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Abstract
By using an animal model in which inflammatory cytokines are induced in lipopolysaccharide (LPS)-

injected rat brain, we investigated the induction of tumor necrosis factor alpha (TNFα), interleu-
kin-1beta (IL-1β), and IL-6. Immunoblotting and immunohistochemistry revealed that all three

cytokines were transiently induced in the cerebral cortex at about 12 h after LPS injection. To

clarify which glial cell type induced the cytokines, we examined the respective abilities of astro-

cytes and microglia in vitro. Primary microglia largely induced TNFα, IL-1β and IL-6 in response

to LPS, but primary astrocytes induced only limited levels of TNFα. Thus, we used specific inhi-

bitors to focus on microglia in surveying signaling molecules involved in the induction of TNFα, IL-
1β, and IL-6. The experiments using mitogen-activated protein kinases (MAPK) inhibitors revealed

that c-Jun N-terminal kinase (JNK)/p38, external signal regulated kinase (ERK)/JNK, and ERK/JNK/

p38 are necessary for the induction of TNFα, IL-1β, and IL-6, respectively. The experiments using

protein kinase C (PKC) inhibitor clarified that PKCα is required for the induction of all these cyto-

kines in LPS-stimulated microglia. Furthermore, LPS-dependent IL-1β/IL-6 induction was sup-

pressed by pretreatment with a nitric oxide (NO) scavenger, suggesting that NO is involved in

the signaling cascade of IL-1β/IL-6 induction. Thus, an inducible NO synthase induced in the

LPS-injected cerebral cortex might be related to the induction of IL-1β/IL-6 through the produc-

tion of NO in vivo. Taken together, these results demonstrated that microglia induce different kinds

of inflammatory cytokine through specific combinations of MAPKs and by the presence or absence

of NO.

Corresponding author:
Kazuyuki Nakajima, Department of Science and Engineering for Sustainable Innovation, Faculty of Science and

Engineering, Glycan & Life Systems Integration Center, Soka University, 1-236 Tangi-machi, Hachioji, Tokyo

192-8577, Japan.

E-mail: nakajima@soka.ac.jp

Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative

Commons Attribution-NonCommercial 4.0 License (https://creativecommons.org/licenses/by-nc/4.0/)

which permits non-commercial use, reproduction and distribution of the work without further permission provided the original

work is attributed as specified on the SAGE and Open Access page (https://us.sagepub.com/en-us/nam/open-access-at-sage).

Original Manuscript SCIENCE PROGRESS

Science Progress

2021, Vol. 104(4) 1–21

© The Author(s) 2021

Article reuse guidelines:

sagepub.com/journals-permissions

DOI: 10.1177/00368504211054985

journals.sagepub.com/home/sci

https://orcid.org/0000-0003-4108-6018
mailto:nakajima@soka.ac.jp
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://us.sagepub.com/en-us/nam/open-access-at-sage
https://us.sagepub.com/en-us/journals-permissions
https://doi.org/
https://journals.sagepub.com/home/sci


Keywords
Microglia, lipopolysaccharide, inflammatory cytokines, tumor necrosis factor alpha, interleukin

1beta, interleukin 6

Introduction

Inflammatory cytokines such as tumor necrosis factor alpha (TNFα), interleukin 1beta
(IL-1β), and IL-6 have been detected in various brain diseases such as Alzheimer’s
disease,1–3 Parkinson’s disease,4,5 amyotrophic lateral sclerosis,6 multiple sclerosis,2

and acquired immunodeficiency syndrome dementia.1 They have also been found in
damaged regions including ischemia,7 stroke,8 and injury.9–11 These three cytokines
have been generally thought to exacerbate inflammatory and immune reactions and, in
the worst cases, to cause cell death. In fact, TNFα has been reported to kill oligodendro-
cytes and neurons in the nervous system.12,13 IL-1β caused neuronal cell death in the
hippocampus14 and indirectly caused neuronal cell death with other factors.15–17 IL-6
has been reported to induce cell death in cerebellar granule neurons.18 Thus, these inflam-
matory cytokines were often regarded as the targets for the amelioration or improvement
of symptoms in many brain degenerative diseases or injuries. However, the mechanism
underlying the induction of inflammatory cytokines has not been systemically analyzed,
and thus ambiguous issues remain. For example, the point at which each inflammatory
cytokine is induced after stimulation is still uncertain. The relationship between the
induction of inflammatory cytokines and glial proliferation/activation is unclear.
Which glial cell type is responsible for the induction of inflammatory cytokines has
not been sufficiently analyzed. Whether all inflammatory cytokines are induced by a
common signaling cascade also remains to be investigated.

Therefore, we investigated the time course of the induction of inflammatory cytokines
and glial proliferation/activation as well as the ability of astrocytes and microglia in vitro
to induce inflammatory cytokines, and further analyzed signaling molecules that are rele-
vant to the induction of inflammatory cytokines. These analyses revealed notable
findings.

Material and methods

Reagents and antibodies

Lipopolysaccharide (LPS) was supplied by Difco Laboratories (Detroit, MI). Dulbecco’s
modified phosphate-buffered saline (PBS) was supplied from Kanto Chemical (Tokyo).
Enzyme-linked immunosorbent assay (ELISA) kits for rat TNFα, IL-1β, and IL-6 were
purchased from R&D Systems (Minneapolis, MN), Thermo Fisher Scientific
(Rockford, IL), and Cloud-Clone (Katy, TX), respectively.

The cell-permeable and selective mitogen-activated protein kinase (MAPK)/extracel-
lular signal-regulated kinase (ERK) kinase (MEK) inhibitor PD98059,19 cell-permeable
p38MAPK inhibitor SB203580,20 and cell-permeable protein kinase C (PKC)
inhibitor myristoylated pseudosubstrate (20–28) (MP)21 were purchased from
Calbiochem-Novabiochem (LaJolla, CA). The c-Jun N-terminal kinase (JNK) inhibitor
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SP60012522 was supplied by Funakoshi (Tokyo). The NO assay kit,
2-(4-carboxyphenyl)-4,4,5, 5-tetramethylimidazoline-1-oxyl 3-oxide, sodium salt
(Carboxy-PTIO),23 and S-nitroso-N-acetyl-DL-penicillamine (SNAP)24 were obtained
from Dojindo Laboratories (Kumamoto, Japan).

Antibodies against TNFα (sc-1351), IL-1β (sc-1251), IL-6 (sc-1265), NO synthase 2
(NOS2) (corresponds to iNOS, sc-7271), actin (sc-1615), cFms (sc-692), and L-selectin
(sc-390756) were supplied by Santa Cruz Biotechnology (Dallas, TX). Another anti-IL-6
antibody (ARC0062) was purchased from Thermo Fisher Scientific. Anti-glial fibrillary
acidic protein (GFAP) (MAB5628) antibody was purchased from Millipore (Temecula,
CA). Anti-ionized Ca2+ binding adapter molecule 1 (Iba1) (016–20001) antibody was
supplied by Fuji Film Wako Pure Chemical Industries (Osaka, Japan). Antibodies
against PCNA (NA03) and CD68 (ED1) (MCA341R) were obtained from
Calbiochem-Novabiochem and Bio-Rad, respectively.

Horseradish peroxidase (HRP)-conjugated anti-mouse IgG (sc-2055),
HRP-conjugated anti-rabbit IgG (sc-2374), and HRP-conjugated anti-goat IgG
(sc-2020) were purchased from Santa Cruz Biotechnology. Alexa Fluor 488-conjugated
anti-mouse IgG (A11001) and Alexa Fluor 568-conjugated anti-rabbit IgG (A11011)
were obtained from Life Technology Corp. Alexa Fluor 488-conjugated anti-rabbit
IgG (711-545-152) was purchased from Jackson ImmunoResearch Lab Inc (West
Grove, PA). Alexa Fluor 568-conjugated anti-goat IgG (ab175704) was supplied by
Abcam (Cambridge, UK).

Animals and operation

Male Wistar rats (8 weeks old) were obtained from Clea Japan (Tokyo) and kept on a
12-h daylight cycle with food and water. The animal experiments were carried out in
accordance with the guidelines laid down by the US National Institutes of Health regard-
ing the care and use of animals, and were approved by the ethics committee of Soka
University (approval code: 2012).

Rats were anesthetized with isoflurane and fixed to a corkboard. In each hemi-
sphere, a hole was made in the skull at 5 mm posterior and 3 mm lateral to the
bregma, which are the coordinates in the stereotaxic atlas of Paxinos and Watson
(1982).25 In the left hole, 5 μL of phosphate-buffered saline (PBS) (vehicle) was
injected at 5 mm depth. In the right hole, 5 μL of LPS solution (10 μg/μL PBS)
was injected at 5 mm depth by a Hamilton syringe (Figure 1A.1B). By using this
method, we intended to obtain the effect of LPS alone. This LPS concentration (10
μg/μL PBS) did not exhibit cytotoxic effects and was suitable for obtaining stable
and reproducible results in vivo. After the surgical skin was closed, the animals
were left in normal conditions. The rats were reared for 3, 6, 12, 24 h, and 3 days,
and decapitated under anesthesia. The whole brains were removed, frozen on dry
ice, and stored at −80°C until use.

For the preparation of a tissue extract of the LPS/PBS-injected region, the brains were
kept at −15°C, and a 2-mm-thick tissue around the LPS injection hole was cut out.
A tissue on the PBS-injected side was similarly taken from the opposite hemisphere.
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Immunoblotting

The tissue samples recovered from the LPS/PBS-injected sites and a PBS-injected site
were solubilized with nonreducing sodium dodecyl sulphate (SDS) sample solution
[62.5 mM Tris HCl (pH 6.8), 2.3% SDS, 10% glycerol] and centrifuged (100,000 g,
30 min). The supernatant was recovered and the protein content was determined by the
method of Lowry et al.26 The supernatant (tissue extract) was adjusted to contain 5%
2-mercaptoethanol, and the resultant sample was subjected to immunoblotting for
TNFα (1:100), IL-1β (1:100), IL-6 (1:100), iNOS (1:1000), actin (1:2000), GFAP
(1:1000), Iba1 (1:1000), PCNA (1:500), cFms (1:1000), CD68 (1:500), and L-selectin
(1:1000).

The freeze-dried MCM and ACM (see above) were solubilized with reducing sample
buffer [62.5 mM Tris HCl (pH 6.8), 5% 2-mercaptoethanol, 2.3% SDS, 10% glycerol],
and an aliquot of each medium was subjected to immunoblotting for TNFα (1:1000),
IL-1β (1:1000), and IL-6 (1:1000).

Immunohistochemical staining

The coronal sections 20 μm thick were cut on a cryostat (Leica CM1860, Germany) from
a brain region in which PBS (vehicle) and PBS/LPS were injected as shown in Figure 1.
The sections were air-dried for 20 min and fixed in 4% paraformaldehyde in 10 mM PBS
for 10 min. The fixed sections were treated sequentially with 50%, 100%, and 50%
acetone for 2, 3, and 2 min, respectively. These sections were further soaked in 0.1%

Figure 1. Schema indicating LPS-injection site
A. Overhead view of rat brain. Five microliters of PBS (vehicle) was injected at 5 mm posterior to and 3 mm to

the left of the bregma, and 5 μL of LPS solution (10 μg/μL PBS) was injected at 5 mm posterior to and 3 mm to

the right of the bregma.

B. Coronal view of rat brain. The view around the dotted line in A is shown.　.
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Triton X-100/10 mM PBS for 10 min and blocked with 0.2% bovine serum albumin or
0.2% skim milk for 60 min.

To examine whether microglia proliferate in an LPS/PBS-injected region, the sections
were stained by fluorescent dual staining with anti-PCNA antibody and anti-Iba1 anti-
body. The sections were incubated first with anti-PCNA antibody (1:100) at 4°C for
16 h, and then with Alexa Fluor 488-conjugated anti-mouse IgG (1:500) at 4°C for 16
h. The sections were further incubated with anti-Iba1 antibody (1:500) at 4°C for 16 h,
and then with Alexa Fluor 568-conjugated anti-rabbit IgG (1:500) at 4°C for 16 h.

To investigate whether the inflammatory cytokines are expressed in the LPS/PBS
injected region, the sections were incubated first with anti-TNFα antibody (1:100),
anti-IL-1β antibody (1:100), or anti-IL-6 antibody (1:100) at 4°C for 16 h, and then
with anti-Iba1 antibody (1:1000) at 4°C for 16 h. The sections were further incubated
with Alexa Fluor 568-conjugated anti-goat IgG (1:500) and Alexa Fluor 488-conjugated
anti-rabbit IgG (1:500) at room temperature for 3 h. These sections were sufficiently
washed and mounted with PermaFluor (Thermo Scientific). The specimens were
observed under a fluorescence microscope (Nikon ECLIPSE TS100).

Preparation of primary microglia and astrocytes

To obtain microglia and astrocytes in vitro, we prepared primary mother cultures of the
cerebral hemispheres of newborn rat. The primary cultures were made essentially accord-
ing to a method described previously,27 and both microglia and astrocytes were prepared
from the cultures.

Briefly, microglia were floated by gentle shaking of primary mother cultures that had
been maintained for 10–20 days, and seeded on 60-mm dishes (Nunclon, Sigma-Aldrich)
at a density of 1.5 × 106 (for immunoblotting). The purity was over 99.9% based on the
assessment of Iba1 staining.

Astrocytes were prepared from a primary mother culture maintained for 3 weeks,
essentially as described.28 The astrocytes were subcultured onto 60-mm dishes
(Nunclon) at a density of 1.5 × 106 cells/dish (for immunoblotting). The cell purity
was estimated as 98% based on staining with anti-GFAP antibody.

Stimulation of microglia and astrocytes and recovery of their conditioned media

The microglial and astrocytic cultures prepared as described above were rinsed with
serum-free DMEM and maintained with the same medium for 16 h. These cells were sti-
mulated with LPS (0.5 μg LPS/mL) as necessary.

To test the effects of an MEK inhibitor (PD98059), a JNK inhibitor (SP600125), a
p38MAPK inhibitor (SB203580), a protein kinase Cα inhibitor (MP), and
Carboxy-PTIO on LPS-stimulated microglia, microglia were pretreated with the respec-
tive reagents for 1 h prior to LPS stimulation.

The conditioned media of microglia and astrocytes were recovered at suitable time
points (0, 6, 12, and 24 h) and referred to as microglial conditioned medium (MCM)
and astrocytic conditioned medium (ACM), respectively. For the immunoblotting of
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TNFα, IL-1β, or IL-6, MCM and ACM were concentrated by Centricut V-10 (Kurabo,
Osaka, Japan) and freeze-dried.

ELISA for rat TNFα, IL-1β, and IL-6

The amounts of TNFα, IL-1β, and IL-6 secreted from microglia into the MCM were also
determined by an ELISA kit. Fifty microliters of each MCM sample and each standard rat
TNFα (0, 12.5, 25, 50, 100, and 200 pg/mL), rat IL-1β (0, 25.6, 64, 160, and 400 pg/mL),
or rat IL-6 (0, 7.8, 15.6, 31.2, 62.5, 125, and 250 pg/mL) were concomitantly poured into
the wells of a 96-well plate precoated with anti-rat TNFα, IL-1β, or IL-6 antibody. After 2
h (in the cases of TNFα and IL-1β) or 1 h (in the case of IL-6), the bound cytokine was
detected according to each protocol. Using these assay kits, it was possible to detect a
minimum of 10 pg TNFα/mL, 5 pg IL-1β/mL, and 3pg IL-6 /mL.

Statistical analysis

The contents of TNFα, IL-1β, or IL-6 in MCM determined by ELISA were expressed as
means ± SDs of three separate experiments. The densities of the TNFα, IL-1β, and IL-6
protein bands in immunoblotting were measured by densitometry using ImageJ software
(NIH, Bethesda, MD) and expressed as means ± SDs of three separate experiments. The
value relative to that in the control (defined as 100) was assessed via Student’s t-test In all
cases, P values less than 0.05 were considered significant (*P < 0.05, **P < 0.01).

Results

Induction of inflammatory cytokines in LPS-injected rat cerebral cortex

To examine the induction of inflammatory cytokines in the brain, we administered a bac-
terial endotoxin LPS in rat cerebral cortex (see Material and methods; Figure 1). After the
LPS injection, we compared the levels of inflammatory cytokines between the LPS/
PBS-injected region and the PBS (vehicle)-injected region. Immunoblotting indicated
that TNFα, IL-1β, and IL-6 were clearly induced in the LPS/PBS-injected region at 6–
12 h after injection, after which the levels declined (Figure 2A). In contrast, in the
PBS-injected region these cytokines were not significantly induced at any time point
(Figure 2A). We thus confirmed that the inflammatory cytokines TNFα, IL-1β, and
IL-6 are inducible-type cytokines in the brain.

In addition to inflammatory cytokines, we examined the expression of inducible NO
synthase (iNOS), because the iNOS product NO is associated with the induction of
inflammatory cytokines.29,30 Immunoblotting indicated that iNOS protein was transiently
induced in the LPS/PBS-injected region at 6–12 h after LPS injection (Figure 2B).

To ascertain the relationship between the induction of inflammatory cytokines and
glial proliferation/activation, we examined the expression of astrocytic marker GFAP
and microglial marker Iba1 in LPS/PBS-injected cerebral cortex. At 3 days post-injection,
the GFAP level was slightly promoted (Figure 2C), and the Iba1 level was largely
increased (Figure 2C). An S-phase-specific protein, proliferating cell nuclear antigen
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(PCNA),31 was detected at 24 h after LPS/PBS-injection, and the level was increased at 3
days post-injection (Figure 2C). A receptor for M-CSF (cFms) that is expressed in pro-
liferating microglia32 was induced in the LPS/PBS-injected region at 3 days (Figure 2C).
CD68 is known to be expressed predominantly on the lysosomal membrane of

Figure 2. Induction of inflammatory cytokines in LPS-injected rat brain
A. Induction of inflammatory cytokines. PBS was injected into the left cerebral cortex and LPS/PBS was

administered in the right cerebral cortex (see Material and methods). Both areas were cut out at 6, 12, and 24

h, and at 3 days post-LPS injection, and the tissue extracts were prepared as described in Material and methods.

The tissue extracts (20 μg protein) of the PBS (vehicle)-injected site (P) and the LPS/PBS-injected site (+ L)

were immunoblotted for TNFα, IL-1β, and IL-6. A representative result is shown.

Molecular size (kDa) is indicated on the left side.

B. Induction of iNOS. The same samples as in A were immunoblotted for iNOS and actin. A typical result is

shown.

C. Induction of glial markers, proliferation marker, monocyte/macrophage marker, and neutrophil marker. The

same samples as in A were immunoblotted for GFAP, Iba1, PCNA, cFms, CD68, and L-selectin. A typical result

is shown.

D. Immunohistochemical detection of proliferating cells in the LPS/PBS-injected region. Cryosections were cut

from the brain into which LPS had been injected 3 days prior and stained dually with anti-PCNA antibody

(PCNA; Green) and anti-Iba1 (Iba1; red) antibody. PBS-injected and LPS/PBS-injected sites are shown at the

upper and lower positions, respectively. Merged images are shown on the right side. Scale bar = 50 μm.
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monocytes/macrophages,33,34 and thus was used as a marker of these cells. This CD68
band was detected at 24 h in the LPS/PBS-injected site, and the level was elevated at
3 days (Figure 2C). L-selectin was used as a neutrophil marker because it is expressed
on most neutrophils and monocytes.35 The L-selectin was temporally detected at 12 h
in the LPS/PBS-injected site (Figure 2C). These results indicated that inflammatory cyto-
kines (TNFα, IL-1β, and IL-6) were induced at 6–12 h in advance of the upregulation of
Iba1 and GFAP levels by microglia/astrocytes as well as infiltrated monocytes/macro-
phages, which occurred at 24 h-3 days post-LPS stimulation.

To confirm that microglia proliferate in response to LPS stimulation, we immunohis-
tochemically compared the expression/localization of PCNA in microglia between
PBS-injected and LPS/PBS-injected regions (Figure 2D). The cryosection cut from the
brain into which LPS had been injected 3 days prior was dually stained by anti-PCNA
antibody and anti-Iba1 antibody. In the PBS-injected site, PCNA was hardly present
and Iba1 was poorly expressed (Figure 2D, upper panels). On the other hand, in the
LPS/PBS-injected site, some pointlike PCNA stainings were seen and Iba1 was strongly
detected. The merged image shows that all of the nuclear PCNA consisted of Iba1-stained
microglia（Figure 2D, lower panel）. Therefore, the results of PCNA (Figure 2C and
2D) strongly suggested that microglia did not proliferate at 6–12 h but did at 3 days
post-LPS injection.

Immunohistochemical analysis of inflammatory cytokines in LPS-injected brain

To confirm the induction of inflammatory cytokines in vivo, we prepared coronal cryo-
sections at the site where LPS had been injected 12 h prior, as shown in Figure 1B,
and dually stained the sections with each anti-inflammatory cytokine antibody and
anti-Iba1 antibody (Figure 3).

The three antibodies stained many cells in the LPS/PBS-injected region but few in the
PBS-injected region (Figure 3). Iba1 was weakly detected in the LPS/PBS-injected
region. Dual staining using anti-inflammatory cytokine antibody and anti-Iba1 antibody
indicated that a lot of cells positive for each anti-inflammatory cytokine antibody were
anti-Iba1 antibody-positive (Figure 3). These results suggested that TNFα, IL-1β, and
IL-6 were induced mostly by microglia. It also remained a possibility that only a small
number of astrocytes induced a low level of inflammatory cytokines in vivo.

Induction of inflammatory cytokines in microglia and astrocytes stimulated with
LPS in vitro

As described above (Figures 2, 3), inflammatory cytokines were induced in the cerebral
cortex in response to LPS. Since we anticipated that glial cells mainly induced those cyto-
kines, we investigated the abilities of astrocytes and microglia to induce each cytokine in
the LPS-stimulated in vitro system.

In advance of the determinations, we examined the purity of the astrocytes and micro-
glia used in this study. Immunoblotting indicated that GFAP (an astrocytic marker) alone
and Iba1 (a microglial marker) alone were detected in astrocyte extract and microglial
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extract, respectively (Figure 4A) under similar levels of protein content (Figure 4B).
These results indicated that neither cell type is contaminated by the other.

The abilities of these astrocytes and microglia to induce inflammatory cytokines were
compared under both nonstimulated and LPS-stimulated conditions. In the nonstimulated
condition, TNFα was not detected in astrocytic conditioned medium (ACM) or in micro-
glial conditioned medium (MCM) (Figure 4C). When astrocytes were stimulated with
LPS, small amounts of TNFα were detected in the ACM (Figure 4C). On the other
hand, microglia were found to induce large amounts of TNFα when stimulated with
LPS (Figure 4C).

IL-1β and IL-6 were not significantly detected in ACMs of nonstimulated and
LPS-stimulated astrocytes or in MCM of nonstimulated microglia (Figure 4C).
However, these cytokines were largely induced in MCMs of LPS-stimulated microglia
(Figure 4C). The protein profiles of ACM and MCM suggested that astrocytes and micro-
glia released similar levels of proteins (Figure 4D).

As shown in Figure 4C, microglia were found to be a major cell type inducing TNFα,
IL-1β, and Il-6 in response to LPS. We thus focused on the abilities of microglia and
quantitatively determined the amounts of the inflammatory cytokines in MCM of
LPS-stimulated microglia. Immunoblotting revealed that the amounts of TNFα, IL-1β,
and IL-6 increased in MCM of LPS-stimulated microglia depending on the culture
time (Figure 4E-G). ELISA estimated that microglia (106 cells) released 23.1 ± 7.5

Figure 3. Detection of inflammatory cytokines by immunohistochemical staining
coronal sections were prepared from the brain in which PBS (vehicle) and LPS/PBS had been injected 12 h

prior, as shown in Figure 1B. The cryosections were dually stained with anti-TNFα antibody and anti-Iba1

antibody (top), anti-IL-1β antibody and anti-Iba1 antibody (medium), and anti-IL-6 antibody and anti-Iba1

antibody (bottom). Merged images are shown on the right side. Cytokine and Iba1 can be seen as red (Alexa

Fluor-568) and Green (Alexa Fluor-488), respectively. Scale bar = 500 μm.
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pg, 819.0 ± 96.3 pg, 1420.1 ± 147.9 pg, 2049.7 ± 204.3 pg, and 2880.2 ± 364.8 pg
TNFα at 0, 3, 6, 12, and 24 h, respectively (Figure 4E). Similarly, the amounts of
IL-1β and IL-6 were quantified. Microglia (106 cells) released 4.75 ± 4.0 pg, 63.3 ±
23.1 pg, 250.0 ± 26.5 pg, 445.0 ± 35.0 pg, and 553.1 ± 35.1 pg IL-1β at 0, 3, 6, 12,
and 24 h, respectively (Figure 4F), and 0.75 ± 0.35 pg, 8.8 ± 1.6 pg, 21.3 ± 5.5 pg,
51.3 ± 11.8 pg, and 76.2 ± 13.7 pg IL-6 at 0, 3, 6, 12, and 24 h, respectively
(Figure 4G). Microglia in vitro were verified to have potencies sufficient to induce all
three kinds of inflammatory cytokines in response to LPS.

Figure 4. Ability of glial cells to induce inflammatory cytokines
A. Purity of astrocytes and microglia. The cell extracts of astrocytes and microglia were immunoblotted for

GFAP and Iba1.

B. Protein profile of glial cell extract. Cellular extracts of astrocytes and microglia were subjected to SDS-PAGE

and transblotting. The transblotted PVDF membrane was stained with 0.1% Coomassie Brilliant Blue (CBB).

C. Detection of inflammatory cytokines. Two astrocytic cultures and two microglial cultures were prepared.

Each culture was stimulated with LPS (0.5 μg/mL) (+ L) and the others remained as nonstimulated control (–).
At 24 h, each medium of astrocytes and microglia was recovered as astrocytic conditioned medium (ACM) and

microglial conditioned medium (MCM), respectively. Two ACMs (–,+ L) and two MCMs (–,+ L) were

concentrated, freeze-dried, and immunoblotted for each of TNFα, IL-1β, and IL-6.

D. Protein profiles of ACM and MCM. Two ACMs (–,+ L) and two MCMs (–,+ L) were subjected to SDS-PAGE

and transblotted to PVDF membrane. The membrane was stained with Coomassie Brilliant Blue (CBB).

E, F, G. Determination of inflammatory cytokines in LPS-stimulated microglia. Five microglial cultures (2 × 106

cells) were prepared and then stimulated with LPS (0.5 μg/mL) as described in the Material and methods. At 0,

3, 6, 12, and 24 h, the medium was recovered and the media were concentrated, freeze-dried, and

immunoblotted for TNFα (E), IL-1β (F), and IL-6 (G). At the same time, the medium taken from each culture

was used to determine TNFα (E), IL-1β (F), and IL-6 (G) levels by ELISA.
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Signaling molecules involved in the induction of inflammatory cytokines in
microglia

We have preliminarily explored signaling molecules related to the induction of inflamma-
tory cytokines in LPS-stimulated microglia by using specific inhibitors. Such inhibition
experiments highlighted MAPKs and PKC as important signaling molecules.

First, using specific inhibitors, we examined the relevance of MAPKs to the induction
of inflammatory cytokines (Figures 5A-C). Immunoblotting indicated that
LPS-dependent TNFα induction was suppressed by pretreatment with a JNK inhibitor
(SP) or a p38MAPK inhibitor (SB), but not with an ERK inhibitor (PD) (Figure 5A).
Quantification of the bands led us to estimate that the amounts of LPS-induced TNFα
were suppressed to 83.8 ± 8.6%, 5.0 ± 4.7%, and 8.6 ± 6.5% by pretreatment with
20 μM PD, 20 μM SP, and 20 μM SB, respectively (Figure 5A). This suggested that
JNK and p38 are strongly associated with the induction of TNFα in LPS-stimulated
microglia. LPS-inducible IL-1β was significantly inhibited by pretreatment with an
ERK inhibitor (PD) or a JNK inhibitor (SP) (Figure 5B). Quantification of the results
indicated that LPS-induced IL-1β was reduced to 5.4 ± 2.9%, 1.4 ± 0.4%, and 102.9
± 3.5% by pretreatment with 20 μM PD, 20 μM SP, and 20 μM SB, respectively, sug-
gesting that ERK and JNK are related to the signaling cascade to induce IL-1β in
LPS-stimulated microglia. On the other hand, LPS-inducible IL-6 was strongly depressed
by pretreatment with an ERK inhibitor (PD), a JNK inhibitor (SP), and a p38MAPK inhi-
bitor (SB) (Figure 5C). Quantification revealed that LPS-inducible IL-6 was decreased to
6.9 ± 1.9%, 1.3 ± 1.1%, and 1.3 ± 1.1% by pretreatment with 20 μM PD, 20 μM SP,
and 20 μM SB, respectively. This suggested that ERK, JNK, and p38MAPK are all
linked to the induction cascade of IL-6. These inhibition experiments revealed that
each inflammatory cytokine is induced by a specific signaling cascade in which a differ-
ent combination of MAPKs is working.

We next investigated the involvement of PKCα in the induction of TNFα, IL-1β, and
IL-6 in LPS-stimulated microglia (Figures 5D-F). LPS-dependent TNFα induction was
significantly inhibited by pretreatment with a PKCα inhibitor, MP (Figure 5D). We esti-
mated that the amounts of LPS-induced TNFα were suppressed to 17.3 ± 5.1% and 1.4
± 0.1% by pretreatment with 5 μM and 10 μM MP, respectively (Figure 5D).
LPS-dependent IL-1β was efficiently inhibited by MP. The LPS-inducible IL-1β levels
were suppressed to 27.5 ± 1.5% and 2.1 ± 0.9% by pretreatment with 5 μM and 10
μMMP, respectively (Figure 5E). Similarly, LPS-dependent IL-6 inductions were down-
regulated to 29.3 ± 1.2% and 9.2 ± 4.0% by pretreatment with 5 μM and 10 μM MP
(Figure 5F). These results indicated that PKCα activity is required in a cascade leading
to the induction of TNFα, IL-1β, and IL-6 in microglia.

Role of iNOS induced in LPS-injected cerebral cortex

As shown in Figure 2A, iNOS was induced at 6–12 h together with inflammatory cyto-
kines (TNFα, IL-1β, and IL-6) in the LPS/PBS-injected cerebral cortex. Considering the
biological significance of NO derived from iNOS, we investigated the influence of NO on
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the induction of inflammatory cytokines (TNFα, IL-1β, and IL-6) in LPS-stimulated
microglia in vitro (Figures 6A-C).

Figure 5. Effects of MAPK inhibitors and protein kinase Cα inhibitor
A. B, C. Effects of MAPK inhibitors. Five microglial cultures were prepared, four of which were pretreated with

vehicle (–), 20 μM PD98059 (PB), 20 μM SP600125 (SP), or 20 μM SB203580 (SB) for 1 h. These four microglia

were then stimulated with LPS (0.5 μg/mL). The one remaining microglia was used as the control (ct). After 24

h, the medium of each culture was collected, concentrated, and freeze-dried as described in Material and

methods. These samples were immunoblotted for TNFα (A), IL-1β (B), and IL-6 (C). The intensity of each

inflammatory cytokine band in immunoblotting was quantified and is expressed as a value relative to that of

microglia stimulated with LPS alone (defined as 100). The results are each the mean ± SD of three

independent experiments. Differences between the inhibitor nonpretreated group (–) and the 20 μM inhibitor

(PD, SP, SB)–pretreated groups were assessed by Student’s t-test *P < 0.05, **P < 0.01.

D, E, F. Effects of PKCα. Four microglial cultures were prepared, three of which were pretreated with

myristoylated pseudosubstrate (20–28) (MP) (0, 5, and 10 μM) for 1 h prior to LPS stimulation (0.5 μg/mL). The

remaining microglial culture was used as the control (ct). These four cultures were maintained for 24 h, and

each medium was recovered, concentrated, and freeze-dried. These samples were immunoblotted for TNFα
(D), IL-1β (E), and IL-6 (F). The intensity of each inflammatory cytokine band in immunoblotting was quantified

and is expressed as a value relative to that of microglia stimulated with LPS alone (defined as 100). The results

are each the mean ± SD of three independent experiments. Differences between the inhibitor nonpretreated

group (0 μM MP) and the inhibitor (5 μM, 10 μM)–pretreated groups were assessed by Student’s t-test *P <
0.05, **P < 0.01.
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Immunoblotting indicated that NO scavenger Carboxy-PTIO did not affect the induc-
tion of TNFα in LPS-stimulated microglia (Figure 6A), whereas it significantly sup-
pressed the inductions of LPS-dependent IL-1β and IL-6 (Figure 6B, 6C). The
quantified results indicated that LPS-inducible TNFα levels reached 102.5 ± 5.9% and
101.0 ± 6.6% by pretreatment with 50 μM and 100 μM Carboxy-PTIO, respectively,
prior to LPS stimulation (Figure 6A). On the other hand, LPS-inducible IL-1β was

Figure 6. Effects of NO scavenger and NO generator on the induction of inflammatory cytokines
A, B, C. Effects of NO scavenger on LPS-inducible inflammatory cytokines. Of four microglial cultures, three

were pretreated with Carboxy-PTIO (PTIO) (0, 50, 100 μM) for 1 h prior to LPS stimulation (0.5 μg/mL). One

culture was left untreated as a control (ct). These four cultures were maintained for 24 h, and their MCM

samples were concentrated and immunoblotted for TNFα (A), IL-1β (B), and IL-6 (C). A typical profile is

shown in the upper panel. The intensity of each inflammatory cytokine band in immunoblotting was quantified

and is expressed as a value relative to that of the microglia stimulated with LPS alone (defined as 100). The

results are each the mean ± SD of three independent experiments. Differences between the PTIO

nonpretreated group (0 μM) and the PTIO (50 μM and 100 μM)–pretreated groups were assessed by Student’s
t-test *P < 0.05, **P < 0.01.

D. Production of NO in SNAP-administered culture medium. SNAP was added to the culture dishes (0, 100,

200 and 400 μM) on which DMEM alone was present, and the amount of NO in each medium was assayed at

24 h after SNAP addition.

E. Effects of NO donor on the induction of inflammatory cytokines. Microglial cultures were treated with

SNAP (0, 100, and 200 μM) for 24 h. At the end of the stimulation, the amounts of TNFα, IL-1β, and IL-6 in

each MCM were determined by ELISA. The results are each the mean ± SD of three to four separate

experiments. Differences between the control (0 μM SNAP) and stimulated groups (100 and 200 μM SNAP)

were assessed by Student’s t-test *P < 0.05, **P < 0.01.
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downregulated to 40.1 ± 3.9% and 3.0 ± 1.6% by pretreatment with 50 μM and 100 μM
Carboxy-PTIO, respectively (Figure 6B). Similarly, LPS-inducible IL-6 was suppressed
to 38.0 ± 3.6 and 4.9 ± 0.1% by pretreatment with 50 μM and 100 μM Carboxy-PTIO,
respectively (Figure 6C). These results suggested that NO is involved in the induction of
IL-1β and IL-6 in LPS-stimulated microglia.

These results allowed us to predict that NO induced in the LPS/PBS-injected region
serves to induce IL-1β and IL-6 production in vivo. To investigate this possibility, we
planned to add NO generator SNAP in microglial culture in vitro. In advance, we exam-
ined whether SNAP actually produced NO. In the culture system, we confirmed that the
level of enhancement of the NO level in culture medium depended on the SNAP concen-
tration (Figure 6D).

The effects of SNAP on the induction of inflammatory cytokines in microglial culture
were determined by ELISA. The results indicated that SNAP significantly enhanced IL-1β
but not TNFα or IL-6 (Figure 6E). In the nonstimulated microglial conditioned medium,
14.8 ± 7.3 pg IL-1β/mL was detected, but when microglia were stimulated with 100 μM
and 200 μM SNAP, the amounts of IL-1β in the conditioned medium were 64.4 ± 18.7
pg/mL and 133.0 ± 48.7 pg/mL, respectively (Figure 6E). These results suggested that
NO is directly associated with a signaling cascade leading to IL-1β expression.

Discussion

Inflammatory cytokines including TNFα, IL-1β, and IL-6 have been regarded as targets
for improving clinical condition, because these cytokines have been believed to cause
deleterious actions including neuronal cell death and/or inflammation. TNFα exhibits
cytotoxic effects on oligodendrocytes12 and neurons.13 This cytokine has been known
to enhance neuronal cell death mediated by glutamate/glutamate receptor.36–38 IL-1β
has various biological activities. It enhances NMDA-evoked cell death,16 hippocampal
neuronal cell death,14 glia-triggered dopaminergic cell death,15 and proNGF-mediated
neuronal cell death.17 IL-6 is considered an inflammatory cytokine, and has been reported
to lead to cell death in cerebellar granule neurons.18 However, in many experiments IL-6
has been shown to exhibit neurotrophic/survival actions.39–42 Although IL-6 appears to
be a dichotomic cytokine or a doubleedged cytokine,43,44 in this study we treated IL-6
as an inflammatory cytokine.

These inflammatory cytokines have been thought to be induced together in the patho-
logical state of the brain through a common mechanism. However, these points have not
been systematically analyzed and have remained ambiguous. Thus, in this study we
aimed to clarify these points.

Various LPS injection methods, including intraperitoneal, intraventricular, intracereb-
ral, and subcutaneous injection, have been used as models for inducing inflammatory
cytokines in vivo. In this study, we used an intracerebral injection method in which endo-
toxin LPS was injected into the adult rat cerebral cortex (Figure 1). LPS is a component of
the cell membrane in Gram-negative bacteria.4546 and can mimic bacterial infection. In
this model, TNFα, IL-1β, and IL-6 were actually detected in the LPS/PBS-injected
region. Thus, this animal model was found to be effective for analyzing the induction
of inflammatory cytokines.

14 Science Progress 104



As shown in this study, TNFα, IL-1β, and IL-6 were transiently induced at 6–12 h after
LPS injection (Figure 2). Initially, we speculated that these inflammatory cytokines were
produced by activated astrocytes and/or growing microglia, consistent with the upregu-
lated GFAP and/or Iba1 levels. However, the inflammatory cytokines were induced at
6–12 h following LPS injection, when the levels of GFAP/Iba1 were not elevated
(Figure 2A,C). PCNA, an indicator of the S phase, was not detected at 6–12 h
post-LPS injection. This suggested that the glial proliferation did not occur at that time
point (Figure 2C). It was at 3 days that microglia actually expressed PCNA and prolifer-
ated in response to LPS (Figure 2D). A leukocyte (neutrophil) marker, L-selectin, was
slightly detected at 12 h after LPS-injection (Figure 2C), suggesting that some neutrophils
infiltrated in the LPS-injected region. Although neutrophils have long been believed not
to produce inflammatory cytokines, in recent year they were recognized to produce some
kinds of cytokines.47 Thus, we considered that some inflammatory cytokines (TNFα,
IL-1β, and IL-6) detected at 6–12 h post-LPS injection may be derived from the leuko-
cytes (neutrophils). On the other hand, the profile of CD68 suggested that monocytes/
macrophages infiltrated at 24 h-3 days after LPS injection but not at 6–12 h
(Figure 2C). On the basis of these results, we speculated that the inflammatory cytokines
(TNFα, IL-1β, and IL-6) detected at an early point (6–12 h) were induced primarily by
functionally activated microglia and/or astrocytes prior to their upregulation of Iba1/
GFAP levels. In fact, our immunohistochemical method indicated that the three inflam-
matory cytokines were predominantly produced by microglia in vivo (Figure 3).

Regarding glial activation and its relevance to the production of inflammatory cyto-
kines, many studies have been carried out and discussed. For instance, Norden et al.48

reported that LPS challenge induced inflammatory cytokine mRNA in microglia at 2–4
h and in astrocytes at 12 h. On the other hand, this LPS stimulation caused an increase
in Iba1 immunoreactivity at 24–48 h after LPS administration. These profiles roughly
resembled our results in which the inflammatory cytokines were induced at 6–12 h but
Iba1 increased at 24 h-3 days post-LPS injection (Figure 2). Bowyer et al.49 observed
that the size of microglia was changed at 6–12 h after LPS stimulation in rat into
which LPS had been subcutaneously injected. This report indicated that microglia
were morphologically activated at 6–12 h after LPS administration and also supported
our results that microglia are functionally activated and induce inflammatory cytokines
at 6–12 h post-LPS injection prior to the upregulation of Iba1 (Figure 2). In intraventri-
cularly LPS-infused brain, Quan et al.50 reported that IL-1 was detected in the brainstem
and diencephalon at 2 h and in all the regions (except the cerebellum) at 6 h after LPS
injection. This is generally consistent with our results indicating that inflammatory cyto-
kines were induced 6–12 h post-LPS administration. Hang et al.51 reported that TNFα and
IL-6 were upregulated as early as 3 h after LPS administration in the rat cortex. The rela-
tively early induction of inflammatory cytokines by LPS-stimulation is similar to our
results. Herber et al.52 analyzed microglial responses in LPS-injected mouse hippocam-
pus and observed that microglia were activated for 28 days after LPS injection. We also
observed a similar phenomenon in which the level of Iba1 was enhanced even 2 weeks
post-LPS injection. However, at 1–2 weeks post-LPS injection, no significant amount of
inflammatory cytokines was detected. Hong et al.53 immunohistochemically analyzed the
expression of TNFα and IL-1β in LPS-administered mouse cerebellum and demonstrated
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that these cytokines were co-localized mainly with Iba1-positive cells and were rarely
co-localized with GFAP-positive cells. Their results showed that, unlike with our
results, some astrocytes expressed IL-1β in the cerebellum. However, this issue can be
explained as a difference between species. Regarding the ability of astrocytes/microglia
to produce inflammatory cytokines, there is a difference between rat and mouse. For
example, Tarassishin et al.54 reported that astrocytes in mouse can produce an amount
of IL-1β in response to LPS, but rat astrocytes do not have the ability to produce the cyto-
kine, as shown in this study (Figure 4). Consequently, the LPS injection experiment in
vivo clarified that inflammatory cytokines including TNFα, IL-1β, and IL-6 were
induced at an early time (at 6–12 h post-LPS injection) mainly by functionally activated
microglia/astrocytes and partially by infiltrated neutrophils, after which (at 24 h-3 days
post-LPS injection) microglial proliferation, astrocytic activation, and infiltration of
monocytes/macrophages would occur.

Since the results of the in vivo study above suggested that glial cells are a primary pro-
ducer of inflammatory cytokines, we examined the ability of astrocytes/microglia to
induce TNFα, IL-1β, and IL-6 in vitro (Figure 4), and demonstrated that microglia are
the main cell type inducing these cytokines in the LPS-stimulated condition (Figure 4).
In this condition, astrocytes did not induce IL-1β or IL-6 and did induce only a limited
amount of TNFα (Figure 4). Thus, microglia are suggested to be a main producer of
inflammatory cytokines in vivo.

We subsequently investigated signaling molecules involved in the induction of inflam-
matory cytokines in microglia. First, we demonstrated that a specific combination of
MAPKs is related to the induction of each inflammatory cytokine in LPS-stimulated
microglia (Figure 5). MAPKs are Ser/Thr kinases, and are involved in various biological
responses including metabolism, growth, differentiation, apoptosis, and stress. MAPKs
generally include ERK, JNK, and p38MAPK.55–57 In the present study, we found that
JNK/p38MAPK, ERK/JNK, and ERK/JNK/p38MAPK were necessary for the induction
of TNFα, IL-1β, and IL-6, respectively, in LPS-stimulated microglia (Figure 5A-C).
Thus, it is notable that the data showed that a specific combination of MAPKs distin-
guishes the expression of each inflammatory cytokine.

We next showed the necessity of PKCα in the induction of inflammatory cytokines
(Figure 5D-F). PKC is a member of the family of Ser/Thr kinases, many of which
need diacyl glycerol as an activator; and its involvement in various cellular functions,
such as cytokine release and proliferation, has been shown.58–60 PKC is generally classi-
fied into three groups: conventional (cPKC), novel (nPKC), and atypical (aPKC). Thus
far, we detected PKCα (cPKC), PKC δ, ϵ, (nPKC), and PKCι, ζ, ρ (aPKC) in our
primary microglia. Among cPKCs, PKCβ and PKCγ (neuron specific) were not detected
(not shown). The inhibition experiments revealed that PKCα is involved in the induction
of TNFα, IL-1β, and IL-6 in LPS-stimulated microglia (Figure 5A-C). Thus, PKCα is
thought to be a main cPKC functioning in the signaling cascade and leading to the induc-
tion of inflammatory cytokines in primary microglia. LPS signaling starts by forming the
LPS/LBP/CD14/TLR4 complex on the cell surface,61 and the signaling is propagated
downstream and activates transcription factors including nuclear factor kB (NFκB) and
interferon regulatory factor (IRF).62,63 Somewhere in the signaling transduction pro-
cesses, PKCα may serve to induce TNFα, IL-1β, and IL-6 in microglia.
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We previously examined the role of NFκB in the production of inflammatory cyto-
kines in LPS-stimulated microglia.64 When microglia were stimulated with LPS, TNFα
and IL-1β were induced, and simultaneously IκBα and IκBβ were degraded time-
dependently, suggesting the occurrence of NFκB activation. These results allowed us
to investigate the relation between the induction of TNFα/IL-1β and the NFκB activation.
As a result, we found that the NFκB inhibitor ammonium pyrrolidine dithiocarbamate
(APDC)65 suppressed the induction of IL-1β, but not that of TNFα, in LPS-stimulated
microglia. In a separate experiment, we clarified that LPS-dependent IL-6 induction
was not downregulated by pretreatment with APDC. We thus concluded that NFκB is
associated with the induction of IL-1β in LPS-stimulated microglia.

Furthermore, we showed that NO is associated with the induction of IL-1β/IL-6 in
LPS-stimulated microglia (Figure 6). Administration of NO scavenger in LPS-stimulated
microglia significantly reduced the induction of IL-1β/IL-6 (Figure 6B,6C), suggesting
an association between NO and a signaling cascade inducing IL-1β/IL-6. On the other
hand, in microglia the NO generator induced IL-1β but not IL-6 (Figure 6E), suggesting
that NO can directly activate a signaling cascade inducing IL-1β. In a signaling cascade
inducing IL-6, a certain requisite component serving downstream of NO may be lacking
in nonstimulated microglia, and thus NO alone could not stimulate the cascade even if
generated.

We indicated here that microglia are a major glial cell type responsible for the induc-
tion of inflammatory cytokines, and that their induction of each inflammatory cytokine
advances via a different signaling pathway. We believe that the results will contribute
to a study controlling inflammation in vivo and/or a study leading to the amelioration
or improvement of inflammation in the pathological state of the brain.

Conclusions

We demonstrated that microglia induce inflammatory cytokines including TNFα, IL-1β,
and IL-6 in response to LPS in vivo. Each inflammatory cytokine was found to be induced
by a specific combination of MAPKs. PKCα was required in LPS-dependent TNFα,
IL-1β, and IL-6 induction. NO was suggested to be involved in the induction of IL-1β
and IL-6 in LPS-stimulated microglia.

Together, the previous and present results strongly suggested that microglia in vivo are
the major cell type for inducing inflammatory cytokines including TNFα, IL-1β, and
IL-6, each of which is separately induced by the function of a specific combination of
MAPKs and the presence or absence of NO.
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