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Abstract
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In addition to neurodevelopmental effects, alcohol consumption at high levels during pregnancy is
associated with immunomodulation and premature birth. Premature birth, in turn, is associated with
increased susceptibility to various infectious agents such as Respiratory Syncytial Virus (RSV). The
initial line of pulmonary innate defense includes the mucociliary apparatus, which expels
microorganisms trapped within the airway secretions. Surfactant proteins A and D (SP-A and SP-D,
respectively) are additional components of pulmonary innate immunity and have an important role
in pulmonary defense against inhaled pathogens. The purpose of this study was to determine if
chronic alcohol consumption during the third trimester of pregnancy alters the function of the
mucociliary apparatus and expression of SP-A and SP-D of fetal lung epithelia. Sixteen, date-mated
ewes were assigned to two different groups; an ethanol exposed group in which ewes received ethanol
through surgically implanted intra-abomasal cannula during the third trimester of pregnancy, and a
control group in which ewes received the equivalent amount of water instead of ethanol. Within these
two groups, ewes were further randomly assigned to a full-term group in which the lambs were
naturally delivered, and a pre-term group in which the lambs were delivered prematurely via an
abdominal incision and uterotomy. Ethanol was administered 5 times a week as a 40% solution at
1gr/kg of body weight. The mean maternal serum alcohol concentration (SAC) measured 6 hr post
administration was 16.3 +/− 4.36 mg/dL. Tracheas from 6 full-term lambs were collected to assess
ciliary beat frequency (CBF). The lung tissue from all (24) lambs was collected for
immunohistochemistry (IHC) analysis of SP-A and SP-D protein production and fluorogenic realtime quantitative polymerase chain reaction analysis (qPCR) of SP-A and SP-D mRNA levels.
Exposure to ethanol during pregnancy significantly blocked stimulated increase in CBF though
ethanol-mediated desensitization of cAMP-dependant protein kinase (PKA). In addition, pre-term
born/ethanol-exposed lambs showed significantly decreased SP-A m-RNA expression when
compared to the pre-term born/control group (p=0.004); no significant changes were seen with SPD. The full-term/ethanol exposed lambs had no significant alterations in mRNA levels, but had
significantly less detectable SP-A protein when compared to the full-term/control lambs (p=0.02).
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These findings suggest that chronic maternal ethanol consumption during the third trimester of
pregnancy alters innate immune gene expression in fetal lung. These alterations may underlie
increased susceptibility of pre-term infants, exposed to ethanol in utero, to RSV and other microbial
agents.
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Introduction
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The innate immune response of lung epithelia represents the first line of defense against
potentially pathogenic microorganisms present in inspired air. These responses can
immediately prevent colonization and proliferation of microbes, thus minimizing the
involvement of the adaptive immune response and allowing efficient gaseous exchange. The
respiratory tract innate immune system prevents initial colonization of airborne
microorganisms through at least three distinct mechanisms. First, microorganisms trapped in
the respiratory mucus can be removed mechanically by mucociliary activity. Second, when
invading microbes reach the deeper respiratory compartments, such as the alveolar lumen,
cellular and secretory mechanisms are triggered. These include alveolar macrophages,
intravascular macrophages and other cells with phagocytic and pro-inflammatory properties
such as eosinophils (Aderem and Underhill, 1999; Underhill and Ozinsky, 2002). The third
mechanism involves antimicrobial peptides, proteins and other molecules secreted by
respiratory epithelia (Bals and Hiemstra, 2004; Brogden et al., 2003; Hiemstra and Bals,
2004). Ethanol exposure significantly alters at least some of these lung innate responses
(Happel and Nelson, 2005) in adults. While each of these innate immunity mechanisms are
important in the initial respiratory host defense, their activity in individuals born pre-term with
or without the influence of intrauterine ethanol exposure is poorly understood.
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Alveolar type II cells (ATII) as well as non-ciliated bronchial and bronchiolar epithelial cells
(Clara cells) secrete lung surfactant. Surfactant is a mixture of phospholipids which primarily
functions to prevent alveolar collapse during end-expiration (Ochs, 2006). However, in
addition to this physiological function, surfactant has been found to have potent antimicrobial
properties which are largely attributed to the hydrophilic, collectin-like surfactant protein A
and D (Crouch et al., 2000; Grubor et al., 2006; Kingma and Whitsett, 2006; Kishore et al.,
2006; LeVine and Whitsett, 2001; Sano and Kuroki, 2005). The secretion of SP-A and SP-D
is regulated by developmental stage (Kawashima et al., 2006; King et al., 1975; Mescher et
al., 1975), hormones and potentially, by environmental factors such as alcohol consumption.
Infants born prematurely exhibit increased susceptibility to and severity of infections with RSV
(Rossi et al., 2007). Risk factors associated with premature birth include maternal alcohol
consumption at high levels, smoking, drug abuse and poor nutrition (Albertsen et al., 2004;
Hack et al., 2002; Kyrklund-Blomberg et al., 2005; Parazzini et al., 2003). Alcohol
consumption during pregnancy has been associated with many harmful effects in the
developing fetus. Most studies have focused on neurodevelopmental (Riley and McGee,
2005; West and Blake, 2005) and behavioral anomalies (Mattson et al., 2001; Sood et al.,
2001) in infants born from mothers who drank during pregnancy. Recently it has been
suggested that in addition to neurodevelopmental effects, ethanol may play a significant role
in immunomodulation and consequential increase in susceptibility to various infectious in
newborn infants (Gauthier et al., 2005a; Gauthier et al., 2004; Gauthier et al., 2005b). It is our
hypothesis that ethanol consumption in moderation during pregnancy alters mucociliary
clearance and expression of SP-A and SP-D by fetal lung epithelia. Moreover, we suspect that
Alcohol. Author manuscript; available in PMC 2008 August 1.
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intrauterine fetal ethanol exposure may more severely affect those born pre-term than those
born full-term since full-term infants have had additional time to allow for lung epithelial cell
maturation. To do this we have developed an ovine model. Gestating ewes and their offspring
are well-suited for these studies since: 1) alveolar development in lambs occurs pre-natally as
in humans unlike rodents, 2) lambs can be derived pre-term and survive unlike many other
animal models (Meyerholz, Grubor et al. 2004), 3) ovine respiratory epithelia of airways, distal
bronchioles and alveoli are similar to those of human lung and the ovine lung has submucosal
glands not present in some animal models (Meyerholz, Grubor et al, 2004; Meyerholz,
Kawashima et al, 2006), 4) expression of SP-A and SP-D and other innate immune genes of
ovine lung are well-characterize and very similar to human (Grubor, Meyerholz et al, 2006;
Meyerholz, Kawashima et al 2006), and 5) pre-term lambs are susceptible to RSV, a known
pathogen of premature infants and maternal ethanol consumption is a risk for pre-term birth
(Meyerholz, Grubor et al, 2004). Finally, sheep have long been used for respiratory studies
related to human disease as well as the effects of ethanol on fetal brain development (Mescher,
Platzker et al, 1975).

Materials and methods
Experimental design
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Animal use and experimental procedures were approved by Iowa State University’s Animal
Care and Use Committee according to the requirements of the NIH guide for the Care and Use
of Laboratory Animals. Abomasal cannula was surgically implanted in 16, mixed breed
(1/2Rambouillet, 1/4Dorset and1/4Finsheep), date-mated, pregnant ewes approximately 6
weeks prior to lambing dates. The ewes were randomly assigned to two groups, an ethanolexposed and a control group. Within these groups, ewes were further randomly assigned to a
full-term group in which the lambs were naturally delivered and a pre-term group in which the
lambs were delivered prematurely via abdominal incision and uterotomy (day 138 of gestation,
term=147). The ewes received either ethanol or water five days a week for three weeks. A total
of twenty four lambs were obtained and assigned to experimental groups. Each group had six
lambs (n=6 lambs). The full-term/control group (FTC) had four singlets and one set of twins.
The full-term/alcohol exposed group (FTA) had three sets of twins. The pre-term/control group
(PTC) had two singlets and two sets of twins. The pre-term/alcohol exposed group (PTA) had
two singlets and two sets of twins. In addition, total of six lamb tracheae were obtained, three
from FTC group (n=3 lambs) and three from FTA group (n=3 lambs) for CBF analysis.
Abomasal cannulation
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The delivery of ethanol into the ovine abomasum allows bypass of the rumen and degradation
by ruminal microflora. It also promotes hepatic bio-metabolism as the abomasum is the “true”
stomach of ruminants and empties directly into duodenum. Pregnant ewes were deprived of
water and food for 12 hr prior to induction of anesthesia. Anesthesia was induced by
administration of Telazol (1–2 mg/kg, I.M; Fort Dodge, IA) and ewes were positioned in the
dorsal recumbence. General anesthesia was maintained by inhalation of 2% isoflurane. The
median abdominal and right paracostal regions were prepared for aseptic surgery. The initial,
10 cm incision was made from umbilicus to the epigastric region. Abomasum was identified,
exteriorized, and isolated by towels moistened with sterile saline. A ½” polyethylene cannula
(Bar Diamond, Parma, ID) was placed in the pyloric antrum and the abomasal incision was
closed with purse string sutures. A second, 5 cm long incision was made in the right paracostal
region and the cannula shaft was exteriorized. To secure the cannula placement, an additional
4 sutures through the cannula ring were added. Finally, both abdominal incisions were sutured
closed (Figure 1).
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In 16 pregnant ewes, 40% ethanol at 1gr/kg, V/V (Sigma, St. Louis, MO) administration began
5 days after cannula insertion and was repeated 5 days a week during the last 5 weeks of
gestation. Control ewes received the equivalent amount of water. After 4 weeks of ethanol
administration (5 days/week) serum alcohol (ethanol) concentrations (SAC) were determined
at 6, 12 and 24 hours post a single infusion by headspace gas chromatography analysis
(University of Iowa Diagnostic Laboratories, Iowa City, IA).
Tissue collection
Within 24 hr of natural lambing or uterotomy, all lambs were euthanized by intravenous
administration of sodium pentobarbital and lung tissue was collected immediately. The samples
from the left and right cranial lobes were collected into cryovials, snap frozen in liquid nitrogen
and stored at −80 °C until RNA extraction and qPCR analysis. The remaining tissue from the
same lung lobes were fixed in 10% buffered formalin for IHC. The tracheas were collected
into complete Dulbecco’s modified Eagle’s medium (complete DMEM), placed on ice and
immediately shipped for mucociliary activity analysis (Department of Internal Medicine,
University of Nebraska Medical Center, Pulmonary and Critical Care Medicine Section).
Ciliary Beat Frequency analysis
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A total of 6 lamb tracheae were obtained, 3 from FTC group (n=3 lambs) and 3 from FTA
group (n=3 lambs). Lamb tracheae were sliced into 2–5 mm rings and placed in M199 media
in 35 mm tissue culture dishes (Falcon, Franklin Lakes, NJ). Tissues were maintained at room
temperature (25°C ± 0.5°C) during assay procedures using a thermostatically-controlled heated
stage. Cilia motion frequency was quantitated using the Sisson-Ammons Video Analysis
(SAVA) system. Images of ciliated cells were visualized by inverted phase-contrast
microscope, digital video images captured and analyzed for motion by SAVA using a process
known as Whole Field Analysis (Sisson et al., 2003). The SAVA software analyzed each image
containing 19,200 possible motile zones to determine the average frequency and the standard
error of the mean for each field captured. For each experimental condition, a minimum of 6
separate fields were captured, analyzed and expressed as a data point.
Determination of cAMP-dependent Kinase Activity
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PKA activity was determined in crude whole-cell fractions of tracheal epithelial cells. Tracheae
were exposed to M199 (media control) or 100 μM isoprotrenol for 1 hour and the tracheal
epithelial cells were scraped from the luminal surface of the tracheae using a sterile cell lifter.
Cells were flash frozen on liquid nitrogen in a cell lysis buffer consisting of phosphate buffered
saline (pH 7.4) containing protease inhibitors (1 μg/ml each of leupeptin, aprotinin, PMSF and
chymostatin). Cell lysates were sonicated and particulates removed by centrifugation. Protein
concentration was determined by the Bradford method (Schleicher and Wieland, 1978) with
Bio-Rad protein reagent (Bio-Rad, Hercules, CA).
This PKA assay has been previously described in detail (Wyatt and Sisson, 2001). Kinase
activity was expressed in relation to total cellular protein assayed and expressed in terms of
picomoles of phosphate incorporated/min/mg of total protein assayed. All samples were
assessed in triplicate and no less than three separate experiments were performed per unique
parameter.
qPCR analysis
Our approach to this procedure has been previously described in detail (Gallup and Ackermann,
2006; Kawashima et al., 2006). Briefly, total RNA was isolated from whole lung tissue samples
and assessed for quantity and purity by spectrophotometry. This procedure was followed by
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DNase treatment (TURBO DNA-free kit, Ambion, Austin, TX). Prior to qPCR analysis, a test
plate was run to determine which RNA dilution ranges gave the best signal (lacked inhibition
and exhibited LOG-linear behavior and amplification efficiencies >80%) for SP-A and SP-D
targets. The DNase treated RNA isolates were diluted 1:10 with nuclease-free water, then
diluted to their ideal ranges on a per-sample, per-target basis (according to what was learned
from the test plate analysis), and further placed in duplicate into 96-well qPCR reaction plates
(Applied Biosystems Incorporated, Forest City, CA). Each initially-prepared 30 μl reaction
contained 7.8 μl of DNase treated, appropriately-diluted RNA isolate, 15 μl of a commercially
available Applied Biosystems One-Step Master Mix, 1000 nM primers, 150 nM TaqMan
(5′-6FAM, 3′-TAMRA-quenched) probe, and nuclease-free water. The negative, no-template
control wells contained nuclease-free water (Ambion) instead of RNA isolate. 27 μl of each
reaction was used in-well in the 96-well reaction plates. The plates were run in the GeneAmp
5700 Sequence Detection System (Applied Biosystems, Foster City, CA) for detection and
relative quantification of SP-A and SP-D mRNA targets. The results were analyzed by using
the GeneAmp 5700 software and departmentally available Excel files. In addition, the
ribosomal protein S15 mRNA levels were used as internal control.
IHC analysis
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This procedure and scoring system has been previously described in detail by our laboratory
(Grubor et al., 2004). Briefly, sections of lung on glass slides were deparaffinized and
rehydrated followed by antigen retrieval, a protein blocking procedure, SP-A specific primary
antibody incubation (Mouse IgM anti-human SP-A antibody, Chemicon International, Inc.,
Temecula, CA), secondary antibody application (biotinylated Rat anti-Mouse Isotype Rat
(LOU) IgG2a, κ, B.D. Pharmingen, San Diego, CA), streptavidin-conjugated horseradish
peroxidase incubation (BioGenex, San Ramon, CA) and Nova Red substrate (Vector,
Burlingame, CA) development. All slides were counter-stained with Shandon’s ¼-strength
hematoxylin (Shandon-Lipshaw, Pittsburgh, PA), dehydrated through a series of graded
solvents, and cover-slipped using Permount (Fisher, Hanover, IL) according to standard IHC
protocol. For IHC scoring system, five fields of each lung section were assessed for intensity
and distribution of SP-A stained epithelial cells in the terminal bronchioles and bronchiolar/
alveolar junctions. Scoring was based on predetermined scale; 0, no staining of cells; 1, <30%
of epithelial cells stained with minimal detectable intracytoplasmic staining; 2, 30–60% of
epithelial cells stained with minimal detectable intracytoplasmic staining; 3, 30–60% of
epithelial cells stained with >50% of cytoplasm stained; 4, >60% of epithelial cells stained
with >50% of cytoplasm stained.
Statistical analysis
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For CBF data, ANOVA was run on each data point. For determination of cAMP-dependent
Kinase Activity data was analyzed for statistical significance using one-way ANOVA. For IHC
and qPCR data, summary statistics (mean and standard error of the mean) were calculated for
each experimental group. Student-t tests (Graph Pad Sigma software, San Diego, CA) were
also performed on normalized qPCR and IHC-score data. The acceptable level of significance
was p<.05

Results
Sheep serum alcohol (ethanol) concentration
The ethanol in the maternal serum was measured 6 hr post-infusion and ranged from
undetectable (in one ewe) and 10–32 mg/dl (in other 7ewes), mean was16.3 +/− 4.36 mg/dL.
Ethanol was undetectable at 12 and 24 hours in these ewes (table 1).
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Ex vivo tracheal CBF was assayed in full-term lambs delivered to both control and ethanolexposed pregnant ewes. In ethanol-exposed trachea, baseline CBF did not significantly differ
from control trachea (Figure 2A). However, isoproterenol-stimulated CBF increases in control
lamb tracheal rings were not observed in tracheal rings obtained from ethanol-exposed lambs.
Because isoproterenol-stimulated CBF increases require the activation of PKA (Wyatt et al.,
1998) epithelial cell PKA activity was also assayed in this study. Isoproterenol significantly
increased PKA activity in control trachea, but failed to activate PKA in ethanol-exposed trachea
(Figure 2B).
qPCR results
Pregnant ewes that received ethanol during the last 5 weeks of gestation showed significantly
reduced SP-A mRNA expression in lungs of lambs delivered pre-term (p=0.004) compared to
pre-term/control lambs not receiving ethanol (Figure 3). Although maternal ethanol
administration exhibited a tendency toward decreased SP-D mRNA expression in pre-term
lambs when compared to pre-term/control lambs, this difference was not statistically
significant (p=0.4, Figure 4). In full-term lambs, there was no significant change in both SPA and SP-D mRNA expression between full-term control and full-term/ethanol exposed lambs.
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IHC analysis results
SP-A antigen was detected within the cytoplasm of terminal bronchiolar and bronchiolar/
alveolar junction epithelial cells in all four groups of lambs. The mean score for all for groups
was; PTC, 1.7 +/− 0.15; FTC, 2.88 +/−0.39; FTA, 1.66 +/−0.38 and PTA, 2.00 +/−0.41. The
pre-term/control group (Figure 5D) had significantly less detectible SP-A-specific staining
when compared to the full-term/control group (p=0.02, Figure 5B). The full-term/alcohol
exposed group (Figure 5A) had significantly less detectible SP-A-specific staining (reduced
SP-A protein expression) when compared to the full-term/control group (p=0.04, Figure 5B).

Discussion
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The finding that maternal ethanol exposure reduces the expression of SP-A mRNA and CBF
in fetal lung demonstrates that ethanol has transplacental effects on key aspects of lung innate
immunity. The decreased expression of SP-A mRNA in lungs of pre-term lambs and exposed
to ethanol in utero when compared to pre-term born, control lambs lacking in utero ethanol
exposure suggests that ethanol may even further hinder innate immunity beyond the level of a
normal pre-term individual. Our previous studies have shown that innate immune gene
expression in pre-term lambs is significantly reduced compared to full-term lambs (Hallman
et al., 2001; Kawashima et al., 2006) and ethanol may exacerbate this alteration. In this study,
pre-term/control (without ethanol exposure) SP-A mRNA levels tended to be reduced in
comparison to full-term lambs. However, this reduction was not significant (p=0.9). This was
expected since the gap in age between pre- and full-term lambs in this current study is less (9
days) than in our previous studies (17–32 days) (Meyerholz et al., 2006).
Although SP-A mRNA levels were reduced in the lungs of pre-term lambs exposed to ethanol
in utero, the IHC results suggested that SP-A protein expression was not significantly altered.
We suspect that this might be explained by decreased secretion of SP-A protein by the immature
lung epithelial cells (Hallman et al., 2001). It is possible that ethanol may suppress SP-A
transcriptional activity in immature epithelia and SP-A protein release into the airway.
In contrast to pre-term lambs, SP-A mRNA levels were not altered in full-term lambs with or
without ethanol exposure in utero. We suspect that the additional gestation time may allow the
lung epithelia to further mature and reach a critical point for essential SP-A transcription. The
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reduced SP-A protein detected in lungs of full-term/ethanol exposed lambs compared to the
full-term/control lambs may suggest that while a mature level of SP-A gene transcription may
occur at this developmental stage, there may be a time of “catch up” needed in newborn lambs
to release mature protein into the airway lumen. Alternatively, ethanol may have a residual
effect on post-translational intracellular mechanisms. However, IHC is a semiquantitative
technique and to make a firm statement on lung SP-A protein level additional techniques e.g
ELISA or Western Immunoblot are warranted. In addition, we have chosen to evaluate the IHC
staining at the terminal bronchioles and broncho-alveolar junction, which is primarily
composed of Clara cells for several reasons. The lung of pre-term and one day old lamb
neonates is not fully developed and alveolar epithelial cells are flattened and difficult to
identify. In our previous work we have shown that SP-A staining in the alveolar epithelium of
these age groups is less intense than that of 15 days old lambs (Meyerholz, Kawashima et al,
2006). In that same study, we have shown that SP-A mRNA expression by epithelial cells at
the broncho-alveolar junction (composed primarily of Clara cells and some ATII cells) parallels
(e.g. is proportional to) that of ATII throughout different intrauterine and postnatal
developmental stages. Also, SP-A mRNA expression by Clara cells was approximately 60%
of that by ATII at each stage of gestation and postnatally, which makes IHC staining of Clara
cells reliable evaluation criteria in pre-term and young neonatal lambs.
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The decrease in stimulated trachea CBF in lambs exposed to ethanol is consistent with previous
studies. Ethanol can have a detrimental effect on this lung protective mechanism depending
on the length of exposure. When acutely-exposed to ethanol, the ciliary beat frequency in
bovine bronchial epithelial cells was increased (Wyatt et al., 2003). Interestingly, when
chronically exposed to ethanol, the effect was quite opposite and ciliary beating was decreased
(Wyatt and Sisson, 2001). This chronic desensitization of cilia stimulation by ethanol has also
been demonstrated in vivo in rat (Wyatt et al., 2004) and mouse (Elliott et al., 2006) models.
Unique to our current study is the observation that maternal transmission of ethanol-mediated
desensitization occurs in the full-term lamb as well. The combination of reduced SP-A and SPD expression and decreased clearance due to desensitized CBF may underlie the increased
susceptibility of the pre-term lung (exposed to maternal alcohol consumption) to infectious
agents such as RSV.
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The CBF and SP-A findings in fetal lung are consistent with studies that show an overall
immunosuppressive effect of ethanol. For example, chronic alcoholics have an increased
incidence and higher mortality rate related to bacterial pneumonia (de Roux et al., 2006; elEbiary et al., 1997; Jong et al., 1995) and a three-fold increase in incidence of infection and
sepsis after surgery (von Dossow et al., 2004). In HIV patients, concurrent alcohol consumption
increases the susceptibility to various infections (Justice et al., 2006). Maternal alcohol
consumption during pregnancy and its effects on fetal immunity remains a largely unexplored
area of clinical significance. Several studies have already demonstrated that newborns exposed
to ethanol during prenatal life have a higher incidence of infection (Gauthier et al., 2004;
Gauthier et al., 2005b). The exact mechanism by which this occurs is not fully understood but
it is possible that reduction in tracheal CBF and SP-A may increase susceptibility to infections.
Ethanol consumption has been shown to have a suppressive effect on cellular components of
the innate immune system such as macrophages (Gauthier et al., 2005b) and/or neutrophils
(Vinson et al., 1998), all of which may occur concurrently with reductions in CBF and SPA.
Although lung epithelia secrete many antimicrobial peptides, proteins and molecules, SP-A
and SP-D are among the most extensively-studied pulmonary host defense/innate proteins.
They are constitutively expressed and secreted by ATII cells and Clara cells (Crouch et al.,
1992) and belong to a subgroup of collectin-containing mammalian C-type lectins, called
collectins (Kishore et al., 2006). SP-A and SP-D can bind, aggregate and opsonize many
microorganisms including Gram-negative and Gram-positive bacteria, enveloped viruses like
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Influenza A Virus (IAV), RSV, non-enveloped viruses like Rotavirus and fungal organisms in
order to protect lung from possible infection (Grubor et al., 2006). In animal studies, the
deficiency of SP-A, SP-D or both were associated with increased susceptibility to pulmonary
Pseudomonas aeruginosa (LeVine et al., 1998) and Streptococcal infections(LeVine et al.,
1997). Also, elevated levels of SP-A and SP-D mRNA in the lungs of neonatal lambs are
associated with clearance of Parainfluenza virus-3 (PIV-3) (Grubor et al., 2004). Another study
showed that SP-A and SP-D enhance mannose receptor mediated phagocytosis of
Mycobacterium avium by macrophages (Kudo et al., 2004). Also, the reduced clearance of
RSV in lambs is associated with prematurely and possibly inadequate expression in pulmonary
collectins (Meyerholz et al., 2004) while SP-A enhances RSV clearance in mice (LeVine et
al., 1999).
In addition, when SP-A and SP-D are administered to the lung in the murine model of invasive
pulmonary aspergillosis, the mortality rate of infected animals was significantly reduced
(Kishor et al., 2002). In rats, administration of SP-A reduces the oxidative damage of ventilated
lungs (Bailey et al., 2006). In ventilated lambs, SP-A did not reduce inflammation indicators
caused by inflammation (Ikegami and Jobe, 2002). However, there were no negative effects
associated with SP-A administration.
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In this study, we have shown that a moderate level of alcohol consumption during the third
trimester of pregnancy significantly decreases the levels of SP-A gene expression in pre-term
lambs while SP-D remained unaffected. The exact mechanism of this alcohol-related
immunosuppressive effect is not clear but we suspect that ethanol may have a direct effect on
lung epithelial cells, particularly ATII cells and Clara cells. For example, Brown et al. have
previously shown that chronic ethanol ingestion potentiates apoptosis of ATII cells in rats
(Brown et al., 2001). The results of this experiment suggest that chronic ethanol exposure
decreases the bioavailability of glutathione (GSH) to mitochondria of ATII cells. As a
consequence, ATII repair mechanisms are diminished resulting in a significant decrease in
numbers of these SPA-producing cells. Also, the same investigators have previously published
that chronic ethanol exposure and GSH depletion activates matrix metalloproteinases (MMP’s)
which consequentially degrade lung epithelial cells (Lois et al., 1999). Although this might be
a possible mechanism of ethanol-induced lung innate immunity impairment, other researchers
have shown that prenatal exposure to ethanol effects maternal-fetal-hormonal interactions
which in-turn substantially affects the functional immunity of offspring. Zhang at al. have
demonstrated that alcohol consumption during pregnancy increases Hypothalamic-PituitaryAdrenal (HPA) responsiveness in rat pups in such a way that ethanol-exposed neonates exhibit
reduced increase responsiveness in early and pre-weaning life (Zhang et al., 2005). The exact
nature and significance of this disturbed hormonal homeostasis still needs to be determined
but it is possible that insufficient neonatal corticosteroid levels might be an underlying indicator
for inadequate lung surfactant production. In addition, moderate levels of ethanol consumption
are related to an increased incidence of premature birth (Albertsen et al., 2004; Parazzini et al.,
2003). As previously demonstrated in our lab, pre-term birth is significantly correlated to
decreased expression of SP-A and SP-D (Meyerholz et al., 2006).
In developing this ovine model, a cannula was placed into the abomasum for ethanol delivery.
This allowed us to bypass the rumen and access a part of the ovine gastrointestinal tract that
more accurately mimics the stomach of humans. The abomasum is the “true” stomach of
ruminants out of which there is unimpeded flow of abomasal contents into the duodenum and
small intestine – similar to gastric contents emptying into the small intestine of humans. The
delivery of ethanol into the ovine abomasums in this manner allows for its absorption and
passage into the portal veins draining into the liver thereby promoting hepatic bio-metabolism
(Lieber et al., 1994), which is similar to the route of ethanol in humans.
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As indicated, the levels of ethanol used in this study were similar to those of moderate, not
excessive alcohol consumers (Brien et al., 1987). There is debate over “safe” levels of alcohol
consumption during pregnancy, and many studies recommend complete abstinence from
alcohol during gestation altogether (Martinez-Frias et al., 2004).
In conclusion, moderate alcohol consumption during the last trimester of pregnancy in sheep
is associated with significant reduction of SP-A mRNA expression in pre-term lambs and CBF
in full-term lambs. The IHC results are suggestive of SP-A protein alteration by maternal
alcohol consumption however, additional work on SP-A protein levels is warranted. The
deficiency in surfactant proteins, including SP-A, is associated with increased susceptibility
to neonatal infections including RSV (Griese et al., 2002). This finding may have clinical
significance and will allow us to further investigate RSV infection as a means to address the
hypothesis that ethanol exposure during pregnancy may increase RSV susceptibility in human
infants.
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Figure 1.

Intra-abomasal cannula for alcohol delivery. The canula is present along the ventral right
paralumbar area. To deliver alcohol, the screw-cap is released and a catheter is inserted and
alcohol enters by gravity flow.
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Figure 2.

Ewes were exposed to alcohol as described. 6 full-term lambs were sacrificed and tracheal ring
cilia were incubated with control media or 100 μM isoproterenol (ISO) for 30 min. CBF (panel
A) and PKA (panel B) were assayed. ISO significantly stimulates increased lamb tracheal
epithelial CBF and PKA from control ewes (*p<0.05; n=3 lambs). Maternal alcohol exposure
desensitizes the lamb cilia to beta-agonist stimulated increases in CBF and PKA (n=3 lambs).
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Figure 3.

The relative SP-A mRNA expression in pre-term control (PTC), and full-term control (FTC)
lambs as well as pre-term alcohol-exposed (in utero) (PTA) and full-term alcohol-exposed (in
utero) lambs (FTA). The FTC and PTC values are equal to one. The PTA and FTA values are
presented relative to the corresponding controls. The SP-A mRNA expression is significantly
reduced (p=0.004) in PTA lambs (n=6 lambs) when compared to PTC lambs (n=6lambs). There
is no significant change in SP-A mRNA expression between FTA and FTC lambs.
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Figure 4.

The relative SP-D mRNA expression in pre-term and full-term lambs with or without (control)
maternal alcohol administration during gestation. Although maternal alcohol administration
had a tendency to decrease the SP-D mRNA expression in the pre-term/alcohol exposed lambs
(PTS), (n=6 lambs) when compared to the pre-term/control lambs (PTC), (n=6 lambs), this
difference was not statistically significant (p=0.4). There is no significant change in SP-D
mRNA expression between full-term/alcohol exposed and full-term/control lambs.
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Figure 5.
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Representative immunohistochemical detection of SP-A protein in bronchial/bronchiolar
epithelium of the full-term/alcohol exposed lambs (A), full-term control lambs (B), pre-term/
alcohol exposed lambs (C) and pre-term control lambs (D). High distribution and intensity of
staining is seen in pre-term lambs receiving alcohol, suggesting that alcohol may affect SP-A
protein release from epithelial cells. Arrows depict epithelial cells with SP-A protein
expression.
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6hr
12hr
24hr

Ewe 1
0
0
0

Ewe 2
23
0
0

Ewe 3
11
0
0

Ewe 4
10
0
0

Ewe 5
10
0
0

Ewe 6
28
0
0

Ewe 7
32
0
0

Serum alcohol concentrations in mg/dl, in acclimated (receiving daily ethanol for five days for three weeks) pregnant ewes at six, 12 and 24 hours after a
single infusion (40% at 1 mg/kg, V/V).
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