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matory factors in microglia.
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(Background: NgR is expressed on microglia and regulates cell adhesion and migration behavior.
Results: Nogo/NgR signal induced the expression of proinflammatory factors in microglia through NF-«B and STAT3 signal

Conclusion: Nogo peptide could directly take part in CNS inflammatory process by influencing the expression of proinflam-

Significance: Nogo/NgR signal might be involved in multiple processes in various inflammation-associated CNS diseases.
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Microglia have been proposed to play a pivotal role in the
inflammation response of the CNS by expressing a range of pro-
inflammatory enzymes and cytokines under pathological stim-
ulus. Our previous study has confirmed that Nogo receptor
(NgR), an axon outgrowth inhibition receptor, is also expressed
on microglia and regulates cell adhesion and migration behavior
in vitro. In the present study, we further investigated the proin-
flammatory effects and possible mechanisms of Nogo on micro-
glia in vitro. In this study, Nogo peptide, Nogo-P4, a 25-amino
acid core inhibitory peptide sequence of Nogo-66, was used. We
found that Nogo-P4 was able to induce the expression of induc-
ible nitric-oxide synthase and cyclooxygenase-2 and the release
of proinflammatory cytokines, including IL-18, TNF-e,, NO, and
prostaglandin E, in microglia, which could be reversed by NEP1-40
(Nogo-66(1-40) antagonist peptide), phosphatidylinositol-specific
phospholipase C, or NgR siRNA treatment. After Nogo-P4 stim-
ulated microglia, the phosphorylation levels of NF-kB and
STAT3 were increased obviously, which further mediated
microglia expressing proinflammatory factors induced by
Nogo-P4. Taken together, we concluded that Nogo peptide
could directly take part in CNS inflammatory process by influ-
encing the expression of proinflammatory factors in microglia,
which were related to the NF-kB and STAT3 signal pathways.
Besides neurite outgrowth restriction, the Nogo/NgR signal
might be involved in multiple processes in various inflamma-
tion-associated CNS diseases.
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Nogo-A, a myelin-associated inhibitory molecule, plays an
important role in various cellular and molecular events contrib-
uting to the failure of CNS axon regrowth and reconnection
after transection (1). Nogo receptor (NgR)* is a neuronal sur-
face glycosylphosphatidylinositol-linked receptor, which binds
with high affinity to Nogo-66 (2). Accumulating reports have
demonstrated that interrupting the function of the Nogo-A/
NgR signal on neurons enables the extension of axons over the
insulted zone, which is beneficial for the regeneration of the
neurite and the functional improvement of the injured CNS (3).
Recently, increasing numbers of in vitro studies have identified
the expression of NgR on immune cells, including macrophage
(4), microglia (5), dendritic cells (6), and peripheral blood
mononuclear cells (7), implying that NgR might play a more
widespread role in neuroinflammation under a range of neuro-
logical conditions.

CNS inflammation plays a significant role in the progression of
numerous CNS diseases, including brain trauma, spinal cord
injury, ischemia, and degenerative disorders, although the mech-
anisms are not yet fully understood (8 —13). Microglia, the resident
CNS macrophage-like cell, has been proposed to participate in the
innate immune response in the CNS (14). Overactivated microglia
causes uncontrolled inflammatory response, including the release
of proinflammatory and/or cytotoxic factors, leading to neuronal
damage and tissue injury (15-18).

Evidence from animal models has elucidated that the efflux
of macrophage out of the sites of inflammation in peripheral
nerves and the termination of inflammation are mediated by
NgR (4). Our previous work also demonstrated that NgR is
expressed on microglia, and binding of NgR with Nogo-66

“The abbreviations used are: NgR, Nogo receptor; iNOS, inducible nitric-ox-
ide synthase; COX-2, cyclooxygenase-2; PGE,, prostaglandin E,; IKKB,
inhibitor of NF-kB (IkB) kinase-3; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide; PI-PLC, phosphatidylinositol-specific phos-
pholipase C; MS, multiple sclerosis; AD, Alzheimer disease; ANOVA, analysis
of variance.
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inhibits the adhesion and migration of microglia (5), suggesting
that NgR will possibly take part in neuroinflammation via medi-
ating microglia adhesion and migration. So far, although several
reports have implied the relationship between the Nogo-A sig-
nal and CNS inflammation, there is few direct evidence and
mechanisms associated with the role of Nogo in neuroinflam-
mation have been provided. In the present study, we explored
the effects of Nogo-P4 on the expression of inflammatory medi-
ators in microglia, including iNOS, COX-2, IL-18, TNF-«, NO,
and PGE,. Nogo-P4 is a 25-amino acid inhibitory peptide
sequence (residues 31-55 of Nogo-66), an active segment of
Nogo-66, and has the core inhibitory activity of Nogo-66, a
potent inhibitory component of Nogo-A (19). We also demon-
strated that both the NF-«B pathway and STAT3 pathway were
responsible for the expression of inflammatory mediators trig-
gered by Nogo-P4.

Experimental Procedures

Cell Culture and Treatments—Sprague-Dawley rats were
purchased from Zhejiang Laboratory Animal Center (Hang-
zhou, China). All animal tests were carried out in accordance
with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals. All experimental procedures
were approved by the institutional animal care and use com-
mittee of the Nanjing Medical University Experimental Ani-
mal Department.

Primary microglia culture was prepared following the
method described previously with some modifications (5).
Briefly, cerebral cortex from postnatal Sprague-Dawley rats
(PO-P2) was stripped of meninges and chopped into small
chunks. The tissue was then dissociated in trypsin-EDTA
(0.25%; Sigma-Aldrich) before being seeded into poly-L-lysine
(0.01 mg/ml; Sigma-Aldrich)-precoated T75 tissue culture
flasks in Dulbecco’s modified Eagle’s medium/nutrient mixture
F-12 (DMEM/F-12; Gibco) supplemented with 10% fetal
bovine serum (FBS; Gibco). Subsequent medium change was
carried out after 3 days. After 2 weeks in culture, floating and
weakly attached cells on the mixed primary culture cell layer
were isolated by gentle shaking of the flask. The resulting cell
suspension was then collected by centrifugation. About 95% of
these cells were positive for CD11b (cluster of differentiation
molecule 11B), a marker for microglial cell types.

BV-2 murine microglial cells (ATCC) were cultured in Dul-
becco’s modified Eagle’s medium (DMEM; Gibco) supple-
mented with 10% FBS (Gibco), penicillin (0.1%; Sigma-Al-
drich), streptomycin (0.1%; Sigma-Aldrich) at 5% CO, at 37 °C.

In this study, Nogo peptide, Nogo-P4 (Alpha Diagnostic
International Inc.), a 25-amino acid core inhibitory peptide
sequence of Nogo-66 (19), was used for stimulating microglia,
and Rtn-P4 (Alpha Diagnostic International), a Reticulon 1
(Rtnl) non-inhibitory control/blocking peptide, was used as a
control. The method of treating microglia was as described pre-
viously with modifications (20, 21). Briefly, 24-well plates were
coated with methanol-solubilized nitrocellulose and air-dried
under a sterile hood. Considering the possible anti-adhesion
effects of Nogo-P4 on microglia, poly-L-lysine was used to aid in
adhesion of microglia. Then Nogo-P4 or Rtn-P4 was applied at
100 ug/ml, and the protein was incubated overnight at 4 °C.
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Microglia freshly dissociated from primary culture or BV-2
microglial cells were added into the wells precoated with
Nogo-P4 or Rtn-P4 and cultured for the indicated time. After
the stimulation, cell lysis and supernatant were collected for
further detection. To elucidate the signal pathway related to
inflammation cytokine production induced by Nogo-P4,
microglia were preincubated with the blocking agent NEP1-40
(Nogo-66(1-40) antagonist peptide) (10 um; Sigma-Aldrich),
PI-PLC (0.3 units/ml, Sigma-Aldrich), JSH-23, NF-kB activa-
tion inhibitor II (10 uMm; Selleck Chemicals) or S3I-201, and
STAT3 inhibitor VII (20 um; Santa Cruz Biotechnology, Inc.)
for 30 min before they were transferred into prepared wells.

SiRNA Transfection—According to the gene sequence of rat
NgR, a small interfering RNA (siRNA) targeting NgR (NgR
siRNA, 5'-UUCUCCGAACGUGUCACGUTT-3’ (sense) and
5'-ACGUGACACGUUCGGAGAATT-3" (antisense)) was
designed. Meanwhile, nonspecific sequences (control siRNA,
5'-GCCGAAAUCUCACUAUCCUTT-3’ (sense) and 5'-AG-
GAUAGUGAGAUUUCGGCTT-3' (antisense)) were used as a
control. The siRNA was synthesized by Shanghai GenePharma
Co. Ltd. Transfection of siRNAs was performed using Lipo-
fectamine® 2000 transfection reagent (Invitrogen).

BV-2 microglial cells were seeded onto 24-well plates at a
density of 1 X 10° cells/well and cultured for 12 h. Before trans-
fection, the medium was changed to a fresh one containing no
serum. Treatment with control siRNA or NgR siRNA was real-
ized at a final dose of 60 nM siRNA/well and removed 5 h post-
transfection. These cells were subsequently cultured for 36 h.
After transfection, BV-2 microglial cells were added into the
wells precoated with Nogo-P4 or Rtn-P4 and cultured for the
indicated time.

3-(4, 5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bro-
mide (MTT) Assay—After transfection, the cellular ability of
BV-2 microglial cells was measured by MTT assay. After the indi-
cated time, the medium was changed to a fresh one containing no
serum, and MTT reagent (0.05 mg/ml; Sigma-Aldrich) was added
to the cells for 4 h at 37 °C. Medium was carefully removed, and
200 pl of DMSO was added to each well to solubilize the precipi-
tated formazan product. The absorbance was determined at 595
nm. The survival rate of treated samples was expressed as a per-
centage of absorbance at 595 nm of the PBS control.

Western Blot Analysis—Microglia obtained from different
treatments were lysed in ice-cold lysis buffer (50 mm Tris-HCl,
2 mm MgCl,, 1% Nonidet P-40, 10% glycerol, 100 mm NacCl),
and 1% protease inhibitor mixture (Roche Applied Science) was
added just before use. The lysates were cleared by centrifuga-
tion at 13,000 X g for 10 min at 4 °C. Supernatant protein (50
pg) was run in denaturing gels and transferred onto nitrocellu-
lose membranes. The membranes were then blocked with 5%
bovine serum albumin in TBST and incubated with specific
primary antibody overnight at 4 °C. The following antibodies
were used: goat anti-IL-1 (1:500; R&D Systems, AF-501-NA),
rabbit anti-iNOS (1:800; Abcam, ab3523), goat anti-COX-2
(1:500; Santa Cruz Biotechnology, sc-1747), rabbit anti-NgR
(1:1000; Merck Millipore, AB 15138), rabbit anti-phospho-
NE-«kB p65 at Ser-536 (1:1000; Cell Signaling Technology Inc.,
catalog no. 3033), rabbit anti-NF-«B p65 (1:1000; Cell Signaling
Technology Inc., catalog no. 8242), rabbit anti-phospho-IKKf3
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(inhibitor of NF-«B kinase-3) at Ser-180 (1:1000; Cell Signaling
Technology Inc., catalog no. 2697), rabbit anti-IKKg (1:1000;
Cell Signaling Technology Inc., catalog no. 8943), rabbit anti-
phospho-IkBa (inhibitor of NF-«B-a) at Ser-32 (1:1000; Cell
Signaling Technology Inc., catalog no. 2859), mouse anti-IkBa
(1:1000; Cell Signaling Technology Inc., catalog no. 4814), rab-
bit anti-phospho-STAT3 at Tyr-705 (1:1000; Cell Signaling
Technology Inc., catalog no. 9145), mouse anti-STAT3 (1:1000;
Cell Signaling Technology Inc., catalog no. 9139), or (B-actin
(1:2000; Santa Cruz Biotechnology, sc-47778). After incubating
with horseradish peroxidase-conjugated secondary antibodies,
anti-mouse IgG (1:3000; Cell Signaling Technology Inc., cata-
log no. 7076), anti-goat IgG (1:500; R&D Systems, HAF019), or
anti-rabbit IgG (1:3000; Cell Signaling Technology Inc., catalog
no. 7074), immunoreactive bands were then visualized by
chemiluminescence reagents (ECL; Thermo Fisher Scientific).

For blot densitometry assay, the images of protein bands were
captured with a Bio-Rad Gel Doc XR documentation system.
Semiquantitative densitometric analysis of the relative expressions
of the protein were determined using Quantity One software by
scanning the pixel density of the resultant blots.

NO Production—Concentrations of NO in the cell superna-
tants were determined by measuring nitrite, a major stable
product of NO, using the Griess reagent (1% sulfanilamide,
0.1% N-(1-naphthyl)-ethylenediamine dihydrochloride, 2.5%
H,PO,) (Invitrogen). 100 ul of each culture medium collected
from different groups were mixed with an equal volume of
Griess reagent. Absorbance was measured using a plate reader
at 540 nm. The production of NO was calculated relative to that
observed after control treatment.

Measurement of IL-13, TNF-«, and PGE, Release—Superna-
tants of various treatment groups were collected to detect the
release level of IL-18, TNF-«, and PGE, by a commercial ELISA
kit (R&D Systems, Minneapolis, MN) following the manufactu-
rer’s instructions. The absorbance at 450 nm was determined
by a microplate reader.

Immunocytochemistry—For identification of the effect of
Nogo-P4 on nuclear translocation of NF-«B, microglia cultured
on coverslips were washed with PBS, fixed with 4% paraformal-
dehyde in PBS for 30 min, permeabilized with 0.1% Triton
X-100in PBS for 5 min, and then blocked with 10% normal goat
serum in PBS and incubated overnight at 4 °C with primary
polyclonal antibody to mouse anti-NF-«B (1:50; Santa Cruz
Biotechnology, sc-8008) diluted in PBS containing 10% normal
goat serum. Nuclei were labeled with Hoechst 33342 (10 pg/ml;
Molecular Probes, H3570). After washing three times with PBS
(pH 7.4), cells were incubated with Alexa Fluor® 594-conju-
gated goat anti-mouse secondary antibodies (1:300; Invitrogen,
A11005) for 60 min at room temperature. The fluorescent
imaging was visualized by using an Olympus fluorescence
microscope (Japan).

Statistical Analysis—All present data represent the results of
three or four independent experiments. Statistical analysis was
performed using Student’s £ test or one-way analysis of variance
(ANOVA) with post hoc Tukey’s test using GraphPad Prism
version 5 software (GraphPad Software Inc., La Jolla, CA). All
data are presented as mean * S.D. p values of p < 0.05 (indi-
cated with an asterisk) were considered statistically significant.
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Results

Stimulation with Nogo-P4 Increased Microglia Expressing
iNOS and COX-2 as Well as Releasing IL-1B, TNF-o, NO, and
PGE,—To investigate the effects of Nogo-P4 on the production
of proinflammatory enzymes and cytokines in microglia, wells
were precoated with Nogo-P4 (100 ug/ml) or Rtn-P4 (100
pg/ml), and then primary cultured microglia were added into
the wells and cultured for 6, 12, or 24 h. At the end of stimula-
tion, the cell lysates and supernatants were collected, and the
expression levels of proinflammatory enzymes and cytokines
were determined. Results in Fig. 1 showed that Nogo-P4 stim-
ulation significantly promoted microglia to express iNOS (12
and 24 h) and COX-2 (6 and 12 h) and also raised the release of
IL-1B (12h), TNF-a (6 and 12 h), PGE, (12 h), and NO (12 h) in
microglia. However, Rtn-P4 had no effects. Thus, a 12 h stimu-
lation time was used for the following study. Moreover, full-
length Nogo-66 increased the expression of IL-18 and NO in
microglia (data not shown). These results implied that Nogo
peptide could directly participate in inflammation associated
with microglia by increasing the expression of proinflammatory
enzymes and cytokines in microglia.

NgR Was Responsible for the Effects of Nogo-P4 on Microglia
Producing Proinflammatory Mediators—The glycosylphos-
phatidylinositol-linked cell surface NgR has been widely con-
firmed to be the Nogo-66 functional receptor to inhibit neurite
growth (2) as well as neural cell migration (5, 22). To elucidate
the possible signal pathway related to Nogo-P4, we assessed the
mediation of NgR on Nogo-P4 facilitating proinflammatory
cytokine production. The expression of NgR on primary cul-
tured microglia has already been clearly identified in our previ-
ous study (5); thus, we pretreated microglia with NEP1-40 (10
uM) and the PI-PLC (0.3 units/ml) and then observed the effects
of Nogo-P4 on expressing proinflammatory enzymes and cyto-
kines. NEP1-40, a competitive antagonist peptide derived from
the first 40 amino acids of the Nogo-66, promotes axonal out-
growth through blocking the binding of Nogo-66 to NgR in
vitro and in vivo (23). PI-PLC is commonly used to release the
glycosylphosphatidylinositol-anchored NgR from the cell sur-
face (2). As seen in Fig. 2, the results showed that NEP1-40 and
PI-PLC treatment significantly attenuated the expression of
pro-IL-13, iNOS, and COX-2 as well as the release of IL-1f,
NO, and PGE, in microglia after Nogo-P4 stimulation, indicat-
ing that NgR was necessary for the effects of Nogo-P4 on the
production of proinflammatory mediators in microglia.

Furthermore, NgR was silenced by siRNA interference in
BV-2 microglia, and the expression of proinflammatory medi-
ators was analyzed. After transfection with NgR siRNA or con-
trol siRNA, the expression of NgR was determined by Western
blot. Compared with control siRNA-treated cells, NgR
siRNA-treated cells showed a significant decrease of the
expression of NgR in BV-2 microglial cells (Fig. 3, A and B).
Also, the transfection of control or NgR siRNA did not affect
the cellular ability of BV-2 microglial cells (Fig. 3C). Results
shown in Fig. 3, DI, showed that NgR siRNA treatment signif-
icantly attenuated the expression of iNOS and COX-2 as well as
the release of IL-1B, NO, and TNF-a in microglia after
Nogo-P4 stimulation, indicating that NgR was responsible for
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FIGURE 1. Stimulation with Nogo-P4 increased the expression of inflammatory mediators in primary cultured microglia. Microglia separated from the
cerebral cortex were seeded into wells precoated with PBS or Rtn-P4 (100 wg/ml) or Nogo-P4 (100 ng/ml) and stimulated for 6, 12, or 24 h. Cell lysates and
supernatant were collected to detect the expression of inflammatory mediators. Western blot was used to determine the expression of iNOS (A and B) and
COX-2 (Cand D). Values are reported as mean = S.D. (error bars), as a percentage of values determined in the PBS group (control, 100%). The Western blot data
represent the results of four independent experiments. The Griess method was performed to detect NO release (E). The proportions of PGE, (F), IL-13 (G), and
TNF-a (H) secreted into the medium was assayed by ELISA kits. Values are reported as mean = S.D. Griess and ELISA data represent the results of three
independent experiments. Statistical analysis was performed using one-way ANOVA with post hoc Tukey’s test. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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FIGURE 2. NgR was responsible for the effects of Nogo-P4 on microglia expressing proinflammatory mediators. Before they were added to the protein-
coated wells, microglia were pretreated with NEP1-40 (10 um) or PI-PLC (0.3 units/ml) for 30 min to interrupt the function of NgR. The cells were then exposed
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ELISA was performed to detect the production of PGE, (G) and IL-13 (H) in the supernatant. Values are reported as mean = S.D. All data represent the results
of three independent experiments. Statistical analysis was performed using Student’s t test. *, p < 0.05; **, p < 0.01.

the effects of Nogo-P4 on the expression of proinflammatory
mediators in BV-2 microglial cells.

Microglia Expressing Proinflammatory Mediators Induced by
Nogo-P4 Was Mediated by NF-«kB Pathway Activation via NgR—
The nuclear factor NF-«B pathway has long been considered as a
prototypical proinflammatory signal pathway (24). Thus, we
investigated whether the NF-«B pathway was responsible for the
effects of Nogo-P4 on the production of proinflammatory media-
tors in microglia. Microglia were seeded into the wells precoated
with Nogo-P4, and then cell lyses were collected for Western blot.
We observed a significant increase in the phosphorylation levels of
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NEF-«B, IKKf3, and IkBe in microglia after stimulation by Nogo-P4
for 6 h (Fig. 4, A-F). In addition, Immunofluorescent staining
analysis showed that Nogo-P4 induced NF-«kB nuclear transloca-
tion in microglia (Fig. 4, G and H).

Furthermore, we determined whether NgR mediated NF-«B
pathway activation induced by Nogo-P4. Before they were
added to the protein-coated plate, microglia were pretreated
with NEP1-40 (10 um) for 30 min to interrupt the function of
NgR. Results shown in Fig. 5, A—F, showed that NEP1-40 treat-
ment significantly attenuated phosphorylation levels of NF-«B,
IKKB, and IkBa in microglia increased by Nogo-P4. Also,

JOURNAL OF BIOLOGICAL CHEMISTRY 28905
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NE-kB nuclear translocation in microglia was significantly To validate whether the activation of NF-«kB pathway was a
inhibited by NEP1-40. (Fig. 5, G and H). The results above response to the expression of proinflammatory cytokines induced
indicated that Nogo-P4 bound to the NgR receptor and further by Nogo-P4, JSH-23 (an NF-«B activation inhibitor), which could
triggered the activation of the NF-kB pathway. inhibit nuclear translocation of NF-«B (25), was used to block the
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FIGURE 4. Nogo-P4 induced NF-«B pathway activation in microglia. Microglia were incubated with PBS or Nogo-P4 for 6 h. The phosphorylation levels of NF-«B (A
and B), IKKB (C and D), and IkBa (E and F) were measured by Western blot. Nogo-P4 increased the phospho-NF-«kB/NF-«B, phospho-IKKB/IKKB, and phospho-
IkBa/IkBa levels. Values are reported as mean = S.D. (error bars) Western blot data represent the results of four independent experiments. G and H, immunostaining
of microglia with NF-«B and Hoechst. Scale bar, 10 um. Nogo-P4 induced the NF-kB nuclear translocation. Values are reported as mean = S.D. Immunostaining data
represent the results of three independent experiments. Statistical analysis was performed using Student’s t test. **, p < 0.01; ***, p < 0.001.

Nogo-P4 stimulation. Microglia were seeded into the wells pre-
coated with Nogo-P4, and then cells were collected for STAT3

activity of the NF-«B signal pathway. We found that the nuclear
translocation of NF-«B increased by Nogo-P4 was blocked in

microglia pretreated with JSH-23 (10 um) for 30 min (Fig. 6, A and
B). Results presented in Fig. 6, C-I, indicated that promotion of
Nogo-P4 upon microglial expression of iNOS and COX-2 as well
as the release of IL-183, TNF-a, NO, and PGE, was attenuated by
JSH-23 (10 um) pretreatment, suggesting that the NF-«B pathway
was responsible for the effects of the Nogo/NgR signal on micro-
glia expressing proinflammatory mediators.

STAT3 Signal Pathway Involved in Microglia Expressing Pro-
inflammatory Mediators Induced by Nogo-P4 via NgR—The
STAT3 signal pathway has been shown to play roles in the
inflammatory signaling cascades in response to several immune
stimulations. Thus, we next investigated whether STAT?3 signal
pathway acted as the intracellular signal transducer to mediate
the release of proinflammatory cytokines in microglia after

activity detection. It was observed that Nogo-P4 significantly
increased the STAT3 tyrosine phosphorylated at residue Tyr-
705 (Fig. 7, A and B). Furthermore, the activation of the STAT3
pathway was greatly attenuated after the function block of NgR
with NEP1-40 or PI-PLC (Fig. 7, C and D). The results above
implied that Nogo-P4 bound to the NgR receptor and further
triggered the phosphorylation of STAT3.

To validate whether the activation of STAT3 pathway was a
response to the expression of proinflammatory cytokines induced
by Nogo-P4, S31-201, an inhibitor of STAT3 (26), was used to
block the activity of the STAT3 signal pathway. S31-201 (20 um)
lowered the phosphorylation of STAT3 induced by Nogo-P4 (Fig.
7, E and F). Results presented in Fig. 8 showed that S31-201 (20 um)
pretreatment abolished the expression of INOS and COX-2 as well

FIGURE 3. Nogo-P4 increased the expression of inflammatory mediators in BV-2 microglia and NgR was responsible for the effects. A and B, the
expression of NgR on BV-2 microglia was determined by Western blot after transfected with NgR siRNA or control siRNA. C, after BV-2 microglia treatment with
NgR siRNA or control siRNA, the survival rate of microglia was determined by an MTT assay. Values are reported as mean = S.D. (error bars), as a percentage of
values determined in the PBS group (control, 100%). MTT data represent the results of fourindependent experiments and two repeats within each experiment.
Before added to the protein-coated wells, BV-2 microglia was transfected with control or NgR siRNA to suppress the expression of NgR. The cells were then
exposed to PBS or Nogo-P4 for 6 h. The proportions of iNOS (D and E) and COX-2 (D and F) were determined by Western blot. Values are reported as mean =+
S.D., as a percentage of values determined in PBS group (control, 100%). The release of NO was assayed by the Griess method (G). An ELISA was performed to
detect the production of TNF-a (H) and IL-1 (/) in the supernatant. Values are reported as mean = S.D. MTT data represent the results of three independent
experiments. Statistical analysis was performed using one-way ANOVA with post hoc Tukey’s test. *, p < 0.05; **, p < 0.01.
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as the release of IL-1B, TNF-«, NO, and PGE, in microglia
increased by Nogo-P4, suggesting that the STAT3 signal pathway
might take part in microglia expressing proinflammatory cyto-
kines in response to Nogo/NgR signal.

The Relationship between NF-kB and STAT3 Signal Pathway
after Nogo-P4 Activated Microglia—W'e confirmed that both
the NF-«B signal pathway and the STATS3 signal pathway were

28908 JOURNAL OF BIOLOGICAL CHEMISTRY

involved in the expression of proinflammatory mediators in
microglia induced by Nogo-P4. But what is the relationship
between the NF-«B signal pathway and the STAT3 signal path-
way? We still do not know. Thus, we pretreated microglia with
S3I-201 (20 um; a STAT3 activation inhibitor) or JSH-23 (10
uM; an NF-«B activation inhibitor) for 30 min to investigate the
relationship between the NF-«B pathway and the STAT3 path-
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way. The phosphorylation of NF-«B induced by Nogo-P4 was
blocked after microglia were pretreated with S31-201 (Fig. 9, A
and B). However, the phosphorylation of STAT3 induced by
Nogo-P4 was not affected after microglia were pretreated with
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JSH-23 (Fig. 9, C and D). These data suggested that the NF-«B
pathway, possibly be downstream of the STAT3 pathway,
mediated the effects of Nogo-P4 on the expression of proin-
flammatory mediators in microglia.
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Discussion

Our results indicated that Nogo peptide elevated the produc-
tion of proinflammatory cytokines of microglia in vitro, which
was mediated by NF-kB and STAT3 signal pathways. From the
results presented above, two points are particularly notewor-
thy. First, the results from our in vitro study confirmed that
Nogo-P4 (the 25-amino acid inhibitory peptide sequence of
Nogo-66) elevated the expression of proinflammatory cyto-
kines in microglia. Nogo-P4, corresponding to residues 31-55
of the extracellular fragment of Nogo-66, significantly inhibits
the neurite outgrowth and exhibits significant growth cone-
collapsing activity in vitro (27-29). In many CNS disorders,

such as multiple sclerosis (MS) and Alzheimer disease (AD),
chronic inflammation is one of the main pathologic features
(30). Chronic inflammatory processes in MS lead to neuronal
injury as well as neurodegeneration (31). There is also evidence
that the expression of Nogo-A is significantly up-regulated dur-
ing MS (32), and Nogo-A could participate in the inflammation
process of MS (33). In AD, chronic inflammatory is not a pas-
sive system activated by emerging senile plaques and neurofi-
brillary tangles but instead contributes more to pathogenesis
than to plaques and tangles themselves (34). Moreover, Nogo-A
is overexpressed by hippocampal neurons in AD and is associ-
ated with AB-amyloid deposits in senile plaques (35). Hence,

FIGURE 6. Microglia expressing proinflammatory mediators induced by Nogo-P4 was mediated by the NF-«B pathway. Before they were added to the
protein-coated plate, microglia were pretreated with JSH-23 (10 um) for 30 min to interrupt the activation of NF-«B. Microglia were incubated with PBS or
Nogo-P4for 6 h. Aand B,immunostaining of microglia with NF-«B and Hoechst. Scale bar, 10 um. NF-«B activation inhibitor JSH-23 inhibited the NF-«B nuclear
translocation induced by Nogo-P4. Immunostaining data represent the results of three independent experiments and two repeats within each experiment.
Values are reported as mean = S.D. (error bars), as a percentage of values determined in PBS group (control, 100%). After microglia were pretreated with JSH-23
(10 um) for 30 min, microglia was incubated with PBS or Nogo-P4 for 12 h. The proportions of iNOS (C and D) and COX-2 (E and F) were determined by Western
blot. Values are reported as mean =+ S.D., as a percentage of values determined in the PBS group (control, 100%). Western blot data represent the results of four
independent experiments. The release of NO was assayed by the Griess method (G). The proportions of IL-18 (H) and TNF-« (/) in the supernatant were detected
by ELISA. Values are reported as mean = S.D. Griess and ELISA data represent the results of three independent experiments. Statistical analysis was performed
using one-way ANOVA with post hoc Tukey’s test. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

28910 JOURNAL OF BIOLOGICAL CHEMISTRY SASBMB  VOLUME 290-NUMBER 48-NOVEMBER 27, 2015



PBS + - + -
Nogo-P4 - + - +
$31-201 : = i *
actin _ i
B

-
o
=3

Relative iNOS Expression
1(%PBS)
g

ok
-
150 /—l—\
J._'_._I
=3 \d > 3
& Q

o o
& &

$31-201
E o Pes
| Nogo -P4
25
E 20
[
9 15
8
o 10
&3
g 5
0:
S31-201
G O PBS
Nogo-P4
- X . Nog
1]
% 10-
oy
51
=
PBS S31-201

Nogo/NgR Signal Involved in Neuroinflammation

PBS + + -
Nogo-P4 - + - +
S31-201 - + +
COX-2 I l ' l - ] 72kDa

actin R S—— w—  43KDa

=

2

7]
3
8
>

w

2

X

o

o

2

k]

[7]
4
S31-201
F [ PBS
80- [ ] Nogo-P4
£ *
2 ::
~ 404
N
w ‘ \
8 N [
S31-201
H 3 PBS
400- [ ] Nogo-P4

E 300

)

o

~ 200

4

[

£ 100- | |

S3I1-201

FIGURE 8.STAT3 pathway was involved in Nogo-P4 triggered proinflammatory mediators expressing. Microglia were pretreated with S31-201 (20 um), an
inhibitor of the activation of STAT3 pathway, for 30 min and then exposed to either PBS or Nogo-P4 for 12 h. The expression level of iNOS (A and B) and COX-2
(Cand D) was determined by Western blot assay. Values are reported as mean = S.D. (error bars), as a percentage of values determined in the PBS group (control,
100%). Western blot data represent the results of four independent experiments. Release of NO was assayed by the Griess method (E). ELISA was performed to

detect the production of PGE, (F), IL-18(G)

,and TNF-a (H) in supernatant. Values are reported as mean =+ S.D. Griess and ELISA data represent the results of three

independent experiments. Statistical analysis was performed using one-way ANOVA with post hoc Tukey’s test. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

might the potentiated effects of Nogo peptide contribute to
chronic inflammatory processes and furthermore be involved
in pathogenesis of chronic inflammatory diseases? Our results
showed that Nogo-P4 could induce microglial expression of
proinflammatory mediators, and blocking the binding of
Nogo-P4 to NgR on microglia by NEP1-40 or PI-PLC pretreat-
ment or silencing the expression of NgR by siRNA interference
rescued the increased expression of proinflammatory media-
tors induced by Nogo-P4, indicating that NgR was necessary for
the effects of Nogo-P4 on microglia expressing proinflamma-
tory mediators.

Second, we also verified that the activation of the NF-«B path-
way and STAT3 pathway was responsible for the effects of the

SASBMB
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Nogo/NgR signal on the expression of proinflammatory mediators
in microglia. It is well established that NF-«B and STAT3 are tran-
scription factors that participate in cytokine and growth factor
actions in immune cells and transcription of a variety of genes
involved in inflammation, cellular adaptation to stress, and cell
death (36). Activated IKKf phosphorylates I«B and triggers its
degradation by proteasomes, and this process results in transloca-
tion of NF-kB to the nucleus and the induction of NF-«B-depen-
dent transcription of a wide range of immune and inflammatory
genes (37). Recently, research has found that the NF-«B signal
pathway is central to many macrophage (25) and microglial func-
tions, including phagocytosis and cytokine secretion. Moreover,
strong microglial NF-«B pathway activation has been described
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following lipopolysaccharide (LPS) treatment in vitro (38) and in
pathological situations that involve strong inflammatory processes
and massive peripheral blood cell recruitment, such as MS (39),
experimental autoimmune encephalitis (40), and spinal cord
injury (41). STAT3 tyrosine phosphorylated at residue Tyr-705
translocates to the nucleus, where it binds to specific promoter
sequences of several inflammation associated genes, thus playing a
central role in regulating the expression of a series of proinflam-
matory cytokines. It is reported that the STAT3 pathway is
involved in the function of Nogo/NgR on the fate decision of neu-
ral precursor differentiation (42). The present study demonstrated
that the NF-«B and STAT3 pathways contributed to the inflam-
matory response by directly modifying the expression of inflam-
matory mediators in microglia after Nogo-P4 stimulation.

Both the STAT3 pathway and the NF-kB pathway are critical
transcription factors involved in the inflammatory processes of
many CNS diseases. The STAT3 pathway and NF-kB pathway
regulate the expression of target genes, such as inflammatory
genes, individually or cooperatively. For example, it has been
reported that curcumin ameliorates the depressed MFG-E8
expression and the attenuated phagocytic ability of EMF-ex-
posed N9 cells, which is attributable to the inhibition of the
proinflammatory response through the NF-«B and STATS3
pathways (43). Moreover, hydroxysafflor yellow A protected
AB(1-42)-induced AD model through inhibiting inflamma-
tory response, which may involve the JAK2/STAT3/NF-«B
pathway (44). In the present study, our results demonstrated
that S31-201, an inhibitor for STAT3, reversed the activation of

28912 JOURNAL OF BIOLOGICAL CHEMISTRY

the NF-kB pathway induced by Nogo-P4, suggesting that the
NE-«B pathway might be downstream of the STAT3 pathway
to mediate the promotion of microglia expressing proinflam-
matory mediators stimulated by Nogo-P4.

Conclusions

Our present study has demonstrated that exposing the
Nogo peptide to microglia elevated the expression of proin-
flammatory enzymes and cytokines in vitro, which was medi-
ated by the NF-kB and STAT3 pathways. These results imply
that the interaction of Nogo peptide with NgR expressed on
microglia might participate in diverse CNS diseases related
to chronic neuroinflammation, such as neurodegenerative
diseases.
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