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Thyroid hormones influence fetal and neonatal lung
growth and maturation. However, the effect of naturally
occurring, genetically determined hypo- or hyperthy-
roidism on fetal or neonatal lung maturation has not been
examined. In the hyt/hyt mouse, primary hypothyroidism,
which is characterized by a high serum TSH concentration,
is transmitted as an autosomal recessive trait. It occurs due
to a mutational defect in the B-subunit of the TSH receptor.
We studied the lung ultrastructure of the fetal [18-d-
gestation (term = ~19.5 d)] and neonatal (<1-d-old) hyt/
hyt mouse. In addition, disaturated phosphatidylcholine
and total phospholipid contents of newborn hyt/hyt mouse
lungs were determined. Male and female hyt/hyt mice with
a high serum TSH concentration were made euthyroid by
adding 3,5,3'-triiodothyronine to drinking water and then
mated. Balb-c mice served as euthyroid controls. Fetal and
neonatal hyt/hyt mice had a higher serum TSH concentra-
tion than the Balb-c controls. Fetal hyt/hyt mouse lungs

ABSTRACT

showed a large amount of intracellular glycogen and fewer
lamellar bodies in epithelial type II cells compared with
Balb-c fetal mouse lungs. The neonatal hyt/hyt mouse also
showed signs of lung immaturity such as persistent epithe-
lial cell glycogen, few lamellar bodies, reduced disaturated
phosphatidylcholine content, and absent tubular myelin.
We conclude that fetal and neonatal lung maturation is
delayed in the hyt/hyt mouse with primary hypothy-
roidism. (Pediatr Res 36: 380-386, 1994)

Abbreviations
TH, thyroid hormone
T,, 3,5,3'-triiodothyronine
EM, electron microscopy
LB, lamellar body
TM, tubular myelin
TPL, total phospholipid
DSPC, disaturated phosphatidylcholine

TH are potent regulators of fetal and neonatal lung
growth and maturation, whereas hypothyroidism is asso-
ciated with a maturational delay (1, 2). Naturally occur-
ring, genetically determined hypothyroidism in the
mouse is a useful model for studying the effect of TH
deficiency (3-8). In the hyt/hyt mouse, primary hypothy-
roidism is transmitted as an autosomal recessive trait and
is due to a mutational abnormality in the TSH receptor
(7). Adult and adolescent homozygous hyt/hyt mice have
small thyroid glands with a decreased number of follicles,
very low serum TH concentration, and markedly ele-
vated serum TSH activity (4-8). In this study, we have
characterized the hypothyroid state and analyzed lung
ultrastructure in the hyt/hyt mouse fetus and 1-d-old pup
and quantitated newborn lung DSPC and TPL content.
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METHODS

Animal care and euthanasia. The study protocol for
the use of Balb hyt/hyt and normal Balb/c (+/+) mice
was approved by the Animal Care Committee of St.
Louis University. Care of these mice was in accord with
the guidelines set by the National Institutes of Health.
Our colony of genetically hypothyroid mice was estab-
lished from two homozygous (hyt/hyt) males and two
heterozygous (hyt/+) females (Jackson Laboratories,
Bar Harbor, ME). Mice were housed individually and
allowed to eat food and drink water ad libitum. To
restore fertility, T, was added to the drinking water (0.2
ng/mL) of male mice. Homozygous mice could be sep-
arated easily from the heterozygous litter mates by ~4
wk of age because of small size and weight, low activ-
ity, and decreased amount of fur (4-8). To restore
normal growth and restore fertility, T; was then added
to the drinking water of homozygous male and female
mice. Within 5 to 6 mo of T; substitution, hyt/hyt mice
grew normally and were able to reproduce. To verify
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hypothyroid status, T, supplementation was stopped
for a month. Blood from the orbital sinus was collected
under light Metofane (methoxyflurane, Pitman-Moore
Co., Mundelein, IL) anesthesia. Homozygous (hyt/hyt)
males and females were identified by a high serum TSH
concentration and were allowed to produce hyt/hyt
pups. During the breeding period, these mice received
T, water. Females were separated from the males when
mating had occurred (positive vaginal plug = d 1 of
pregnancy; term = ~19.5 d). T; water was stopped at d
12 of pregnancy (8). For fetal studies, all pregnant mice
were killed with pentobarbitone (100 mg/kg, intraperi-
toneally) on d 18 of gestation. Maternal weight and
orbital sinus blood were obtained before the mice were
killed. Fetuses were delivered and weighed, and seep-
ing blood from the neck vessels was collected in capil-
lary tubes. For the neonatal studies, pups < 16 h old
were weighed and blood from the neck vessels was
collected. Blood from all pups within the litter was
pooled. All pups were killed by cervical dislocation. A
similar protocol was followed for the Balb/c (+/+)
mice, which served as euthyroid controls (4-7). To
eliminate interlobar variability, the upper lobe of the
right lung from a representative pup in each litter (fetus-
hyt/hyt n = 5, Balb/c n = 4; newborn-hyt/hyt n = 3,
Balb/c n = 3) was saved for EM.

RIA for serum TSH. Recently, a sensitive and specific
RIA for rat serum TSH has become available (Amersham
Corp., Arlington Heights, IL). It has been established
that mouse TSH cross reacts with the rat TSH antibody
(6-8). Therefore, we used this kit to determine mouse
serum TSH concentration. The sensitivity of the assay is
0.00005 pg per tube. Within- and between-assay coeffi-
cient of variation is less than 10%.

Because of the small size of these pups, enough serum
was not available to quantitate thyroxine or T; concen-
tration.

Lung EM. A slice from the middle of the right upper
lobe was diced into 1-mm cubes and fixed in 2% glutar-
aldehyde in PBS for 2 h. The samples were processed
through graded acetone and embedded in Spurr (Poly-
sciences, Inc., Warrington, PA). Two blocks were ran-
domly chosen for 1-um sectioning and, of these, one
was chosen for thin sectioning based on predominance
of saccules and absence of preacinar airways. The
blocks were thin sectioned, mounted on copper grids,
and counterstained with Reynold’s lead and uranyl ac-
etate. For each animal, 10 randomly selected areas in
the section were photographed using a JEM-100S elec-
tron microscope, JEOL Ltd., Tokyo, Japan. The pho-
tographs were printed to produce a final magnification
of 9000x, and a morphometric analysis was done with
the use of an interactive computerized image analysis
program (Optimas, Bioscan Inc., Edmonds, WA). Type
Il cells were defined as plump, cuboidal cells with
microvilli present on the surface of an air space. The
number of type II cells in a unit area, number of type 11
cells that contained LB, and number of LB in a unit area
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were counted. From these data, the average number of
LB per type Il cell was calculated. In addition, the
volume densities of intracellular glycogen and the nu-
cleus were obtained using the electron micrographs, a
100-point grid, and the Chalkley point-counting system
(9). The presence or absence of TM was noted. For
each pup, the means of these data from all electron
micrographs were calculated. The means for each
group, hyt/hyt or Balb/c, fetus or newborn, were de-
rived. Each average measurement in the hyt/hyt or
control group was compared.

Lung phospholipid assay. The fetal lung DSPC and TPL
content were not quantitated due to lack of adequate
tissue within each litter. The lungs from all the newborn
pups in a litter were pooled and DSPC and TPL content
were determined as described previously (10, 11), ac-
cording to the method of Bligh and Dyer (12), Mason e?
al. (13), and Morrison (14). DSPC and TPL concentra-
tions were expressed as mg/g of wet lung and mg/mg of
lung homogenate protein, respectively (10).

Statistics. All data are mean * SEM. Statistical signif-
icance for the adult serum TSH concentration among
hyt/+, hyt/hyt, or Balb/c (+/4) mice was derived by
analysis of variance. All data among hypothyroid (hyt/
hyt) or euthyroid (+/+) fetuses or the newborns were
compared by ¢ test.

RESULTS

Serum TSH Concentration and Maternal, Fetal, and
Newborn Mouse Data

Mouse TSH standards were not available; therefore,
the serum TSH concentration, expressed as pg/L, was
based on the rat TSH standards. The serum TSH con-
centration (ug/L) in the adult homozygous (hyt/hyt)
mouse was significantly higher (female, 81.7 = 5.5, n =
25; male, 81.3 = 9.5, n = 18) than that in the heterozy-
gous (hyt/+) (female, 3.2 + 0.1, n = 10; male, 5.7 = 0.1,
n = 6) or the Balb/c (+/+) (female, 3.9 = 0.5, n = 8; male,
4.6 = 0.3, n = 8) mouse. The maternal and fetal weight at
18 d of gestation; newborn weight; number of pups in a
litter (fetus + newborn); and maternal, fetal, and new-
born serum TSH concentration are shown in Table 1. The
maternal weight at 18 d of gestation in the hyt/hyt and
Balb-c mice was similar, indicating that the hyt/hyt mice
were not in a catabolic state. Although fetal weights in
the hyt/hyt and Balb-c mice were comparable, hyt/hyt
newborns weighed less than the corresponding controls.
In the hyt/hyt group, the mortality within 24 h of birth
was higher (~10%) than in the controls (~1%). The
hyt/hyt fetal and neonatal serum TSH concentrations
were significantly higher than the corresponding values in
Balb-c controls (Table 1).

Lung EM

Fetus. The control Balb-c mouse fetus at 18 d gesta-
tion had well-developed alveolar spaces lined by type 11
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Table 1. Maternal, fetal and neonatal data in hyt/hyt and Balb-c mice*

Hypothyroid Euthyroid control
(hyt/hyt) (Balb/C)
Maternal weight at 18 d of gestation (g) 395+ 1.4 424 x 2.4
(n=06) (n=235)
Maternal serum TSH concentration at 18 d of gestation (ug/L) 129 = 7.6 49 + 2.1
(n =16) (n=3)
Fetal weight at 18 d of gestation (g) 0.62 = 0.03 0.77 = 0.1
(n=16) (n=25)
Fetal serum TSH concentration at 18 d of gestation (pg/L) 24.3 + 5.6% 9.60 + 0.70
(n =6) (n=4)
Newborn (<1 d) weight (g) 1.24 + 0.65% 1.59 = 0.1
(n=29) n=29)
Newborn (1 d) serum TSH concentration (png/L) 35.9 = 6.4 79 % 1.1
(n =11 (n =9
Newborn mortality within 1 d of life 10%% 1%
Number of pups/litter 7.7+ 0.6 6.5+ 0.7
(n=17) (n = 14)

* All data are mean =+ SEM. n = number of litters.
t p < 0.01 vs control.

epithelial cells containing mature LB at the cell apex (Figs.
1 and 2). Secreted membranous vesicles were present
within alveolar spaces. In the 18-d fetal hyt/hyt mouse
lung, the air spaces were small and the epithelial cells
plump, giving the lung a more glandular appearance (Fig.
1). Fetal hyt/hyt mouse lungs contained significantly
fewer LB per unit area of lung and per type II cell (Table
2). These lungs demonstrated a trend toward an increased
ratio of volume density of type II cell glycogen to nucleus
compared with control Balb-c fetuses.

Newborn. The 1-d-old Balb-c mouse lung contained
well-developed air spaces lined by type II cells containing
abundant LB and no cytoplasmic glycogen (Fig. 3). Air
spaces contained many secreted LB and TM. Interalve-
olar septa were attenuated and thin, and many air-blood
barriers were present. The 1-d-old hyt/hyt mouse lung,
however, had thick alveolar septa and smaller air spaces.
There was a trend toward fewer intracellular LB, and
cytoplasmic glycogen was significantly increased com-
pared with that in the Balb-c controls (Table 2). Fewer
secreted air space LB and air-blood barriers were pre-
sent, and TM was absent.

Newborn Lung DSPC and TPL Content

Lung DSPC content was significantly reduced in hyt/
hyt pups compared with that in controls (Table 3). How-
ever, TPL content was not different in hyt/hyt and con-
trol pups.

DISCUSSION

In this study, we have established primary hypothy-
roidism in the 18-d-gestation fetus and 1-d-old hyt/hyt
mouse. In addition, we have demonstrated impaired
structural lung maturation and reduced DSPC content in
hypothyroid pups. The hypothyroid newborns weighed
less than the controls. We do not have an explanation for
the reduced body weight of hyt/hyt newborn pups. It
could be due to alterations in milk production; suckling;

water; carbohydrate, lipid, or protein metabolism; or a
combination of these factors.

Hypothyroidism in the hyt/hyt adult and ~4-wk-old
mouse has been determined by the presence of a high
serum TSH-like activity (4-8) and low serum thyroxine
and Ty concentrations (4-8). To characterize hypothy-
roidism in the fetus and newborn mouse, we bred ho-
mozygous hyt/hyt male and female mice made euthyroid
by the addition of T; to the drinking water. Serum TSH
concentrations were determined with a sensitive RIA in
the fetal and newborn offspring produced by this mating.
In both the hyt/hyt fetus and newborn mouse, the serum
TSH concentrations were significantly higher than those
in the age-matched Balb-c euthyroid controls, establish-
ing primary hypothyroidism in the hyt/hyt model. Serum
TH concentration could not be quantitated in the fetus or
the newborn mouse because of limited availability of
serum and lack of a sensitive assay for serum TH.

Previous investigators have induced fetal or neonatal
hypothyroidism by surgical or pharmacologic thyroi-
dectomy to study the effect of TH deficiency on lung
growth and maturation (15-17). Surgical thyroidectomy
is stressful, cumbersome, and feasible only in large
animals; it also leads to inadvertent parathyroidectomy.
The degree of pharmacologically induced fetal or neo-
natal hypothyroidism is unpredictable due to variable
drug absorption and placental transfer (8, 16, 17). Thy-
rostatic drugs also influence the metabolism of other
organs (8). The hyt/hyt mouse model of primary hy-
pothyroidism provides an opportunity to study the in-
fluence of TH deficiency on fetal and neonatal growth
and development throughout gestation without manip-
ulation of the intrauterine milieu.

Ultrastructural examination of the fetal hyt/hyt mouse
lung at 18 d of gestation revealed a maturational delay
manifested by smaller air spaces and plump epithelial
cells containing more cytoplasmic glycogen and fewer
LB compared with the control Balb-c mouse fetuses. In
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Figure 1. Light micrograph of fetal mouse lung at 18 d of gestation. 4, Balb-c (control); B, hyt/hyt (hypothyroid). In 4, note well-formed air spaces
{(A) and thinned septa (short arrows). In B, the interstitium (short arrows) is thick and air spaces (4) are poorly formed, giving the lung a glandular

appearance. Magnification x500.

the 1-d-old hyt/hyt mouse, there was a persistence in
cytoplasmic glycogen within lung epithelial cells, a re-
duced number of intracellular and secreted LB, and a
reduced DSPC content, reflecting a continuing delay in
biochemical lung maturation. TM, which was readily
apparent in the Balb-c mouse, was not seen in the hyt/hyt
newborn lungs. TM is the extracellular form of surfactant
believed to be responsible for the formation of the surface
monolayer—the most surface-active form of surfac-
tant—at the air-liquid interface in the alveolus (18). The
absence of TM in the hyt/hyt mouse lungs raises the
possibility of an abnormality in the usual process of
conversion of LB to TM. These aberrations may explain

the increased mortality of hyt/hyt pups during the first 24
h of life. The survival of the majority of the hypothyroid
pups despite reduced DSPC content and absent TM is
puzzling. It is possible that although the lung is immature
it is still capable of sustaining life because of the lower
metabolism and oxygen consumption in hypothyroidism
(19). In addition to the surfactant proteins SP-A and
SP-B, a specific ionic composition and Ca™ ™ concentra-
tion are necessary for the conversion of LB to TM (18).
The developmental expression of lung SP-A and SP-B in
primary hypothyroidism has not been studied.

In addition to the delay in biochemical maturation, the
newborn hyt/hyt lungs revealed a significant delay in
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Figure 2. Electron micrograph of fetal mouse lung at 18 d of gestation. 4, Balb-c (control); B, hyt/hyt (hypothyroid). In A, note well-developed
LB (thick arrows) within type 1I cells and secreted membranous vesicles within alveolar spaces (4). In B, large, empty cytoplasmic spaces (*)

represent pools of glycogen removed during tissue processing. Note paucity of LB in type II cells (thin arrows) lining alveolar spaces (4).
Magnification x9000.

Table 2. Analysis of lung ultrastructural features*

Fetus Neonate

hyt/hyt Control hyt/hyt Control

(n=25) (n=4) (n=3) (n =3)
Number of LB/unit area 4.42 = 0.68t 7.51 = 1.14 6.94 + 2.02 11.87 + 2.67
Number of LB/type II cell 1.08 = 0.11% 235+03 2.93 + 0.59 4.39 + 0.16
Number of type II cells with LB/unit area 2.62 + 0.4 3.08 £ 0.23 2.33 £ 0.57 2.72 + 0.46
Glycogen/nucleus in type II cell 0.80 = 0.09 0.78 = 0.09 0.18 = 0.038% 0.04 + 0.014
Number of type II cells/unit area 4.23 = 0.65 3.23 = 0.20 2.7 = 0.85 2.75 + 0.44

* All data are mean =+ SEM. n = number of litters studied.
tp < 0.02 vs control.
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Figure 3. Electron micrograph of 1-d-old mouse lung. 4, Balb-c (control); B, hyt/hyt (hypothyroid). In A, type II cells (short, thick arrows) are
devoid of cytoplasmic glycogen but contain plenty of LB (curved arrows), which are also present in alveolar spaces along with abundant TM. Inset,
Magnified view of TM. There are several air-blood barriers (bb). In B, large amounts of cytoplasmic glycogen are present in type II cells (thin, long
arrows) and LB (curved arrows) are scarce. TM is absent from the alveoli (4) and air-blood barriers are not present.

structural maturation. The attenuation of interalveolar
septa was not seen. Few air-blood barriers were present,
indicating a delay in the normal migration of capillaries
toward the alveolar lumen and in the fusion of the endo-

Table 3. DSPC and TPL content of lungs of newborn mice*
hyt/hyt (n = 5)

Control (n = 8)

DSPC (mg/g of wet lung) 3.67 + 0.27F 4.66 + 0.24
DSPC (mg/mg of lung protein) 0.0356 *+ 0.003t 0.0455 *+ 0.0032
TPL (mg/g of wet lung) 19.05 + 0.96 21.35 = 0.71
TPL (mg/mg of lung protein) 0.185 + 0.013 0.211 * 0.0085

* All data are mean = SEM. n = number of litters studied.
tp < 0.05 vs control.

thelial and epithelial cell basement membranes to form
the air-blood barrier (20, 21). This aspect of lung mor-
phogenesis requires the intricate interaction of epithelial
cells with extracellular matrices and is under the control
of a variety of mediators and cytokines (22). The pres-
ence of this structural abnormality in primary hypothy-
roidism suggests that TH play a role in normal lung
cytodifferentiation. The molecular basis for this effect of
TH on lung development remains unknown.
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