
Pulmonary surfactant, a specific lung lipoprotein, which
is composed of phospholipids, neutral lipids and pro-
teins, is produced and secreted into the airway lumen by
alveolar type II cells, to lower the surface tension at the
air-fluid interface of the airways [1, 2].  Phospholipids
in human amniotic fluid during pregnancy have been
used to estimate foetal lung maturation and as a pre-
dictor of respiratory distress syndrome (RDS), since their
composition in amniotic fluid reflects the amount of pul-
monary surfactant in lung fluids [3, 4].  To date, at least
four pulmonary surfactant specific proteins, surfactant
proteins A (SP-A), B (SP-B), C (SP-C), and D (SP-D),
have been characterized and their functions have been
reported [5].  SP-A is the most abundant and enhances
the surface tension-lowering properties of phospholipid
mixtures containing the hydrophobic proteins SP-B and
SP-C [6].  SP-A also plays an important role in regu-
lating surfactant homeostasis [7], and alveolar macrophage
functions [8–10].  SP-A contains asparagine-linked
oligosaccharide units at the C-terminus, which confer a
triplet with a molecular mass of 26, 32 and 36 kDa under
reducing conditions in rats [11].  The oligosaccharide
moiety of SP-A is involved in Ca2+-dependent aggrega-
tion of phospholipid vesicles, in connection with the
formation of the tubular myelin lattice that is the pri-
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A non-glycosylated form of pulmonary surfactant protein A appears in rat amniotic fluid.
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ABSTRACT:  Surfactant protein A (SP-A) is a family of glycoproteins that have a
triplet with 26, 32 and 36 kDa under reducing conditions in rat lung.  We wanted
to evaluate the SP-A forms in amniotic fluid of pregnant rats compared to those
found in rat lungs.  

By Western blot analysis, glycosylated SP-A, was not found in the amniotic fluid
in contrast to the pulmonary surfactant triplet SP-A, which comprises a 26 kDa
protein and its glycosylated 32 and 36 kDa forms.  The SP-A concentration in amni-
otic fluid was barely detectable at 18 days of gestation (20±12 ng·ml-1), and then
increased and reached 700±333 ng·ml-1 at the final gestational day 21, as deter-
mined by an enzyme-linked immunoabsorbent assay.  Immunohistochemically, SP-
A was found in some epithelial cells of larger respiratory bronchi, but not, or to a
lesser degree, in smaller respiratory bronchi at gestational day 18.  At 21 days of
gestation, SP-A was detected in bronchial and bronchiolar nonciliated epithelial
Clara cells, alveolar epithelial type II cells and some alveolar macrophages.  The
ratio of the 26, 32 and 36 kDa SP-A forms in bronchoalveolar, bronchobronchio-
lar and tracheal lavage fluids prepared from adult rats was 6:29:65, 84:5:11 and
100:0:0, respectively. 

These findings show the presence of a non-glycosylated SP-A in rat amniotic fluid.
This may reflect the increased ratio of non-glycosylated SP-A to bronchoalveolar,
bronchobronchiolar and tracheal lavage fluids, respectively.
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mary structure after secreting pulmonary surfactant into
the airway spaces [12].  As the foetal lung develops, SP-
A also appears in human amniotic fluid, and is corre-
lated with the presence of phospholipids. Therefore, SP-A
is also useful in the prenatal assessment of lung matu-
rity and as a predictor of RDS [13–15].  Although sur-
factant lipids and SP-A have important functions in the
lung, it is not known whether they have physiological
functions in amniotic fluid.

The purpose of this study was to investigate whether
or not the profiles of SP-A forms in amniotic fluid of
pregnant rats are identical to those in the lung.  We
describe here that SP-A in amniotic fluid is composed
of the non-glycosylated form and is not associated with
oligosaccharide moieties.  We also discuss the origin of
non-glycosylated SP-A in amniotic fluid, on the basis of
biochemical and immunohistochemical studies.

Materials and methods

Animals and sample preparations

Specific pathogen-free 11 week old Fisher rats, from
Japan SLC Inc. (Shizuoka, Japan), were mated and the
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gestational age was initially determined by designating
the presence of a sperm positive vaginal smear as day
0.  The rats were given food and water ad libitum and
housed in an air-conditioned room at 22±2°C.  Foetuses
at 18, 19, 20 and 21 days of gestation were delivered
individually through a hysterotomy, after anaesthetizing
pregnant rats with an intraperitoneal injection of sodium
pentobarbital.  On each gestational day amniotic fluid, was
collected by inserting a needle into the amniotic cavity.

Preparation of bronchoalveolar, bronchobronchiolar and
tracheal lavage fluids

All lavage fluids were obtained from 11 week old male
Fisher rats (Japan SLC).  Bronchoalveolar lavage was
performed as described previously [16].  Rats were anaes-
thetized by an intraperitoneal injection of sodium pen-
tobarbital and killed by cutting both renal arteries.  A
cannula was inserted into the trachea and placed on the
terminus of the inferior trachea.  The lungs were washed
twice with 5 ml of sterile saline at 37°C.  Broncho-
bronchiolar lavage was performed in the same manner,
except that 300 µl of saline was instilled.  Loci of the
bronchobronchiolar lavage were preliminarily checked
by serial lung sections about 1 mm thick, immediately
after instillation of saline containing 0.4% Indian ink.
The coloured regions of the lungs were the respiratory
bronchi and bronchioles and some areas of the alveoli
adjacent to bronchioles.  Tracheal lavage fluid was obtained
by two passages of 100 µl of saline through the duct of
the excised trachea.  The lavage fluids were collected
and centrifuged at 400×g for 10 min at 4°C to remove
airway cells, and the resultant supernatants were stored
at -80°C until use.

Preparation of SP-A and antibody against SP-A

Pulmonary surfactant and SP-A were purified from rat
bronchoalveolar lavage fluid [8].  The antibody against
SP-A raised in rabbits has been described in detail [8].
Sulphosuccinimidyl-6-(biotinamide) hexanoate (NHS-LC-
biotin, Pierce Chemical Co., Rockford, IL, USA) was
used to introduce biotin moieties into the antibody.  One
hundred microlitres of immunoglobulin G (IgG) fraction
(10 mg·ml-1) dissolved in 0.1 M carbonate buffer, pH
8.5, was mixed with 5 µl of NHS-LC-biotin (4 mg·ml-1

in the same buffer) and incubated at 4°C for 2 h.  Non-
reacted NHS-LC-biotin was removed by passage through
a NAP-10 column containing Sephadex G-25 Medium
(Pharmacia LKB Biotechnology AB, Uppsala, Sweden).

SP-A level in amniotic fluids

The SP-A level in amniotic fluids was determined using
a sensitive enzyme-linked immunosorbent assay (ELISA)
and anti-rat SP-A rabbit IgGs labelled with and without
biotin.  Each well of an untreated polystyrene microtitre
plates (Becton Dickinson Labware, Lincoln Park, NJ,

USA) was coated with 100 µl of anti-SP-A IgG (20
µg·ml-1 diluted with 50 mM carbonate buffer, pH 9.6)
by incubation overnight at 4°C, then blocked with 5%
skimmed milk in 25 mM Tris-HCl buffer, pH 7.4, con-
taining 0.14 M NaCl, 5 mM KCl (TBS) and 0.1% NaN3

for 1 h at room temperature.  The wells were washed
three times with TBS containing 0.5% Tween 20 (TBS-
T), then incubated with 100 µl of purified rat SP-A  stan-
dard (0.1–5 ng·ml-1) or various dilutions of samples in
20 mM Tris-HCl buffer, pH 7.4, containing 10-5 M phenyl
methyl sulphonyl fluoride (PMSF), 10-5 M leupeptin and
2 mM ethylene diamine tetra-acetic acid (EDTA) for 1
h at room temperature.  The wells were washed and 100
µl of biotinylated anti-SP-A IgG (20 µg·ml-1) in 5 mM
Tris-HCl, pH 7.4 was then added to each well, and incu-
bated for 1 h at room temperature.  After three washes
with TBS-T, the wells were incubated with the avidin-
biotin complex (Vectastain ABC Elite Kit, Vector
Laboratories, Burlingame, CA, USA) for 30 min at room
temperature.  The wells were washed with TBS-T and
100 µl of peroxidase substrate containing 0.02% 3,3',5,5'-
tetramethylbenzidine, 0.01% hydrogen peroxide (TMB
Microwell Peroxidase Substrate System, Kirkegaard &
Perry Laboratory Inc., Gaithersburg, MD, USA) was
added to each well, followed by incubation for 20 min
at room temperature.  The reaction was terminated by
adding 100 µl of 1 M phosphoric acid to the wells.  The
absorbance at 450 nm was read in a Hitachi F-3010 mul-
tiplate reader.

Electrophoresis and Western blot analysis

Preparations of amniotic fluid were analysed by elec-
trophoresis on 12.5% polyacrylamide gel containing 0.1%
sodium dodecyl sulphate (SDS), by the method of LAEMMLI

[17], under reducing conditions, and the gels were then
transferred electrophoretically to nitrocellulose mem-
branes.  The membranes were soaked in 3% bovine serum
albumin (BSA) to block nonspecific binding, and then
incubated for 2 h at room temperature with an antibody
(4 µg·ml-1) against the purified SP-A, according to the
method of TOWBIN et al. [18].  The polyacrylamide gels
were also stained with silver, and SDS-polyacrylamide
low range standards (Pharmacia) were used as molecu-
lar weight markers.

Protein measurement

The protein concentration was measured with bicin-
choninic acid protein assay reagent (Pierce) by the method
of SMITH et al. [19].

Immunohistochemical staining

Lungs of foetal rats were fixed with 10% buffered for-
malin, pH 7.2, for a day at 4°C and embedded in para-
ffin.  Lung sections of 4 µm thickness were placed on
glass slides and immunohistochemically stained using
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the avidin-biotin-peroxidase complex method [20].  The
slides were deparaffinized and soaked in 0.3% hydro-
gen peroxide in absolute methanol for 30 min at room
temperature.  After hydration and a rinse in phosphate
buffered saline (PBS;  10 mM phosphate buffer, pH 7.2,
containing 0.85% NaCl), the sections were treated with
normal goat serum at a 1:60 dilution for 20 min at room
temperature to reduce nonspecific staining, and then incu-
bated at 4°C overnight, with 4 µg·ml-1 of antibody against
SP-A in PBS containing 0.1% BSA in a moist chamber.
The sections were rinsed in PBS and incubated for 50
min at room temperature in a 1:200 dilution of biotiny-
lated goat anti-rabbit IgG (Vectastain ABC Kit, Vector
Laboratories).  Following a rinse in PBS, the sections
were incubated for 60 min at room temperature in the
avidin-biotin complex, rinsed in PBS, stained for 5 min
with 50 mM Tris-HCl, pH 7.6, containing 0.1% 3,3'-
diaminobenzidine tetrahydrochloride, 0.02% hydrogen
peroxide and 0.65% mg·ml-1 sodium azide.  After wash-
ing with PBS, the sections were counterstained for 10
min with 1% methyl green, dehydrated and mounted.

Controls were prepared by using the conditions described
above except that nonimmunized rabbit IgG was used
instead of the primary antibody.

Results

SP-A in rat amniotic fluid

The presence of SP-A in the amniotic fluid of gesta-
tional female rats was determined by Western blotting
(fig. 1a) and ELISA (fig. 1b).  At 19 days of gestation,

Fig. 1.  –  Western blots (a) and SP-A content (b) in amniotic fluid of rats at late gestation (17–21 days).  Amniotic fluid was collected by inser-
tion of a needle into the amniotic cavity and added to an equal volume of SDS-preparation buffer.  Sample preparations of each amniotic fluid
(10 µl) and rat pulmonary surfactant (PS) (10 ng protein) were separated by 12.5% SDS-polyacrylamide gel electrophoresis under reducing con-
ditions.  The gels were then transferred electrophoretically to a nitrocellulose membrane and developed with 4 µg·ml-1 of antibody against rat SP-
A.  The content of SP-A in amniotic fluid was determined by ELISA as described in "Materials and methods".  The data represent means±SD from
six to eleven separate assays in each point.  SP-A:  surfactant protein-A; SDS:  sodium dodecyl sulphate; ELISA:  enzyme-linked immunosorbent
assay.
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Western blotting revealed an immunoreactive SP-A band,
with a molecular mass of 26 kDa, associated with no
additional oligosaccharide moieties.  This signal became
more marked as the gestational days proceeded.  Glyco-
sylated forms of SP-A, 32 and 36 kDa, as can be seen
in pulmonary surfactant, were undetectable throughout
the gestational period.  SP-A was barely detectable in
amniotic fluid at 18 days of gestation (20±12 ng·ml-1),
after which it dramatically increased, reaching 700±333
ng·ml-1 at the final gestational day 21.

Immunohistochemical staining of foetal lung

Foetal lung section at gestational day 18 contained a
few epithelial cells positive to antibody against SP-A in
larger respiratory bronchi, but few or none in smaller
respiratory bronchi (fig 2A).  As shown in figure 2B,
the alveolar wall was more developed at gestational day
21 than day 18, and almost all alveolar spaces, although
narrow, were open.  The respiratory bronchi and bron-
chioles showed intense staining with the antibody in non-
ciliated cells, indicating that they were Clara cells.
Immunopositive cells were also distributed in the alveo-
lar walls, where alveolar epithelial type II cells and some
alveolar macrophages were stained, but they were less
immunoreactive than the respiratory Clara cells.  No
reaction products were seen in control sections prepared
using non-immunized rabbit IgG as the primary antibody
(data not shown).

Immunoblotting of various lavage fluids

Figure 3a shows Western blot profiles indicating three
forms (26, 32 and 36 kDa) of SP-A in bronchoalveolar,



Fig. 3.  –  Western blots (a) and corresponding densitometric scanning (b) of surfactant protein-A (SP-A) in bronchoalveolar (B-A), broncho-
bronchiolar (B-B), and tracheal (T) lavage fluids.  Each lavage was performed as described in "Materials and methods".  Sample preparations (10
µl) were seperated by 12.5% SDS-polyacrylamide gel electrophoresis under reducing conditions.  The gels were then transferred to a nitrocellu-
lose membrane and developed with antibody against SP-A in the same manner as that described in the legend to figure 1a.  The ratio of the 26,
32 and 36 kDa forms of SP-A in each lane of the blotted membranes was quantified by scanning densitometry and the results are expressed as the
percentages of the total intensity in each lane.       :  36 kDa;        : 32 kDa;      :  26 kDa.  SDS:  sodium dodecyl sulphate.

bronchobronchiolar, and tracheal lavage fluids.  Values
of three forms of SP-A in each lavage fluid were obtained
by densitometrically scanning the immunoblotted mem-
branes, as shown in figure 3b.  There were large amounts
of glycosylated SP-A (32 kDa, 29%;  36 kDa, 65%) and
a small quantity of the non-glycosylated form (26 kDa,
6%) in bronchoalveolar lavage fluid.  In contrast to the
bronchoalveolar lavage fluid, bronchobronchiolar lavage
fluid was greatly enriched with non-glycosylated SP-A
(26 kDa, 84%), but poor in forms associated with oligo-
sacharide units (32 kDa, 5%; 36 kDa, 11%).  In trac-
heal lavage fluid, only non-glycosylated SP-A was
detectable.

Discussion

In this study, Western blotting showed that the 26 kDa
non-glycosylated SP-A was first detectable in rat amni-
otic fluid at gestational day 19, and increased with the
progression of gestation.  No SP-A forms associated with
oligosaccharide moieties were detected throughout the
gestational period.  By means of an ELISA, the SP-A
level in amniotic fluid was barely detected at gestation-
al day 18 (20±12 ng·ml-1), then increased and reached
700±333 ng·ml-1 at the final gestational day 21.  The pul-
monary surfactant isolated from rat bronchoalveolar lavage
fluid contains a triplet of SP-A, 26, 32 and 36 kDa, under
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Fig. 2.  –  Immunohistochemical staining of the foetal lung with antibody against surfactant protein-A (SP-A).  A)  Lung section at 18 days of
gestation.  Lung cells are not well differentiated into identifiable cell types.  Weakly immunoreactive products are seen in some epithelial cells
(arrows) of the larger respiratory bronchus, but not or at lower levels in smaller respiratory bronchi (asterisks).  B)  Lung section of gestational
days 21.  Intense deposits of immunoreactive staining are seen in bronchiolar epithelial Clara cells (arrows).  Alveolar type II cells (arrow heads)
and some alveolar macrophages (double arrow) in the alveoli are also positive to the antibody, but show less immunoreactivity than that of respi-
ratory Clara cells.  (Bars=100 µm).
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reducing conditions, which is attributed to varying lev-
els of glycosylation of the 26 kDa form, and each of the
three forms of SP-A has the same amino acid sequence
[11].  SP-A is produced and secreted into the airway
lumen by alveolar epithelial type II cells and bronchial
and bronchiolar epithelial Clara cells [8, 21–23].

Pulmonary surfactant lipids in human amniotic fluid
are useful for predicting RDS, because the phospholipids,
especially saturated phosphatidylcholine, phosphatidyl-
glycerol and phosphatidylinositol, contribute to the amount
of pulmonary surfactant in lung fluid.  SP-A in human
amniotic fluid has also been assessed as a predictor of
RDS [13–15].  However, it is unclear whether surfac-
tant lipids and proteins have physiological functions in
amniotic fluid.  Glycosylation of SP-A is located at the
C-terminal domain that contains a sequence similar to
carbohydrate binding lectins [24].  Oligosaccharide moi-
eties of SP-A are required for aggregation of phospho-
lipid vesicles, that is relevant to the formation of the
tubular myelin lattice as a primary structure to serve a
monolayer in the alveolar epithelium [12].  

Recently, we found that rat pulmonary surfactant is
an endogenous inhibitor of a novel serine protease, that
is localized exclusively in respiratory epithelial Clara
cells [25, 26] and activates the infectivity of influenza
virus and Sendai virus, resulting in suppression of the
infection of these viruses in the lungs in vitro and in
vivo [27].  It is debatable whether pulmonary surfactant
and SP-A have similar functions in the amniotic cavity.

We measured the SP-A level in rat amniotic fluid using
a sensitive ELISA, which showed an increase with advanc-
ing gestation after the initial appearance on day 18, but
which  was much lower than the level in human amni-
otic fluid, as reported by KUROKI et al. [28] and PRYHUBER

et al. [15].  For example, the content of SP-A in rat
amniotic fluid at the final gestational day 21 was 700±333
ng·ml-1, which is about twentyfold lower than that in
human amniotic fluid at the final gestational week [15,
28].  This result suggests that the flow quantity of SP-
A into the amniotic cavity may be lower in rats than in
humans, and that SP-A may be more rapidly metabo-
lized in rat than human amniotic fluid.

Components of pulmonary surfactant appear in the
amniotic fluid after passing through the respiratory tract.
To approach the mechanisms of the appearance of only
the non-glycosylated form of SP-A in rat amniotic fluid,
we analysed the molecular mass of the SP-A forms in
tracheal, bronchobronchiolar and bronchoalveolar lavage
fluids.  The profiles of the SP-A forms among these
lavage fluids differed.  Bronchoalveolar lavage fluid
contained a triplet of SP-A that was composed of
abundant glycosylated forms (32 and 36 kDa, 29 and
65%, respectively) and a small amount of the non-
glycosylated form (26 kDa, 6%), which is similar to SP-
A purified from the pulmonary surfactant.  In contrast
to the bronchoalveolar lavage fluid, enriched SP-A of
non-glycosylated form (26 kDa, 84%) and small amount
of glycosylated forms (32 and 36 kDa, 5 and 11%, respec-
tively) were detected in bronchobronchiolar lavage fluid.
Tracheal lavage fluid contained only non-glycosylated
SP-A.  Among respiratory cells it has been reported that
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SP-A is synthesized and secreted by nonciliated epithe-
lial Clara cells, but not by the other cells, including cil-
iated epithelial, goblet and subepithelial cells [8, 21–23].
Furthermore, there has been no report of cells that syn-
thesize SP-A in the trachea and the other organs and tis-
sues, except for the lung.

The present findings suggest that the non-glycosylated
SP-A in rat amniotic fluid may be related to the differ-
ent profiles of SP-A forms in the lavage fluids of the
trachea, bronchobronchioles and bronchoalveoli, and that
deglycosylation of SP-A may occur during passage through
the tracheal and/or respiratory tract.  Immuno-histo-
chemical staining of foetal lung sections at 21 days of
gestation with anti-rat SP-A antibody showed that the
immunoreactive intensity of Clara cells was higher than
those of alveolar type II cells.  Alveolar macrophages
were also stained with the antibody at this stage.  However,
we suppose that the staining of alveolar macrophages
was due to the uptake and not the synthesis of SP-A,
since BROERS et al. [29], and PHELPS and FLOROS [30],
failed to detect messenger ribonucleic acid (mRNA) en-
coding SP-A in alveolar macrophages by in situ hybridiza-
tion and ribonucleic acid (RNA) blot analysis, respectively.

The new finding of our study is that only the non-
glycosylated form of SP-A is present in the amniotic
fluid of pregnant rats.  This does not conflict with the
increased ratio of non-glycosylated SP-A found in
bronchobronchiolar and tracheal lavage fluid, respec-
tively, as this is the route of SP-A before it reaches the
amniotic cavity.  Further studies are needed to under-
stand the precise mechanisms of this transfer.  We believe
that the approach taken in this study helped clarify the
SP-A functions in amniotic fluid and supports assess-
ments of foetal lung development in gestational rats.
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