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Abstract

Previously we reported that endotoxin-dependent induction of tumor necrosis factor alpha
(TNFa expression in microglia was significantly suppressed by the superoxide anion scavenger
N-acetyl cysteine (NAC), and that microglia induced TNFa in response to a superoxide anion
donor 3-(4-morpholinyl)sydnonimine (SIN-1) in vitro. Those findings strongly suggested that
superoxide anion is associated with the induction of TNFa in microglia. However, whether
TNFa is actually induced in microglia in vivo remains to be determined. In the present study, we
confirmed the ability of microglia to induce TNFa in vitro and examined the effects of SIN-1 on
microglial induction of TNFa in vivo. The accumulation of SIN-1 solution in rat cerebral cortex
led to the induction of TNFa on the ipsilateral, but not the contralateral side. The levels of TNFa
in the ipsilateral cortex peaked at 6-12 h post-accumulation. Immunohistochemical study
revealed that anti-TNFa antibody-positive cells in the SIN-1-injected region were mainly anti-
ionized Ca®* binding adapter molecule-1 (Iba-1) antibody-positive, suggesting that microglia are
a major cell type for inducing TNFa. On the other hand, interleukin 1beta (IL-1p) and IL-6 were
not detected in the SIN-1-injected cortex. Together, these results indicate that microglia induced
TNFa in vivo in response to superoxide anion.
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1. Introduction

Tumor necrosis factor alpha (TNFa is an
inflammatory cytokine that exerts cytocidal
action in the nervous system.'® Thus, this
cytokine is a target for ameliorating or
improving various pathological conditions.
From a clinical point of view, it would be
helpful to identify the biomolecules critical for
inducing TNFa in vivo. For this purpose, we
need to know the detailed mechanism by which
TNFa is induced in specific neural cell types.
We previously reported that microglia in vitro
induce TNFo in response to endotoxin
lipopolysaccharide (LPS),” and that such
induction was significantly reduced in the
presence of superoxide anion scavenger N-
acetyl cysteine (NAC).2 In the same study, we
found that superoxide anion donor 3-(4-
morpholinyl)sydnonimine  (SIN-1) induced
TNFa to some extent in microglia in vitro.®
These results strongly suggested that oxygen
radicals are somehow associated with the
induction of TNFa in microglia. At the same
time, we raised the question of whether
microglia induce cytokine production in vivo in
the presence of superoxide anion. However, we
had no information regarding the effects of
oxygen radicals on the induction of TNFa in
vivo, and thus the analysis was left for a future
investigation. In the present study, we
examined the effects of oxygen radicals on the
induction of TNFa in rat cerebral cortex.

2. Materials and methods
2.1. Reagents and antibodies
Lipopolysaccharide (LPS) from Escherichia
coli was supplied by Difco Laboratories
(Detroit, MI). Superoxide anion donor 3-(4-
morpholinyl)sydnonimine, hydrochloride (SIN-
1)° was obtained from Dojindo Laboratories
(Kumamoto, Japan). The superoxide anion
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assay kit and superoxide dismutase (SOD) were
obtained from Sigma-Aldrich Japan (Tokyo).
The enzyme-linked immunosorbent assay
(ELISA) kit for rat TNFa was purchased from
R&D Systems Inc. (Minneapolis, MN).

Antibodies against TNFa (L-19) (sc-1351),
interleukin 1beta (IL-1B) (M-20) (sc-1251) and
actin (C-11) (sc-1615) were supplied by Santa
Cruz Biotechnology (Dallas, TX). Anti-1L-6
antibodies were supplied by Santa Cruz
Biotechnology (M-19; sc-1265) and Thermo
Fisher (ARC0062) (Waltham, MA). Anti-
ionized Ca?*-binding adapter molecule 1 (Ibal)
antibody (016-20001) was obtained from Fuji
film Wako (Osaka, Japan). Anti-glial fibrillary
acidic protein (GFAP) antibody (MAB5628)
was obtained from Millipore (Temecula, CA).
Horseradish peroxidase (HRP)-conjugated anti-
goat 1gG (sc-2058), HRP-conjugated anti-rabbit
IgG (sc-2374) and HRP-conjugated anti-mouse
IgG (sc-2055) were purchased from Santa Cruz
Biotechnology.

Alexa Fluor 488-conjugated anti-goat 1gG
(A11055) and Alexa Fluor 568-conjugated anti-
rabbit 1gG (A11036) were obtained from
Invitrogen (Carlsbad, CA).

2.2. Preparation of glial cells and stimulation
with LPS

For the preparation of microglia and
astrocytes in vitro, pregnant Wistar rats were
purchased from Clea Japan Inc. (Tokyo) and
kept under a 12-h light/dark cycle with food
and water ad libitum. Animal care and
experiments were carried out in accordance
with the guidelines of the U.S. National
Institutes of Health (NIH) regarding the care
and use of animals and were approved by the
ethics committee of Soka University (approval
number 18005).

http://journals.ke-i.org/index.php/mra



Hiroshi Kobayashi et al. Medical Research Archives vol 7 issue 5. May 2019 issue 5 Page 3 of 13

Rat microglia were prepared from primary
mother cultures derived from newborn rat
brains, as described previously.® Briefly,
microglia were floated by the gentle shaking of
a primary mother culture maintained for 10 to
20 days, then seeded on 60-mm dishes
(Nunclon™) at a density of 1.5 x 10° The
purity was over 99.9% based on the assessment
of Ibal staining. The adhered microglia were
rinsed three times with serum-free Dulbecco’s
modified Eagle’s medium (DMEM) and were
then maintained with the same medium for 14—
16 h.

Astrocytes were prepared from a primary
mother culture maintained for 3 weeks,
essentially as described.’* The astrocytes were
subcultured onto 60-mm Nunclon dishes at a
density of 1.5 x 10° cells/dish. The cell purity
was estimated as 98% based on the staining
with anti-GFAP antibody. The astrocyte
cultures were rinsed three times with serum-
free DMEM and were then maintained with the
same medium for 14-16 h.

The ability of microglia/astrocytes to induce
TNFa in vitro was examined by stimulation
with LPS. After LPS stimulation (0.5 pg/mL)
for 12 h, microglial conditioned medium
(MCM) and astrocytic conditioned medium
(ACM) were recovered, respectively, and
concentrated by using a Centricut ultrafiltration
device (v-10) (Kurabo, Osaka). Each CM was
freeze-dried and immunoblotted for TNFo.2

2.3. Immunoblotting

The vehicle (methanol)-injected site (control
site) and SIN-1-injected site were carefully
sliced out at a thickness of 1 mm from the
frozen brain. The cut tissue was solubilized
with nonreducing sample buffer [62.5 mM Tris-
HCI (pH 6.8), 2% sodium dodecyl sulfate, and
5% glycerol] and centrifuged at 100,000 g for
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30 min. The supernatant of each sample was
recovered as tissue extract. The protein in the
tissue extract was quantified by the method of
Lowry et al.'® The resultant tissue extract was
prepared to contain 10% 2-mercaptoethanol,
then was subjected to immunoblotting for
TNFa (1:400), IL-1p (1:400), IL-6 (1:100-200)
and actin (1:4000).

2.4. Immunoassay for rat TNFa

The amounts of TNFa secreted into the
MCM were determined by ELISA (R&D
Systems). Each MCM sample (50 pl) diluted
three times with diluent buffer and each
standard rat TNFo (0-800 pg) were
concomitantly poured into the wells of a
microplate. After 2 h, the wells were washed 5
times with washing buffer and incubated with
TNFa conjugate. Finally, TNFo in each well
was colored by applying substrate solution and
the absorbance was measured at 450 nm after
addition of stop solution (according to the
manufacture protocol). Uing this ELISA Kit, it
was possible to measure TNFa in amounts
from 6.5 pg to 800 pg with the standard curve.

2.5. Production of superoxide anion from
SIN-1

To confirm that SIN-1 generates superoxide
anion, we measured the production by using a
superoxide anion assay kit (Sigma-Aldrich) as
follows. Briefly, SIN-1 was added to a total
volume of 200 uL of a superoxide anion assay
medium including 100 pM luminol and 250
uM enhancer at 37. The luminescence of the
reaction mixture was determined by a
luminometer (Turner Biosystems Instruments,
Sunnyvale, CA) at suitable time points. The
detected light was expressed in relative light
unit (RLU).
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2.6. Accumulation of SIN-1 in animals

Wistar rats (8 weeks old, male) were kept on
a 12-h daylight cycle ad libitum and subjected
to the SIN-1 accumulation experiments.

Rats were anesthetized with isoflurane and
fixed to a corkboard. In each hemisphere, a hole
was made in the skull at the following
coordinates: in the left hemisphere, 5 mm
posterior, 3 mm lateral to the bregma; in the
right hemisphere, 5 mm posterior, 3 mm lateral
to the bregma. In the left hole, 5 pL of
methanol (vehicle) was injected at 5 mm depth.
In the right hole, 5 uL of 200 mM SIN-
1/methanol was injected at 5 mm depth. The
rats were reared for 3 h, 6 h, 12 h, 24 h, or 3
days before decapitation under anesthesia. The
whole brains were removed, frozen on dry ice
and stored at —80°C until the specific sites were
cut out.

2.7. Immunohistochemistry

Each brain was cut into 20-um-thick sections
with a cryostat (Leica CM1510; Leica
Biosystems, Nussloch, Germany) at the level of
the SIN-1-injected region, and the sections
were frozen at —-80°C until staining.

Dual fluorescence staining was carried out
essentially as described previously.® Briefly,
the cryosections were fixed with 3.7%
paraformaldehyde and treated with acetone.
The sections were then blocked with blocking
solution containing 0.2% bovine serum
albumin/phosphate-buffered saline. The
cryosections were incubated with anti-TNFa
antibody (1:200) for 16 h and then with anti-
Ibal antibody (1:200) for 16 h at 4°C. These
sections were then incubated with Alexa Fluor
488-conjugated anti-goat 1gG (1:200) and
Alexa Fluor 568-conjugated anti-rabbit 1gG
(2:200) for 3 h at room temperature. After
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washing, the sections were dehydrated,
mounted, and observed by a fluorescence
microscope (Eclipse TS100; Nikon, Tokyo).

2.8. Statistical analysis

The densities of protein bands (TNFa) in
immunoblotting  were  measured by
densitometry using ImageJ software (NIH,
Bethesda, MD). These densities were
expressed as the means = SDs of three
separate experiments. Differences between
the control and SIN-1-injected sites were
assessed via Student’s t-test. In all cases, P
values less than 0.05 were considered
significant (*P < 0.05, **P < 0.01).

3. Results
3.1. Ability of astrocytes and microglia to
induce TNFa

First we examined the ability of astrocytes
and microglia to induce TNFa in vitro. Two
dishes of astrocytes and microglia were
prepared, and each dish was stimulated with
LPS (0.5 ug/mL) for 12 h. At the end of the
culture, each conditioned medium was
recovered and immunoblotted for TNFa as
described in the Materials and methods section.

TNFa was hardly detected in non-stimulated
astrocytic CM (ACM, —) or in non-stimulated
microglial CM (MCM, -) (Fig. 1A). A slight
amount of TNFoa was detected in LPS-
stimulated ACM (ACM, +L), and significant
amounts of TNFa were induced in LPS-
stimulated MCM (MCM, +L) (Fig. 1A). The
intensity of the TNFa band suggested that the
amounts in ACM (+L) were appropriately 0.5%
of those in MCM (+L). These results suggested
that microglia are a main cell type that induces
TNFa in vivo.

The production of TNFo in LPS-stimulated
microglia was examined over a time course.

http://journals.ke-i.org/index.php/mra
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TNFo was first detected at 3 h after
stimulation, and the amounts increased with the
culture time (Fig. 1B). The amounts appeared
to peak at 12 h. We found that microglia begin
to produce or secrete TNFa from a relatively
early time (3 h) after stimulation.

The amounts of TNFa released in MCM were
also measured by an ELISA kit. Microglia were
stimulated with LPS (0.5 pg/mL), and the
MCM of each dish were recovered at 0, 3, 6,

12, or 24 h after stimulation. A portion of the
MCM were used to determine TNFo We found
that LPS-stimulated microglia (2 x 10° cells)
released 0 £ 0.3 ng, 1.7 £ 0.4 ng, 10.6 = 1.7 ng,
17.7 £ 0.4 ng, 23.4 £ 0.7 ng, and 23.6 = 1.1 ng
TNFa at 0, 1.5, 3, 6, 12 and 24 h, respectively
(Fig. 1C, open circle). On the other hand,
nonstimulated microglia secreted 0.3 + 0.1 ng
and 0.5 £ 0.2 ng TNFa at 12 h and 24 h,
respectively (Fig. 1C, closed circle).
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Figure 1 Ability of astrocytes and microglia to induce TNFa
A. Comparison of the abilities between astrocytes and microglia

Two dishes of astrocytic culture and two dishes of microglial culture were prepared as described in the
Materials and methods section. The cultures were maintained for 16 h with serum-free DMEM, and then one
dish of each type was stimulated with 0.5 pg LPS/mL (+L), while the other was left as a nonstimulated control
(-). These dishes were maintained for 12 h, after which each medium was recovered. Astrocytic CM (ACM) and
microglial CM (MCM) were concentrated, freeze-dried and immunoblotted for TNFo as described in the
Materials and methods section.
B. Time course of TNFa production

Each of five microglial dishes was stimulated with 0.5 ug LPS/mL, and the conditioned medium (MCM) was
collected at 0, 3, 6, 12, or 24 h following stimulation. The MCMs were concentrated, freeze-dried, and
immunoblotted for TNFa as described in the Materials and methods section.
C. Quantification of TNFa. released from microglia

Five microglial cultures were treated with 0.5 pg LPS/mL as described in B (open circle), and two dishes were
left without stimulation (closed circle). At 0, 1.5, 3, 6, 12, and 24 h, each medium was collected and the amounts
of TNFo were determined by ELISA.
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3.2. Production of superoxide anion from
SIN-1

In this study, we used SIN-1 to produce
superoxide anion in vivo. We checked whether
or not superoxide anion is actually produced
from SIN-1.° Figure 2 indicated that SIN-1
generated superoxide anion with a peak at
around 2 min, after which production

decreasced (Fig. 2, open circle, open triangle).
When superoxide dismutase (SOD) was added
to the assay system, most of superoxide anion
was eliminated (Fig. 2, gray square). Thus,
SIN-1 was expected to generate significant
amounts of superoxide anion if administered in
Vivo.

x10* 0-02.0mM
OH-O01.0 mM

O0— 2.0 mM+SOD

superoxide anion (RLU)

time (min)

Figure 2 Production of superoxide anion from SIN-1

16

SIN-1 was added at 1.0 mM (open triangle) and 2.0 mM (open circle) to superoxide anion assay solution (See
Methods). In one case, SOD (10 Units) was added to the superoxide anion assay solution containing 2.0 mM
SIN-1 (gray square). The generated superoxide anion in these reaction tubes was determined at 0.5, 1, 2, 4, 8, 12,

and 16 min. RLU: relative light unit.

3.3. SIN-1-dependent induction of TNFe in
Vivo

To investigate the effects of SIN-1 in vivo,
the SIN-1-injected cerebral cortex and vehicle
(methanol)-injected cortex were cut from the
brains at 3 h, 6 h, 12 h, 24 h, or 3 days after
SIN-1 injection. Each tissue lysate of control
(C) and SIN-1-injected sites (+S) was
immunoblotted for TNFa. The bands for TNFa
were observed only in the SIN-1-injected sites
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(Fig. 3A). TNFa was induced from 3 h after
SIN-1 injection and the levels appeared to peak
at around 6-12 h (Fig. 3A). The relative
intensities of the TNFo band in the SIN-1-
injected site at 3 h, 6 h, 12 h, 24 h, and 3 days
were 1.0 £ 0.0, 2.18 + 0.47, 3.38 £ 0.69, 1.10 +
0.15, and 0.06 £ 0.05, respectively (Fig. 3B),
indicating that the greatest induction of TNFa
occurred at 12 h post-injection.

http://journals.ke-i.org/index.php/mra
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Figure 3 Induction of TNFa in the SIN-1-accumulated cerebral cortex

A. Time course of induction of TNFa

The control site (C; vehicle injected site) and SIN-1-injected site (+S) were recovered at 3 h, 6 h, 12 h, 24 h,
and 3 days post-injection, and their tissue extracts were prepared. Each sample set (C, +S) was subjected to
immunoblotting for TNFa, IL-1, IL-6, and actin (Actin).

B. Quantification of TNFa induction

The intensities of the TNFa bands in panel (A) were determined by a densitometer, and each value was
expressed relative to that for the SIN-1-injected site at 3 h post-injection (defined as 1.0). The data shown are
means + SDs from three separate experiments (ns: not significant; *P < 0.05, **P < 0.01).

On the other hand, other inflammatory
cytokines, IL-13 and IL-6 were not
significantly detected at any time point (Fig.
3A). The levels of actin in the tissue extracts of
the control (C) and SIN-1-injected (+S) sites
were almost constant across the measurement
time points, i.e., 3 h, 6 h, 12 h, 24 h, and 3 days
(Fig. 3A).

These results indicated that SIN-1 induced
TNFa but not IL-1B/IL-6 in vivo and that the
induced TNFa level peaked at 12 h following
SIN-1 injection.

3.4. Immunohistochemistry for TNFa in the
SIN-1-injected cerebral cortex

Whether TNFa is induced in microglia in the
SIN-1-injected cerebral cortex was
immunohistochemically examined at 12 h post-
injection. Control and SIN-1-injected cerebral
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cortices were dually stained by anti-TNFa
antibody and anti-Ibal antibody.

In the vehicle-injected site (ct), we observed
hardly anti-TNFo antibody-stained cells (Fig.
4A, ct. TNFa), although microglia were present
(Fig. 4A, ct. Ibal).

On the other hand, in the SIN-1 injected site
(+SIN)  we observed many anti-TNFa
antibody-stained cells (Fig. 4B, +SIN. TNFa).
In the same field, many anti-lbal antibody-
positive cells (microglia) were also observed
(Fig. 4B, +SIN, Ibal). The merged image
indicates that most TNFa-expressing cells were
anti-lba-1 antibody-positive cells (Fig. 4B,
+SIN, merged). This immunohistochemical
method demonstrated that TNFa is induced in
the SIN-1-injected cortex, mainly in microglia.

http://journals.ke-i.org/index.php/mra
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ct. TNFa ct. Ibat

+SIN.TNFa +SIN. Iba1

Figure 4 Immunohistochemical detection of TNFa.

A. Control side

+SIN. merged

The brain recovered at 12 h following SIN-1 injection was coronally cut by a cryostat. The vehicle (methanol)-
injected side (ct) was stained with anti-TNFo antibody (TNFa) and anti-Ibal antibody (Ibal). In this control

side, anti-TNFa antibody-positive cells were not detected.

B. SIN-1-injected side

The SIN-1-injected side (+SIN) was dually stained by using anti-TNFo antibody (TNFa) and anti-lbal
antibody (Ibal). Since anti-TNFo antibody-positive cells were detected on this side, anti-TNFo antibody-
positive cells (+SIN, TNFa) and anti-lbal antibody-positive cells (+SIN, Ibal) were merged in the right hand

panel (+SIN, merged). The scale bar is 100 um.

4. Discussion

TNFo has been generally described as an
inflammatory and cytotoxic cytokine, and it has
been shown to kill oligodendrocytes® and some
neurons.”® TNFa has also been shown to exert
various actions, including proliferative effects
on oligodendrocyte  progenitor  cells,*
angiogenic  function,”® activation of glial
cells,***°  regenerative effects,® inhibitory
effects on neurite outgrowth?® and regulatory
effects on microglial phagocytosis,? suggesting
that this cytokine modulates inflammation,
degeneration, cell death, reorganization and
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regeneration in the nervous system. On the
basis of these abilities, TNFo is called a
pleiotropic factor.

TNFa has often been detected in pathological
states of the brain, including in cases of
injury, % Alzheimer’s disease,?’ Parkinson’s
disease,?® multiple sclerosis,” and acquired
immunodeficiency syndrome dementia.*® In
these situations, activated microglia are likely
candidates for the cell type inducing TNFa. It
is thus considered that TNFo is produced from
activated microglia in the diseased/injured

http://journals.ke-i.org/index.php/mra



Hiroshi Kobayashi et al. Medical Research Archives vol 7 issue 5. May 2019 issue 5 Page 9 of 13

nervous system and induces and/or exacerbates
the inflammatory condition.®*3* From a
therapeutic point of view, it is desirable to
suppress the induction of TNFa in the brain.
We thus have to know the detailed mechanism
by which TNFa is induced in vivo.

Thus far, microglia have been implicated in
the production of TNFa in various pathological
states.?® 243335 |n the present study, therefore,
we first investigated the ability of microglia to
induce TNFa in an LPS-stimulation system in
vitro. The results showed that microglia
significantly induced TNFa in response to LPS,
but astrocytes as the other candidate did so only
slightly (Fig. 1A). Although the purity of the
astrocytic preparation was suspected, we
confirmed that the astrocytes contained GFAP,
and not Ibal, indicating that our astrocytes
were not contaminated by microglia. Thus we
can say that rat astrocytes have a very weak
ability to induce TNFa. Accordingly, it is most
likely that microglia are a major cell type
inducing TNFa in vivo.

As shown in Fig. 2, SIN-1 was confirmed to
produce a large amount superoxide anion
relatively quickly (Fig. 2), and it was expected
that the produced superoxide anion
immediately stimulated the cells around the
SIN-1-injected region.

In fact, TNFa was clearly induced in the SIN-
1-injected cerebral cortex (Fig. 3A). Since SIN-
1 can produce superoxide anion (Fig. 2), we
conjectured that TNFo was induced in
microglia by stimulation with superoxide anion.
Based on the results, we also anticipated that
other inflammatory cytokines, such as IL-1B
and IL-6, were similarly induced at the SIN-1-
injected sites. However, these cytokines were
not significantly detected in any the SIN-1-
injected sites (Fig. 3A). It was thus clear that
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TNFa was specifically induced by the effect of
superoxide anion.

Immunohistochemical results indicated that
the most TNFa-expressing cells were Ibal-
positive microglia in the SIN-1-injected cortex
(Fig. 4B). This result was supported by an in
vitro experiment (Fig. 1A). On the other hand, a
small number of TNFa-expressing cells were
not stained with anti-lbal antibody (Fig. 4B),
suggesting that these cells were astrocytes. This
result might be explained by reports in which
astrocytes were shown to induce TNFa.*® ¥’
We also detected low levels of TNFa in the cell
homogenate of highly purified astrocytes (Fig.
1A), suggesting that astrocytes have a weak
ability to produce TNFa..

Thus far, we have not noticed any effects of
reactive oxygen radicals on the induction of
TNFo in vivo. At present, we know that
microglia induce TNFa in vivo through
stimulation by superoxide anion. This
knowledge provides a clue to the possible
prevention of TNFa production. It might be
possible to reduce TNFa levels in the
pathological brain by eliminating reactive
oxygen radicals.

Conclusion

The accumulation of superoxide anion
generator SIN-1 in the rat cerebral cortex led to
the induction of TNFa in the region. Microglia
were suggested to be a major cell type to induce
TNFa in vivo.
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