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Surfactant protein A is expressed in the central nervous system
of rats with experimental autoimmune encephalomyelitis, and
suppresses inflammation in human astrocytes and microglia
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Abstract. The collectin surfactant protein-A (SP-A), a potent
host defense molecule, is well recognized for its role in the
maintenance of pulmonary homeostasis and the modulation of
inflammatory responses. While previous studies have detected
SP-A in numerous extrapulmonary tissues, there is still a lack
of information regarding its expression in central nervous
system (CNS) and potential effects in neuroinflammatory
diseases, such as multiple sclerosis (MS). The present study
used experimental autoimmune encephalomyelitis (EAE), the
most commonly used animal model of MS, to investigate the
expression of SP-A in the CNS at different stages of disease
progression. In addition, in vitro experiments with lipopoly-
saccharide (LPS)-stimulated human astrocytes and microglia
were performed to investigate the potential role of SP-A in the
modulation of CNS inflammatory responses. The results of the
present study demonstrated widespread distribution of SP-A
in the rat CNS, and also identified specific expression patterns
of SP-A at different stages of EAE. In vitro, the current study
revealed that treatment of human astrocytes and microglia
with LPS promoted SP-A expression in a dose-dependent
manner. Furthermore, exogenous SP-A protein significantly
decreased Toll-like receptor 4 and nuclear factor-kB expres-
sion, and reduced interleukin-1f and tumor necrosis factor-a
levels. The results of the current study indicate a potential role
for SP-A in the modulation of CNS inflammatory responses.
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Introduction

Surfactant protein A (SP-A), a collagen-containing C-type
collectin, is an important host defense protein that functions to
maintain pulmonary homeostasis and regulate inflammatory
responses (1,2). SP-A is involved in various immune functions
by mediating a variety of processes, including recognition
and opsonization of pathogenic invaders and apoptotic cells,
downregulation of inflammation and modulation of the
expression of Toll-like receptors (TLRs) (3-5). During acute
and chronic lung injury, serum levels of SP-A are markedly
increased and SP-A knockout mice experience more severe
inflammation with increased levels of pro-inflammatory cyto-
kines (1,6). Although the lung appears to be the primary site of
synthesis (7), SP-A protein and mRNA are widely expressed
in several extrapulmonary tissues, including the intestine,
colon, mucosa and brain tissue (8-10). Previous studies have
demonstrated that SP-A modulates inflammatory responses in
an animal model of experimental necrotizing enterocolitis (11)
and increased expression of SP-A was observed during chronic
rhinosinusitis and allergic rhinitis (12,13). The potential func-
tion of SP-A in extrapulmonary immunity is an emerging area
of research.

Previous studies have revealed that SP-A is expressed in
rat and human central nervous systems (CNS) (10,14). SP-A
exhibits immunoreactivity in rat and human brains, and
levels are lower in the cerebrospinal fluid (CSF) of patients
with autoimmune inflammatory diseases, such as multiple
sclerosis (MS), which indicates that there is an association
between the established functions of SP-A and the pathogenic
factors of MS (10,14). TLR4 is a critical cellular receptor
for SP-A (15). Increased expression and activation of CNS
TLR4 is involved in the activation and modulation of proin-
flammatory responses during the progression of MS (16).
TLR4 is widely expressed in resident immune cells of the
CNS, including astrocytes and microglia, and stimulates the
pathway that predominantly activates the transcription factor
nuclear factor-kB (NF-«xB) (17,18). Through this pathway,
TLR4 regulates the production of several inflammatory
factors, including tumor necrosis factor-o (TNF-a) and
interleukin-1p (IL-1p) (19,20). Accordingly, we hypothesized
that SP-A may be involved in the modulation of inflammatory
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responses in the CNS, and interact with the lipopolysaccharide
(LPS)-TLR4/NF-«kB pathway in astrocytes and microglia.
Using the established rat experimental autoimmune encepha-
lomyelitis (EAE) model of MS, and in vitro experiments with
LPS-stimulated human astrocytes and microglia, the present
study investigated the distribution of SP-A in the rat CNS and
changes in SP-A expression over different courses of EAE
progression. Additionally, the current study focused on the
interactions between SP-A and LPS-induced inflammatory
responses, and TLR4 expression in human astrocyte and
microglial cells.

Materials and methods

Animal models. Female Lewis rats (n=40) aged 6-8 weeks old
and weighing ~200 g were obtained from the animal labora-
tories of China Medical University (CMU; Shenyang, China).
Animals were housed under a 12 h light/dark cycle and had
free access to food and water. All experimental protocols were
performed in accordance with the Guidelines for the Care and
Use of Laboratory Animals of CMU and National Institutes of
Health Publication (NTH publication no. 86-23, revised 1985).
EAE model was induced as previously described (21). Briefly,
rats were immunized with subcutaneous injections of 0.4 ml
solution composed of guinea pig spinal cord homogenate
and an equal volume of Mycobacterium tuberculosis H37Ra
(10 mg/ml; Difco; BD Biosciences, Franklin Lakes, NJ,
USA)-enriched complete Freund's adjuvant (Sigma-Aldrich;
Merck KGaA, Darmstadt, Germany) in both hind footpads
and in the back. The day of immunization was termed day O.
A preliminary experiment was performed prior to the detec-
tion of SP-A in different stages of EAE. It was observed that
disease onset typically occurred between 9 and 11 days after
immunization, and reached its peak between days 15 and 17
post-immunization. From day 21 onwards, the disease entered
recovery stage. Therefore, the stages in the present study were
designed to consist of initial, peak and recovery stages and the
CNS tissues were obtained on day 10, day 16 and day 21 for
different stages (n=10 per stage). Non-immunized rats (n=10)
received an equal amount of normal saline as a control group.
All rats were sacrificed under anesthesia to obtain CNS tissue.

Preparation of purified SP-A. SP-A protein used in this study
was prepared as described previously (21). Briefly, bron-
choalveolar lavage was obtained from human volunteers with
pulmonary alveolar proteinosis, and SP-A was isolated from
lavage material by pelleting and delipidating with isopropyl
and 1-butanol, the purified SP-A protein was donated by the
Respiratory Department of Shenjing Hospital (Shenyang,
China). Following precipitation, SP-A was further purified
via column affinity and purification (~0.8 mg/ml), which
was determined by SDS-PAGE. Endotoxin levels in the SP-A
preparation were assessed via immunoblotting and ranged
from undetectable to 0.18 pg/ug.

Human astrocyte and microglial cultures. Haoman astro-
cytes and microglia (cat. nos. 1800 and 1900, respectively;
Sciencell Research Laboratories, Carlsbad, CA, USA) derived
from normal human brain were cultured with a mixture of
formulated Dulbecco's modified Eagle's medium (Invitrogen;
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Thermo Fisher Scientific, Inc., Waltham, MA, USA) and
10% fetal bovine serum (Invitrogen; Thermo Fisher Scientific,
Inc.) in a humidified atmosphere of 5% CO, at 37°C. The
culture medium was renewed every two days. Cells were
dissociated with 0.25% EDTA (Invitrogen; Thermo Fisher
Scientific, Inc.) once 80% confluency was reached.

Immunohistochemical staining for SP-A, glial fibrillary
acidic protein (GFAP), allograft inflammatory factor 1 (Iba-1)
and CDI11b in the rat CNS. Tissue specimens from rat CNS
tissues were fixed in 4% paraformaldehyde (PFA) in PBS
(pH 7.4) overnight and subsequently embedded in paraffin,
from which 4 um thick sections were prepared. Following
deparaffinization, sections were blocked with 5% normal goat
serum (Beyotime Institute of Biotechnology, Haimen, China)
at room temperature for 30 min, and incubated with rabbit
SP-A polyclonal antibody (1:200; cat. no. sc-13977; Santa Cruz
Biotechnology, Inc., Dallas, TX, USA), rabbit GFAP polyclonal
antibody (1:500; cat. no. ab7260; Abcam, Cambridge, UK),
rabbit IBA1 polyclonal antibody (1:500; cat. no. GTX101495;
GeneTex, Inc., Irvine, CA, USA) or rabbit CD11b polyclonal
antibody (1:200; cat. no. DF2911; Affinity Biosciences,
Cincinatti, OH, USA) overnight at 4°C. Subsequently, sections
were incubated with goat anti-rabbit IgG (H+L) secondary
antibody (1:1,000; cat. no. A0277; Beyotime Institute of
Biotechnology) at room temperature for 30 min and stained
with 3,3'-diaminobenzidine (DAB) solution (Sigma-Aldrich;
Merck KGaA). When detection of the distribution of SP-A in
healthy rat CNS was performed, lung sections were stained
as the positive control. CNS sections incubated with PBS
instead of a primary antibody served as the negative control.
All sections were counterstained with hematoxylin to identify
nuclei. In addition, conventional hematoxylin and eosin (H&E)
staining was performed. The sections of the cortex and lung
were observed at x200 and x400 magnification with a light
microscope (Olympus Corporation, Tokyo, Japan).

Immunofluorescence staining for SP-A. Paraffin sections
(3-4 mm) of rat CNS were deparaffinized for double
fluorescence staining for SP-A and GFAP, or SP-A and Iba-1.
Subsequent to blockage with 5% normal donkey serum
(Sigma-Aldrich; Merck KGaA) at room temperature for 2 h,
sections were incubated with a mixture of goat SP-A polyclonal
antibody (1:200; cat. no. sc-7699; Santa Cruz Biotechnology,
Inc.) and rabbit GFAP polyclonal antibody (1:500; cat.
no. ab7260; Abcam), or goat SP-A polyclonal antibody and
rabbit Iba-1 polyclonal antibody (1:500; cat. no. GTX101495,
GeneTex, Inc.) overnight at 4°C, followed by a mixture of Alexa
Fluor® 488 donkey anti-rabbit IgG (1:200; cat. no. A21206;
Invitrogen; Thermo Fisher Scientific, Inc.) and Alexa Fluor®
594 donkey anti-goat IgG (1:200; cat. no. A11058; Invitrogen;
Thermo Fisher Scientific, Inc.) for 2 h at room temperature.
Hoechst 33258 was used for nuclear staining. CNS sections
incubated with only secondary antibody served as nega-
tive controls for GFAP, Iba-1 and SP-A. Brain sections were
observed at x400 magnification with a fluorescence micro-
scope (Leica Microsystems GmbH, Wetzlar, Germany).

Immunocytochemical staining of astrocytes and microglia.
Immunocytochemical staining for SP-A was performed in human



MOLECULAR MEDICINE REPORTS 15: 3555-3565, 2017

A
B
Lu sC CP Ce Hc Co BS
SPA e — — — — === =54 kDa
Fractin o — — — — — e = 17 kDa

E g
" Pasitive:dontrol

3557

. g £ = 5 i A i

Relative content

Figure 1. Detection of SP-A in rat CNS tissues by immunohistochemistry and western blotting. (A) Expression of SP-A in normal rat CNS was detected with
immunohistochemistry at magnification x400. Sections from the Co, Hc, CP, Ce, BS and SC were analyzed. Lu sections from normal rats were stained as a
positive control and negative control sections of normal rat brains were stained with secondary antibody only. Arrows indicate the location of SP-A expressing
cells. (B) Proteins isolated from SC, CP, He, Co and BS were detected with western blot analysis, Lu served as a positive control. (C) Western blot quantitative
analysis was performed and levels were normalized relative to f-actin. Data is presented as the mean + standard deviation. Co, cortex; Hc, hippocampus;
CP, choroid plexus; Ce, cerebellum; BS, brain stem; SC, spinal cord; Lu, lung; SP-A, surfactant protein-A; CNS, central nervous system.

astrocytes and microglia in vitro. Coverglass cultured cells were
fixed in 4% PFA, blocked with 5% normal goat serum for 30 min
and incubated with rabbit SP-A polyclonal antibody (1:200;
cat. no. sc-13977; Santa Cruz Biotechnology, Inc.) overnight
at 4°C, followed by rabbit IgG secondary antibody at room
temperature for 30 min. Sections were stained with DAB solution
(Sigma-Aldrich; Merck KGaA), followed by counterstaining
with hematoxylin to observe nuclei. Cells incubated only with
secondary antibody served as negative controls.

Evaluation of LPS stimulation of SP-A protein expression
in human astrocytes and microglia. Human astrocytes and
microglia were incubated with a range of LPS concentrations
from Escherichia coli 0111: B4 (0, 1, 5 and 10 pg/ml; Sigma;
St. Louis, MO, USA) for 24 h, or 10 yg/ml LPS for different
durations (2,4, 8, 16 and 24 h). Cells were collected for analysis
of SP-A protein expression by western blotting.

Evaluation of the effect of SP-A on LPS-induced TLR4/NF-xB
expression and TNF-a/IL-1§3 release. Human astrocytes and
microglial cells were divided into the following four groups:
LPS, incubated with 5 ug/ml LPS for 8 h; LPS + SP-A,
incubated with 5 pg/ml LPS + 0.5 ug/ml SP-A for 8 h; SP-A,
incubated with 0.5 pg/ml SP-A for 8 h; and control, incubated
with normal culture medium. Cells and culture media were
collected separately for the analysis of TLR4/NF-xB proteins
by western blotting, and TNF-a/IL-1f levels by ELISA.

Protein preparation and western blotting. Proteins
from CNS tissues and cell cultures were extracted
using radioimmunoprecipitation assay lysis buffer (cat.
no. sc-24948; Santa Cruz Biotechnology, Inc.) and 10 mg/ml
phenylmethanesulfonyl fluoride (Sigma-Aldrich; Merck KGaA)
for 15 min. Homogenates were centrifuged at 15,000 x g
for 30 min at 4°C, and the supernatant was collected. Protein
concentrations were quantified with the BCA assay (Novagen;
Merck Millipore). Protein samples (30-50 pg/well) were subjected
to 10% SDS-PAGE and transferred to PVDF membranes
(EMD Millipore, Billerica, MA, USA). Subsequent to blocking
with 5% skimmed milk solution at room temperature for 2 h,
membranes were incubated with rabbit SP-A polyclonal antibody
(1:200; cat. no. sc-13977; Santa Cruz Biotechnology, Inc.), rabbit
TLR4 polyclonal antibody (1:200; cat. no. sc-10741; Santa
Cruz Biotechnology, Inc.), rabbit NF-kB polyclonal antibody
(1:200; cat. no. sc-109, Santa Cruz Biotechnology, Inc.) or
mouse B-actin monoclonal antibody (1:1,000; cat. no. sc-69879,
Santa Cruz Biotechnology, Inc.) overnight at 4°C, followed by
peroxidase-conjugated goat anti-rabbit or anti-mouse secondary
antibody (1:2,000; cat. nos. TA130023 and 130004, respectively;
OriGene Technologies, Inc., Beijing, China) at room temperature
for 2 h. Immunoproducts were detected by chemiluminescence
with Luminol reagent (cat. no. sc-2048; Santa Cruz Biotechnology,
Inc.) and analyzed using an electrophoresis gel imaging analysis
system (MF-ChemiBIS 3.2; DNR Bio-Imaging Systems, Ltd.,
Jerusalem, Israel). Subsequently, densitometry of the bands was
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Figure 2. H&E staining and immunohistochemical staining of GFAP, Iba-1, CD11b and SP-A in the rat CNS at different stages of EAE. (A) CNS sections at
initial, peak and recovery stages of EAE were stained for inflammation by H&E, GFAP-positive astrocytes, Iba-1-postive microglia, CD11b general marker
of inflammatory cells and SP-A. Whole image magnification, x200 and corner image magnification, x400. Section of rats under normal conditions served as
the control. Arrows indicate the location of SP-A expressing cells. (B) Lu sections of normal rats were stained as a positive control. Negative control sections
of normal rat CNS were treated with secondary antibody only and were unstained for GFAP, Iba-1, CD11b and SP-A. Magnification, x400. H&E, hematoxylin
and eosin; GFAP, glial fibrillary acidic protein; Iba-1, ionized calcium-binding adapter molecule 1; SP-A, surfactant protein-A; Lu, lung; CNS, central nervous

system; EAE, experimental autoimmune encephalomyelitis.

semi-quantitatively analyzed (n=9 per group) using Image-Pro
Plus 6.0 software (Media Cybernetics, Inc., Rockville, MD,
USA) and calculated relative to B-actin control.

ELISA analysis of TNF-a and IL-1f release. Culture medium
from the 4 groups was centrifuged at 15,000 x g for 30 min
to remove debris. The supernatant was collected and used to
analyze TNF-a and IL-1p levels using matched ELISA kits
(cat. nos. DTAOOC and DLBS50, respectively; R&D systems,
Inc., Minneapolis, MN, USA). Concentrations were quantified
relative to standard curves, according to the manufacturer's
instructions.

Statistical analysis. All data were analyzed using GraphPad
Prism 6.0 software (GraphPad Software, Inc., La Jolla,

CA, USA) and presented as the mean + standard deviation.
Differences among groups were analyzed by one-way analysis
of variance, followed by the least significant difference test
or Kruskal-Wallis test. P<0.05 was considered to indicate a
statistically significant difference.

Results

Detection of SP-A in healthy rat CNS tissues. SP-A was
detected in brain and spinal cord tissue sections from normal
rats via immunostaining. Immunohistochemical results
demonstrated widespread distribution of SP-A. In the cortex,
SP-A was demonstrated to be expressed on glial cells rather than
neurons and in positively stained cells the staining intensity
was higher in the nuclei than in the cytoplasm (Fig. 1A). SP-A
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Figure 3. Western blot analysis of GFAP, Iba-1, CD11b and SP-A in the rat CNS at different stages of EAE. (A) Proteins obtained from the rat CNS at the
initial, peak and recovery stages of EAE were detected for GFAP, IBA-1, CDI11b and SP-A via western blotting. (B) Quantitative analysis of western blots was
performed and levels were normalized relative to B-actin. Results are presented as the mean + standard deviation. “P<0.05 vs. control group; “P<0.05 vs. initial

stage group; 4P<0.05 vs. peak stage group. GFAP, glial fibrillary acidic protein;

Iba-1,ionized calcium-binding adapter molecule 1; SP-A, surfactant protein-A;

CNS, central nervous system; EAE, experimental autoimmune encephalomyelitis.

was also expressed in the cytoplasm and granular structures of
hippocampal neurons. Strong immunoreactivity for SP-A was
detected in the cytoplasm of ependymocytes of the outer layer
of choroid plexus. SP-A was also present in Purkinje cells of
the cerebellar cortex. In a vertical section of brain stem and
horizontal section of spinal cord, the nuclei and cytoplasm of
specific cells, presumably glia, exhibited immunoreactivity for
SP-A. Lung tissue sections, used as a positive control, exhibited
positive immunoreactivity, and CNS sections incubated
with only secondary antibody, used as the negative control,
exhibited no immunoreactivity (Fig. 1A). Proteins isolated
from spinal cord, choroid plexus, cerebellum, hippocampus,
cortex and brain stem tissue were analyzed by western blotting
to investigate the protein expression of SP-A, with lung tissue
used as the positive control. SP-A bands from western blot
analysis of different rat CNS samples are presented in Fig. 1B.
The results demonstrated that choroid plexus, hippocampus
and brain stem tissues expressed higher levels of SP-A protein
compared with the other tissues in the rat CNS (Fig. 1C).

H&E staining and changes in the expression of SP-A, GFAP,
Iba-1 and CDIIb in the initial, peak and recovery stages of
EAE. As immunoreactivity for SP-A was detected in healthy
rat CNS sections, the present study also investigated SP-A
expression patterns at different stages of EAE. Parallel
sections were stained for inflammation (H&E), astrocytes
(GFAP), microglia and monocytes (Iba-1), and also a general
marker for inflammatory cells (CDI11b), which allowed
changes in SP-A expression and the degree of inflammation
during EAE to be analyzed. Rats under normal conditions,
with no infiltrating inflammatory cells in the brain detected by
HE staining and normal microglial/leukocyte CD11b expres-
sion, were used as the control. GFAP-positive astrocytes and
Iba-1 positive microglia were evenly distributed in the brain
with normal morphology(Fig. 2A). At the initial stage of
EAE (days 9-11), H&E staining revealed a small number of
scattered infiltrating cells around the vessels. The pattern of

GFAP-positive astrocytes was similar in the initial stage of
EAE compared with the pattern in normal conditions, while
Iba-1-positive microglia exhibited a modified rod shape and
increased numbers in the initial stage of EAE compared with
normal conditions, which was associated with inflamma-
tory cell aggregation. Expression of CD11b was increased in
peri-foci during the initial stage compared with normal condi-
tions. In the initial stage of EAE, SP-A levels were marginally
increased compared with normal conditions. Notably, immu-
noreactive SP-A aggregated to inflammatory foci, which is
evident from immunostaining (Fig. 2A).

At the peak EAE stage (days 15 and 17), large-scale
inflammatory cell aggregation and numerous perivascular
cuffs were observed in HE-stained sections. Astrocytic reac-
tions occurred around the EAE lesions with increased staining
intensity. Microglial cells increased in number and were of the
activated form (Fig. 2A). Microglial/leukocyte CDI11b levels
were also markedly increased at the peak stage compared
with the initial stage and normal conditions. In CNS samples
in the peak EAE stage, SP-A levels were markedly increased
compared with the initial stage and normal conditions,
particularly within certain severe lesions with huge amounts
of inflammatory cells (Fig. 2A). From day 21 onwards, the
recovery stage commenced and the number of inflammatory
cells and EAE lesions observed from H&E staining was mark-
edly reduced compared with the peak stage. Additionally,
reactive astrocytes and microglia cells decreased in number
and interacted to form glial scars. Positive staining for CD11b
was also decreased, along with SP-A expression in recovery
stage CNS samples compared with peak stage samples. SP-A
was distributed far from lesions, which was also observed
in control samples (Fig. 2A). Lung sections of normal rats
were stained as a positive control. Negative control sections
of normal rat CNS were treated with secondary antibody
only and were unstained for GFAP, Iba-1, CD11b and SP-A,
as presented in Fig. 2B. Protein levels of the aforementioned
indicators at different EAE stages were assessed by western
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Figure 4. Double-immunofluorescence staining for detection of SP-A on astrocytes and microglia cells in the rat central nervous system. (A) Sections were
immunostained with anti-GFAP and anti-SP-A, or anti-Iba-1 and anti-SP-A antibodies. Nuclei were counterstained with Hoechst 33258. GFAP+/SP-A+ astro-
cytes are indicated by arrows and Iba-1+/SP-A- microglial cells are indicated by arrowheads in the merged images. Magnification, x400. (B) Negative control
sections treated with secondary antibody only were unstained for GFAP, Iba-1 and SP-A. Magnification, x400. GFAP, glial fibrillary acidic protein; SP-A,
surfactant protein-A; Iba-1, ionized calcium-binding adapter molecule 1.
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Figure 5. Immunohistochemical staining of SP-A in human astrocytes and microglial cells. Fixed human astrocytes were stained for (A) SP-A or (B) with
secondary antibody only. Fixed human microglial cells were stained for (C) SP-A or (D) with secondary antibody only. Magnification, x400. All sections
were counterstained with hematoxylin for nuclei. Immunopositive SP-A was detected in the cytoplasm and nuclei of human astrocytes, however, only in the
cytoplasm of microglia. SP-A, surfactant protein-A.

blot analysis (Fig. 3A). Quantification of blots demon- samples, followed by a significant decrease in expression at
strated gradually increasing expression of GFAP, Iba-1 and  the recovery stage compared with the peak stage (P<0.05;
CDl11b in the initial and peak stages compared with control ~ Fig. 3B). Similarly, SP-A protein expression increased with
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Figure 6. SP-A protein levels are increased in LPS-stimulated human astrocytes and microglial cells. Human astrocytes and microglia cells were stimulated
with either varying doses of LPS (0, 1,5, and 10 xg/ml) for 24 h or 10 pg/ml LPS for different durations (2,4, 8, 16 or 24 h). (A) SP-A protein levels isolated from
cultured cells were assessed by western blot analysis. Quantitative analysis of western blotting results from (B) varying LPS doses and (C) varying durations
of exposure to 10 zg/ml LPS were normalized relative to B-actin. Results are presented as the mean =+ standard deviation. "P<0.05 and “P<0.01, comparisons

indicated by brackets. SP-A, surfactant protein-A; LPS, lipopolysaccharide.

increasing severity of inflammation and expression of reactive
astrocytes and microglial cells, and decreased significantly
in the recovery stage compared with initial and peak stages
(P<0.05; Fig. 3B).

Detection of SP-A in astrocytes and microglia. To clarify the
association between immunoreactive SP-A, and astrocytes
and microglia, the two types of CNS resident immune cells,
the present study detected SP-A expression in astrocytes and
microglia via double immunofluorescence staining of normal
rat CNS sections and immunocytochemical staining of human
astrocyte and microglia cell lines. In rat CNS sections, SP-A
was diffusely distributed in the cytoplasm of astrocytes, but
not microglia (Fig. 4). Additionally, cytoplasmic and nuclear
staining patterns of SP-A in human astrocytes were observed
(Fig. 5A). Fig. 5B presents results from human astrocytes
treated with secondary antibody only as a negative control.
However, immunopositive SP-A was detected in the cytoplasm
of human microglia cells, which contrasted to the results
obtained with rat resident microglia cells (Fig. 5C). Fig. 5D
presents results from human microglia treated with secondary
antibody only as a negative control.

Inflammatory stimuli affect SP-A protein expression in
human astrocytes and microglia. Having demonstrated that
SP-A is expressed in human astrocytes and microglia, the
present study subsequently investigated whether SP-A expres-
sion in these cells is affected by proinflammatory stimuli, such
as LPS. Human astrocytes and microglia were exposed to a
range of LPS concentrations, (0-10 zg/ml) for 24 h or 10 ug/ml
LPS for 2-24 h, and SP-A protein levels were investigated by
western blotting (Fig. 6A) and quantification was performed
(Fig. 6B). After 24 h of exposure to 0, 1, 5 or 10 ug/ml LPS,
SP-A levels in both cell types increased in a dose-dependent
manner (P<0.05; Fig. 6B). However, application of 10 yg/ml
LPS for 2, 4, 8, 16 and 24 h did not lead to a time-dependent
increase in SP-A levels (Fig. 6C).

SP-A suppresses LPS-induced expression of TLR4 and NF-xB
pOS5 in human astrocytes and microglia. To determine the
potential role of SP-A in the TLR4/NF-«B signaling pathway,
human astrocytes and microglia were treated with LPS to
induce TLR signaling. LPS stimulation for 24 h induced
significantly increased expression of TLR4 and NF-«B p65
in both cell types compared with the control group (P<0.05;
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Figure 7. Effect of exogenous SP-A on the levels of TLR4 and NF-kB in LPS-stimulated human astrocytes and microglia. (A) Levels of TLR4 and NF-«B p65
proteins in human astrocytes and microglia were determined by western blot analysis. SP-A, cells treated with 0.5 pzg/ml SP-A only; SP-A + LPS, cells treated
with 0.5 ug/ml SP-A + 5 ug/ml LPS; control, untreated group; LPS, cells treated with 5 yg/ml LPS only. Densitometric quantification of (B) TLR4 and (C)
NF-«B p65 relative to f3-actin in human astrocytes and microglia. "P<0.05, comparisons indicated by brackets. TLR4, Toll-like receptor 4; NF-xB, nuclear

factor-kB; SP-A, surfactant protein-A; LPS, lipopolysaccharide.

Fig. 7). SP-A + LPS treatment induced a significant inhibitory
effect on LPS-induced TLR4 and NF-«B in astrocytes and
microglia (P<0.05; Fig. 7). SP-A alone reduced the expression
of TLR4 and NF-kB marginally compared with the control,
however differences were not statistically significant (Fig. 7).

SP-A suppresses the release of LPS-induced TNF-a and IL-10.
Increased production of proinflammatory cytokines is associated
with the pathogenesis of MS and EAE. Accordingly, the present
study investigated the effects of exogenous SP-A on the release
of TNF-a and IL-1f3 in LPS-stimulated human astrocytes and
microglia. As presented in Fig. 8, TNF-a and IL-1f levels in
culture medium of both cell types were significantly increased
in LPS groups, compared with the control groups (P<0.05).
SP-A + LPS groups exhibited significantly decreased TNF-a
and IL-1 levels in microglia supernatant, compared with the
LPS groups (P<0.05; Fig. 8). TNF-a and IL-1p levels in the

SP-A + LPS group in astrocytes were reduced compared with
the LPS group, however, the reduction in TNF-a release was not
statistically significant (Fig. 8). SP-A alone did not significantly
reduce the release of TNF-a and IL-1p in astrocytes and
microglia compared with the control (Fig. 8).

Discussion

The present study indicated a potential role for SP-A in the
regulation of inflammatory responses in the CNS. SP-A was
demonstrated to be widely distributed in rat CNS tissues and
was expressed in rat and human astrocytes, and also human
microglia. Changes in the expression of SP-A at different stages
of EAE were also observed. The results of the current study
demonstrated that LPS enhances SP-A protein expression in
human astrocytes and microglial cells in a dose-dependent
manner. Notably, SP-A inhibited LPS-induced expression of
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Figure 8. Effect of exogenous SP-A on IL-1f and TNF-a cytokine levels in LPS-stimulated human astrocytes and microglia. Levels of IL-1 (A) and TNF-a (B)
in the culture medium of astrocytes and microglia stimulated with 5 yg/ml LPS and/or 0.5 ug/ml SP-A were quantified by ELISA. Results are presented as the
mean =+ standard deviation. "‘P<0.05, comparisons indicated by brackets. IL-1f, interleukin-1p; LPS, lipopolysaccharide; SP-A, surfactant protein-A; TNF-a,

tumor necrosis factor-a.

TLR4 and NF-«B, and LPS-induced release of TNF-a and
IL-1p. These results indicate that SP-A may function in the
modulation of neuroinflammation, potentially through its
inhibitory effects on TLR4/NF-«B activation and proinflam-
matory cytokine release.

The SP-A protein is a hydrophilic, collagen-containing
lectin with a hexameric structure formed by six trimers
of glycoprotein monomers. Characterization studies have
suggested that this potent innate immune molecule performs
a diverse range of functions, including anti-microbial activity,
clearance of apoptotic and necrotic cells and control of
inflammation triggered by self or non-self (22). Initially
identified in the alveolar surface of the lung, SP-A was
subsequently demonstrated to be widely distributed in other
tissues (23), such as brain tissue (10). Schob er al (10) were
the first to report an association between SP-A and CNS
pathology by examining the expression patterns of SP-A in
human brains, which revealed increased SP-A expression in
the CSF of patients with autoimmune infectious diseases and
indicated a potential role for SP-A in MS development. MS is a
chronic autoimmune-mediated inflammatory disease of CNS.
A primary mechanism underlying the pathogenesis of MS is
that peripherally activated immune cells infiltrate the CNS,
where they trigger inflammatory reactions and cause myelin
damage (24). Accordingly, the present study investigated the
expression of SP-A in different stages of EAE, the most widely
used animal model of MS. In normal rats, SP-A was widely
distributed in the CNS and expressed on various resident

cells, including hippocampal neurons, cerebellum Purkinje
cells, ependymal cells and certain glial cells, which indicates
potential interactions between the peripheral innate and
CNS immune systems. SP-A protein expression in different
stages of the EAE model was subsequently examined. SP-A
expression was increased as EAE progressed, and expression
moved towards the inflammatory foci, as with reactive
microglia cells and astrocytes. As CNS resident immune
cells, astrocytes and microglia are involved in the modulation
of immuno-inflammatory responses in EAE. In the present
study, microglial cells responded to inflammation earlier
than astrocytes. However, levels of SP-A were not markedly
increased until the peak stage, consistent with the changes
in expression observed in astrocytes. To further investigate
the association between SP-A and astrocytes and microglia,
expression of SP-A was detected in rat brain astrocytes and
microglia in vivo. SP-A was demonstrated to be expressed
on astrocytes but not microglia in rat brains. Notably, similar
examination of SP-A expression in human astrocytes and
microglia in vitro revealed that both cell lines endogenously
produced and expressed SP-A protein. Furthermore, human
astrocytes and microglia responded to inflammatory
stimulation with LPS through dose-dependent increased SP-A
expression.

In EAE, invading immune cells produce endotoxin and
proinflammatory mediators, which are important triggers of
CNS infection. The severity of EAE at different stages partially
depends on the levels of these pathogenic substances (25). Thus,
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changes in SP-A expression in human astrocytes and microglia
depend on the amount of LPS, but not time of exposure to
LPS, which is consistent with in vivo results. Activation
of astrocytes and microglia is reported to cause severe
inflammatory insult driven by activation of the TLR4 signaling
pathway via release of proinflammatory cytokines (26-28). As
SP-A is an endogenous ligand for TLR4 (3), we hypothesized
that the protein modulates inflammation through effects
on TLR4/NF-«B signaling in astrocytes and microglia.
Consistent with this theory, SP-A exerted a significant
inhibitory effect on LPS-induced overexpression of TLR4
and NF-xB in both cell types. In human lungs, SP-A also
regulates TLR4 activation and expression in macrophages
and dendritic cells (15,29). Furthermore, SP-A has been
previously reported to inhibit TLR4 signaling, decrease IkBa
phosphorylation and nuclear translocation of p65, which are
critical for NF-xB activation, and lead to diminished TLR
ligand-induced TNF-a secretion (15). This effect of SP-A on
human astrocytes and microglia was confirmed in the current
study, which demonstrated that LPS-induced secretion of
TNF-a and IL-1p was suppressed in the presence of SP-A.
Based on these results, LPS may promote the expression of
SP-A, which may subsequently participate in the regulation of
LPS-induced TLR4/NF-kB activation and proinflammatory
cytokine release. The ability of SP-A to reduce levels of
proinflammatory cytokines has been demonstrated in various
mammalian diseases. Quintanilla ef al (11) demonstrated
that SP-A treatment of experimental necrotizing enterocolitis
significantly suppressed TLR4 expression and reduced TNF-a
and IL-1f levels. Retinal SP-A is also reported to localize on
GFAP-reactive astrocytes in mice and TLR4 ligands upregulate
SP-A expression and myeloid differentiation primary response
88 protein essential for NF-kB signaling (30). Similarly,
SP-A has been demonstrated to significantly inhibit TLR
ligand-induced expression of proinflammatory mediators,
including TNF-a and IL-1B, in an inflammation-induced
preterm delivery model (31). The functional mechanism of
SP-A-mediated regulation of CNS inflammation may be
complex as SP-A has been reported to bind LPS and modulate
TLR4. In the present study, SP-A potentially interacts with
TLR4 directly to inhibit its overexpression and activation,
alternatively, SP-A may interact with LPS to prevent it
binding to TLR4 (32). Further in vitro studies using blockers
or inhibitors are required to clarify this. SP-A has also been
identified as an endogenous ligand for one or more receptors,
including TLR2, CD14 and glycoprotein 340, each of which
is thought to trigger a proinflammatory signal transduction
cascade (3,33,34). Thus, LPS-induced increased expression
of SP-A in astrocytes and microglia may partially act on the
feedback mechanism to inhibit activation of inflammatory
signaling pathways induced by these receptors. Notably, these
results are consistent with results from the present study. The
involvement of a pulmonary innate immune protein in the
regulation of CNS inflammatory pathology is not surprising.
However, the contribution of SP-A in EAE is remains unclear
and it is important to note that species differences exist
between rats and humans with regard to the immune system.
Further studies of SP-A gene deletion or overexpression in vivo
are therefore required to ascertain the effects of SP-A on the
regulation of CNS inflammation and also MS pathogenesis,
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including effects on the clearance of pathogenic immune cells
and regulation of T-cell polarization.

In conclusion, the present study provides preliminary
evidence of SP-A expression in normal and EAE rat CNS,
and human astrocytes and microglia. The results indicate
that LPS induces increased expression of SP-A protein in
human astrocytes and microglia in a dose-dependent manner.
Furthermore, SP-A may regulate inflammation in these cell
lines at least partially by reducing the expression of TLR4
protein and inflammatory cytokine release, indicating that
the immunomodulatory properties of SP-A may function in
neuroinflammatory disease.
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