in Pco, (45.7 = 4.8 to
48.4 + 5.1, p < 0.05). There were no differences in these
measurements between the three groups and no changes in Po,
were detected.

The effect of Ts, hydrocortisone, and combined Ts and hydro-
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cortisone on response of lung liquid secretion/absorption to epi-
nephrine. In all three groups of fetuses, after 3 d of hormone
exposure, there was a similar rise in resting (preepinephrine
infusion) secretion rate (6.2 = 1.4 mL/hto 9.1 £ 3.7 mL/h, n=
9, p < 0.05). In all three groups, the control epinephrine infusion
before T3, hydrocortisone, or combined hormone exposure pro-
duced the small, expected decrease in secretion rate normally
seen at this gestation (Table 1). In both the T3 and hydrocorti-
sone-infused groups, the secretion rates during epinephrine in-
fusion in the 2nd experiments after 3 d hormone exposure were
no different from those in the Ist prehormone experiment.
However, in the three fetuses treated with a combination of T
and hydrocortisone, there was a most striking reabsorptive re-
sponse to epinephrine at 120 d gestation, comparable to that
normally seen in the euthyroid fetus at 135 to 140 d (Figure 1).

DISCUSSION

These results show that the combined action of T3 and hydro-
cortisone can induce changes in the ion transport mechanism of
the pulmonary epithelium in the fetal sheep, enabling it to
respond to B-adrenergic stimulation at a much earlier age than
is normally observed. Both these hormones are clearly necessary

Table 1. Secretion (+) or absorption (—) rates (mL/h) of fetal
lung liquid before (Jy,) and during (Jv,) epinephrine infusion
(0.5 ug/min) in nine thyroidectomized fetal sheep in single
experiments performed before and 3 d after being administered
T, hydrocortisone (Hc), or Ts and hydrocortisone

Before After hormone
hormone
JVC JVE Jve JVE
Ts-infused group +5.8 +2.8 +7.1 +2.4
+8.6 +5.7 +14.4 +8.6
+7.1 +3.5 +6.2 +6.8
Hc-infused group +58 +74  +143 +6.6
+7.2 +5.9 +9.5 +3.8
+5.1 +1.2 +5.5 +2.9
T and Hce-infused group +7.1 +2.5 +11.1 —15.8
+2.8 +1.8 +4.3 —12.4
+4.0 +4.0 +4.3 -8.6
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Fig. 1. Values of lung liquid secretion rate (Jv) or reabsorption rate

(=Jv) during i.v. epinephrine infusion (0.5 xg/min) plotted against ges-
tational age (d). The resting secretion rates before epinephrine infusion
are not shown. @, values from three thyroidectomized fetal sheep before
(116 d) and 3 d after (119 d) continuous infusion of T (60 ug/d) and
hydrocortisone (10 mg/d). O, mean (+ SEM) Jv for 25 nonthyroidecto-
mized fetuses grouped in 5-d gestations from 120 to 145 d [from Brown
et al. (4)].
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for this development as neither hormone alone produced any
change in the response to epinephrine.

Hormone concentrations and timing of reabsorptive response.
The gestation at which the lung liquid reabsorptive response to
epinephrine first appears in the fetal sheep coincides with in-
creases in the concentrations of both thyroid and steroid hor-
mones in fetal plasma. Maturation of the §-ring deiodination
pathway required for conversion of T, to its active metabolite T
does not take place to any significant extent in the fetal sheep
until after 130 d gestation (10) so that fetal plasma concentrations
of T; remain low (0.2 ng/mL or less) in the sheep until the last
3 wk of gestation during which time a gradual rise in Ts concen-
trations to about 0.5 ng/mL is seen (11). Very high doses of T;
were needed to produce the required plasma concentrations
because T; is cleared much more rapidly in the fetus (12) than
in the postnatal animal; this is probably the result of very active
conversion of T; to T (diiodothyronine) by a-monoiodination
in the placenta (13). Fetal plasma cortisol concentrations are
similarly low throughout most of gestation, principally as a result
of conversion by the placenta of fetal and maternal cortisol to its
inactive metabolite cortisone (14). A gradual rise in fetal cortisol
concentration is seen in the fetal sheep from about 130 d (15).
Nathanielsz et al. (16) reported a later, more pronounced rise in
cortisol concentrations to 10 ug/dL only in the last few days
before delivery. Thus, hormone concentrations encountered by
fetuses at gestations less than 120 d in our experiments were
similar to those normally seen only close to full term.

Probable site of action of Ts and hydrocortisone. The reabsorp-
tion of lung liquid induced by epinephrine is mediated by the
net flux of sodium ions across the pulmonary epithelium from
the alveolar lumen (5). Since this sodium-led reabsorption can
be blocked by micromolar concentrations of amiloride in lung
liquid (5), it has been inferred that the “opening” or activation
of sodium channels in the apical membranes of epithelial cells
constitutes the crucial change underlying epinephrine-induced
absorption. A similar pattern of maturation is seen when dibu-
tyryl cAMP is used to initiate the reabsorptive response (17), and
this development can be completely inhibited in the sheep by
fetal thyroidectomy at 118 d (6). It follows, therefore, that the
maturation of this reabsorptive response depends not on adren-
oreceptor development but on changes in some components
beyond cAMP in the intracellular signalling system. The syner-
gistic action of T; and hydrocortisone can probably be attributed
to stimulation of synthesis of proteins that control, or are part
of, the structure of the apical membrane sodium channels. The
increase in the resting secretion rate during Ts and hydrocorti-
sone infusion is likely to reflect the normal rise in secretion rate
seen during this part of gestation (4) rather than a T;/hydrocor-
tisone-related effect, particularly as the secretion rate increased
similarly in all three groups.

Clinical implications. Of all the pulmonary adaptations taking
place at birth, the most obvious, the least studied, and possibly
the most important is the change from the liquid-filled to the
air-filled state. Similarly, it seems probable that the importance
of inadequate reabsorption or continuing secretion of pulmonary
liquid in preterm infants has not been adequately recognized as
a cause of neonatal respiratory difficulties. It has been known for
some time that T; and corticosteroids appear to act in concert
to advance structural maturation (9) and to promote surfactant
synthesis in both organ cultures of the fetal rat lung and the
intact fetal rat (18). More recently, Warburton et al. (19) found
that administration of corticosteroids and TRH together to the
fetal sheep led to maturation of the surfactant system and im-
proved lung mechanics. Both of these effects were enhanced
when a (-agonist was infused in addition to the hormones.
Similarly, Schellenberg et al. (20) have shown that a combination
of Ts, hydrocortisone, and prolactin infused into the fetal sheep
increased lung distensibility and stability. Interestingly, Liggins
et al. (21) found that although a significant increase in alveolar
lavage-saturated phosphotidylcholine occurred in response to
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TRH infused to sheep fetuses from 124 to 128 d gestation,
improvement in lung distensibility and stability was not seen
unless TRH was infused together with cortisol. In light of our
findings, these results may have been partly or mainly due to the
effect of these hormones on the pulmonary liquid reabsorptive
system.

In the context of our experiments, very premature infants are
most likely to be born at a stage when the lungs have had
insufficient prenatal exposure to T; and corticosteroid hormones.
Mean cord concentrations of both these hormones are known to
be significantly lower in infants born preterm (22, 23), and it has
been shown that, within the preterm group, low cord concentra-
tions of both thyroid hormones (24) and cortisol (23) at birth are
associated with a higher incidence of subsequent respiratory
problems. Lucas et al. (25) report that 50% of T3 concentrations
in the first 36 h of life were below 0.19 ng/mL (0.3 nM), whereas
the results obtained by Barker et al. (26) suggested that concen-
trations over 0.3 ng/mL may be required to induce the reabsorp-
tive mechanism in the fetal sheep. Although it appears that many
preterm infants are able to mount a substantial postnatal surge
in T; (22), this would be too late to prevent the onset of
respiratory difficulties that may be associated with poor lung
liquid clearance in the first 24 h of life.

Our experiments show that the reabsorptive response to epi-
nephrine can be induced much earlier in gestation than is nor-
mally seen, and within a short time scale (Fig. 1), by exogenous
administration of T3 and hydrocortisone. The relative independ-
ence of this aspect of lung development from any fixed devel-
opmental program and its ability to respond to hormones at a
very early stage of gestation may be important factors in deter-
mining the severity of respiratory disease in those very small
preterm infants who have had insufficient prenatal exposure to
Ts and hydrocortisone. Since cortisol and T concentrations can
be manipulated both pre- (27, 28) and postnatally, it may be
possible to use these hormones to enhance the lung liquid
reabsorptive capacity of the immature lung.
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