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Abstract. Mice with different histocompatibility alleles in otherwise identical backgrounds
(congenic inbred strains of H-2¢ and H-2* haplotypes), were used to study the possible influence
of the major histocompatibility complex (MHC) upon glucocorticoid-stimulated pulmonary
surfactant synthesis during embryonic and fetal stages of mouse lung development. Pregnant
C57BL/10SnJ (H-2%) and congenic B10.A/SnSgJ (H-2%) mice were administered single or con-
secutive intraperitoneal injections of betamethasone during the period of 14 through 17 days
gestation. Assays for incorporation of [*H]choline into total lipid and saturated phosphatidylcholine
(an index for pulmonary surfactant synthesis) were conducted, 24 hr following the last treatment,
on Days 17 or 18 of gestation. Control mice received injections of phosphate-buffered saline.
The H-2 genotype appears to influence the relative responsiveness of glucocorticoid-stimulated
surfactant synthesis during fetal lung development. The B10.A strain (H-2° haplotype) was more
responsive to glucocorticoid-stimulated pulmonary surfactant synthesis than the H-2° haplotype.
Whereas both strains were responsive to glucocorticoid-stimulated [*H]choline incorporation
into lung surfactant, the differences in responsiveness at specific fetal stages suggest that genes
within or closely linked to the H-2 complex might have a role in pulmonary surfactant biosynthesis
during mouse lung development. The results also suggest the possibility that relative susceptibility

to congenital pulmonary disorders may be influenced by the H-2 complex.

Infant respiratory distress syndrome (RDS),
also known as hyaline membrane disease,
is the consequence of reduced fetal lung
production of pulmonary surfactant (i.e.,
saturated phosphatidylcholine) resulting in
amounts insufficient for neonatal respiratory
adaptation (1). Despite significant advances
in treatment of infants with RDS during the
last two decades (2), as well as the emergence
of substantial understanding of many aspects
of RDS pathogenesis in human and animal
model systems of lung development and mat-
uration, very little is known about genetic
controls for fetal lung development (3).

A number of studies have suggested that
lung epithelial differentiation is mediated by
glucocorticoids during the fetal period of em-
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bryogenesis (4-7), and that the fetal lung is a
target organ for glucocorticoids (8, 9). Glu-
cocorticoids may regulate epithelial cell dif-
ferentiation into type II alveolar cells pro-
ducing pulmonary surfactant (7-8). The nor-
mal or physiological role of glucocorticoids
for different developmental stages of lung or-
ganogenesis (e.g., glandular, canalicular, and
saccular) is not yet known. But glucocorti-
coids, alone or in combination with other hor-
mones (e.g., thyroxin), may have a significant
function in the regulation of lung morpho-
genesis and differentiation (10).

The major histocompatibility complex
(MHC) has been found to influence the sus-
ceptibility to certain experimental diseases or
congenital malformations in mice (11), e.g.,
thyroiditis (12), myasthenia gravis (13), he-
molytic anemia (14), viral-induced diabetes
(15), and glucocorticoid-induced cleft palate
(16-22). Using congenic strains, i.e., mice with
different histocompatibility loci on an identical
genetic background, H-2° haplotype strain
(B10.A) were found to be highly susceptible
to glucocorticoid-induced cleft palate (46-81%
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clefting), whereas H-2¢ haplotype (B10) were
relatively resistant (5-22% clefting) (16, 17).
Recently, B10.A strain adult mice lung cytosol
preparations were found to have significantly
higher glucocorticoid receptor levels than B10
strain (23). H-2-linked differences have also
been reported for other hormones including
estrogens (24), insulin (25), glucagon (26), and
androgens (27). However, it has not been
demonstrated that MHC-related genes regu-
late glucocorticoid influences upon pulmonary
surfactant biosynthesis.

In order to pursue this problem, we have
designed studies to determine the possible in-
fluence of the MHC upon glucocorticoid-
stimulated pulmonary surfactant synthesis
during embryonic and fetal mouse lung de-
velopment. Pregnant congenic mice, C57BL/
10 and B10.A, were injected with betametha-
sone on Days 14-17 of gestation as single or
consecutive intraperitoneal injections, and fe-
tal lung maturation at 17 or 18 days of ges-
tation was then evaluated by assaying
[*H]choline incorporation into total lipid, and
specifically into saturated phosphatidylcholine
(SPC). Our results indicate that at certain
stages, fetal lung development was influenced
by MHC-related genes as evaluated by differ-
ences in glucocorticoid-stimulation of pul-
monary surfactant synthesis. The B10.A (H-
2%) strain was as much as twofold more
responsive to betamethasone-stimulated
[*H]choline incorporation into SPC than the
H-2° haplotype strain. These findings suggest
a significant genetic control for SPC synthesis
during murine fetal lung morphogenesis. A
preliminary abstract report has appeared (28).

Materials and Methods. Animals. Non-
pregnant mice of congenic strains C57BL/
10SnJ (B10) (H-2* haplotype) and B10.A/
SnSgJ (B10.A) (H-2° haplotype) were pur-
chased from Jackson Laboratories (Bar Har-
bor, Me.) at age 7 weeks. These congenic
strains are genetically identical except for a
small segment of chromosome 17 which in-
cludes the major histocompatibility complex
(MHC) (29). Breeding colonies in our labo-
ratory were maintained on a 12-hr light cycle
(7 AM-7 PM). In the experiments one male
and four to five virgin females (12-20 weeks;
ca. 25-30 g body wt) were mated overnight.
The day of vaginal plug detection was taken
as Day O of gestation.
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Administration of glucocorticoids. A sus-
tained-action betamethasone preparation (Ce-
lestone Soluspan, Schering, N.J.) was asepti-
cally diluted 1:2 with calcium-magnesium-
free, phosphate-buffered saline (PBS) (Grand
Island Biological Co., Grand Island, N.Y.),
and 0.2 ml was administered by intraperito-
neal injection at specific times during preg-
nancy (Days 14-17 of gestation). The pregnant
females received glucocorticoid doses of ap-
proximately 12 mg/kg body wt. Control preg-
nant mice received injections of PBS. Each
experiment involved injections of pregnant
mice in each of four groups: B10 control
(+PBS); B10 experimental (+ betamethasone);
B10.A control (+PBS); and B10.A experi-
mental (+ betamethasone). Treatments were
administered as either single or as consecutive
injections at 24-hr intervals as stated under
Results. Removal of fetuses for subsequent
lung organ culture and labeling of total lipids
(TC) and saturated phosphatidylcholine (SPC)
was performed 24 hr following the last injec-
tion (e.g., 17 or 18 days of gestation as shown
in Table I).

Lung culture and labeling. Pregnant mice
from each of the four treatment groups were
sacrificed together at 17 or 18 day of gestation
using cervical dislocation. The uterus was re-
moved from each animal following laparot-
omy and placed in a sterile petri dish at 4°C.
Subsequent procedures were performed in a
horizontal laminar flow hood. Decidua were
removed and fetuses placed in Hank’s bal-
anced salt solution (HBSS) (GIBCO, N.Y.)
buffered with 20 mM Hepes containing 1%
antibiotic-antimycotic solution (GIBCO, N.Y.).
Fetuses were decapitated, the lungs were re-
moved by dissection, and each lung was then
separated into the five component lobes. The
lobes were then randomly mixed and identical
equivalents (ca. one lung equivalent per dish)
were sliced (150 = 50 um thickness) and sub-
sequently cultured on stainless-steel grids in
Falcon organ-culture dishes.

Lung tissue slices were initially incubated
for 2-6 hr at 38°C in 650 ul of BGJb medium
(GIBCO, Fitton-Jackson Modification, N.Y.)
in an atmosphere of 5% CO,. Following this
initial preculture, medium consisting of 2-5
uCi [methyl-*H]choline per culture dish was
introduced (sp act 80 Ci/mmole, New England
Nuclear, Boston, Mass.). After 6-8 hr labeling,
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tissue slices were removed from culture,
washed for 10 min with cold HBSS, and then
transferred by means of sharpened tungsten
needles into tubes for sonication. The lung
tissue was then weighed and stored at —20°C
until homogenization by sonication.

Biochemical assays for DNA content, total
lipid, and saturated phosphatidyicholine. Fetal
lung tissues were sonicated in 300-600 ul
buffer (100 mAM NaCl, 10 mM Tris, pH 7.0,
10 mM EDTA) for | min at 4°C using a Bron-
son microprobe sonicator (100 W). Duplicate
aliquots of homogenate were then removed
for determinations of total radioactivity in-
corporated, and of DNA content. DNA was
determined by a modified diphenylamine
spectrophotometric method sensitive to 1.0
ug DNA/ml (30).

[*H]Choline incorporation into total lipid
(TC) and saturated phosphatidylcholine (SPC)
was determined by methods previously re-
ported (31). An internal standard of 3000
dpm ["*C]dipalmitoyl phosphatidylcholine
was added to lung homogenate samples before
organic extraction with chloroform-methanol,
thereby enabling determination of losses of
SPC during extraction and assay procedures.
Total lipid synthesis (TC) was determined
from aliquots of the organic phase, and this
phase was subsequently evaporated under ni-
trogen gas to dryness. Following reaction with
osmium tetroxide (32), SPC was measured af-
ter separation by silica minicolumn or thin-
layer chromatography. Liquid scintillation
counting was performed using Aquasol II
counting medium (New England Nuclear,
Boston, Mass.) and the Beckman counter LS-
3000 series. Efficiency and channel cross-over
were corrected in each vial by use of H num-
ber. Tritium window settings of 0-317 and
4C window limits of 455-655 resulted in ra-
dioactive counting efficiencies of 25-30% [*H]
and 52% ['“C].

Data analysis. Radioactive [*H]choline
counts incorporated into SPC were corrected
for assay losses using the ['“C]dipalmitoyl
phosphatidylcholine internal standard. All
values were linearly corrected for labeling
procedure variation to a standard of 5 uCi
[*H]choline label per organ culture dish and
an 8-hr labeling period. All experimental data
points used randomized single lung equiva-
lents assayed for synthesis and DNA content
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each in duplicate. For ratios, standard devia-
tions were obtained through computation of
the square root of the sum of the squares of
the relative standard deviations of numerator
and denominator. The two-tailed Student’s ¢
test (with a conservative df = 1) was used to
test significance.

Results. Labeling of fetal lung tissue: total
lipid and saturated phosphatidyicholine. Mouse
fetal lung tissues of 17 and 18 days of gestation
(Theiler stages 25 and 26) (33) were found to
incorporate [methyl-*H]choline rapidly and
exhibited plateau levels of aqueous-soluble
precursor by 2 hr in organ culture (Fig. 1).
After a slight lag period, incorporation into
chloroform-methanol-extractable counts was
linear over a period of 2-12 hr. The fraction
assayed as SPC was constant over time for
any given experimental fetal lung tissue sam-
ple. Choline incorporation, lung tissue DNA
content, and incorporation on a per DNA ba-
sis all increased only slightly during this period
of gestation of 17-18 days. This is in agree-
ment with other reports (34).

Mice lungs from the B10 and B10.A strains
behaved similarly in culture. Although fetal
lung tissues from the two strains do not sig-
nificantly differ in either average wet weight
(27.4 £ 2.6 mg, B10 versus 30.0 £ 1.6 mg,
B10.A) or DNA content (255 £ 22 ug, B10
versus 259 + 23 ug, B10.A) those from the
B10.A strain generally show slightly lower lev-
els of choline incorporation (Table I).

Betamethasone effects upon lung develop-

CHOLINE (dpm/ng DNA)
(=]
T

FiG. 1. Relationship between choline labeling of total
lipid (TC) and aqueous-extractable, soluble pool (SO) in
fetal mouse lungs. SPC (not shown) remained a constant
fraction of 29 + 2% of the total [methy/-*H]choline in-
corporated (TC). Labeled lungs were sampled after 2, 4,
6, and 11 hr in culture. Protocol details are described
under Materials and Methods.
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TABLE L. COMPARISON OF MURINE FETAL LUNG TOTAL LIPID AND SATURATED PHOSPHATIDYLCHOLINE
SYNTHESIS BETWEEN CONGENIC STRAINS CS7BL/10 (H-2°) AND B10.A (H-2°)¢

C57BL/10 B10.A
Days of {BIO.A ratio}
injection +0 +BM Ratio +0 +BM Ratio B10 ratio
14-16 [17] TC 4.83 £ 0.55 860 +091 1.78+0.28 3.28 +0.27 7.80 £ 0.75 2.38 £0.31 1.34*
SPC 1.78 £ 0.07 3.08 + 0.31 1.73 £ 0.19 1.17 £ 0.17 2.81 £0.24 240 040 1.39*
15-16 [17] TC 462 +0.14 8.05 £ 0.75 1.74 = 0.17 3.68 +0.16 7.61 £046 207 +£0.15 1.19*
SPC 1.51 £ 0.03 2.56 + 0.42 1.70 £ 0.28 1.14 = 0.05 232+0.19 204+020 1.20
16 [17]) TC 5.68 £ 0.17 488 +£0.36 0.86+0.07 488+0.72 595+030 1.22+0.20 1.42*
SPC 1.86 + 0.10 1.64 £ 0.27 0.85 £ 0.15 1.66 = 0.22 1.76 £ 0.11 1.06 + 0.15 1.25
15-17 [18] TC 8.90 + 0.84 14.21 = 1.11 1.60 £ 0.19 9.77 £ 0.42 143 =23 1.46 + 0.25 0.91
SPC 278 £ 0.36 483+£025 174024 2.63+0.50 3.80 £0.72 144 +0.30 0.83
16-17 [18] TC 6.73 £ 0.75 7.10 £ 034 1.05+0.13 438 0.11 6.92 +0.49 1.58 +£0.12 1.50*
SPC 220 £ 0.25 2.37 £ 0.16 1.08 + 0.14 1.20 £ 0.13 2.38 £ 0.11 1.98 + 0.24 1.85*
17 [18] TC 6.73 + 0.24 6.46 £ 024 096 + 0.07 6.13 £0.17 5.12+045 0.84 +£0.08 0.88
SPC 200 +0.17 1.71 £ 003 0.86 £0.07 1.57 +£0.05 125+ 002 0.80 +0.02 0.95

¢ Maternal intraperitoneal injections were on single or consecutive days as shown and as described in the text. Assays for incorporation
of [*H]choline into total lipid (TC) and saturated phosphatidyicholine (SPC) were conducted 24 hr following the last day of injection,
i.e., on Day 17 or 18 of gestation shown in brackets. Values are expressed as *H dpm per nanogram fetal lung tissue DNA with
standard deviations. Controls (+0) were saline-injected pregnant mice at appropriate times of treatment and experimentals (+BM)
were betamethasone-treated pregnant mice. The ratios are those of hormone-treated to control mice, with standard deviations. Also
shown is the comparison between H-2° and H-2° haplotype data expressed as the ratio of B10.A to B10 stimulation ratios. The asterisks
indicate those indices which represent a B10.A response significantly different than the B10 response (at confidence level better than
P < 0.10). The experiments at 15, 16, 17, [18], and 17, [18] days showed no significant differences between B10 and B10.A mice, but
in all experiments with assay at [17] days and in the 16, 17, [18] days experiment, B10.A response was greater than B10 response to

hormone treatment, with six of eight of these differences significant.

ment. Betamethasone was administered to
pregnant B10 and B10.A mice during the fetal
period. The synthetic glucocorticoid analogue
was injected for the previous 1, 2, or 3 days
prior to removal of lung tissues (which here
is reported for Theiler stages 25 and 26) and
subsequent assay for [*H]choline incorpora-
tion into TC and SPC (which latter represents
an index of pulmonary surfactant synthesis)
(Table I). Repeated injections of betametha-
sone always caused stimulation of choline in-
corporation into TC and SPC (usually a 50-
100% increase) compared to controls. The be-
tamethasone stimulated increase in SPC syn-
thesis was not usually at the expense of other
lipids: the proportion of total lipid choline
incorporation present as SPC remained rel-
atively constant. Multiple betamethasone in-
jections also resulted in up to 40% decreases
in both total DNA content and fetal lung tissue
wet weight as compared to PBS-injected con-
trols. In contrast, single injections of hormone
1 day before assay at 17 or 18 days of gestation
did not stimulate SPC synthesis in the fashion
multiple injections did. In particular, after in-

jection on 17 days of gestation there was ac-
tually slight decrease in SPC synthesis assayed
at 18 days.

H-2 haplotype differences in betamethasone-
stimulation of pulmonary surfactant synthesis.
B10.A (H-2%) mice responded significantly
greater to betamethasone treatment than did
B10 (H-2°). The difference between these two
haplotype strains was more evident upon assay
at Theiler stage 25 (17 days) than at stage 26
(18 days of gestation). Upon assay at stage 25,
betamethasone stimulation of pulmonary
surfactant was 20-40% greater with B10.A (H-
2%) mice than with B10 (H-2%). However, upon
assay at stage 26 (18 days), B10.A showed
differentially higher hormone-stimulation ra-
tios than B10 mice only in those experiments
in which hormone injections were at 16 and
17 days of gestation. No hormone stimulation
was detected following a single injection of
betamethasone at 17 days of gestation in either
mouse strain. The anomalous result among
multiple injection regimes was the 15-, 16-,
and 17-days of gestation experiment after
which B10 and B10.A mice did not show
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markedly different responses to hormone
treatment.

Discussion. This study provides evidence
that glucocorticoid-stimulated pulmonary
surfactant synthesis during critical stages of
fetal lung development is influenced by genes
within or closely linked to the murine major
histocompatibility complex. Betamethasone-
stimulation of SPC synthesis was 20-40%
greater in B10.A (H-2°) than with B10 (H-2%)
mice when assayed at Theiler stage 25 (17
days of gestation). The responsiveness of spe-
cific MHC haplotypes to glucocorticoid-stim-
ulated pulmonary surfactant synthesis during
fetal lung morphogenesis may benefit studies
attempting to identify putative mechanisms
of genetic susceptibility toward congenital
malformations.

Previous studies comparing inbred mouse
strains reported that during midgestation (ca.
12 days), the concentration of glucocorticoid
cytoplasmic receptors was twofold higher in
A/Jax (H-2°) compared to C57Bl/6SnJ (H-2°)
strain mice embryos (35). In other studies de-
signed to investigate the content of glucocor-
ticoid receptors in fetal ectomesenchyme cells
of the secondary palate from inbred strains,
H-2° strain cells had a twofold increase in re-
ceptor sites per cell compared with H-2? strain
ectomesenchyme cells (36). More recently,
congenic mouse strains were used to evaluate
the influence of the H-2 histocompatibility
locus on glucocorticoid receptor number and
strength in adult male and female mouse thy-
mus and lung (23). The B10.A (H-29) strain
of mice was found to have significantly higher
glucocorticoid receptor levels, and B10.A thy-
mocytes showed greater response to dexa-
methasone in a prostaglandin production as-
say in vivo than the B10 (H-2°) strain (23).
These findings are complementary to those
obtained with glucocorticoid-induced cleft
palate using congenic mouse strains (16, 17,
20-22).

The present study was undertaken to de-
termine whether glucocorticoid stimulation of
pulmonary surfactant during critical stages of
fetal mouse lung development is influenced
by H-2 haplotype. Our results illustrate that
whereas both B10 and B10.A untreated, con-
trol fetal lungs at Theiler stages 25 or 26 have
comparable wet weights and DNA content,
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each strain responded to hormone treatment,
with subsequent TC and SPC synthesis ac-
cording to its H-2 haplotype; B10.A strain was
more responsive than the B10 strain. However,
demonstration of H-2 associated influences
between hormone stimulation and subsequent
pulmonary surfactant synthesis were only
identified when consecutive injections of hor-
mone were administered prior to Theiler stage
25 (Table I). Glucocorticoid receptors have
been detected during the embryonic period of
mouse development (12 days of gestation)
(35), and glucocorticoids seem to be able to
regulate fetal lung development in animal and
human systems (7-9, 34-40) prior to birth
(e.g., 17-19 days of gestation in mice). Ad-
ministration of large doses of exogenous glu-
cocorticoids during late fetal stages may also
inhibit tissue growth. The significant decreases
in fetal lung wet weight as well as DNA content
observed during our late gestation hormone
treatments are consistent with reports describ-
ing the growth inhibiting effects of glucocor-
ticoids on near-term rabbit (38) and monkey
(39) fetal lungs. Whereas understanding how
glucocorticoids affect stimulation or depres-
sion of biochemical processes is not known,
several possible mechanisms for such hormone
modulation of embryonic organogenesis have
been suggested (10, 40, 41).

The results of this study suggest that hor-
mone stimulation of pulmonary surfactant
synthesis during mouse fetal lung development
is influenced by genes within or closely linked
to the H-2 complex. This suggests that the H-
2 complex may be involved in the epithelial
differentiation of type II cells, and the pro-
duction rates of saturated phosphatidylcho-
line. How H-2-associated gene products might
control glucocorticoid acceleration of normal
developmental patterns for pulmonary sur-
factant synthesis remains to be elucidated in
further studies.
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