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The collectins surfactant-associated protein A (SP-A) and SP-D are components of innate immunity that are
present before birth. Both proteins bind pathogens and assist in clearing infection. The significance of SP-A
and SP-D as components of the neonatal immune system has not been investigated. To determine the role of
SP-A and SP-D in neonatal immunity, wild-type, SP-A null, and SP-D null mice were bred in a bacterium-laden
environment (corn dust bedding) or in a semisterile environment (cellulose fiber bedding). When reared in the
corn dust bedding, SP-A null pups had significant mortality (P < 0.001) compared to both wild-type and SP-D
null pups exposed to the same environment. The mortality of the SP-A null pups was associated with significant
gastrointestinal tract pathology but little lung pathology. Moribund SP-A null newborn mice exhibited Bacillus
sp. and Enterococcus sp. peritonitis. When the mother or newborn produced SP-A, newborn survival was
significantly improved (P < 0.05) compared to the results when there was a complete absence of SP-A in both
the mother and the pup. Significant sources of SP-A likely to protect a newborn include the neonatal lung and
gastrointestinal tract but not the lactating mammary tissue of the mother. Furthermore, exogenous SP-A
delivered by mouth to newborn SP-A null pups with SP-A null mothers improved newborn survival in the corn
dust environment. Therefore, a lack of SP-D did not affect newborn survival, while SP-A produced by either the
mother or the pup or oral exogenous SP-A significantly reduced newborn mortality associated with environ-
mentally induced infection in SP-A null newborns.

Newborns have an increased risk for developing infection
compared to older children and adults (67). This may be a
result of the relatively immunocompromised status of a new-
born making the transition from the protected and sterile life
in utero to the outside world. For example, in humans and
mice, antigen-presenting cells (dendritic cells) and immuno-
globulin levels are reduced during the first weeks to years of
life (2a, 65). In contrast, certain protein components of the
innate immune system, such as the collectins, are present and
functional prior to birth (7, 18, 46, 50, 61).

The collectins are a family of proteins characterized by col-
lagenous and carbohydrate-binding domains (9). They include
surfactant-associated protein A (SP-A), SP-D, and mannan-
binding lectin (MBL). MBL is a serum protein produced by
hepatocytes, while SP-A and SP-D are proteins secreted locally
by epithelial cells (20). Collectins have highly conserved do-
mains that bind microbial components and particles, including
lipopolysaccharide, viruses, fungal cell walls, and pollen and
dust mite glycoproteins (9, 20). MBL participates in innate
immune system function by complement-mediated pathogen
killing (24). SP-A and SP-D promote pathogen agglutination
and opsonization in addition to neutrophil chemotaxis (35, 52,
58, 64). More recently, SP-A and SP-D have also been found to
have direct microbiocidal properties (31, 72).

SP-A is detected in the human fetal lung as early as at 20
weeks during gestation (25) and on day 17 during gestation in

the mouse fetal lung (7). In humans, SP-D is also detected in
the lung in the late second trimester of gestation and just prior
to parturition in rodents (8, 61, 69). SP-A null adult mice do
not exhibit altered lung physiology. Conversely, over time
SP-D null mice develop a complex pulmonary phenotype that
consists of an accumulation of lipid-laden alveolar macro-
phages and emphysematous structural changes (4, 68). Specif-
ically, at 2 weeks of age increased numbers of macrophages are
present in the lung, which is followed by the development of
abnormal lung structure at 3 weeks of age. While the lung
cellular and inflammatory response to pathogens is impaired in
both SP-A and SP-D null mice, increased mortality as a result
of spontaneous bacterial infection has not been observed in
these animals (4, 33–35). Thus, SP-A and SP-D are present
prior to birth, but the absence of either collectin does not seem
to place animals at increased risk for death when they are
reared in a standard laboratory environment. The effect of the
absence of SP-A or SP-D on the health of newborn mice has
yet to be determined.

The most abundant surfactant protein in lungs is SP-A (70).
SP-A is encoded by two similar genes (SP-A1 and SP-A2) in
humans (23), while rodents, such as mice, have only one SP-A
gene (45). SP-D is encoded by one gene in humans and by one
gene in rodents (28, 47). SP-A and SP-D mRNA are present at
nonalveolar sites in humans that may be critical to the obser-
vations reported in the current study, specifically in the intes-
tines and mammary tissues (26, 37, 40). SP-A1 and SP-A2
mRNA have been detected in the human small intestine and
colon (37, 41). In both of these studies the amount of SP-A
gene expression in the intestines is significantly less than that in
the lung. SP-A mRNA and protein have also been detected in
human breast tissue and ductal epithelial cells, respectively (5).
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SP-D mRNA has been localized to human intestine and mam-
mary tissues, while SP-D protein has been detected in human
small intestine epithelial cells (40). A thorough evaluation of
extrapulmonary sites of SP-A production in the C57BL/6 strain
of mice was performed using reverse transcription PCR (RT-
PCR) by Akiyama et al. (2). In this study, SP-A and SP-D
mRNA were present primarily in the lung but also exhibited
various patterns of extrapulmonary expression. Both surfactant
genes were expressed in the esophagus and stomach, while
only SP-A mRNA was detected in the jejunum. Neither SP-A
nor SP-D mRNA was detected in murine mammary tissues. In
another rodent study, SP-A protein was found to be constitu-
tively expressed in the epithelial cells of the large and small
intestines, as shown by immunohistochemistry, immunoblot
analysis, and two-dimensional electrophoresis (56). Together,
these human and rodent data demonstrate that both SP-A and
SP-D are produced at extrapulmonary sites that may be perti-
nent to newborn survival, specifically in the mammary gland
and gastrointestinal (GI) tract.

Given that SP-A and SP-D are components of the innate
immune system present at birth, when other immune compo-
nents are not present, we hypothesized that these proteins may
prevent infection in the neonate. We used a murine model of
environmental exposure to bacteria and endotoxin-laden or-
ganic dust (corn dust) in order to mimic a nonhygienic envi-
ronment (15). Using this model, we demonstrated that wild-
type mice bred in a nonhygienic corn dust environment had
significantly smaller litter sizes than wild-type mice bred in a
control (semisterile) environment. Adult SP-A null or SP-D
null mice did not have increased mortality when they were
maintained in the corn dust environment. We observed signif-
icant mortality in the SP-A null newborn pups but not in the
SP-D null newborn pups reared in the corn dust bedding. The
SP-A null newborn pups also developed gastrointestinal pa-
thology and Bacillus sp. or Enterococcus sp. peritoneal infec-
tion. Both maternal SP-A production and neonatal SP-A pro-
duction independently had positive effects on newborn survival
in the nonhygienic environment. Finally, exogenous purified
human SP-A delivered by mouth to the newborn SP-A null
pups improved survival in the corn dust bedding environment.

MATERIALS AND METHODS

Animals. Male and female C3HeB/FeJ mice from Jackson Laboratories (Bar
Harbor, ME) and Swiss Black mice from Taconic (Hudson, NY) were purchased
at 6 weeks of age to create breeding colonies at our animal care facility. SP-A null
mice with a C3H/Hen background were generously provided for these studies by
F. McCormack (University of Cincinnati). These mice were derived from SP-A
null mice originally produced using a Swiss Black genetic background (30). Both
the C3HeB/FeJ and C3H/Hen mice are substrains of C3H mice, and they have
been shown to differ from each other by only 1 of 1,638 nucleotide polymor-
phisms examined (51). Mice belonging to the C3HeB/FeJ substrain were used as
the primary wild-type control animals and have been used previously in our
laboratory to study the environmental effects of bacteria and endotoxin (14–16).
The SP-D null mice with the Swiss Black background were generously provided
by J. Whitsett (University of Cincinnati) and were compared to wild-type Swiss
Black mice (Taconic). All mice were housed in isolation cubicles with microiso-
lator lids on individual cages. In all studies, mice that served as controls were
maintained within the same isolation cubicle in individual cages adjacent to the
experimental mice during the same time period. All pups were born and allowed
to mature in the presence of both parents in either the control or corn dust
bedding environment. Pups were weaned at 21 days of age. Mice were provided
food and water ad libitum. All procedures were performed according to proto-
cols approved by the Animal Care and Use Committee at the University of Iowa.

Environmental exposure model. In order to create a nonhygienic environment
rich in organic microbes, breeding pairs and their litters were exposed to an
organic dust used as bedding material, as previously described (15). Corn dust
collected from the drying system at a local grain elevator during October was
used to create the nonhygienic environment. Two batches of corn dust were used
in the experiments. Batch A corn dust was used for experimental exposures from
2003 to 2005 and has previously been characterized (15). Batch B corn dust was
used for experimental exposures from 2005 to 2007. The control environment for
all experiments consisted of a cellulose fiber bedding, Cellu-Dri (Shepherd Spe-
cialty Papers, Kalamazoo, MI), the bedding material routinely used in our animal
care facility.

Endotoxin measurements. The endotoxin contents of the bedding and purified
human SP-A were determined by the kinetic chromogenic Limulus amebocyte
lysate assay (Whittaker Bioproducts, Walkersville, MD) as previously reported
(63). The endotoxin content of the purified SP-A was 0.012 ng/�g protein.

Necropsy and histological examination. Necropsies for animals that were
euthanized with an overdose of isoflurane when they appeared to be “critically
ill” (dehydrated with reduced spontaneous movement and a distended abdomen)
were photographed. Histological examination of the lower respiratory tract and
GI tissues was performed using mice that were �24 h old. The GI system (i.e.,
the stomach to the distal large bowel) was dissected en block and then placed
into fixative (zinc-formalin or 10% formalin) for 7 days. The right heart was then
flushed with ice-cold phosphate-buffered saline (PBS), and the lungs were in-
flated with fixative via the trachea at a pressure of 25 cm H2O, as previously
described (15). All tissues were embedded in paraffin, and 5-�m-thick sections
were mounted on glass slides and then stained with hematoxylin and eosin.

Bacterial cultures for the bedding and animals. Bacterial identification and
quantification of bacteria in the bedding materials were performed using stan-
dard microbiological techniques. Using sterile technique, peritoneal fluid, blood,
and minced lung were collected on a sterile culture swab (BBL CultureSwab;
Becton, Dickinson and Co., Sparks, MD) and submitted for bacterial identifica-
tion. Bacteria were identified by either the Clinical Microbiology Laboratory or
the University Hygienic Laboratory at the University of Iowa.

Heterozygous breeding and newborn survival. Crossing C3HeB/FeJ (SP-
A�/�) mice with C3H/Hen (SP-A�/�) mice allowed us to generate SP-A het-
erozygous breeder mice. The heterozygous breeders were then paired with SP-A
null breeders using the strategy shown in Fig. 1. Using the heterozygous breeding
strategies ensured that the SP-A gene mutation was controlled for while the C3H
substrain backgrounds were randomly mixed. Two different crosses were per-
formed. In the first cross (cross A), the female was heterozygous for SP-A and
the male was SP-A null. In the second cross (cross B), the female was SP-A null
and the male was heterozygous for SP-A. Since the progeny of these crosses were
either SP-A null (50%) or SP-A heterozygous (50%), there were four mother/
neonate outcomes, which are indicated in Fig. 1. Throughout this portion of the
study, all breeding pairs and their offspring were observed two or three times per
day. The total number of pregnancies was defined as the number of pregnancies
that resulted in the birth of live pups. Only pups that were alive at the time of
birth were used for data collection.

SP-A genotyping. Genotyping for all breeders and their offspring was per-
formed with DNA isolated from tail clips or ear punches, using tail lysis buffer
(Viagen Biotech, Los Angeles, CA). PCR primers amplified the SP-A DNA
sequence that had been deleted to create the mutated SP-A null mice (30). The
SP-A primers amplified a region that included portions of SP-A exon 3-4 and
intron 3 (forward primer GCAGAGATGGGAGAGATGGTATCAA and re-
verse primer ATGGACCTCCATTAGCATGTGGGA). PCR primers were also
used to amplify the neomycin insert placed into the SP-A gene (forward primer
TGAATGAACTGCAGGACGAG and reverse primer ATACTTTCTCGGCA
GGAGCA) in the SP-A null mice. The two PCRs amplified the wild-type and
mutated SP-A genes, respectively. The DNA template was denatured at 94°C
and annealed at 60°C and extension was performed at 74°C for 25 cycles. PCR
products were electrophoresed on a 1.0% agarose gel and photographed.

SP-A mRNA determination. Real-time RT-PCR analysis of SP-A mRNA was
performed using lactating and nonlactating mammary tissues and newborn in-
testinal tissues. RNA was isolated using the Trizol reagent (Invitrogen, Carlsbad,
CA). A one-step RT-PCR was performed using the SuperScript III Platinum
One-Step quantitative RT-PCR system (Invitrogen). The samples were analyzed
using 6-carboxyfluorescein-labeled SP-A and 18S rRNA (housekeeping gene)
primers (TaqMan gene expression assays; Applied Biosciences, Foster City, CA)
and a Stratagene Mx3000P instrument. The cycle thresholds (CT) for both SP-A
mRNA and 18S mRNA were used to determine relative SP-A gene expression,
using the 2���CTcalculation, and the GI tract value was used as the reference
value (38). The lower limit of detection for the CT was 40 cycles. The following
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2���CT calculation was used: �CT � SP-A CT � 18S mRNA CT, with the GI tract
value used as the reference value (��CT � test tissue �CT � GI tract �CT).

SP-A purification and administration. The method used to isolate and purify
SP-A from lavage fluid obtained from alveolar proteinosis patients has previously
been described (48). Briefly, the lavage material was pelleted and delipidated
with isopropyl ether and 1-butanol. The aqueous phase was collected and pre-
cipitated with 100% ethanol. The precipitated pellet was resuspended in 20 mM
KH2PO4 and further purified using an Affi-gel Blue column (Bio-Rad, Hercules,
CA). The column flowthrough was dialyzed against distilled H2O, and the pro-
tein concentration was determined by a Bradford assay (Bio-Rad). The purity of
the SP-A was assessed by electrophoresis on a polyacrylamide gel, followed by
staining with Coomassie blue (GelCode Blue stain; Pierce, Rockford, IL).

Purified human SP-A was stored at �80°C until it was used. The protein was
diluted in sterile PBS just prior to administration. Newborn mice received puri-
fied human SP-A (5 �g/5 �l) delivered per os twice in the first 24 h of life via a
flexible gel loading tip and pipette. This dose is within the range used in murine
studies of pulmonary infection (35, 39). Sham-fed littermates received 5 �l sterile
PBS via the same delivery technique.

Statistical evaluation. Log rank analysis was used to determine the relation-
ships between the different outcomes presented in Kaplan-Meier survival curves
(SigmaStat, version 3.0). A chi-square test was used to evaluate the genetic
segregation of the SP-A gene mutation. For all other statistical comparisons,
Student’s t test was performed. A P value of �0.05 was considered significant. All
data were expressed as means � standard errors of the means.

RESULTS

Environmental exposure. Two batches of corn dust were
used in the following experiments. Corn dust batch A has been
characterized previously (15). Batch A corn dust contained 57
times more endotoxin than the control bedding. Consistent
with these findings, the average endotoxin content in the sec-
ond corn dust batch (batch B) was 259 to � 82 endotoxin units

(EU)/mg (n � 4), while the control bedding material contained
significantly lower levels of endotoxin (average, 11.1 � 3.3
EU/mg) (P � 0.001). We have previously determined that the
presence of mice living in cage bedding does not contribute to
environmental endotoxin levels. In our exposure model, the
only significant contribution to environmental endotoxin levels
was the contribution from the bedding materials (15). The
following bacteria and fungi were identified and quantified in
the corn dust bedding: in batch A, Klebsiella oxytoca, Klebsiella
pneumoniae, Enterobacter sp., Pseudomonas putida, Staphylo-
coccus sp., Proteus sp., Enterococcus sp., Bacillus sp. (not Ba-
cillus anthracis), and Rhizopus; and in batch B, K. pneumoniae,
Microbacterium sp., Oerskovia sp., Bacillus sp. (including Bacil-
lus cereus), Chryseobacterium sp., Enterobacter sp., other gram-
negative rods, Acremonium sp., Mucor sp., Cladosporium sp.,
and Aspergillus sp. The analyses of corn dust batches A and B
were performed by the Clinical Microbiology Laboratory at the
University of Iowa and the University Hygienic Laboratory.
The concentration of bacteria in batch A has been reported
previously (15). Batch B contained 7,100 CFU/mg bacteria and
9,600 CFU/mg fungi. In comparison, only two morphologies of
Bacillus sp. were grown from the control cellulose bedding
material.

Corn dust environment reduces the litter size of wild-type
mice. In our previous studies, C3HeB/FeJ mice were bred in a
corn dust bedding environment in order to create a perinatal
immune stimulus (15). We performed a retrospective analysis
of the litter sizes produced by breeding pairs exposed to corn
dust bedding (batch A [see above]) and by breeding pairs
exposed to control bedding. There was a significant reduction
in the number of pups per litter at the time of weaning (on day
21 of life) for animals exposed to corn dust bedding compared
to animals exposed to control bedding (2.93 � 0.37 and 5.34 �
0.43 pups/litter, respectively; P � 0.001). This translated to a
�45% reduction in litter size at the time of weaning as a result
of exposure to the corn dust environment.

SP-A, but not SP-D, is critical for newborn survival in the
corn dust environment. SP-A null mice, SP-D null mice, and
the corresponding control wild-type mice were bred in corn
dust (batch A [see above]) or control bedding. Each of the
SP-A and SP-D null breeding pairs produced at least two litters
of pups. The litter size at weaning, the number of pregnancies,
and the number of adult breeder deaths were recorded during
a 5-month period (Table 1). As we have previously observed,
the C3HeB/FeJ wild-type mice had smaller litters in the corn
dust bedding than the animals exposed to the control bedding
(P � 0.05). The four SP-A null breeding pairs maintained in
the corn dust environment had 10 pregnancies that resulted in
the birth of live pups after 19.5 to 20 days of gestation. While
all 10 pregnancies produced live pups, none of the pups sur-
vived longer than 48 h (Table 1). In contrast, the SP-A null
breeding pairs maintained in control bedding produced �5
pups/litter in 24 pregnancies. Similar to the C3HeB/FeJ wild-
type mice, the Swiss Black wild-type mice produced smaller
litters in the corn dust bedding than in the control bedding;
however, the difference did not reach statistical significance
(Table 1). Further, there was no significant effect of the corn
dust bedding on the survival of SP-D null pups. During the
5-month time period only 1 of 28 adult mice exposed to corn
dust bedding died. This animal was a C3HeB/FeJ wild-type

FIG. 1. Heterozygous breeding strategy. The offspring of C3HeB/
FeJ SP-A�/� and C3H/Hen SP-A�/� breeding pairs were used to
generate SP-A�/� breeders. In breeding pair cross A, the female was
heterozygous for SP-A, and in cross B, the male was heterozygous for
SP-A. These SP-A�/� breeders were crossed with C3H/Hen SP-A null
mice, thus separating the effects of maternal SP-A production from the
effects of neonatal SP-A production on the offspring. The SP-A geno-
types of mothers and offspring are indicated. The mother and pup
SP-A phenotypes are indicated by a plus sign (able to produce SP-A)
or a minus sign (not able to produce SP-A). For example, the pheno-
type of an SP-A�/� mother with an SP-A�/� pup resembled the wild-
type phenotype, while an SP-A�/� mother with an SP-A�/� pup al-
lowed us to study the influence of maternal SP-A on an SP-A null pup.
An SP-A�/� mother with an SP-A�/� pup allow us to study the influ-
ence of endogenous SP-A from the pup in the absence of maternal
SP-A, while an SP-A�/� mother with an SP-A�/� pup allow us to study
the SP-A null phenotype. All animals used for this breeding strategy
were exposed to batch B corn dust bedding. WT, wild type.
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mouse. Finally, to ensure that the SP-A null breeders could
successfully rear pups, one pair maintained in corn dust was
placed into control bedding. This breeding pair had previously
delivered two litters in the corn dust bedding environment, but
all of the pups had died. Placing this breeding pair into the
control bedding allowed them to have three subsequent litters
of pups with an average of 3.5 � 2.1 pups/litter at weaning.

SP-A null pups survive in a sterile but high-endotoxin
environment. Autoclaving the corn dust (batch A [see
above] Table 1) for 30 min at 120°C rendered it sterile. The
endotoxin content of the autoclaved corn dust, however, re-
mained high (170 EU/mg) compared to the content of the
control bedding. Three SP-A null breeding pairs were placed
in the autoclaved corn dust bedding, six litters were born, and
the average number of pups/litter at the time of weaning was
2.67 � 1.63. Thus, sterilizing the corn dust allowed the SP-A
null offspring to survive until weaning. The litter size for the
SP-A null breeding pairs maintained in autoclaved corn dust
did not return to the baseline value (5.0 � 0.4 pups/litter)
observed when SP-A null mice were born in control, semister-
ile bedding (P � 0.05).

GI pathology in newborn SP-A null mice exposed to corn
dust bedding. Necropsy and histological examination of the
newborn SP-A null mice born in the corn dust bedding were
performed, and the results were compared to the results for
SP-A null mice born in control bedding and also to the results
for wild-type mice born in both environments. Figure 2 shows
a photograph of a representative of many SP-A null mice born
in the corn dust bedding. The pups appeared to be critically ill
(i.e., they had gasping respiration, bloated abdomens, signs of
dehydration) at the time that they were euthanized. Gross
abnormalities were observed in the intestines, while other ab-
dominal and thoracic organs appeared to be normal. These
characteristics were present in critically ill SP-A null mice
exposed to corn dust but were not observed in age-matched
wild-type mice exposed to the same environment (data not
shown). The gross morphology of the GI tract, from the stom-
ach to the distal large bowel, from a healthy 24-h-old wild-type
mouse was compared to that of the GI tracts from two SP-A
null mice reared in the corn dust bedding (Fig. 3). The stomach
and proximal small bowel of the wild-type mouse were white
and full of milk, whereas the SP-A null mice had empty bile-

colored stomachs and proximal small bowels. Histological ex-
amination of lung tissues from 24-h-old wild-type and SP-A
null mice reared in both environments revealed no difference
in lung structure between the genetic strains or between the
environmental conditions. Blood congestion was however con-
sistently observed only in the lungs of SP-A null mice reared
in corn dust and critically ill at 24 h of age. In the GI tract,
the most consistent structural difference observed between
the small bowel of SP-A null mice exposed to corn dust and the
small bowel of SP-A null mice reared in control bedding or the
small bowel of wild-type mice reared in either bedding was a
marked dilation of the intestinal lumen (Fig. 4). Histological
differences were also observed in the GI tracts of 24-h-old
SP-A null mice exposed to corn dust compared to the GI tracts
of SP-A null mice reared in control bedding (Fig. 5). Specifi-
cally, in the stomachs of SP-A null mice exposed to corn dust,
we observed neutrophil accumulation and sloughing epithelial
cells with condensed nuclei (Fig. 5B and E). The proximal
small bowel of critically ill SP-A null pups reared in corn dust
bedding had more readily detectable neutrophils within and

TABLE 1. Effect of corn dust on adult and newborn survivala

Mice Genotype Bedding No. of
pregnancies

No. of adult
deaths/total no.

No. of pups/litter
(mean � SEM)

C3H SP-A�/� Control 17 0/20 5.8 � 0.7
Corn dust 14 1/8 2.8 � 0.6b

SP-A�/� Control 24 0/10 5.0 � 0.4
Corn dust 10 0/8 0c

Swiss Black SP-D�/� Control 12 0/6 8.5 � 1.0
Corn dust 9 0/6 6.1 � 1.2

SP-D�/� Control 14 0/6 8.7 � 0.5
Corn dust 7 0/6 7.9 � 0.7

a Adult deaths and litter size at the time of weaning for SP-A�/� and SP-A�/� mice and SP-D�/� and SP-D�/� mice exposed to either control or corn dust bedding
(batch A) were recorded over the period of time that the breeding pairs were together. The survival data for adult breeders housed in both environmental conditions
are expressed as the number of deaths/total number of adult animals in each experimental condition. Litter size was defined as the number of pups at the time of
weaning (day 21 of life).

b P � 0.012 for a comparison of SP-A�/� mice in corn dust and SP-A�/� mice in control bedding.
c P � 0.001 for a comparison of SP-A�/� mice in corn dust and SP-A�/� mice in control bedding.

FIG. 2. Representative photograph of thoracic and abdominal or-
gans in an SP-A null mouse born and reared in corn dust bedding. The
animal appeared to be critically ill at approximately 24 h of age. The
abdominal and thoracic organs are labeled. Abnormal intestinal gas
was observed throughout the intestines (asterisks). Bar � 5 mm.
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marginated along the walls of moderately congested gastric
blood vessels (Fig. 5D and F).

Bacteria isolated from critically ill newborn SP-A null mice.
Gross examination of critically ill SP-A null mice born and
reared in corn dust bedding frequently revealed abdominal
distention. During necropsy, fluid was often noted in the peri-
toneal space, which was never observed in healthy newborn
mice. Bacterial cultures of peritoneal fluid obtained from crit-

ically ill SP-A null pups reared in corn dust were obtained
using a sterile culture swab and sterile technique (Table 2).
Bacillus sp. (not B. anthracis) was isolated from the peritoneum
of three of five ill SP-A null pups, while Entercoccus sp. was
isolated once. In contrast, three blood cultures and one lung
tissue culture from these animals were negative for bacteria.

Effects of maternal and neonatal SP-A on newborn survival.
Data for survival from birth to day 21 were collected for off-

FIG. 3. Representative GI tracts from SP-A null and wild type (WT) mice born and reared in the corn dust environment. The mouse on the
left died after 8.5 h of life, while the other animals were euthanized after 24 h of life. An asterisk indicates the stomach, and an arrow indicates
the site of the proximal intestine leaving the stomach. The stomach of the wild-type mouse is full of white milk, while the stomachs of the SP-A
null mice contain little milk and their proximal intestines are bile colored.

FIG. 4. Structure of the proximal small bowel of 24-h-old wild-type and SP-A null mice born and reared in control and corn dust bedding
environments. The proximal small bowel structures were similar in the two strains of mice born in control bedding. The only consistent structural
alteration observed in the SP-A null mice that appeared to be critically ill in the corn dust bedding was dilation of the intestinal lumen (L) and
a paucity of fecal matter. The images are representative of four to six mice per condition. Bar �100 �m.
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spring born to heterozygous breeding pairs (Fig. 1) or wild-
type breeding pairs maintained on corn dust bedding (batch B
[see above]) or control bedding. Tissue samples for genotyping
were available for 93% of all live born offspring and correlated
with survival. The anticipated SP-A genotypes of the pups

generated according to the heterozygous breeding shown in
Fig. 1 were 50% SP-A�/� and 50% SP-A�/�. The offspring
genotype data for the heterozygous breeding closely followed
Mendel’s law of segregation (P � 0.789, as determined by the
chi-square test with 1 degree of freedom), with 47% of the

FIG. 5. Inflammatory changes in the GI tract of critically ill SP-A null mice exposed to corn dust bedding. Twenty-four-hour-old SP-A null mice born
and reared in control or corn dust bedding were examined. Representative histological sections from stomachs (A, B, and E) and small intestines (C, D,
and F) are shown. SP-A null mice born in corn dust bedding (B) frequently exhibited sloughing gastric epithelial cells with condensed nuclei (asterisk)
compared to SP-A null mice born in control bedding (A). On average, we observed 0.80 � 0.26 sloughing gastric cell/high-power field in the SP-A null
mice, which is significantly more (P � 0.05) than we observed in the SP-A null mice exposed to control bedding (0.25 � 0.13 cell/high-power field). An
example of this is shown in panel E. Neutrophils were also observed within and marginating along the gastric blood vessels of critically ill SP-A null pups
in corn dust bedding (arrows in panel B). Also, SP-A null mice reared in corn dust bedding frequently exhibited inflammatory changes in the proximal
small bowel (D) compared to SP-A null mice reared in control bedding (C). Specifically, neutrophils were frequently observed within the blood vessels
at the base of the villi and also outside blood vessel walls (black arrows in panel D). Additionally, collections of mononuclear cells were also observed
only in the ill SP-A null newborns exposed to corn dust bedding (open arrow in panel D). These changes in the proximal small bowel are shown at a higher
magnification in panel F. These inflammatory findings were not observed in any of the age-matched SP-A null mice born in control bedding. The images
are representative of four to six mice per condition. Bar � 50 �m.
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offspring having an SP-A�/� genotype and 53% of the off-
spring having an SP-A�/� genotype. Of note, corn dust batch
B used for this and the remainder of our studies was not as
lethal to the SP-A null pups as batch A was. The rates of
survival of wild-type and SP-A null pups reared in the control
bedding did not differ (Fig. 6A). Exposure to corn dust signif-
icantly reduced the survival of wild-type pups (P � 0.022)
compared to the survival of wild-type pups reared in control
bedding (71 and 89%, respectively) (Fig. 6A and B). There was
no difference in pup survival when SP-A heterozygous pups
born to heterozygous mothers were compared to wild-type
pups born to wild-type mothers in the corn dust bedding (Fig.
6B). However, a significant reduction in pup survival (P �
0.048) was found when the survival of SP-A null pups born to
SP-A null mothers was compared to the survival of SP-A het-
erozygous pups born to SP-A heterozygous mothers and
reared in the same corn dust environment (52 and 73%, re-
spectively). Finally, if either the mother or the pup produced
SP-A, the survival of the pup in the corn dust environment was
significantly improved (P � 0.048) compared with the survival
when there was a lack of SP-A in both the mother and the pup
(Fig. 6C).

Sources of extrapulmonary maternal and newborn SP-A.
The SP-A mRNA contents of lactating mammary tissues and
newborn intestinal tract tissues were analyzed using real-time
RT-PCR. Murine lung tissue served as the positive control for
SP-A mRNA; the average CT for this control was 20.23 � 0.24,
while the average CT for the intestine was 30.22 � 0.73. In
comparison, the CT for SP-A mRNA in lactating mammary
tissues collected 12 h to 12 days postpartum was uniformly
greater than 40 (n � 5), suggesting that the SP-A gene is not
expressed in the mouse lactating mammary gland. Using the
2���CT calculation to determine relative SP-A gene expression,
the newborn intestine contained 5,000-fold less SP-A mRNA
than the lung tissue (1.0 � 0.65 versus 5,256 � 1.2; three
samples/group).

FIG. 6. Kaplan-Meier survival curves for newborn mice born and
reared in control bedding compared with curves for mice born and
reared in corn dust bedding. The mothers’ and pups’ SP-A genotypes,
the bedding, the number of mice per group, and the percent survival
are indicated. (A) Survival of wild-type and SP-A null pups in control
bedding. The survival data were not different for the wild-type and
SP-A null pups. (B) Survival of wild-type and SP-A heterozygous pups
(offspring of SP-A heterozygous dames) born and raised in corn dust
bedding (batch B). The data demonstrate there was no difference in
survival between heterozygous pups of heterozygous mothers and wild-
type pups of wild-type mothers. (C) Survival of SP-A heterozygous and
SP-A null offspring generated from the SP-A heterozygous breeding
pairs (Fig. 1) born and reared in corn dust bedding (batch B) and
survival curves from panels A and B. In panel C, three major outcome
groups, indicated by brackets 1 to 3, were identified. These distinct
groups are distinguished by the absence of exposure to corn dust
(bracket 1), the presence of SP-A in the mother, the pup, or both plus
exposure to corn dust bedding (bracket 2), and the complete absence
of SP-A in the mother and the pup plus exposure to corn dust bedding
(bracket 3). Wild-type pup survival was significantly reduced (P �
0.022) (one asterisk) when the pups were exposed to corn dust bedding
compared to pups exposed to control bedding (71 and 89%, respec-
tively). The survival rates of heterozygous pups or SP-A null pups with
heterozygous mothers (bracket 2) were not statistically different from
each other (P � 0.676). A pup’s survival in corn dust bedding was
significantly improved (P � 0.048) (two asterisks) if either the mother
or the pup was heterozygous for SP-A compared to a complete absence
of SP-A in both the pup and the mother.

TABLE 2. Bacterial culture data for SP-A null newborn mice
reared in corn dust beddinga

Ill appearance Source Culture results

Yes Peritoneum Bacillus sp., Enterococcus sp.
Blood Culture negative

Yes Peritoneum Culture negative

No Peritoneum Culture negative

Yes Peritoneum Bacillus sp.
Blood Culture negative

Yes Peritoneum Bacillus sp.
Lung Culture negative

Yes Peritoneum Culture negative
Blood Culture negative

a Twenty-four-hour-old SP-A null mice born in corn dust bedding were de-
scribed as critically ill if they had at least two of the following characteristics:
distended abdomen, dehydration, decreased spontaneous movements, and ab-
normal respiration pattern. The source of the bacterial culture is indicated, as are
the culture results.
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Orally administered purified human SP-A improves sur-
vival of SP-A null newborn pups. SP-A null pairs were allowed
to breed in the corn dust bedding (batch B [see above]). New-
born pups were fed purified human SP-A (5 �g) twice during
the first 24 h of life. Littermates fed sterile PBS (diluent) in
place of the SP-A served as the control group. At 5 days of life,
the survival rate of the SP-A null newborn pups which received
enteral SP-A was significantly improved compared to that of
the SP-A null pups that received PBS (81.3 and 45.0%, respec-
tively; P � 0.027, as determined by log rank analysis with 16
and 20 pups/group, respectively) (Fig. 7). At day 21 of life, the
positive effect of SP-A treatment on SP-A null pup survival in
corn dust bedding compared to the survival of SP-A null pups
that did not receive SP-A persisted (P � 0.035).

DISCUSSION

We have developed a murine model that permits study of
the effects of exposure early in life to a nonhygienic environ-
ment on the developing newborn (15). Large amounts of or-
ganic dust are created during harvest time in rural communi-
ties, and environmental exposure to corn dust is common. In
the present study, we used our experimental model to evaluate
the roles of SP-A and SP-D in neonatal immunity. Because
newborn humans and mice rely on maternal production of
immune modulating factors (such as immunoglobulins and cel-
lular immunity) in utero and postpartum, we chose to use
environmental conditions in which the mother, developing fe-
tus, and newborn were all exposed to the same environment.
We also chose a complex environment (corn dust) as a screen-
ing tool, in order to evaluate the effects of common environ-
mental pathogens and immune modulating bacterial compo-
nents, such as endotoxin. Using this model, we determined that
SP-A, but not SP-D, is critically important for survival and
prevention of infection in newborns. We also observed that
Bacillus sp. may be an important pathogen in the SP-A null
immunocompromised state.

The use of corn dust bedding resulted in a decrease in litter
size in both C3HeB/FeJ (inbred) and Swiss Black (outbred)
wild-type mice. Despite the variable lethality associated with

the two different batches of bedding used in our studies, ex-
posure to bacteria in the corn dust played a significant role in
newborn morbidity and mortality. While our experimental de-
sign did not determine the inciting event that adversely af-
fected the health of animals exposed to corn dust, infection was
a consistent component.

The observed significant newborn mortality was unexpected
in light of what is known about SP-A and SP-D null mice.
Specifically, both strains of mice, while immmunocompro-
mised, do not require strict pathogen-free conditions (Francis
McCormack, University of Cincinnati, personnel communica-
tion). Both colletins are components of the innate immune
system with the ability to bind many bacteria and viruses (71).
Numerous studies have demonstrated that SP-A null mice
have a reduced ability to clear pathogens from the lung (32,
34). Conversely, despite developing a profound inflammatory
response in the lung following bacterial exposure, SP-D null
mice can clear bacteria similar to wild-type animals (36).
Therefore, while both collectins can bind bacteria, they are
functionally distinct with regard to bacterial clearance. Our
data support the hypothesis that there are functional differ-
ences between SP-A and SP-D that result in a negative impact
of corn dust bedding on SP-A null newborn mice but not on
SP-D null newborn mice.

SP-A is most abundant in the lung, where it is produced by
type II epithelial cells and Clara cells (70). For this reason, we
expected to find the newborn lung most adversely affected in
the corn dust environment by a lack of SP-A protein. Inflam-
matory infiltrates were not observed in the lungs of SP-A null
newborns reared in either environment. We did, however, ob-
serve blood congestion in lung tissue of critically ill SP-A null
mice. We hypothesized that this finding is consistent with lung
injury associated with a systemic inflammatory process. Specif-
ically, in murine models systemically delivered endotoxin is
associated with pulmonary vascular endothelial injury (43, 49).
Thus, a primary lung insult is not required for a pulmonary
injury to occur. Our data indicate that another organ system,
such as the GI tract, was primarily infected and that the asso-
ciated systemic events contributed to increased pup mortality.

In our mouse model, the intestinal tract of the SP-A null
newborns exposed to corn dust had striking abnormalities con-
sistent with inflammation and poor nutritional intake. We also
detected bacteria within the peritoneal space of newborn SP-A
null mice exposed to the nonhygienic environment. The initi-
ating event(s) leading to infection and ultimately death in the
SP-A null pups was not identified in the present study. Inges-
tion of bacteria while the pups were nursing along with an
inability to clear these bacteria from the GI tract is one plau-
sible mechanism. The pathology and infection observed within
the intestines and surrounding peritoneal space may have been
the result of a disease pathway involving bacterial growth and
translocation. Alternatively, disease could also have been the
result of combined pathogen and endotoxin exposure leading
to a proinflammatory state. Studies supporting this hypothesis
demonstrated that in the absence of SP-A, alveolar macro-
phages have increased activation of NF-	B, a proinflammatory
nuclear transcription factor, due to reduced levels of the in-
hibitory protein I-	B (73). In our mouse model, a cytokine
surge in the animals exposed to corn dust might result in poor

FIG. 7. Kaplan-Meier survival curves for SP-A null newborn mice
with and without oral SP-A treatment. Newborn SP-A null mice born
and reared in corn dust bedding were either given two doses of SP-A
protein (5 �g/5 �l) (E) or the same volume of sterile PBS (f) twice in
the first 24 h of life. At 5 days of life, the mice treated with SP-A had
a significantly better chance of survival (P � 0.027) than their litter-
mates treated with diluent (PBS). At day 21 of life, this trend for
improved survival in the mice that received SP-A compared to the
SP-A null mice that did not receive SP-A continued (P � 0.034).
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feeding and shock consistent with a previously described in
vivo animal model of neonatal sepsis (53).

The bacterium most commonly detected in the peritoneal
space of critically ill SP-A null newborn mice was Bacillus sp.
The genus Bacillus is comprised of many closely related species
of aerobic, spore-forming, gram-positive, rod-shaped bacteria
with flagella (60). These organisms are hardy environmental
bacteria commonly found in soil and on plants. B. anthracis is
a member of this genus, but it is nonmotile and only rarely
causes gastrointestinal infections. In contrast, many B. cereus
strains are associated with GI illness (59). Toxins with cytotoxic
and emetic properties are produced by numerous Bacillus spp.,
including non-B. cereus strains (12). Bacillus sp. infection typ-
ically does not cause severe illness beyond food poisoning,
unless the host falls into one of two relatively immunocompro-
mised categories, premature newborns or cancer patients (13).
Bacillus sp. can be a cause of sepsis and bacteremia in prema-
ture infants (1, 19, 55). It has been isolated from the peritoneal
space and associated with intestinal perforations in a 28-week
gestational infant (17), and it was the cause of refractory in-
fection in a 24-week gestational infant (66). Thus, Bacillus sp.
is a serious pathogen in high-risk populations, such as new-
borns, and it may have been the inciting pathogen in our mouse
model. To date, interactions between SP-A and Bacillus spp. or
their toxins have not been evaluated.

The evidence that SP-A is functional in extrapulmonary sites
is relatively new. One example is the function of SP-A in the
initiation of parturition (7). Other examples are based on as-
sociation, specifically genetic association studies. For example,
SP-A is found in the human nasal epithelium (27). A polymor-
phism of the SP-A2 gene is associated with increased risk of
meningococcemia, an infectious process that requires coloni-
zation of the nasopharynx by Neisseria meningitides (21). GI
tract infection or pathology associated with a lack of SP-A
production has not previously been characterized. Since a lack
of SP-A is associated with reduced bacterial clearance during a
lung infection, unlike a lack of SP-D (36), a role for SP-A in the
clearance of pathogenic intestinal bacteria in the newborn
could be hypothesized.

Two very similar genes, SP-A1 and SP-A2, encode the hu-
man SP-A protein, while the mouse has only one SP-A gene
(23, 29, 44, 45). In the human population, there are four SP-A1
alleles and five SP-A2 alleles that occur with a frequency of

1% in the general population (10). One of these alleles has
been linked to an increased risk for neonatal respiratory dis-
tress syndrome and is associated with a reduction in SP-A
mRNA levels (22, 54). Therefore, we speculated that GI dis-
eases of the newborn associated with infection, such as necro-
tizing enterocolitis, may be linked to altered SP-A gene expres-
sion early in life.

Our data demonstrate that SP-A produced by either the
mother or the newborn is effective in improving pup survival in
a nonhygienic environment. The mechanisms by which indirect
SP-A (maternal source) and endogenous SP-A (neonatal
source) confer newborn immunoprotection appear to be dif-
ferent. We hypothesized that neonatal immunoprotection was
conferred by SP-A protein secreted into the newborn digestive
tract or by ingestion via maternal milk. SP-A protein secretion
by epithelial cells of the lung has been characterized previously
(11, 42). Therefore, we speculated that endogenous SP-A se-

creted by intestinal epithelial cells may have allowed the SP-A
heterozygous pups to survive in the corn dust bedding despite
having a SP-A null mother. The improved survival in the corn
dust bedding of SP-A null newborn pups fed purified human
SP-A strongly supports this hypothesis. In contrast, the ability
of a heterozygous female to protect her SP-A null pup from
early mortality in a nonhygienic environment does not appear
to be a direct effect of SP-A production in the mammary tissue.
Instead, we hypothesized that SP-A expressed in the mother
may have influenced the maternal immune system function and
allowed her to pass on, via either the placenta or the mammary
gland, cellular or humoral immune components that are vital
to the pup for survival in a nonhygienic environment. The
ability of SP-A to modulate both the innate and adaptive im-
mune systems in adults has been well established (3, 6), thus
making this a plausible mechanism for the indirect effects of
maternal SP-A on offspring.

SP-A protein is highly conserved among mammalian, avian,
reptilian, and amphibian species and lungfish (62). Phyloge-
netic evidence suggests that the emergence of SP-A-like pro-
teins occurred very early in the course of evolution. The ear-
liest detection of an SP-A-like protein was in structures such as
the swim bladder that developed from the embryonal gut in
fish and preceded the evolution of the lung. Therefore, as our
data indicate, SP-A may have significant immunological im-
portance in the newborn intestinal tract, conferring immuno-
protection against common environmental pathogens. Further,
delivery of exogenous SP-A to the GI tract is a novel and
effective use of a protein with an innate immune system func-
tion.
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