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agreement that encephalitogenic T cells play a key role in the 
induction of EAE [3, 4] and that regulatory T cells and alter-
natively activated M2 macrophages are involved in the remis-
sion of paralysis [1, 5]. Several transcription factors, including 
nuclear factor κB (NF-κB) [6], cyclic AMP response element-
binding protein [7], peroxisome proliferator-activated recep-
tor [8], and other signaling and transcription molecules [9], 
are involved in the progression of EAE via the activation of 
inflammatory cells and glial cells or in EAE remission via 
counteracting the effects of pro-inflammatory mediators. 

Glycogen synthase kinase (GSK)-3 is an important pro-
inflammatory molecule in CNS autoimmune diseases [10]. 
GSK-3 is involved in the differentiation of Th17 cells, which is 
important for the induction of EAE in mice [11-13] and also 
to play an important role in neurodegeneration [10]. Thus, 

Introduction

Experimental autoimmune encephalomyelitis (EAE) is a 
T-cell–mediated acute monophasic autoimmune central ner-
vous system (CNS) disease that is used as a model of human 
multiple sclerosis [1]. EAE is characterized by infiltration of 
autoimmune T cells and reactive gliosis [1, 2]. There is general 
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Abstract: Glycogen synthase kinase (GSK)-3β has been known as a pro-inflammatory molecule in neuroinflammation. The 
involvement of GSK-3β remains unsolved in acute monophasic rat experimental autoimmune encephalomyelitis (EAE). 
The aim of this study was to evaluate a potential role of GSK-3β in central nervous system (CNS) autoimmunity through its 
inhibition by lithium. Lithium treatment significantly delayed the onset of EAE paralysis and ameliorated its severity. Lithium 
treatment reduced the serum level of pro-inflammatory tumor necrosis factor a but not that of interleukin 10. Western blot 
analysis showed that the phosphorylation of GSK-3β (p-GSK-3β) and its upstream factor Akt was significantly increased in the 
lithium-treated group. Immunohistochemical examination revealed that lithium treatment also suppressed the activation of 
ionized calcium binding protein-1–positive microglial cells and vascular cell adhesion molecule-1 expression in the spinal cords 
of lithium-treated EAE rats. These results demonstrate that lithium ameliorates clinical symptom of acute monophasic rat EAE, 
and GSK-3 is a target for the suppression of acute neuroinflammation as far as rat model of human CNS disease is involved.
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the blockage of GSK-3 signaling may be a therapeutic strategy 
for neuroprotection in CNS disease [14]. Furthermore, GSK-3 
signaling is involved in the activation of adhesion molecules, 
including vascular cell adhesion molecule 1 (VCAM-1), in 
cultured endothelial cells [15, 16], which are important for T-
cell migration in EAE [2, 17]. 

An inhibitor of GSK-3, lithium, has been used as a mood 
stabilizer to treat human bipolar disorders, possibly through 
neuroprotection [14, 18]. Furthermore, lithium has been used 
to ameliorate myelin oligodendrocyte glycoprotein (MOG)-
immunized chronic EAE in a mouse model [13]. Regarding 
acute monophasic EAE, lithium-induced amelioration of 
EAE was regarded as a toxic effect in rat EAE [19]; thus, the 
mechanism of action was unclear. Moreover, the tissue local-
ization of GSK-3 and the quantitative changes in its upstream 
and downstream signaling cascades in rat spinal cords with 
acute monophasic EAE are not fully understood.

In the present study, we first examined the immunohisto-
chemical localization of phosphorylated GSK-3β (Ser9), the 
inactive form of GSK-3β, in the EAE-affected spinal cords 
of Lewis rats. We also investigated the role of lithium, as an 
inhibitor of GSK-3β, in the amelioration of rat acute, mono-
phasic EAE by investigating the associated signaling cascades. 

Materials and Methods

Animals
Lewis rats were obtained from OrientBio Inc. (Seongnam, 

Korea) and bred in our animal facility. Rats of both sexes (7–8 
weeks old, 160–200 g) were used. All animal experiments 
were conducted in accordance with the Jeju National Univer-
sity Guide for the Care and Use of Laboratory Animals and 
were approved by the Animal Care and Use Committees of 
Jeju National University. The protocols for the care and han-
dling of animals conformed to current international laws and 
policies (NIH Guide for the Care and Use of Laboratory Ani-
mals, NIH Publication No. 85-23, 1985, revised 1996). Every 
effort was made to minimize the number of animals and their 
suffering.

Induction of EAE and behavioral test 
EAE induction and all experiments were performed as de-

scribed in our previous papers [5, 20, 21]. Briefly, the footpads 
of both hind feet of rats in the EAE group were injected with 
100 μl of an emulsion containing an equal volume of guinea 
pig myelin basic protein (1 mg/ml) and complete Freund’s 

adjuvant (CFA) supplemented with 3 mg/ml Mycobacterium 
tuberculosis H37Ra (Difco, Detroit, MI, USA). 

Control rats were immunized with CFA only. After im-
munization, the rats were observed daily for clinical signs of 
EAE. The progression of EAE was divided into the following 
eight clinical stages: grade 0 (G.0), no signs; G.0.5, mild flop-
py tail; G.1, complete floppy tail; G.2, mild paraparesis; G.3, 
severe paraparesis; G.4, tetraparesis; G.5, moribund condition 
or death; and R.0, recovery.

Tissue sampling
At each sampling time point, including the paralytic peak 

stage (G.3, days 12–14 postimmunization [PI]) and the EAE 
paralysis recovery stage (R.0, day 21 PI) (n=5 per time point) 
of rat EAE, five rats per group were euthanized under deep 
ether anesthesia. To assay serum cytokine levels, blood sam-
ples were collected from the heart of EAE rats with and with-
out lithium treatment. After clotting, serum was isolated after 
centrifugation, followed by freezing until use for cytokine as-
says. 

Spinal cords were sampled at the peak and recovery stages 
of EAE paralysis. Normal and CFA-immunized rats were used 
as controls (n=5 per group). Pieces of the cervical, thoracic, 
and lumbar spinal cords ~0.5 cm in length were collected.

For histological analysis, spinal cords were embedded in 
paraffin wax after fixation in 4% paraformaldehyde in phos-
phate-buffered saline (PBS, pH 7.4). Paraffin wax-embedded 
tissues were cut at a thickness of 5 μm using a rotary micro-
tome (Leica, Nussloch, Germany). Tissue sections were rou-
tinely stained with hematoxylin and eosin to evaluate inflam-
mation. 

For western blot analysis, spinal cords were removed and 
frozen at –80°C until use.

Antibodies 
For the immunohistochemical analysis of rat spinal cords, 

we used mouse monoclonal anti–glial fibrillary acidic protein 
(Sigma-Aldrich, St. Louis, MO, USA) for astrocytes and rabbit 
anti–ionized calcium-binding protein-1 (Iba-1) (Wako Pure 
Chemical Industries, Ltd., Osaka, Japan) for ramified microg-
lia and macrophages. 

To detect GSK-3β, monoclonal rabbit anti–phospho-GSK-
3β (Ser9) (p-GSK-3β) and monoclonal rabbit anti–GSK-3β 
antibodies were used (Cell Signaling Technology, Beverly, 
MA, USA). Monoclonal rabbit anti–β-catenin (Ser675) and 
PhosphoPlus Akt (Ser473) antibody kits were purchased from 
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Cell Signaling Technology. Rabbit polyclonal anti–vascular 
cell adhesion molecule-1 (VCAM-1) antibody (H-276, Santa 
Cruz Biotechnology, Santa Cruz, CA, USA) was used to as-
sess the severity of inflammation. A mouse monoclonal anti–
β-actin (Sigma-Aldrich) antibody was also used. 

An inhibitor of GSK-3β, lithium, treatment 
To assess the effect of lithium in rat EAE, rats were divided 

into the following three groups (10 animals per each group): 
normal control group, vehicle-treated group, and lithium-
treated group. To rapidly increase the lithium level, lithium 
chloride (100 mg/kg/day, Sigma) was intraperitoneally ad-
ministered to the lithium-treated group three times beginning 
1 day prior to immunization. Lithium carbonate (40 mg/kg/
day, Sigma-Aldrich) was then orally administered from day 3 
PI to day 14 PI. This lithium administration in rats is nontox-
ic and is commonly used to achieve serum levels equivalent 
to those in human patients [22]. The serum lithium concen-
tration in the rats was measured using a lithium assay kit LS 
(Catalog number: LI01ME, MG Metallogenics, Chiba, Japan). 
Throughout the experiment, the body weight and behavioral 
changes of all rats were checked daily. 

Cytokine assays 
Serum levels of cytokines, such as tumor necrosis factor a 

(TNF-a) and interleukin-10 (IL-10), were determined using 
commercially available immunoassay kits in accordance with 
the manufacturer’s instructions (Biosource, Camarillo, CA, 
USA). The absorbance at 450 nm was read using a Thermo-
max microplate reader (Molecular Devices, Sunnyvale, CA, 
USA). Cytokine levels were calculated with standard curves 
using recombinant rat cytokines.

Western blotting
Western blotting was performed as described previously 

[23]. Briefly, spinal cord tissue was homogenized in a modi-
fied radioimmunoprecipitation assay buffer (20 mM Tris [pH 
7.5], 150 mM NaCl, 1% Triton-X 100, 0.5% sodium deoxy-
cholate, 0.1% sodium dodecyl sulfate, 1% NP-40, 10 mM NaF, 
1 mM ethylenediaminetetraacetic acid, 1 mM ethylene glycol 
tetraacetic acid, 1 mM Na3VO4, 1 mM phenylmethanesulfo-
nylfluoride, 10 μg/ml aprotinin, and 10 μg/ml leupeptin) by 
means of 20 strokes of a homogenizer.

The homogenate was centrifuged at 10,900 ×g for 20 min-
utes, and the supernatant was harvested. For western blotting, 
supernatants containing 40 μg protein were loaded into indi-

vidual lanes of 10% sodium dodecyl (or lauryl) sulfate-poly-
acrylamide gels, electrophoresed, and transferred to nitrocel-
lulose membranes (Schleicher and Schuell, Keene, NH, USA). 
Any residual binding sites on the membranes were blocked by 
incubation with 5% skim milk in Tris-buffered saline (TBS; 
10 mM Tris-HCl [pH 7.4], and 150 mM NaCl) for 1 hour. 
The membranes were then incubated with primary antibod-
ies against phospho-Akt (p-Akt) (1:1,000), anti-Akt (1:1,000), 
anti–p-GSK-3β (1:1,000), anti–GSK-3β (1:1,000), and anti–
β-catenin (1:1,000) for 2 hours. The membranes were washed 
three times in TBS containing 0.1% Tween 20 and incubated 
with the matching secondary antibodies, horseradish peroxi-
dase-conjugated anti-mouse or anti-rabbit IgG (Vector Labo-
ratories, Burlingame, CA, USA), for 1 hour. Bound antibodies 
were detected using a chemiluminescent substrate (WEST-
one Kit, iNtRON Biotech, Seongnam, Korea) according to the 
manufacturer’s instructions. After imaging, the membranes 
were stripped and reprobed using an anti–β-actin antibody 
(1:10,000). The optical density (OD; per mm2) of each band 
was measured using a scanning laser densitometer (GS-700, 
Bio-Rad, Hercules, CA, USA), and the ratio of the density of 
each band relative to that of β-actin was compared using Im-
ageJ software (NIH, Bethesda, MD, USA).

Immunohistochemistry
Paraffin-embedded tissues were cut at a thickness of 5 μm 

using a rotary microtome (Leica). Sections were deparaf-
finized using routine protocols, exposed to citrate buffer (0.01 
M, pH 6.0), and heated in a microwave for 3 minutes. All sub-
sequent steps were performed at room temperature. Sections 
were treated with 0.3% hydrogen peroxide in distilled water 
for 20 minutes to block endogenous peroxidase activity. After 
three washes in PBS, the sections were blocked with 10% nor-
mal goat serum (Vector ABC Elite Kit, Vector Laboratories) 
for 1 hour and then allowed to react with the following prima-
ry antibodies for 1–2 hours: rabbit anti–Iba-1 (1:1,000), rabbit 
anti–p-GSK-3β (1:200), and rabbit anti–VCAM-1 (1:400). 
After three washes in PBS, sections were incubated with bio-
tinylated goat anti-mouse IgG (Vector ABC Elite Kit) for 45 
minutes and then incubated with avidin–biotin peroxidase 
complex (Vector ABC Elite Kit) for 45 minutes according to 
the manufacturer’s instructions. The peroxidase reaction was 
developed using a diaminobenzidine substrate (DAB kit, SK-
401, Vector Laboratories). As a control, primary antibodies 
were omitted from some test sections in each experiment. Af-
ter color development, the sections were counterstained with 
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Harris’ hematoxylin for 5 seconds, washed under running 
tap water for 20 minutes, dehydrated using a graded ethanol 
series, cleared with xylene, and mounted using Canada bal-
sam (Junsei Chemical Co., Tokyo, Japan). The sections were 
observed under an Olympus microscope (BX-51, Olympus, 
Tokyo, Japan).

Semi-quantitative analysis of immunohistochemistry
Iba-1 and VCAM-1 immunoreactivity in spinal cords were 

quantified using ImageJ software. Three different regions of 
the spinal cords (cervical, thoracic, and lumbar) of each of 
three animals per group were photographed at 4× magnifica-
tion. We measured the area of immunopositivity per total spi-
nal area [(positive area/total area)×100 (%)]. The results are 
shown as means±standard error of the mean (SEM).

Statistical analysis
All measurements were from three independent experi-

ments, and all values are presented as means±SEM. The re-
sults were analyzed using one-way analysis of variance (ANO-
VA) followed by the Student-Newman-Keuls post hoc test for 
multiple comparisons. In all cases, P<0.05 was considered to 
indicate statistical significance.

Results

GSK-3β phosphorylation was inversely related to EAE 
paralysis 

Total GSK-3β was constitutively expressed in the spinal 
cords of normal rats and EAE-immunized rats (Fig. 1, lower 
image). p-GSK-3β expression in the spinal cord through-
out the course of EAE was semi-quantitatively evaluated by 
western blotting (Fig. 1, upper image). p-GSK-3β expression 
was detected in the spinal cords of normal control rats (rela-
tive OD value, 1.0±0.02), whereas p-GSK-3β expression was 
transiently reduced on day 13 PI (1.37±0.15-fold increase, 
n=5; P<0.05 vs. control groups) and recovered on day 21 PI 
(0.54±0.14-fold increase, n=5; P<0.05 vs. day 13 PI groups). 
These findings suggest that p-GSK-3β was constitutively 
expressed in normal tissues, temporarily decreased in spinal 
cords at the peak stage of rat EAE, and restored after recovery 
from EAE paralysis.

Immunohistochemical localization of p-GSK-3β in rat 
spinal cords with EAE

In normal spinal cords (Fig. 2A), p-GSK-3β was strongly 

expressed in the astrocytes of white matter (arrows), neurons, 
and vascular endothelial cells (data not shown). p-GSK-3β ex-
pression in CFA-immunized spinal cords did not differ from 
that in normal spinal cords (data not shown). On day 13 PI, 
p-GSK-3β immunoreactivity was gradually decreased in the 
astrocytes (Fig. 2B, arrows) of the white matter; in contrast, 
it was expressed in some inflammatory cell types, including 
macrophages (Fig. 2B, arrowheads), in the parenchyma. In 
addition, p-GSK-3β was also detected in neurons (Fig. 2C, 
arrows), vascular endothelial cells, and ependymal cells (Fig. 
2D). On day 21 PI, p-GSK-3β immunoreactivity remained, 
albeit weakly, in the astrocytes (Fig. 2E, arrows) and vascu-
lar endothelial cells. A small number of inflammatory cells 
showed p-GSK-3β immunoreactivity on day 21 PI (Fig. 2E, 
arrowhead) compared with on day 13 PI. Primary antibody 
was omitted (Fig. 2F). Table 1 summarizes the results of the 
p-GSK-3β immunohistochemical analysis in normal, CFA-
immunized control, and EAE-affected rat spinal cords.
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Fig. 1. Western blot analysis of phosphorylated glycogen synthase 
kinase-3β (p-GSK-3β) and total GSK-3β ex pres sion in the spinal cords 
of rats with experimental autoimmune ence phalomyelitis (EAE). (A) 
Representative Western blot of p-GSK-3β, total GSK-3β, and β-actin 
expression. (B) Semi-quantitative analysis of p-GSK-3β expression in 
the spinal cord. p-GSK-3β expression was significantly decreased on 
day 13 postimmunization (PI) compared with normal controls. Values 
are presented as means±SE. *P<0.05 vs. controls.
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An inhibitor of GSK-3β, lithium, ameliorates rat EAE 
paralysis 

To assess the role of GSK-3β in rat EAE, myelin basic pro-
tein (MBP)–immunized Lewis rats were treated with lithium. 
Lithium treatment significantly reduced the incidence of pa-
ralysis in MBP-immunized rats (40% suppression, 6/10 rats) 
compared with vehicle-treated EAE rats (100% incidence, 
10/10 rats). The onset of EAE paralysis in lithium-treated 
rats with EAE (day 12.4±0.79 PI) was significantly delayed 
compared with that in vehicle-treated controls (day 10.3±0.15 
PI) (P<0.05). Furthermore, lithium treatment at days 12–13 
PI significantly ameliorated the clinical severity of EAE com-
pared with vehicle treatment (P<0.01) (Fig. 3A).

Effects of lithium on histological parameters 
Histopathological examination showed no inflammatory 

cells in the spinal parenchyma of normal controls (Fig. 3B). In 

vehicle-treated EAE rats, a large number of inflammatory cells 
were seen in the spinal cord parenchyma (Fig. 3C), whereas 
inflammatory lesions were reduced in the spinal cords of 
lithium-treated rats (Fig. 3D). These findings matched the 
clinical signs (Fig. 3A).

To assess the effect of lithium treatment on rat EAE, we ex-
amined the expression of Iba-1, which is a marker of microg-
lia and macrophages, by immunohistochemistry (Fig. 4A). In 
brief, Iba-1–positive ramified microglial cells were detected 
diffusely in the normal spinal cord. In vehicle-treated, EAE-
affected spinal cords, the number of Iba-1–positive microglia 
and macrophages increased. In contrast, the intensity of Iba-1 
immunolabeling was decreased in the lithium-treated group. 
A semiquantitative analysis of Iba-1 immunoreactivity in 
the spinal cord using ImageJ (Fig. 4B) revealed significantly 
reduced microglial positivity in the spinal cords of rats with 
EAE treated with lithium (16.23±0.83%) compared with those 

A B C

D E F

Fig. 2. Immunohistochemical staining 
of phosphorylated glycogen synthase 
kinase-3β (p-GSK-3β) in the spinal 
cords of normal (A) and experimental 
auto im mune encephalomyelitis (EAE) 
rats on day 13 postimmunization (PI) 
(G.3) (B–D) and day 21 PI (R.0) (E). 
p-GSK-3β in astrocytes (arrows) in the 
spi nal cords of normal controls. On 
day 13 PI, p-GSK-3β was expressed by 
infiltrating inflammatory cells (B and E, 
arrowheads), astrocytes (B and E, arrows), 
neurons (C, arrows), vas cular endothelial 
cells (D, “V”) and epen dymal cells (D) 
in the spinal cord. Pri mary antibody 
was omitted (F). Coun terstained with 
hematoxylin. Scale bars=25 μm (A–F).

Table 1. p-GSK-3β immunoreactivity in the spinal cords of control and EAE-affected ratsa)

Cell type
Control EAE

Normal CFA control
Paralysis stage Recovery stage

G.1 G.3 R.0
Inflammatory cellsb) ND ND + + +
Astrocytes +++ +++ +++ + +++
Neurons + + + + +
Ependymal cells + + + + +
Vascular endothelial cells +++ +++ +++ +++ +++

p-GSK-3β, phosphorylated glycogen synthase kinase-3β; EAE, experimental autoimmune encephalomyelitis; CFA, complete Freund’s adjuvant; ND, inflammatory 
cells were not detected in the spinal cord; +, weak; ++, moderate; +++, strong. a)Three blind observers examined three sections from each of five animals.  
b)Inflammatory cells included p-GSK-3β–positive T cells and macrophages. 
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given vehicle (30.79±3.67%, P<0.01). These results suggest 
that lithium-induced amelioration of rat EAE is associated 
with the suppression of microglia and macrophage activation. 

An inhibitor of GSK-3β treatment reduces serum 
TNF-a levels in EAE rats 

We determined whether lithium treatment suppressed the 
expression of proinflammatory cytokines, such as TNF-a, 
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and anti-inflammatory cytokines, such as IL-10 in the serum 
levels (Fig. 5). TNF-a expression was significantly decreased 
in lithium-treated rats (relative OD value, 0.15±0.12-fold in-
crease; P<0.05) compared with vehicle-treated EAE rats (rela-
tive OD values, 0.35±0.2-fold increase; P<0.05) (Fig. 5A). In 
contrast, expression of IL-10 did not significantly differ in the 
vehicle and lithium-treated groups (Fig. 5B). 

Change of Akt/GSK-3β/β-catenin signaling in spinal 
cords of lithium-treated EAE rats 

To determine whether lithium treatment inhibits GSK-
3 activity in the spinal cords of EAE rats, we examined GSK-
3β phosphorylation and upstream and downstream signaling, 
such as phosphorylation of Akt and total β-catenin expres-
sion, by western blotting (n = 5 rats per group). 

The p-Akt level in spinal cords was significantly increased 
in the lithium-treated group (relative OD value, 1.570±0.015-
fold increase; P<0.05) compared with the vehicle-treated 
group at 13 days PI (0.990±0.003-fold increase) (Fig. 6A). 

The vehicle-treated EAE rats (0.680±0.001-fold increase) 
showed significantly decreased p-GSK-3β levels compared 
with normal control rats (1.00±0.18-fold increase, P<0.05). 

However, lithium treatment (1.120±0.017-fold increase, 
P<0.05) resulted in increased p-GSK-3β expression compared 
with vehicle treatment in EAE rats (Fig. 6B). 

In addition, β-catenin levels were decreased in vehicle-
treated EAE rats (0.370±0.197-fold increase, P<0.05) com-
pared with normal control rats, whereas lithium treatment 
resulted in increased total β-catenin levels in EAE rats 
(1.110±0.064-fold increase) (Fig. 6C). 

Immunohistochemical evaluation of VCAM-1 in the 
spinal cords of lithium-treated EAE rats 

In normal control rats, VCAM-1 expression was moder-
ate in the vascular endothelial cells and astrocytes (Fig. 7A). 
In contrast, VCAM-1 was strongly expressed in the vascular 
endothelial cells, astrocytes, and infiltrated inflammatory 
cells of lithium-treated (Fig. 7B) and vehicle-treated (Fig. 7C) 
rats. However, the intensity of VCAM-1 immunolabeling was 
weaker in lithium-treated rats than in vehicle-treated rats. A 
semiquantitative analysis of VCAM-1 immunoreactivity in 
the spinal cord using ImageJ was significantly increased in ve-
hicle-treated rats (20.7±0.3%, P<0.05) compared with normal 
control rats (11.1±0.6%). However, we observed a significant 
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Fig. 7. Immunohistochemical detection 
of vascular cell adhesion molecule 1 
(VCAM-1) in the spinal cords of nor-
mal control (A), vehicle-treated (B), and 
lithium-treated (C) rats. VCAM-1 in 
vascular endothelial cells (asterisk) and 
astrocytes (arrow) of the spinal cords 
of normal control rats (A). VCAM-1 
immunoreactivity was detected mainly 
in the vascular endothelial cells (asterisk), 
infiltrated inflammatory cells, and as-
tro cytes (arrows) in vehicle-treated rats 
(B), but it was rarely de tected in the 
spinal cords of lithium-treated rats (C). 
Semi-quantitative an aly sis of VCAM-
1 immunoreactivity in normal con trol 
and vehicle- and li thium-treated rats 
with experimental auto im mune en ce-
phalomyelitis (EAE) on day 13 post-
immunization (PI) (D). Coun terstained 
with hematoxylin. Values are presented 
as mean±SE. *P<0.05 vs. normal con-
trols (n=5 each group), #P<0.05 vs. 
vehicle treat ment. Scale bars=25 μm (A–
C).
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decrease in the VCAM-1 immunoreactivity in lithium-treated 
(13.1±0.5%, P<0.05) compared with vehicle-treated rats (Fig. 
7D).

Discussion

In the present study, we first examined the quantitative 
changes and immunohistochemical localization of the phos-
phorylated form of GSK-3β in EAE-affected rat spinal cords 
and also determined the effect of lithium, an inhibitor of 
GSK-3β, on the neuropathogenesis of acute monophasic rat 
EAE. 

Regarding the cellular localization of GSK-3β in rat CNS 
tissue, there is general agreement that GSK-3β, which is in-
volved in cell signaling, is constitutively expressed in a variety 
of cell types, including neurons and glial cells, under normal 
conditions [24]. Inactivation of GSK-3β by phosphorylation 
of Ser-9 in the N-terminal domain of GSK-3β is involved in 
the interruption of cell signaling pathways, including the Akt 
and β-catenin pathways in acute monophasic rat EAE. 

In terms of rat EAE, GSK-3β was constitutively expressed 
in spinal cord tissues with or without EAE, and GSK-3β 
phosphorylation was transiently suppressed at the peak stage 
of EAE, suggesting that autoimmune neuroinflammation 
reduces the phosphorylation of GSK-3β (Ser9), leading to en-
hancement of inflammation. 

Regarding the involvement of astroglial activation in rat 
EAE, we postulate that astrogliosis in rat EAE is influenced by 
transient GSK-3β activation, as shown in a mouse EAE model 
in which the loss of p-GSK-3β in radial glia was involved in 
astrogliosis [25]. GSK-3β involvement in astrocytes has also 
been demonstrated in the spinal cords of both sham-operated 
rats and rats that have undergone partial sciatic nerve ligation 
[26], as well as in the white matter radial astrocytes and gray 
matter neurons of CFA-immunized mice [25].

For more than 50 years, lithium been used as a mood sta-
bilizer to treat human bipolar disorders, and it exerts a neu-
roprotective effect [14, 18]. Therefore, lithium is used to treat 
various CNS diseases. In the present study, we found that 
lithium treatment significantly delayed the onset of EAE pa-
ralysis and reduced the clinical severity of acute monophasic 
rat EAE, suggesting that lithium exerts an anti-inflammatory 
effect in the rat EAE model, as reported previously [19]. Lithi-
um-induced suppression of neuroinflammation, and possibly 
suppression of microglial cells, has also been demonstrated in 
a variety of CNS injury models, including neonatal rat hypox-

ia-ischemia [27], intracerebral hemorrhage of rats [28], and 
lipopolysaccharide (LPS)-induced microglial activation [29]. 
These findings suggest that lithium has anti-inflammatory ef-
fects. 

The present study demonstrated that lithium treatment 
reduced the number of Iba-1–positive macrophages/activated 
microglia in the spinal cords of rats with EAE at the peak 
stage. Activated microglia are a source of cytotoxic molecules, 
such as the pro-inflammatory cytokines TNF-a, IL-6 [29], 
and IL-1β [30]. The suppression of microglial activation is 
important for the treatment of inflammation. In the present 
study, we found that lithium treatment resulted in a decrease 
in the Iba-1–positive area in the spinal cord and a reduction 
in the serum TNF-a level, suggesting that lithium both sup-
presses the levels of circulating pro-inflammatory mediators 
and reduces the number of CNS microglial cells. Recently, it 
was reported that a peripheral increase in the TNF-a level in 
EAE is important for the activation of the microglial cells and 
astrocytes in the EAE cerebral cortex prior to cell migration 
into the parenchyma [31]. 

In terms of the mechanism of action of lithium, Dong et 
al. [29] reported downregulation of pro-inflammatory cy-
tokines (such as TNF-a and IL-6) in LPS-induced primary 
rat microglial cells treated with lithium due to the inhibition 
of Toll-like receptor 4 expression and microglial activation 
through the phosphoinositide 3-kinase (PI3K)/Akt/FoxO1 
signaling pathway. In addition, lithium pretreatment reduced 
in vitro production of interferon γ , IL-6, and IL-17 by sple-
nocytes isolated from MOG35-55-immunized mice on day 10 
PI [13]. Lithium treatment also induced the production of 
anti-inflammatory cytokines, such as IL-10, in Pseudomonas 
aeruginosa keratitis [32], human monocyte-derived dendritic 
cells [33], and an animal model of mania induced by dextro-
amphetamine [34]. 

We found no significant change in the serum IL-10 level in 
lithium-treated rats, suggesting that lithium-induced amelio-
ration of rat EAE is not directly linked to increased serum IL-
10 levels. A similar result in terms of no change in the IL-10 
level was reported in splenocytes isolated from MOG33-55-immu-
nized mice with and without lithium treatment on day 10 PI [13]. 
Therefore, we postulated that lithium suppresses production 
of pro-inflammatory cytokines, but not the M2 milieu, as in-
dicated by the upregulation of the anti-inflammatory cytokine 
IL-10 in the rat model of EAE. 

GSK-3, which is a multifunctional serine/threonine kinase, 
is involved in the development and progression of neuroin-
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flammation [35-37] and is regulated by the PI3K/Akt and/or 
Wnt signaling pathway [14, 38, 39]. In the PI3K/Akt signaling 
pathway, PI3K and Akt are involved in the ability of Toll-like 
receptors to mediate the phosphorylation of GSK-3β (Ser9) 
and NF-κBp65 by regulating the production of pro- and 
anti-inflammatory cytokines [40]. In addition, the histone 
deacetylase inhibitor Scriptaid increased the phosphorylation 
of GSK-3β in the microglia of traumatic brain injury, thereby 
promoting PI3K/Akt signaling and depolarizing microglia 
toward M2 [41]. In human macrophages treated with LPS, 
lithium pretreatment significantly enhanced NF-κBp65 phos-
phorylation and markedly inhibited ERK1/2 phosphorylation. 
However, lithium had no effect on p38 and JNK signaling 
[42]. Furthermore, it was reported that the accumulation of 
β-catenin caused by GSK-3 inhibition through the activation 
of Wnt signaling plays an important role in neuroprotection 
[37, 38, 43]. In the present study, which used a rat model of 
EAE, we found that lithium treatment significantly inacti-
vated GSK-3β by phosphorylation of Ser 9. We also found an 
accumulation of β-catenin in the spinal cord, suggesting that 
the Akt/GSK-3β/β-catenin signaling pathway is associated 
with amelioration of the EAE inflammation caused by lithium 
treatment. In a previous study, we found that all three MAP 
kinases—ERK, JNK, and p38—were transiently activated dur-
ing the inflammatory stage of rat EAE; however, these factors 
are present in all inflammatory cell types as well as in brain 
cells [44], suggesting that MAP kinases are less affected in 
EAE rats. 

In CNS autoimmune diseases, the activation of adhesion 
molecules, such as intercellular adhesion molecule 1 (ICAM-
1) and VCAM-1, in the vascular endothelial cells and astro-
cytes initiates inflammation [2, 45, 46]. 

In the present study, we found moderate VCAM-1 expres-
sion in vascular endothelial cells and some astrocytes in the 
normal spinal cord, whereas VCAM-1 expression was signifi-
cantly increased in the spinal cords of EAE rats, particularly 
in astrocytes and infiltrating inflammatory cells, which is in 
agreement with our previous report [2]. VCAM-1 expres-
sion by astrocytes is vital for T cell entry into spinal cord pa-
renchyma in MOG35-55-immunized mice and is required for 
CNS inflammation [14, 45]. Consistent with the activation of 
vascular endothelial cells, the close link between GSK-3β and 
VCAM-1 was confirmed; this is involved in vascular permea-
bility via endothelial adhesion molecules [47]. Taken together, 
the previous studies and our findings suggest that suppression 
of ICAM-1 and VCAM-1 in vascular endothelial cells and 

astrocytes is involved in the amelioration of rat monophasic 
EAE. This assumption is supported by reports that matrine, a 
quinolizidine alkaloid, significantly mitigated EAE severity in 
Wistar rats by suppressing the levels of adhesion molecules, 
such as ICAM-1 and VCAM-1 [48], and that lithium-induced 
amelioration by methylglyoxal is associated with the inhibi-
tion of endothelial GSK-3 [47]. Therefore, our results suggest 
that lithium suppressed inflammation in the spinal cord of 
EAE rats by reducing inflammatory cell infiltration via the 
inhibition of GSK-3β expression in vascular endothelial cells 
and astrocytes.

Taken all into considerations, these findings suggest that 
GSK-3β is a target for acute CNS autoimmune diseases, and 
that lithium treatment, possibly through GSK-3β inhibition, 
would be a strategy for the amelioration of acute neuroin-
flammation as far as rat model of human CNS autoimmune 
diseases is involved. 
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