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Abstract Lipopolysaccharide (LPS) has been used as a

reagent for a model of systemic inflammatory response.

Ribosomal protein S3 (rpS3) is a multi-functional protein

that is involved in transcription, metastasis, DNA repair,

and apoptosis. In the present study, we examined the

changes of rpS3 immunoreactivity in the mouse hippo-

campus after systemic administration of 1 mg/kg of LPS.

From 6 h after LPS treatment, rpS3 immunoreactivity was

decreased in pyramidale cells of the hippocampus proper

(CA1–CA3 regions) and in granule cells of the dentate

gyrus. At this point in time, rpS3 immunoreactivity began

to increase in non-pyramidal cells and non-granule cells.

From 1 day after LPS treatment, rpS3 immunoreactivity

in pyramidal and granule cells was hardly detected;

however, strong rpS3 immunoreactivity was shown in

non-pyramidal and non-granule cells. Based on double

immunofluorescence staining for rpS3/ionized calcium-

binding adapter 1 (Iba-1, a marker for microglia) and glial

fibrillary acidic protein (GFAP, a marker for astrocytes),

strong rpS3 immunoreactivity was expressed in Iba-1-

immunoreactive microglia, not in GFAP-immunoreactive

astrocytes, at 1 and 2 days after LPS treatment. These

results indicate that rpS3 immunoreactivity changes only in

pyramidal and granule cells, and rpS3 is expressed only in

activated microglia after LPS treatment: this may be

associated with the neuroinflammatory responses in the

brain.
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Introduction

Lipopolysaccharide (LPS) is present in the outer membrane

of Gram-negative bacteria, and it causes a strong response

from normal animal immune system (Morrison and Ryan

1979; Tough et al. 1997). LPS has been commonly used as

a reagent for a model of systemic inflammatory response

induced by infections, and its treatment leads to neuro-

anatomical and neurochemical changes in some regions of

the brain (Benicky et al. 2009; Guan and Fang 2006;

Hochweller and Anderton 2005; Lee et al. 1993; Linthorst

et al. 1995). In addition, LPS has been used as an effec-

tively non-specific stimulator of microglia, which controls

neuroinflammatory responses (Block et al. 2007; Kreutz-

berg 1996; Stoll et al. 1998; Sumi et al. 2010; Zhou et al.

2008; Zielasek and Hartung 1996).

Ribosomes, which are large ribonucleoprotein machines,

are made from complexes of RNAs and proteins. Ribo-

somes consist of two subunits such as small 40S subunit and

large 60S subunit (Doudna and Rath 2002). Ribosomal

protein S3 (rpS3), which is a component of the 40S small

subunit, is a well-known multi-functional protein that is

involved in transcription, metastasis, DNA repair, and

apoptosis (Jang et al. 2004; Kim et al. 1995; Kim and Kim

2006; Kim et al. 2009; Lee et al. 2010; Wan et al. 2007;

Wool 1996). Especially, rpS3 is well known to participate

in DNA damage/repair mechanisms (Kim et al. 1995; Wool

1996). Recently, we reported that transduced PEP-1-rpS3

reduced the level of proinflammatory cytokines in a mouse

model of 12-O-tetradecanoylphorbol-13-acetate-induced

skin inflammation (Ahn et al. 2010) and that it ameliorated

ischemic damage by reducing DNA fragmentation and lipid

peroxidation in the gerbil hippocampal CA1 region (Hwang

et al. 2008). We also showed that rpS3 immunoreactivity

and its protein level were markedly decreased in the aged

hippocampus (Lee et al. 2011).

Although previous studies have focused on effects of

LPS on neurodegeneration and immune response in various

regions of the brain (Chung et al. 2010; Nishioku et al.

2009; Saavedra and Pavel 2006), there is no study on LPS-

induced changes of rpS3 expression in the hippocampus.

Therefore, in the present study, we examined the changes

of rpS3 immunoreactivity in the mouse hippocampus after

a systemic administration of LPS.

Materials and Methods

Experimental Animals

Six-week-old male ICR mice were purchased from the

Jackson Laboratory (Maine, ME). The animals were

housed in a conventional state under adequate temperature

(23 ± 3�C) and relative humidity (55 ± 5%) control with

a 12-h light/12-h dark cycle and provided with free access

to food and water. The procedures for handling and caring

for animals adhered to the guidelines that are in compli-

ance with the current international laws and policies (NIH

Guide for the Care and Use of Laboratory Animals, NIH

Publication No. 85-23, 1985, revised 1996). All of the

experiments were conducted to minimize the number of

animals used and the suffering caused by the procedures

used in the present study.

LPS Treatment

Lipopolysaccharide (Sigma, St. Louis, MO) was dissolved

in saline and administered intraperitoneally with 1.0 mg/kg/

10 ml dose. The control animals were injected with the

same volume of saline.

Production and Purification of Anti-Human rpS3 mAbs

Production and purification of rpS3 monoclonal antibody to

the enzyme were performed as previously described (Choi

et al. 2006; Hwang et al. 2008). The antibody was produced

by cell fusion after immunization of BALB/c mice with

purified human rpS3.

Tissue Processing

Mice (n = 7 at each time point) were killed at designated

times (3, 6, 12, 24, 48, and 96 h after LPS treatment). For the

histological analysis, animals were anesthetized with a

mixture of ketamine (60 mg/kg, Yuhan, Seoul, South

Korea) and xylazine (8 mg/kg, Bayer Animal Health,

Suwon, South Korea) and perfused transcardially with

0.1 M phosphate-buffered saline (PBS, pH 7.4) followed by

4% paraformaldehyde in 0.1 M phosphate-buffer (PB, pH

7.4). The brains were removed and postfixed in the same

fixative for 4 h. The brain tissues were cryoprotected by

infiltration with 30% sucrose overnight. Thereafter, frozen

tissues were serially sectioned on a cryostat (Leica, Wetzlar,

Germany) into 30 lm coronal sections, and they were then

collected into six-well plates containing 0.1 M PBS.

Immunohistochemistry for rpS3

For rpS3 immunohistochemistry, the sections were sequen-

tially treated with 0.3% hydrogen peroxide (H2O2) in PBS

for 30 min and 10% normal goat serum in 0.05 M PBS for

30 min. They were next incubated with diluted mouse anti-

rpS3 overnight at room temperature and subsequently

exposed to biotinylated goat anti-mouse IgG (1:200, Vector,

Burlingame, CA) and streptavidin peroxidase complex

(1:200, Vector). They were then visualized by staining with
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3,30-diaminobenzidine (Sigma) in 0.1 M Tris–HCl buffer

(pH 7.2) and mounted on gelatin-coated slides. After dehy-

dration, the sections were mounted with Canada balsam

(Kanto, Tokyo, Japan). In order to establish the specificity of

the immunostaining, a negative control test was carried out

with pre-immune serum instead of primary antibody. The

negative control resulted in the absence of immunoreactivity

in any structures (Fig. 1e).

Eight sections per animal were selected to quantitatively

analyze rpS3 immunoreactivity. rpS3 immunoreactivity

was graded. Digital images of the hippocampal subregions

were captured with an AxioM1 light microscope (Carl

Zeiss, Germany) equipped with a digital camera (Axiocam,

Carl Zeiss) connected to a PC monitor. Semi-quantification

of the immunostaining intensities was evaluated with dig-

ital image analysis software (MetaMorph 4.01, Universal

Imaging Corp.). The mean intensity of immunostaining in

each immunoreactive structures was measured by a 0–255-

gray scale system (white to dark signal corresponded from

255 to 0). Based on this approach, the level of immuno-

reactivity was scaled as -, ±, ?, or ??, representing no

staining (gray scale value: C200), weakly positive (gray

scale value: 150–199), moderate (gray scale value:

100–149), or strong (gray scale value: B99), respectively.

Double Immunofluorescence Staining

To confirm the cell type containing rpS3 immunoreactivity,

the sections were processed by double immunofluorescence

staining. Double immunofluorescence staining was

performed using diluted mouse anti-rpS3/rabbit anti-glial

fibrillary acidic protein (GFAP) (1:200, Chemicon Inter-

national) for astrocytes or rabbit anti-ionized calcium-

binding adapter 1 (Iba-1) (1:200, Wako, Osaka, Japan) for

microglia. The sections were incubated in the mixture of

antisera overnight at room temperature. After washing

three times for 10 min with PBS, they were then incubated

in a mixture of both FITC-conjugated goat anti-mouse IgG

(1:200; Jackson ImmunoResearch, West Grove, PA) and

Cy3-conjugated goat anti-rabbit IgG (1:200; Jackson

ImmunoResearch) for 2 h at room temperature. The

immunoreactions were observed under the confocal MS

(LSM510 META NLO, Carl Zeiss, Germany).

Western Blot Analysis

To confirm change in rpS3 levels in the hippocampus at

designated times (6, 48, and 96 h after LPS treatment),

animals at each time point (n = 5) were used for western

blot analysis. After killing animals, the hippocampus was

removed. The tissues were then homogenized in 50 mM

PBS (pH 7.4) containing 0.1 mM ethylene glycol bis

(2-aminoethyl ether)-N,N,N0,N0 tetraacetic acid (pH 8.0),

0.2% Nonidet P-40, 10 mM ethylendiamine tetraacetic

acid (pH 8.0), 15 mM sodium pyrophosphate, 100 mM

b-glycerophosphate, 50 mM NaF, 150 mM NaCl, 2 mM

sodium orthovanadate, 1 mM phenylmethylsulfonyl fluo-

ride, and 1 mM dithiothreitol (DTT). After centrifugation

at 10,000g, the protein level in the supernatants was

determined using a Micro BCA protein assay kit with

Fig. 1 Low magnification of

immunohistochemical staining

for rpS3 in the hippocampus of

the control (a) and LPS-treated

(b–d) groups. rpS3

immunoreactivity is well

observed in the stratum

pyramidale of the hippocampus

proper and in the granule cell

layer of the dentate gyrus of the

control-group. At 1 day after

LPS treatment, rpS3

immunoreactivity (asterisk) is

markedly increased in non-

pyramidal and non-granular

cells. rpS3 immunoreactivity is

decreased at 4 days compared to

that at 1 day after LPS

treatment. e Negative control

test shows the absence of rpS3

immunoreactivity in the

hippocampus. CA conus

ammonis, DG dentate gyrus.

Scale bar 400 lm
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bovine serum albumin as a standard (Pierce Chemical,

Rockford, IL). Aliquots containing 20 lg of total protein

were boiled in loading buffer containing 150 mM Tris (pH

6.8), 3 mM DTT, 6% SDS, 0.3% bromophenol blue and

30% glycerol. The aliquots were then loaded onto a 10%

polyacrylamide gel. After electrophoresis, the gels were

transferred to nitrocellulose transfer membranes (Pall

Corp., East Hills, NY). To reduce background staining, the

membranes were incubated with 5% non-fat dry milk in

PBS containing 0.1% Tween 20 for 45 min, followed by

incubation with mouse anti-rpS3 antiserum or mouse anti-

b-actin (1:5,000, Sigma), peroxidase-conjugated goat anti-

mouse IgG (Sigma), and an ECL kit (Pierce Chemical).

These two proteins were detected using different lane.

Table 1 Semi-quantifications of rps3 immunoreactivity in the mouse hippocampus after LPS treatment

Cell type Groups

Control LPS treatment

3 h 6 h 12 h 24 h 48 h 96 h

CA1-3 region PC ?? ?? ? ? - - -

NPC ? ? ? ? ?? ?? ?

Dentate gyrus CML - - ± ? ?? ?? ?

GC ?? ?? ? ± - - -

CPL ?? ?? ? ? ?? ?? ?

Immunoreactivity is scaled as -, ±, ?, or ?? representing no staining, weakly positive, moderate, or strong, respectively

CML cells in molecular layer, CPL cells in polymorphic layer, GC granule cells, NPC non-pyramidal cells, PC pyramidal cells

Fig. 2 Immunohistochemistry

for rpS3 in the CA1 region of

the control (a) and LPS-treated

(b–f) groups. From 6 h after

LPS treatment, rpS3

immunoreactivity is decreased

in the stratum pyramidale (SP,

asterisk) and increased in non-

pyramidal cells (arrowheads).

Strong rpS3 immunoreactivity

is shown in non-pyramidal cells

of the stratum oriens (SO) and

stratum radiatum (SR) at 1 and

2 days after LPS treatment

(arrows). Scale bar 50 lm
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The result of the western blot analysis was scanned, and

densitometric analysis for the quantification of the bands

was done using Scion Image software (Scion Corp., Fred-

erick, MD), which was used to count relative optical den-

sity (ROD): a ratio of the ROD was calibrated as %, with

the control-group designated as 100%.

Statistical Analysis

Data are expressed as the mean ± SD. The data were

evaluated by SPSS program and the means assessed using

two-tailed Student t test or one-way ANOVA test. Statis-

tical significance was considered at P \ 0.05.

Results

Change in rpS3 Immunoreactivity

In the control-group, strong rpS3 immunoreactivity was

mainly detected in pyramidal cells in the striatum pyramidale

of the hippocampus proper (CA1-3 regions), and, in the den-

tate gyrus, the immunoreactivity was found in granule cells in

the granule cell layer and in polymorphic cells in the poly-

morphic layer (Table 1; Figs. 1a, 2a, 3a, 4a). At 3 h after LPS

treatment, the pattern of rpS3 immunoreactivity in the hip-

pocampus proper and dentate gyrus was not changed com-

pared to that in the control-group (Table 1; Figs. 2b, 3b, 4b).

rpS3 immunoreactivity was distinctively decreased 6 h

after LPS treatment, and, at 12 h after LPS treatment, the

immunoreactivity was similar to that at 6 h after LPS

treatment (Table 1; Figs. 1b, 2c, 3c, 4c). One day after LPS

treatment, rpS3 immunoreactivity was hardly detected in

pyramidal and granule cells; however, non-pyramidal and

non-granule cells expressed strong rpS3 immunoreactivity

(Table 1; Figs. 1c, 2d, 3d, 4d). Two days after LPS treat-

ment, rpS3 immunoreactivity was similar to that at 1 day

after LPS treatment (Table 1; Figs. 2e, 3e, 4e).

Thereafter, rpS3 immunoreactivity in the hippocampus

was decreased: 4 days after LPS treatment, the rpS3

immunoreactivity was apparently decreased compared to

that at 2 days after LPS treatment, although the distribution

Fig. 3 Immunohistochemistry

for rpS3 in the CA2/3 region of

the control (a) and LPS-treated

(b–f) groups. From 6 h after

LPS treatment, rpS3

immunoreactivity is decreased

in the stratum pyramidale (SP,

asterisk) and hardly detected in

the SP from 1 day after LPS

treatment. One and 2 days after

LPS treatment, rpS3

immunoreactivity is markedly

increased in non-pyramidal cells

(arrows). SO stratum oriens, SR
stratum radiatum. Scale bar
100 lm
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pattern of rpS3 immunoreactive structures was not changed

(Table 1; Figs. 1d, 2f, 3f, 4f).

rpS3 Expression in Microglia

One and two days after LPS treatment, rpS3 immunoreac-

tivity was easily detected in non-pyramidal and non-granule

cells in the hippocampus proper and dentate gyrus, respec-

tively. To identify the cell type of rpS3-immunoreactive

non-pyramidal and non-granule cells, double immunofluo-

rescence staining was performed for rpS3/Iba-1 (a marker

for microglia) or rpS3/GFAP (a marker for astrocytes) in the

hippocampus. We found that most of rpS3-immunoreactive

non-pyramidal and non-granule cells were identified as Iba-

1-immunoreactive microglia, not GFAP-immunoreactive

astrocytes (Fig. 5).

rpS3 Protein Levels

Western blot analysis showed that the levels of rpS3 were

changed in the mouse hippocampus after LPS treatment

(Fig. 6). rpS3 protein levels were decreased from 6 h after

LPS treatment with time. Four days after LPS treatment,

the protein level was about 55% of that in the control

group.

Discussion

Neuroinflammation appears to play important roles in

neurodegenerative disorders, and it is related to the repair

of damaged tissue after some brain injury (Glezer et al.

2007; Martino 2004). In addition, it has been known that

chronic or excessive neuroinflammation leads to neuronal

damage (Perry et al. 2007; Zipp and Aktas 2006). In the

brain, the hippocampus is one of the brain regions most

sensitive to LPS (Chung et al. 2010; Gluck and Myers

1997). It was reported that systemic inflammation induced

by 10 mg/kg LPS treatment led to cellular apoptosis in the

rat hippocampus (Semmler et al. 2005). It was also

reported that LPS treatment induced cognitive impairment

in mice (Shaw et al. 2001; Sparkman et al. 2005).

Fig. 4 Immunohistochemistry

for rpS3 in the dentate gyrus of

the control (a) and LPS-treated

(b–f) groups. From 6 h after

LPS treatment, rpS3

immunoreactivity is markedly

decreased in the granule cell

layer (GCL, asterisk). RpS3

immunoreactivity is increased

in non-granule cells at 1 and

2 days after LPS treatment.

rpS3 immunoreactivity in non-

granule cells is decreased at

4 days after LPS treatment. ML
molecular layer, PL
polymorphic layer. Scale bar
100 lm
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However, our previous study showed that 1 mg/kg LPS

treatment did not induce neuronal damage/death in the

mouse hippocampus (Chung et al. 2010).

In the present study, we examined the changes of rpS3

immunoreactivity in the hippocampal CA1-3 regions and

dentate gyrus after systemic treatment with 1 mg/kg LPS.

It was reported that rpS3-immunoreactive neurons were

well observed in the hippocampus, especially, in the

pyramidal cells of the CA1-3 regions and in the granule

cells of the dentate gyrus (Hwang et al. 2008; Lee et al.

2011). Our present study showed that rpS3 immunoreac-

tivity in pyramidal and granule cells began to decrease

from 6 h after LPS treatment and hardly detected from

1 day after LPS treatment. Previously, we reported that

1 mg/kg LPS treatment did not lead to the neuronal death/

degeneration in the pyramidal and granule cells of the

mouse hippocampus (Chung et al. 2010). rpS3 is known as

a signal mediator between neuronal apoptosis and DNA

Fig. 5 Double

immunofluorescence staining

for rpS3 (green, a, d, g, and j),
Iba-1 (red, b and e) or GFAP

(red, h and k), and merged

images (c, f, i, and l) in the CA1

region (a–c and g–i) and dentate

gyrus (d–f and j–l) at 1 day

after LPS treatment. Most of

rpS3-immunoreactive cells are

co-localized with Iba-1-

immunoreactive microglia

(arrows), not with GFAP-

immunoreactive astrocytes. SO
stratum oriens, SP stratum

pyramidale, SR stratum

radiatum, ML molecular layer,

GCL granule cell layer, PL
polymorphic layer. Scale bar
50 lm (Color figure online)

Cell Mol Neurobiol (2012) 32:577–586 583

123



repair (Lee et al. 2010). Therefore, our present result

indicates that the decrease of rpS3 immunoreactivity in

pyramidal and granule cells might be related to changes in

DNA repair ability, although there was no neuronal death/

degeneration in the mouse hippocampus after 1 mg/kg LPS

treatment.

Microglia, principle immune cells, are quiescent resi-

dent macrophage in the brain. Microglia have been known

as a possible mediator of inflammation-associated neuronal

damage (Ambrosini and Aloisi 2004; Choi et al. 2007).

Previously, we reported that 1 mg/kg LPS treatment led to

the activation of microglia in the mouse hippocampus

(Chung et al. 2010). In addition, there are many reports that

showed that LPS-stimulated microglia led to the produc-

tion of proinflammatory and cytotoxic factors, such as

interleukin-1b, tumor necrosis factor-a, and nitric oxide

(Aloisi 2001; Raetz et al. 1991; Zielasek and Hartung

1996). It has been well known that pro-inflammatory

cytokines and chemokines, such as interleukin-1b, are

induced in microglia after systemic LPS administration

(Buttini and Boddeke 1995; Chakravarty and Herkenham

2005; Lacroix et al. 1998). In addition, Tanaka et al. (2006)

showed that LPS injection into the hippocampal CA1

region increased expressions of interleukin-1b and TNF-a,

and that interleukin-1b immunopositive cells were LPS-

induced activated microglia, not astrocytes. Recently, some

studies also showed that LPS-induced pro-inflammatory

responses, such as activations of NF-kB and MAPKs as

well as increases in interleukin-1b and TNF-a, were well

observed in LPS-stimulated BV-2 microglia (Cheong et al.

2011; Wang et al. 2011).

In the present study, we observed that strong rpS3

immunoreactivity was shown in microglia, not astrocytes,

in the hippocampus at 1 and 2 days after LPS treatment.

This is the first finding to demonstrate the rpS3 expression

in activated microglia, and this result is associated with a

previous study (Bae et al. 2010). They showed that rpS3

interacted with hematopoietic cell kinase, which is a non-

receptor protein tyrosine kinase that is expressed in mye-

loid cells and participated in phagocytosis and myeloid cell

differentiation (Guiet et al. 2008). Moreover, NF-jB, one

of the important transcription factors in activated microglia

by LPS (Cheong et al. 2011; Wang et al. 2011), is thought

to be an important regulator of microglial responses to

diverse stimuli (O’Neill and Kaltschmidt 1997). Recently,

it has been suggested that rpS3 play a role as an integral

subunit conferring NF-jB regulatory specificity (Wan et al.

2007). They have urged that the role of rpS3 in certainly

key physiological processes is closely related to the regu-

lation of NF-jB transcription. Although we cannot clearly

explain why rpS3 was expressed in the activated microglia,

it can be postulated that rpS3 expression in the activated

microglia after LPS treatment may be related to LPS-

induced inflammatory changes as well as the function of

the activated microglia in the mouse hippocampus, such as

changes in the production of pro-inflammatory cytokines

by microglia.

In conclusion, rpS3 immunoreactivity was apparently

decreased in the pyramidal and granule cells of the mouse

hippocampus, and the immunoreactivity was expressed in

activated microglia after the systemic administration of

1 mg/kg LPS. These results indicate that changes in rpS3

expression may be associated with microglial functions

related to neuroinflammatory responses in the brain.
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