
INTRODUCTION

Parkinson’s disease (PD) is a common neurodegenerative dis-
order characterized by progressive degeneration of nigrostriatal 
dopamine (DA) neurons and a concomitant motor dysfunction 
[1]. Although the etiology of PD is still largely unknown, accu-
mulating evidence suggests that progression of PD is associated 
with neuroinflammation [2, 3]. Postmortem analyses of brains 

from patients with PD and experimental animal models of PD in-
dicate that reactive microglia is common features of the PD brain 
[4, 5]. Proinflammatory cytokines released by reactive microglia 
contribute to degeneration of DA neurons in the substantia nigra 
pars compacta (SNpc) [6]. However, how these cytokines can lead 
to the substantial loss of DA neurons in the SN is a major unan-
swered question.

Cytokines that act as a potent regulator of neuroinflammation 
may have dual functions in the brain; beneficial vs harmful. In-
terlukin (IL)-4, a well known anti-inflammatory cytokine, plays 
beneficial roles in human patients with sepsis [7] and multiple 
sclerosis [8]. IL-4 was found to play a vital role in the regulation 
of brain cleanup and repair after stroke as an endogenous defense 
mechanism [9]. In the IL-4 deficient mice, infarction volume and 
neurological deficit are increased after transient focal cerebral 
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ischemia [10]. AAV-mediated expression of IL-4 suppressed gliosis 
and β-amyloidosis in beta-amyloid precursor protein+presenilin-1 
Tg mice, resulting in enhanced neurogenesis and improved spatial 
learning [11]. We previously showed that IL-4 may regulate neu-
roinflammation by inducing death of CD11b+-reactive microglia 
and increase neuronal survival in the cerebral cortex of LPS-
treated rat [12]. On the contrary, IL-4 was expressed in CD11b+-
reactive microglia and contributed to degeneration of neurons in 
the thrombin and amyloid beta (Aβ)-treated hippocampus in vivo 
[13, 14].

Here we report that endogenously expressed IL-4 within reac-
tive microglia mediates degeneration of DA neurons by increasing 
expression of CD68+ cells and proinflammatory cytokine such as 
IL-1β, disruption of blood-brain barrier (BBB) and astrocytes in 
the SN of LPS-treated rat. Our results suggest that IL-4 could play 
the detrimental roles in neurodegenerative diseases such as PD in 
which neuroinflammation and damage of BBB and astrocytes are 
implicated.

MATERIALS AND METHODS

Stereotaxic surgery and drug injection

All experiments were performed in accordance with approved 
animal protocols and guidelines established by Kyung Hee Univer-
sity and Korea Institute Toxicology. Animal surgery was processed 
as previously described [13, 15] with some modifications. Sprague 
Dawley rats (230~280 g) were anesthetized by injection of chloral 
hydrate (360 mg/kg, i.p.) and positioned in a stereotaxic apparatus. 
And received a unilateral administration of PBS or LPS into the 
right SN (anteroposterior -5.2 mm, mediolateral -2.1 mm, dorso-
ventral -7.8 mm from bregma), according to the atlas of Paxinos 
and Watson (1998). All injections were made using a Hamilton 
syringe equipped with a 30s gauge beveled needle and attached to 
a syringe pump (KD Scientific, MA, USA). Infusions were made at 
a rate of 0.2 μl/min for LPS (5 µg/3 μl in sterile PBS; Sigma, Saint 
Louis, USA) and for PBS as a control. For neutralization of IL-4, 
some of animals received LPS with anti-murine IL-4-neutralizing 
antibody (IL-4NA; 1 µg/µl; R&D Systems) or nonspecific goat IgG 
(gIgG; 1 µg/µl; R&D Systems) as a control. After injection, the nee-
dle was left in place for an additional 5 min before slowly retracted.

Tissue preparation and immunohistochemistry

Brain tissues were prepared for immunohistochemical staining 
as previously described with some modifications [15, 16]. In brief, 
animals were anesthetized with chloral hydrate (360 mg/kg, intra-
peritoneal injection) at the indicated time points after stereotaxic 
surgery and transcardially perfused. Brains were frozen sectioned 

using a sliding microtome into 40 μm coronal sections and col-
lected in six separate series for immunohistochemical analysis. 
Six to eight sections per animal were assessed by immunohisto-
chemistry and immunofluorescence throughout the all Fig. 1~5. 
Immunohistochemistry was performed using the avidin-biotin 
staining technique as previously described with some modifica-
tions. Free-floating serial sections were rinsed in PBS twice for 15 
min and then quenched for 5 min at room temperature (RT) in 
PBS containing 3% H2O2. Sections were then rinsed in PBS twice 
for 15 min in and blocked for 30 min at RT in PBS containing 5% 
normal serum (Vector Laboratories, CA, USA), 0.2% triton X-100 
(Sigma) and 1% bovine serum albumin (BSA) (Sigma). Sections 
were then rinsed in PBS containing 0.5% BSA twice for 15 min. 
Next, the sections were incubated overnight with gentle shaking 
at RT with PBS containing 0.5% BSA and the following primary 
antibodies: mouse anti-neuron-specific nuclear protein (NeuN; 
1:200; Merck millipore, CA, USA) for general neurons, and rab-
bit anti-tyrosine hydroxylase (TH; 1:2000; Pel-Freez, Brown 
Deer, WI) for dopaminergic neurons; mouse anti-CD11b (1:500; 
Serotec, Oxford, UK), which recognizes complement receptor 3; 
mouse anti-CD68 (1:100; Serotec), which recognizes specific for 
glycosylated lysosomal antigen for microglia; rabbit anti-ionized 
calcium binding adaptor molecule 1 (Iba1; Wako, Osaka, Japan) 
for microglia and macrophage, glial fibrillary acidic protein (GFAP; 
Sigma) for astrocyte. Sections were then rinsed in PBS containing 
0.5% BSA twice for 15 min and incubated for 1 h at RT in biotin-
conjugated mouse (1:400; KPL, MD, USA) or rabbit (1:400, Vector 
Laboratories) secondary antibody. Sections were rinsed again in 
PBS containing 0.5% BSA and incubated for 1 h at RT in avidin-
biotin complex (Vector Laboratories). After rinsing twice in 0.1M 
phosphate buffer (PB), the signal was visualized by incubating sec-
tions in 0.05% 3,3’ diaminobenzidine (Sigma) in 0.1M PB contain-
ing 0.003% H2O2. Sections were then rinsed in 0.1M PB, mounted 
on coated slides, and viewed under a bright-field microscope 
(Olympus Optical, Tokyo, Japan). To analyze the GFAP immuno-
negative (i.n.) area, CellSense Standard (version 1.16; Olympus) 
was used. Sections of SN region were obtained and total GFAP-i.
n. area was drawn using ‘closed polygon’ under measure tool. For 
Nissl staining, sections of the SN tissue was mounted on coated 
slides, dried for 1 h at RT, stained with 0.5% cresyl violet (Sigma), 
dehydrated, coverslipped, and then analyzed under a bright-field 
microscope (Olympus Optical). 

Immunofluorescence staining 

For immunofluorescence staining, tissue sections were processed 
as previously described with some modifications [17]. Briefly, free-
floating sections were mounted on coated slides and dried for 30 
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min at RT. After washing in PBS, sections were incubated in PBS 
containing 5% normal serum, 0.2% triton X-100 and 1% BSA for 
30 min and rinsed three times with PBS containing 0.5% BSA. 
Then the sections were incubated in goat anti-Interleukin-4 (IL-4; 
1:1000, R&D Systems, MN, USA) at RT. The next day, tissues were 
rinsed and incubated with Alexa Fluor 594-conjugated chicken 
anti-goat IgG (1:2000, Invitrogen, OR, USA). For double-immu-
nofluorescence staining, the sections were incubated in a follow-
ing primary antibodies combination. A rabbit anti-TH, a mouse 
anti-CD11b, a rabbit anti-Iba1, a mouse anti-CD68 (1:100) and 
either a goat anti-IL-4 overnight at 4oC. A goat anti-IL-1β (1:200; 
R&D systems, MN, USA), and either a mouse anti-CD11b. After 
washing in PBS containing 0.5% BSA, the sections were incubated 
simultaneously with a mixture of following secondary antibodies 
for 1 h at RT. Alexa Fluor 594-conjugated chicken anti-goat IgG 
(1:5000; Invitrogen) with a Alexa Fluor 488-conjugated donkey 
anti-mouse IgG (1:5000; Invitrogen) or anti-rabbit IgG (1:5000; 
Invitrogen); Alexa Fluor 488-conjugated donkey anti-mouse IgG 
with Alexa Fluor 594-conjugated chicken anti-goat IgG or anti-
rabbit IgG. After washing slides were coverslipped with Vectashield 
medium (Vector Laboratories). Stained samples were analyzed 
under confocal laser-scanning microscope (Carl Zeiss, Germany). 
To analyze the localization of different antigens in double-stained 
samples, images were obtained from the same area and merged 
using interactive software. Imaging data were analyzed in Image J 
(National Institutes of Health). ImageJ with co-localization plugin 
was used to quantify immunofluorescence and with colour decon-
volution plugin was used to quantify chromogenic signal intensity 
on image.

Stereological cell counts of DA neurons

As previously described [17, 18], the total number of TH+ neu-
rons were counted in the each groups using the optical fraction-
ator method performed on a brightfield microscope (Olympus 
Optical, BX51) using Stereo Investigator software (MBF Biosci-
ence). This unbiased stereological method of cell counting is not 
affected by either the reference volume (SNpc) or the size of the 
counted elements (neurons).

FITC-labeled albumin assay

Tissues were prepared as previously described [19] with some 
modifications. FITC-labeled albumin (Sigma) assay was per-
formed for visualization of BBB leakage. After LPS or PBS injec-
tions, rats were transcardially perfused with Hank’s Balanced Salt 
Solution containing heparin (10 U/ml) and then immediately by 
10 ml FITC-labeled albumin (5 mg/ml, in 0.1 M PBS buffer) in-
jected at a rate of 1.5 ml/min. Brains were dissected from the skull 

and postfixed overnight in buffered 4% PFA at 4oC. After fixation, 
the brains were cut into 40 μm slices using a sliding microtome. 
Sections were mounted on silane-coated slides, and the FITC-
labeled albumin contained vessels that were examined by confocal 
microscopy (Carl Zeiss). To determine the total area for FITC-
labeled albumin leakage, 3 images of SN region were obtained, 
thresholded using Image J, quantified, and normalized by value of 
PBS injected SN.

Polymerase chain reaction (RT–PCR)

Brain tissues from the ipsilateral SN were dissected at one day 
after LPS or PBS injection with IL-4NA or gIgG, and total RNA 
was extracted in a single step using RNAzol B (Tel-Test, Friend-
swood, TX) following the instructions of the manufacturer. Total 
RNA was reverse transcribed into cDNA using AMV reverse 
transcriptase (Promega, WI, USA) and random primers (Pro-
mega). The primer sequences used in this study were as follows: 
5’-TGATGTTCCCATTAGACAGC-3’ (forward) and 5’-GAG-
GTGCTGATGTACCAGTT-3’ (reverse) for IL-1β (378 bp); and 
5’-TCCCTCAAGATTGTCAGCAA-3’ (forward) and 5’-AG-
ATCCACAACGGATACATT-3’ (reverse) for glyceraldehyde-
3-phosphate dehydrogenase (GAPDH; 308 bp). The PCR am-
plification consisted of 30 cycles of denaturation at 94oC for 30 
s, annealing at 50oC for 30 s and extension at 72oC for 30 s. PCR 
products were separated by electrophoresis on 1.5% agarose gels, 
after which the gels were stained with ethidium bromide and pho-
tographed. For semiquantitative analyses, the photographs were 
scanned using the Computer Imaging Device and accompanying 
software (Fujifilm, Tokyo, Japan).

Measurement of IL-1β

The production of IL-1β from rat SN was determined by en-
zyme-linked immunosorbent assay (ELISA) techniques. Tissues 
were homogenized in 100 µl ice-cold RIPA buffer (60 mM NaCl, 
0.1% sodium dodecyl sulfate, 1% Nonidet P-40, 0.5% sodium 
deoxycholic acid, 50 mM Tris, pH 8.0) and centrifuged at 14,000 
g at 4oC for 15 min. Equal amounts of protein (25 µg) from each 
sample were placed in ELISA kit strips coated with the appropriate 
antibody. ELISA was then performed according to the manufac-
turer’s instructions (Thermo Fisher Scientific, Fremont, CA).

Statistical analysis

All values are expressed as the mean±SEM. Statistical signifi-
cance (p<0.05 for all analyses) was assessed by ANOVA using 
Instat 5.01 (GraphPad Software, San Diego, CA, USA).
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RESULTS

LPS induces neurodegeneration and microglial activation 

in the SN in vivo

LPS (5 μg) or PBS as a control were unilaterally injected into the 
rat SN. 7 d later, brain sections were processed for immunostaining 
for TH to detect DA neurons and NeuN to detect general neurons, 
and Nissl staining in the SN. In the LPS-treated SN, the significant 
loss of TH+ cells (Fig. 1E, F), NeuN+ cells (Fig. 1G), and Nissl+ cells 
(Fig. 1H) were observed, compared to the PBS-treated SN (Fig. 
1A~D), respectively. When quantified by stereological counting, 
LPS decreased the number of TH+ and Nissl+ cells in the SN by 
62% and 73%, respectively, compared to PBS control (Fig. 1I).

To determine microglial activation, sections were immunos-
tained with the antibodies against CD11b, ionized calcium bind-
ing adaptor molecule 1 (Iba1) and CD68 as described [20]. In the 
PBS-injected SN, CD11b+ (Fig. 1J, K) and Iba1+ (Fig. 1L, M) cells 

exhibited the typical ramified morphology of resting microglia. 
In the LPS-lesioned SN, the majority of CD11b+ (Fig. 1P, Q) and 
Iba1+ (Fig. 1R, S) cells displayed an activated morphology, includ-
ing larger cell bodies with short, thick, or no processes, where DA 
neurons were degenerated. CD68+ phagocytic cells were detected 
in the LPS-lesioned SN (Fig. 1T, U), whereas few of CD68+ cells 
were detected in the PBS-treated SN (Fig. 1N, O).

LPS induces endogenous expression of IL-4 in the SN in 

vivo

As we previously showed LPS-induced IL-4 expression in the 
rat cerebral cortex [12], we investigated if LPS could induce IL-4 
expression in the LPS-lesioned rat SN. After unilateral injection 
of LPS or PBS as a control, brain sections were processed for im-
munostaining for IL-4. In the PBS-injected SN, IL-4+ cells were 
undetectable (Fig. 2A). In the LPS-lesioned SN, substantial num-
ber of IL-4+ cells were observed as early as 1 d post-LPS (Fig. 2B), 

Fig. 1. LPS induces degeneration of DA neurons and microglial activation in the SN in vivo. PBS (3 μl) or LPS (5 μg/3 μl) was unilaterally injected into 
the SN. At 7 d post-injection, the coronal sections (40 μm) were selected and processed for TH (A, B, E, F), NeuN (C, G) immunohistochemical staining 
or Nissl staining (D, H). (B, F) Higher magnifications of (A, E), respectively. (I) Stereological counting results of TH+ and Nissl+ neurons in the SN at 7 d 
post-injection. The SN tissues were immunostained with CD11b (J, K, P, Q), Iba-1 (L, M R, S), and CD68 (N, O, T, U) antibodies for microglia in the SN. (K, 
M, O, Q, S, U) Higher magnifications of (J, L, N, P, R, T), respectively. Dotted lines indicate SNpc where DA neurons were degenerated. Scale bars: A, E, 250 
μm; B, F, 25 μm; C, D, G, H, 50 μm. J, L, N, P, R, T, 500 μm; K, M, O, Q, S, U, 50 μm. SNpc, substantia nigra pars compacta; SNr, substantia nigra reticulata. 
Data are presented as the means±SEM of four to seven animals per group. *p<0.001, significantly different from PBS (ANOVA and Bonferroni analyses).
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dramatically increased at 3 d post-LPS (Fig. 2C), which was detect-
able at 7 d post-LPS (Fig. 2D).

To verify the cell type, which is expressing IL-4 in the SN, brain 
sections were processed for immunostaining with antibodies 
against IL-4 and TH (Fig. 2E, I), IL-4 and CD11b (Fig. 2F, J), IL-4 
and Iba1 (Fig. 3G, K), or IL-4 and CD68 (Fig. 3H, L) at 3 d after 
intranigral injection of PBS as a control (Figs. 2E~H) or LPS (Fig. 
2I~L) and both images were merged. The levels of IL-4 expression 
were significantly increased within CD11b+ (Fig. 2J, M), Iba1+ 
(Fig. 2K, M), and CD68+ (Fig. 2L, M) cells in the LPS-treated SN, 
compared to the PBS-treated SN (Fig. 2F~H, M). Expression of 
IL-4 were undetectable in TH+ neurons in the both LPS and PBS-
treated SN (Fig. 2E, I, M). These results indicate that IL-4 expres-
sion was localized exclusively within activated microglia.

IL-4 contributes to LPS-induced neurodegeneration and 

microglial activation in the SN in vivo

To investigate the potential function of IL-4 in the LPS-lesioned 
rat SN, IL-4NA or gIgG as a control were co-injected with LPS into 
the SN. Pharmacological inhibition of IL-4 function by IL-4NA 
significantly attenuated LPS-induced neurotoxicity, which was 
demonstrated by increasing the number of TH+ (Fig. 3E, F, I) and 
Nissl+ (Fig. 3H, I) cells in the SN, compared to the gIgG-treated 
control (Fig. 3A, B, D, I). Additional NeuN staining demonstrated 
the significant increase in NeuN+ cells in IL-4NA-treated LPS-
lesioned SN (Fig. 3G), compared with the gIgG-treated LPS-
lesioned SN (Fig. 3C).

To determine the IL-4 actions on microglia, sections were im-
munostained with antibodies against CD11b, Iba1 and CD68. IL-

Fig. 2. LPS induces IL-4 expression in the microglia 
in the SN in vivo. (A~D) Immunofluorescence stain-
ing of IL-4 in the SN at 1 d (B), 3 d (C), and 7 d (D) 
after intranigral injection of LPS or PBS as a control 
(A, 1d). (E~L) At 3 d post injection, the SN tissues 
were immunostained simultaneously with IL-4 (Red) 
and TH (E, I; green), CD11b (F, J; green), Iba-1 (G, 
K; green) or CD68 (H, L; green). (E~H) PBS injected 
SN. (I~L) LPS injected SN. Arrows indicate IL-4+ cells 
merged with CD11b+, Iba-1+, and CD68+ cells. (M) 
Quantification of IL-4 expression in TH+, CD11b+, 
Iba-1+ or CD68+cells in the SN. Scale bars: A, E, 250 
μm; B, F, 25 μm; C, D, G, H, 50 μm. J, L, N, P, R, T, 500 
μm; K, M, O, Q, S, U, 50 μm. SNpc, substantia nigra 
pars compacta; SNr, substantia nigra reticulata. Data 
are presented as the means±SEM of four to eight ani-
mals per group. *p<0.05, **p<0.01, significantly dif-
ferent from PBS (ANOVA and Bonferroni analyses). 
Scale bar: A~D, 100 mm; E~L, 25 mm.
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4NA-treated LPS-lesioned SN exhibited the significant inhibition 
of microglial activation as determined by immunohistochemical 
staining of CD11b+ (Fig. 3P, Q), Iba-1+ (Fig. 3R, S) and CD68+ (Fig. 
3T, U) cells when compared with gIgG-treated LPS-lesioned SN as 
a control (Fig. 3J~O), respectively.

IL-4 contributes to the expression of proinflammatory cyto-

kine in the SN in vivo

As IL-4 seemed to induce microglial activation, we investigated 
if it could exert neurotoxicity by regulating the expression of IL-
1β within activated microglia. Immunohistochemical staining 
showed that IL-4NA treatment significantly decreased the num-
ber of CD68+ cells in the SN by 43% at 1d post injection (Fig. 4A, 
B). Additional immunohistochemical analysis demonstrated a 
colocalization of IL-1β within CD11b+ cells in the SN at 1 d after 
LPS (Fig. 4C). The mRNA levels of IL-1β were further confirmed 
by RT-PCR analysis. The results demonstrated that IL-4NA treat-
ment significantly attenuated the mRNA expression of IL-1β by 
56% in the LPS-lesioned SN, compared with the gIgG-treated LPS-

lesioned SN (Fig. 4D, E). Similar to RT-PCR data, ELISA analysis 
demonstrated that LPS enhanced the expression of IL-1β protein 
in the SN at 1 d after LPS compared with the PBS control. In the 
IL-4NA-treated LPS-lesioned SN, the amount of IL-1β were sig-
nificantly decreased compared with the LPS-lesioned SN (Fig. 4F), 
indicating that IL-4 regulates IL-1β expression in the LPS-lesioned 
SN in vivo.

IL-4 induces disruption of both BBB and astrocytes in the 

SN in vivo.

As IL-1β produced by microglia can alter BBB permeability in 
vivo  [21, 22], we wonder if IL-4 could affect BBB in the LPS-le-
sioned rat SN. To test this, LPS or PBS as a control was unilaterally 
injected into the rat SN and BBB leakage was assessed by measur-
ing the levels of FITC-labeled albumin. At 3 d post PBS, FITC-
labeled albumin was confined to the blood vessels, indicating that 
the BBB was intact (Fig. 5A, K). In contrast, the diffusion of FITC-
labeled albumin into the SN from multiple blood vessels was 
clearly detected as early as at 1 d and gradually increased up to at 3 

Fig. 3. LPS induces degeneration of DA neurons and microglial activation in the SN in vivo. LPS (5 μg/3 μl) was unilaterally injected into the SN in the 
presence of gIgG (1 μg) or IL-4NA (1 μg). At 7 d post-injection, the coronal sections were selected and processed for TH (A, B, E, F), NeuN (C, G) immu-
nohistochemical staining or Nissl staining (D, H). (B, F) Higher magnifications of (A, E), respectively. (I) Stereological counting results of TH+ and Nissl+ 
neurons in the SN at 7 d post-injection. The SN tissues were immunostained with CD11b (J, K, P, Q), Iba-1 (L, M R, S), and CD68 (N, O, T, U) antibodies 
for microglia in the SN. (K, M, O, Q, S, U) higher magnifications of (J, L, N, P, R, T), respectively. Dotted lines indicate SNpc where DA neurons were de-
generated. Scale bars: A, E, 250 μm; B, F, 25 μm; C, D, G, H, 50 μm. J, L, N, P, R, T, 500 μm; K, M, O, Q, S, U, 50 μm. Data are presented as the means±SEM of 
four to five animals per group. *p<0.001, significantly different from LPS with gIgG (ANOVA and Bonferroni analyses).
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d in the LPS-lesioned SN (Fig. 5B~D). Pharmacological inhibition 
of IL-4 function by IL-4NA almost completely blocked the diffu-
sion of FITC-labeled albumin in the SN at 3 d post-LPS (Fig. 5E, 
K), compared with the LPS-lesioned SN (Fig 5D, K).

As astrocytes are closely associated with maintenance and forma-
tion of BBB [23], the effects of IL-4 on astrocyte were further in-

vestigated. SN tissues adjacent to those used to BBB leakage analy-
sis in Fig. 5A~E were immunostained with antibody against GFAP 
to detect astrocytes. At 3 d post-PBS, the GFAP+ cells displayed 
ramified morphology as a resting astrocytes in the SN (Fig. 5F). In 

Fig. 4. Neutralization of IL-4 downregulates IL-1β expression in the SN 
in vivo . Animals were intranigrally infused with LPS (5 µg/3 µl) or PBS 
as a control in the presence or absence of gIgG or IL-4NA and sacrificed 
1 d later for immunohistochemical analysis (A~C), RT-PCR (D, E), and 
ELISA (F) of the SN. Photomicrographs (A) and the quantification (B) of 
CD68+ cells in the SN. (C) Colocalization of IL-1b (red) within CD11b+ 
cells (green). Arrows indicate merged cells. Representative photograph (D) 
and histogram for the quantification (E) of RT-PCR shows that IL-4NA 
decrease mRNA expression of IL-1β in the SN. (F) The amounts of IL-1b 
in the SN were measured using a ELISA technique. Data are presented as 
the means±SEM of 3 to 5 animals per group. *p<0.01, **p<0.001, com-
pared with PBS; #p<0.01, compared with LPS or LPS with gIgG (ANOVA 
and Student-Newman-Keuls analysis). Scale bars: A, C: 50 μm.

Fig. 5. Neutralization of IL-4 prevents disruption of BBB and astrocytes 
in the SN in vivo. Animals were administered LPS or PBS in the presence 
or absence of gIgG or IL-4NA and sacrificed at indicated time point. (A~E) 
Focal leakage of the BBB was demonstrated by FITC-albumin microan-
giography. The dashed lines indicate the SNpc. (F~J) The SN tissues were 
immunostained with anti-GFAP antibody for astrocyte. Dotted lines indi-
cate the lacking area of GFAP staining in the SN. Arrows indicate syringe 
track. (K) Quantification of BBB leakage density and GFAP immuno neg-
ative (i.n.) area at 3 day. Data are presented as the means±SEM of Three to 
five animals per group. *p<0.01, significantly different from PBS; #p<0.01, 
significantly different from LPS or LPS with gIgG (ANOVA and Student-
Newman-Keuls analysis). Scale bars: A~E, 500 μm; F~J, 200 μm.
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contrast, area lacking of GFAP+ cells [GFAP(-) area] was observed 
as early as at 12 h and gradually and significantly increased up to 
at 3 d in the LPS-lesioned SN (Fig. 5G~J). Pharmacological inhibi-
tion of IL-4 function by IL-4NA almost completely reduced the 
GFAP(-) area in the SN at 3 d post-LPS (Fig. 5E, K), compared with 
the LPS-lesioned SN (Fig 5D, K) or PBS control SN (Fig. 5F, K).

DISCUSSION

The present study is the first demonstration that the detrimental 
role of IL-4 on degeneration of DA neurons in the LPS-treated SN 
are associated with reactive microglia, upregulation of proinflam-
matory cytokines and disruption of BBB and astrocytes.

Reactive microglia found in brain of patients with PD [24], ex-
acerbates disease progression and loss of DA neurons [25, 26]. In 
our previous reports, CD11b+-reactive microglia was inhibited 
by capsaicin in the SN of 1-methy-4-phenylpyridinium (MPP+)-
treated rat, resulting in survival of DA neurons [27]. Inhibition of 
Mac-1+-, Iba-1+-, and CD68+-reactive microglia by ethyl pyruvate 
[28] and inhibition of CD68+-reactive microglia by cannabinoid 
receptor agonists [29] resulted in DA neuron survival in the SN of 
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-treated 
mice. In case of LPS-treated rat SN, fluoxetine prevents the degen-
eration of DA neurons by inhibiting expression of Mac-1+- and 
CD68+-reactive microglia [30]. The present study demonstrates 
that LPS significantly upregulated the expression of IL-4 and 
CD11b+-, Iba-1+- and CD68+-reactive microglia in the SN. In con-
trast, IL-4NA dramatically decreased expression of CD11b+-, Iba-
1+- and CD68+-reactive microglia and the number of CD68+ cells 
and rescued DA neurons. These data support the hypothesis that 
IL-4 has the capacity to induce microglial activation, resulting in 
the degeneration of DA neurons in the SN of LPS-treated rat.

Astrocytes are the most abundant glial cells in the brain, provide 
structural and metabolic support [31] and produce various neuro-
trophic molecules, which is essential for the development and sur-
vival of DA neurons [32]. Astrocytes are well known to maintain 
the BBB integrity [23], that has shown to be disrupted in patients 
with PD [33]. BBB protects the brain from potential neurotoxic 
molecules in circulation via tightly regulating ion balance, nutrient 
transport, the entry of plasma components and blood cells [23]. 
Increasing evidence shows the BBB disruption in patients with PD 
[33, 34] and animal models of PD [35-38]. Many studies includ-
ing ours showed that BBB damage contributes to the degenera-
tion of DA neurons in the SN of MPTP-treated mice [19, 20, 29] 
and LPS-treated rats [39, 40]. The present data demonstrate that 
LPS increases the diffusion of FITC-labeled albumin into the SN 
from multiple blood vessels and damage of GFAP+ astrocytes. The 

pharmacological inhibition of IL-4 by IL-4NA mitigates the LPS-
induced disruption of BBB and astrocytes and rescues DA neu-
rons (Fig. 5), suggesting that IL-4 induces disruption of BBB and 
astrocytes, resulting in degeneration of DA neuros in the SN in 
vivo. Nevertheless, as our data did not provide the direct and clear 
evidence of how IL-4 could regulate disruption of BBB and astro-
cytes, further study should be required to answer these questions 
in association with specificity and relevance to PD pathogenesis.

IL-1β is significantly upregulated in the cerebrospinal fluid of 
patients with PD [41]. Accumulating evidence from several stud-
ies including ours have demonstrated that IL-1β closely associ-
ated with degeneration of DA neurons and BBB disruption in the 
MPTP [29, 42] and LPS model of PD [35, 43]. In the 6-hydroxy-
dopamine-treated rat, a subtoxic dose of LPS increased secretion 
of IL-1β which may contribute degeneration of DA neuron in 
the SN and motor symptoms in vivo. Inhibition of IL-1β by dexa-
methasone, a well-known anti-inflammatory steroid, or adenovi-
rus expressing the natural endogenous inhibitor of IL-1 reversed 
these effects [44]. Ater ischemia-reperfusion, transporting of IL-
1β across the BBB was increased [45], and inhibition of IL-1β by 
neutralizing antibody attenuates ischemia-reperfusion-induced 
increased in BBB permeability [46]. The current results showed 
that IL-4NA attenuated mRNA expression of IL-1β (Fig 4D~F) 
and BBB disruption (Fig. 5A~E, K) in the SN of LPS-treated rat. It 
is therefore likely that the observed neurotoxicity of IL-4 is associ-
ated with its role to upregulate IL-1β which is possibly related to 
BBB damage in the LPS-treated SN in vivo.

The current results are incompatible to our previous report that 
IL-4 enhances neuronal survival after traumatic spinal cord injury 
and in LPS-treated cortex in vivo by regulating neuroinflamma-
tion [12, 47]. Hühner and colleagues have recently reported that 
exogenous IL-4 protects MPP+-induced degeneration of midbrain 
DA neurons in vitro, but endogenous IL-4 has no effect on MPTP-
induced degeneration of nigrostriatal dopamine neurons in IL-4 
knock-out mice in vivo [48]. On the other hand in the present 
study, IL-4 contributes to microglial activation, production of IL-
1β, and disruption of BBB and astrocytes which subsequently led 
to the degeneration of DA neurons in the LPS-treated SN in vivo. 
This is similar to findings that IL-4 is involved in the production 
of proinflammatory cytokines and oxidative stress, leading to 
neurodegeneration in the thrombin and Aβ1-42-treated CA1 layer 
of hippocampus in vivo [13, 14]. These apparent inconsistency of 
IL-4 roles is thought to be due to different insults (LPS vs Aβ1-42 vs 
thrombin vs traumatic injury vs MPTP) and /or target areas (SN 
vs cortex vs hippocampus vs spinal cord).

IL-4 and IL-13 partially share their receptors that heterodimer-
ize the IL-4 receptor alpha chain (IL-4Rα) with IL-13Rα1 forming 
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a complex capable of binding IL-4 or IL-13 [49, 50]. IL-13Ra1 is 
expressed in DA neurons and contributes to oxidative stress and 
lack of IL-13Rα1 delays the loss of DA neurons during restraint 
stress and LPS-induced acute stress in mice [51, 52]. Although the 
present study did not provide the effect of IL-4 which could be 
specific and relevant to the pathogenesis of PD, further study in-
volving expression of IL-4R and/or IL-13R on DA neurons could 
be useful to validate if IL-4 effects can be specific and relevant to 
the pathogenesis of PD.

Finally, neuroinflammation can be produced by reactive microg-
lia, proinflammatory cytokines, disruption of BBB and astrocytes, 
which induces onset and/or progression of degeneration of DA 
neurons occurring in PD. Therefore, it is likely that endogenously 
expressed IL-4 might serve as the neurotoxic molecule by enhanc-
ing PD-related inflammatory processes in the LPS-treated rat 
model of PD.
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