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glia interactions underlies the intrathecal IL-1B-induced
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Summary

Aims: We previously demonstrated that intrathecal IL-1f8 upregulated phosphoryla-
tion of p38 mitogen-activated protein kinase (P-p38 MAPK) and inducible nitric oxide
synthase (iNOS) in microglia and astrocytes in spinal cord, increased nitric oxide (NO)
release into cerebrospinal fluid, and induced thermal hyperalgesia in rats. This study
investigated the role of spinal glutamatergic response in intrathecal IL-1p-induced no-
ciception in rats.

Methods: The pretreatment effects of MK-801 (5 pg), minocycline (20 pg), and
SB203580 (5 ug) on intrathecal IL-1f (100 ng) in rats were measured by behavior,
Western blotting, CSF analysis, and immunofluorescence studies.

Results: IL-1p increased phosphorylation of NR-1 (p-NR1) subunit of N-methyl-D-
aspartate receptors in neurons and microglia, reduced glutamate transporters (GTs;
glutamate/aspartate transporter by 60.9%, glutamate transporter-1 by 55.0%, excita-
tory amino acid carrier-1 by 39.8%; P<.05 for all), and increased glutamate (29%-133%
increase from 1.5 to 12 hours; P<.05) and NO (44%-101% increase from 4 to 12 hours;
P<.05) levels in cerebrospinal fluid. MK-801 significantly inhibited all the IL-1p-induced
responses; however, minocycline and SB203580 blocked the IL-1B-downregulated
GTs and elevated glutamate but not the upregulated p-NR1.

Conclusion: The enhanced glutamatergic response and neuron-glia interaction poten-
tiate the intrathecal IL-1B-activated P-p38/iNOS/NO signaling and thermal

hyperalgesia.
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1 | INTRODUCTION

Glutamate functions as neurotransmitter and its extracellular concen-
tration is normally low in the central nervous system (CNS). It acti-
vates glutamate receptors and plays a significant role in nociception.
Glutamate transporters (GTs), including glutamate/aspartate trans-
porter (GLAST), glutamate transporter-1 (GLT-1), and excitatory amino
acid carrier-1 (EAAC1), remove glutamate from the synapses and main-
tain glutamatergic homeostasis. Elevated glutamate concentration
caused by either excessive release or decreased uptake associates with
pain® and glutamate administration produces pain.? The N-methyl-D-
aspartate (NMDA) receptors are glutamate receptors composed of NR1
subunits, and activation of NMDA receptor (NMDAR) by phosphorylat-
ing NR1 (p-NR1) is important in nociceptive processing and correlates
with pain.>® Animal studies on nociception have revealed upregulation
of p-NR1 in dorsal root ganglion (DRG) neurons and primary afferent

89 microglia,® and astrocytes’ in the

fibers,” postsynaptic neurons,
spinal cord dorsal horn (SCDH). In addition, activation of presynap-
tic NMDARSs increases glutamate release and excitatory postsynaptic
currents (EPSC) in DRG neurons of rats with ligated spinal nerves.'®
However, p-NR1 expression in rat DRG neurons decreases following
intraplantar injection with complete Freund’s adjuvant (CFA).**

Activation of astrocytes and microglia is associated with increased
TNF-a expression, reduced expression of GLAST, GLT-1, and EAAC1
in SCDH, and elevated glutamate level in CSF in rats with sciatic nerve
injury.*? GLT-1 downregulation occurs in activated astrocytes in rat
models of morphine-tolerant pain, peripheral neuropathic pain, and ex-
perimental autoimmune encephalomyelitis, whereas intrathecal ceftri-
axone and MK-801 abolish these responses.”’14 In contrast, inhibition
of GLT-1 and GLAST reduces nociception and glutamate concentra-
tions in CSF in rats receiving intraplantar injection of formalin.t>

IL-1p involves in the initiation and maintenance of pain, and its lev-
els in CSF and SCDH significantly increase 2-3 hours after intraplantar
injection of CFA and lipopolysaccharide in rodents.!”*® Our previous
studies showed that intrathecal IL-1p increases p38 mitogen-activated
protein kinase phosphorylation (P-p38 MAPK) and inducible nitric
oxide synthase (iNOS) in astrocytes and microglia in SCDH, releases ni-
tric oxide (NO) in CSF, and induces thermal hyperalgesia in rats. 2% In
contrast, we previously had reported that pretreatment with inhibitors
of microglia (minocycline), astrocytes (fluorocitrate), IL-1 receptor (IL-
1ra), and p38 MAPK (SB203580) suppresses the IL-18-induced P-p38/
iNOS/NO signaling and hyperalgesia.'?2° As endogenous IL-1pB upreg-
ulates p-NR1 that colocalize with IL-1 receptor type | (IL-1RI) in spinal
neurons, IL-1 receptor antagonist (IL-1ra) inhibits the expression of
p-NR1 and hyperalgesia in rat model of inflammatory pain.?! However,
the roles of glutamate, NMDAR, and GTs in intrathecal IL-1p-induced
thermal hyperalgesia are not well characterized.

This study is a continuation of our preceding ones in a rat model
of intrathecal IL-1p-induced thermal hyperalgesia,lc”’20
esized that exogenous IL-1p may activate NMDAR and inhibit GTs in

the spinal cord (SC) and this glutamatergic response participates in

and we hypoth-

intrathecal IL-1p-induced nociceptive signaling. The aim of this study

was 3-fold: to investigate (i) the spinal glutamatergic response after
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IL-1B injection; (ii) the interaction between glutamatergic response
and P-p38/iNOS/NO signaling; and (iii) the intercellular interactions in
SCDH related to IL-1B-induced nociception.

2 | MATERIALS AND METHODS

2.1 | Animal preparation and intrathecal drug
delivery

All experiments were approved by the Institutional Animal Care and
Use Committee of Taipei Veterans General Hospital, and the use of
animals conformed to the Guiding Principles for the Care and Use of
Animals published by the American Physiological Society. All efforts
were made to minimize the number of animals used and their suffering.

Preparation of the intrathecal catheter, microdialysis probe, and
animals was as previously described.'?2° Adult male Wistar rats (260-
320 g; BioLASCO Taiwan Co., Taipei, Taiwan) were anesthetized with
2%-3% inhaled isoflurane, and an intrathecal catheter was implanted
with or without a microdialysis probe. Postoperative care included
subcutaneous amoxicillin (150 mg/kg) and lidocaine infiltration. Rats
were allowed to recover for 4 days before experimentation, housed
individually, given food and water ad libitum, and maintained on a
standard 12-hours light/dark schedule at room temperature. The in-
trathecal catheter and microdialysis tubes were perfused with artificial
CSF (aCSF) every other day to prevent obstruction. Rats with locomo-
tor dysfunction were excluded from the study.

On day 5 after intrathecal catheterization, all drugs were adminis-
tered through the intrathecal catheter, followed by a 10-pL flush with
aCSF. Rats were randomly assigned to one of six groups: (i) control rats
received 5 pL of saline; (ii) IL rats received 100 ng of IL-1p; (iii) MK rats
received 5 pg of MK-801 (non-competitive NMDAR antagonist); (iv)
MK+IL rats received 5 pg MK-801 pretreatment and 100 ng of IL-1p
1 hour later; (v) SB+IL rats received 5 pg of SB203580 (p38 MAPK in-
hibitor) pretreatment and 100 ng of IL-1f 1 hour later; and (vi) Mino+IL
group rats received 20 pg of minocycline pretreatment and 100 ng of IL-
1B 1 hour later. The doses of IL-1p, MK-801, minocycline, and SB203580
were based on previous studies.'??%?? All experimenters were blinded

to the group allocations except the one who injected the drugs.

2.2 | Nociceptive behavioral assessment

Paw withdrawal latency (PWL) to radiant heat applied to the right
hindpaw (Ugo Basile Biological Instruments, Comerio, Italy) was as-
sessed as previously described.'??° The heat intensity was adjusted to
obtain an average PWL of 17.6+0.4 seconds, and the cutoff time was
set at 22+0.4 seconds to prevent tissue damage. Paw withdrawal la-
tency was assessed at baseline and different times after drug injection.

2.3 | Analysis of nitric oxide and glutamate in spinal
CSF dialysates

A CMA102 microinfusion pump with a gastight Hamilton syringe
was used to continuously perfuse aCSF through one end of the
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microdialysis probe at a rate of 5 uL/min, and the other end was used
to collect CSF dialysates. Dialysates were collected in polypropylene
tubes on ice prior to drug administration (baseline) and every 30 min-
utes for 12 hours after drug administration. Samples were frozen at
-80°C until analysis. Nitric oxide concentrations were measured by
chemiluminescence (NOA 280; Sievers Instruments Inc., Boulder, CO,

USA) as described previously,lg"20

and the glutamate concentration was
determined by high-performance liquid chromatography (Agilent 1200
HPLC System; Agilent Technologies, Palo Alto, CA, USA) using a fluo-
rescence detector (340 nm excitation, 450 nm emission) as described
previously.?® The concentrations of NO and glutamate in the dialysates

are shown as percentage change relative to the basal concentration.

2.4 | Western blotting

The dorsal part of lumbar SC enlargement was collected by exsanguin-
ation under isoflurane anesthesia at 30 minutes or 6 hours after drug
injection. The Western blotting analysis was performed as described
previously in refs.'??° The polyvinylidene difluoride membranes
were incubated with either one of the primary antibodies includ-
ing polyclonal rabbit anti-phospho-NR1 Ser®? antibody (1:1000;
EMD Millipore, Temecula, CA, USA), polyclonal rabbit anti-GLAST
antibody (1:1000; Abcam, Cambridge, MA, USA), polyclonal guinea
pig anti-GLT-1 antibody (1:500; EMD Millipore), monoclonal mouse
anti-EAAC1 antibody (1:1000; EMD Millipore), monoclonal mouse
anti-iNOS antibody (1:1000; Transduction Laboratories, Lexington,
KY, USA), polyclonal rabbit p38 or phospho-p38 MAPK antibodies
(1:1000; PhosphoPlus® p38 MAP Kinase Antibody Kit; Cell Signaling
Technology®, Beverly, MA, USA), or monoclonal mouse anti-p-actin
antibody (1:5000; Sigma-Aldrich®, St Louis, MO, USA), re-incubated
with horseradish peroxidase-conjugated secondary antibodies, and
then measured by chemiluminescence. Densitometry was used to
evaluate the density of bands relative to background. p-actin was
used as the internal control for protein loading. The densities of P-p38
MAPK bands were calculated and normalized to the total amount of
p38 MAPK of each sample. Western blotting experiments were con-
ducted in triplicate for semi-quantification of p-NR1 (n=4 per group),
glutamate transporters (n=4 per group), P-p38 MAPK/p38 MAPK
(n=6 per group), and iNOS (n=6 per group).

2.5 | Immunohistochemical assay

Lumbar SC enlargement was subjected to immunohistochemical
analysis. Cell markers for neurons (NeuN), astrocytes (glial fibrillary
acidic protein, GFAP), and microglia (CD11b) were used to determine
cellular colocalization with p-NR1. p-NR1 expression was assessed at
30 minutes (four rats per group) and 6 hours (four rats per group), and
GTs expression was assessed at 6 hours (four rats per group).

The immunohistochemical analysis was performed as described

previously in ref.2°

The sample was cut into 20-pm sections on a
cryostat at -25°C, mounted serially onto microscope slides, and
processed for immunofluorescence studies. All primary antibodies

were purchased from EMD Millipore: mouse monoclonal anti-NeuN

antibody (1:600), mouse monoclonal anti-GFAP antibody (1:200),
mouse monoclonal anti-CD11b antibody (1:200), rabbit polyclonal
anti-phospho-NR1 Ser®”’ antibody (1:50), guinea pig polyclonal anti-
GLAST antibody (1:1000), guinea pig polyclonal anti-GLT-1 antibody
(1:1000), and goat polyclonal anti-EAAC1 antibody (1:1000). After
washing in phosphate-buffered saline, sections were incubated with ei-
ther Alexa Fluor 488-labeled chicken anti-mouse IgG antibody (1:400;
Life Technologies Corporation, USA; green fluorescence) or DyLight
549-conjugated donkey anti-rabbit secondary antibody (1:400;
Jackson ImmunoResearch Laboratories Inc., West Grove, PA, USA; red
fluorescence). The sections were examined under a Leica DM-6000B
fluorescence microscope (Leica, Wetzlar, Germany) equipped with a
CCD Spot Xplorer integrating camera (Diagnostic Instruments, Inc.,
Sterling Heights, MI, USA) and analyzed by SPOT software (Diagnostic
Instruments Inc.). Confocal double-immunostaining images were cap-
tured with a Leica TCS SP5 Il confocal microscope equipped with a
Leica HyD (Hybrid Detector). Image J software (National Institutes
of Health, Bethesda, MD, USA) was used for pixel measurement and
analysis. For quantification of immunofluorescence acquired from lam-
ina | to lamina IV in SCDH, four randomly selected SC sections were
measured in each rat, and the means of 4 rats in each group were
calculated. The sizes and conditions of the image captures and views
were kept constant at ipsilateral SCDH, and pixel measurement and
analysis was performed with MetaVue Imaging software (Molecular
Devices Corporation, Sunnyvale, CA, USA).

2.6 | Drug preparation

Recombinant rat IL-1p (R&D Systems, Minneapolis, MN, USA), MK-
801 (Dizocilpine hydrogen maleate; Sigma-Aldrich®), minocycline
(Sigma-Aldrich®), and SB203580 (Calbiochem, La Jolla, CA, USA)
were dissolved in sterile 0.9% physiological saline at a concentration
of 50 ng/pL, 1 pg/pL, 2 pg/pL, and 1 pg/ul, respectively. Each drug
was freshly prepared on the morning of the experiment.

2.7 | Statistical analysis

Data are expressed as means+SEMs. Changes in PWL, and in NO
and glutamate concentrations are expressed relative to baseline val-
ues. Protein expression, immunofluorescence intensity, and ratio of
cell colocalization are analyzed by one-way or two-way analysis of
variance (ANOVA), followed by the Student-Newman-Keuls post
hoc test. In addition, repeated-measures ANOVA followed by the
Student-Newman-Keuls post hoc test, with time (before and after
intrathecal injection) as the within-subjects variable and grouping as
the between-subjects variable, is used to analyze changes in PWL,
NO, and glutamate concentrations. Mauchly’s sphericity test is used
to check the equal variance assumption of the repeated-measures
ANOVA, and the Huynh-Feldt correction is applied if the assumption
of sphericity is violated. A P-value <.05 is considered statistically sig-
nificant. Statistical analyses are performed with the Statistical Package
for the Social Sciences (SPSS), version 17.0 for Windows (SPSS Inc.,
Chicago, IL, USA).
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3 | RESULTS

3.1 | Effect of MK-801 pretreatment on IL-1§-
induced thermal hyperalgesia

We initially examined the role of the spinal glutamatergic response in
IL-1B-induced nociception by examining the pretreatment effect of
MK-801 before IL-1f injection (Figure 1). The results indicate a sig-
nificant difference among the four groups (F[3,32]=43.313, P<.001)
and over time (F=14.244, df=4.568, P<.001), and a significant interac-
tion between groups and time (F=5.363, df=13.705, P<.001). Saline
had no effect on PWL, but IL-1p decreased the PWL (28.0%-48.7%
reduction from 2 to 12 hours) with a nadir at 6 hours. MK-801 alone
only slightly reduced PWL at 12 hours (11.8% reduction; P=.046).
Pretreatment with MK-801 partially blocked the effect of IL-1p at
2-8 hours and 12 hours (P<.01 for all), but not at 10 hours (P=.076).
These results demonstrate that MK-801 pretreatment suppresses IL-
1p-induced thermal hyperalgesia, and suggest the NMDAR involves in
IL-1B-induced nociception.

3.2 | IL-1p upregulates NR1 phosphorylation

in neurons and microglia, and SB203580 and
minocycline pretreatment abolish the effect of IL-1
on p-NR1

Immunohistochemistry experiments showed that control rats had
very low expression of p-NR1 in SCDH at 30 minutes (Figure 2A). IL-
1B dramatically upregulated NR1 phosphorylation from 30 minutes to
6 hours compared to controls (15.6- and 31.9-fold, respectively; both
P<.05) (Figure 2A,d). Double immunofluorescent staining showed that
p-NR1-immunofluorescence in SCDH was not totally colocalized with

110 A #

100 A
~
)
£ 00 #1
)
@
[
= 801
[
=)
e\° 70 A
~ %
=)
= 60 T
A —eo— IL

50 —O— Control x

—=— MK+L t -
—0— MK t
40 T T T T T T T
0 2 4 6 8 10 12

Time (h)

FIGURE 1 Effect of IL-1p, MK-801, and MK-801+IL-1f on
thermal hyperalgesia in rats. Paw withdrawal latency (PWL) was
measured in rats given intrathecal saline (control, n=8), IL-1p (IL,
n=8), MK-801 alone (MK, n=8), or MK-801 at 1 h before IL-1p
(MK+IL, n=12). All values were normalized to the baseline (100%)
and expressed as means+SEMs. *P<.05 relative to controls; #P<.05
relative to IL-1p; 1P<.05 relative to baseline

neurons, microglia, and astrocytes in this study (Figure 2B). We fo-
cused on the effect of IL-1p on the p-NR1 expression among neurons,
microglia, and astrocyte in this study, and double-immunostaining
showed that p-NR1 immunoreactivity colocalized in both NeuN-
positive neurons and CD11b-positive microglia, but not GFAP-
positive astrocytes (yellow, with arrows; Figure 2B). The sum of the
percentages of neurons and microglia expressing p-NR1 to the total
number of p-NR1-positive cells was 47.8%, 42.8%, and 78.9% among
rats injected with either saline or IL-1p for 30 minutes and 6 hours, re-
spectively (Figure 2B,d,i,n). It suggests that oligodendrocytes might be
the other possible cellular source of p-NR1 expression in spinal cord
and further investigation is required. We further examined the per-
centage of p-NR1-positive neurons or microglia to the total number
of neurons or microglia to evaluate the effect of IL-1p on p-NR1 ex-
pression in neurons and microglia. The percentage of p-NR1-positive
neurons (42.3%) to total neurons in SCDH was significantly higher
than that of the percentage of p-NR1-positive microglia (1.6%), and
the majority of p-NR1-positive cells were neurons in saline-injected
control rat spinal cord (Figure 2B,e). Although IL-1p significantly in-
creased the intensity of p-NR1 immunoreactivity, the percentage of
p-NR1-positive neurons was similar among rats injected with either
saline or IL-1f for 30 minutes and 6 hours (42.3%, 40.4%, and 46.7%,
respectively; Figure 2B,e,j,0). In contrast, IL-18 markedly increased the
percentage of p-NR1-positive microglia to 11.0% at 30 minutes and
29.9% at 6 hours compared to the control rat spinal cord (1.6%, P<.05;
Figure 2B,e,j,0).

At 6 hours after drug injection, there were significant differences
in the level of p-NR1 among the groups (P<.001) (Figure 2C,D). IL-
1B increased p-NR1 at 6 hours after injection, but minocycline and
SB203580 pretreatment did not inhibit this potentiation response
as revealed in immunohistochemical (Figure 2C) and Western blot-
ting (Figure 2D) analyses. However, MK-801 pretreatment prevented
the IL-1B-upregulated p-NR1 expression (97.3% reduction; P<.001)
(Figure 2D). These results suggest that IL-1p primarily upregulates p-
NR1 expression in neurons of SCDH.

3.3 | Effect of drug pretreatments on IL-1p-induced
downregulation of GLAST, GLT-1, and EAAC1

Additional immunohistochemistry studies indicated that the immu-
noreactivities of GLAST, GLT-1, and EAAC1 were abundantly located
in the control rats but decreased at 6 hours after IL-1p injection
in SCDH (Figure 3A). These results are consistent with the results
of Western blotting, which showed that IL-1p decreased GLAST
by 60.9%, GLT-1 by 55.0%, and EAAC1 by 39.8% (P<.05 for all;
Figure 3B-D). The Western blotting experiments also showed that
MK-801 alone had no significant effect on these GTs expression,
but pretreatment with MK-801, minocycline, and SB203580 blocked
the effect of IL-1B (P<.001 for all; Figure 3B). Similar to the effect of
MK-801 on glutamate transporters, both minocycline and SB203580
alone did not affect the protein expression of GLAST, GTL-1, and
EAAC1 as compared to the saline-injected controls in our studies
(data not show).
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FIGURE 2 Effects of IL-1, SB203580, and minocycline on the level of p-NR1 in the rat lumbar spinal cord dorsal horn (SCDH) and
colocalization of p-NR1 with other proteins. (A) Representative immunohistochemical images of p-NR1 (red) in control rats (a), and at 30 min

(b) and 6 h (c) after intrathecal injection of IL-1p (magnification: 100x; scale bars: 200 um). Quantification of these results (d, 4 sections per rat,
4 rats per group). *P<.05 relative to control. #P<.05 relative to 30 min after IL-1 injection. (B) Representative confocal immunofluorescence
microscopy images (20-pm sections) showing the localization of p-NR1 (red in all images) and NeuN in neurons (green in left row), GFAP

in astrocytes (green in middle row), and CD11b in microglia (green in right row) in three groups (magnification: 630x; scale bar: 25 pm).
Colocalization is indicated by yellow and arrows (a, f, h, k, and m). The percentage of neurons, astrocytes, and microglia expressing p-NR1 to the
total number of p-NR1-positive cells are depicted in histograms (d, i, and n). The percentages of p-NR1-positive cells in neurons, astrocytes, and
microglia populations are depicted in histograms (e, j, and o). (C) Representative immunohistochemistry results show the distribution of p-NR1
in SCDH (top, magnification: 25x) and quantification of these results (bottom) in the control, IL, Mino+IL, and SB+IL groups. *P<.05 relative to
controls. #P<.05 relative to IL-1B-injected rats. (D) Representative Western blotting results of p-NR1 in SCDH at 6 h after drug treatment (top)
and quantification of these results (bottom). Values indicate means+SEMs, with 4 sections per rat and 4 rats for each group. *P<.05 vs saline-

injected controls. #P<.05 vs IL-1p-injected rats

3.4 | Effect of drug pretreatments on IL-1p-induced
glutamate release into the CSF

IL-1p injection markedly increased glutamate concentration in CSF
dialysates starting at 2 hours (57% increase), with a maximum at
5.5-6 hours (132%-133% increase), and an increase of 113% till
12 hours (P<.05 for all; Figure 4A). MK-801 alone did not affect the
glutamate concentration, but MK-801 pretreatment prevented the
IL-1B-induced glutamate release from 1.5-12 hours (P<.05 for all;
Figure 4A). Although minocycline and SB203580 pretreatment also
prevented IL-1p-induced glutamate release, minocycline did not re-
duce the glutamate level within 1.5-3.5 hours after IL-1p injection
(Figure 4B).

3.5 | Effect of MK-801 on IL-1p-induced P-p38/
iNOS/NO signaling

We also examined the effect of MK-801 on IL-1p-induced NO release
into the CSF. The results indicate that IL-1p increased the NO level in
CSF dialysates starting at 4 hours (44% increase), with a maximum at
6 hours (156% increase), and an increase of 101% at 12 hours (P<.05
for all; Figure 5A). MK-801 alone had no effect, but MK-801 pretreat-
ment significantly attenuated the IL-1p-induced NO release from
4 to 12 hours (P<.005 for all; Figure 5A). Western blotting analysis
confirmed that IL-1p increased the level of P-p38 MAPK by 2.4-fold
at 30 minutes and of iINOS by 78.4-fold at 6 hours (Figure 5B-D).
Pretreatment with MK-801, minocycline, or SB203580 significantly
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FIGURE 3 Effects of different treatments on the levels of glutamate transporters in SCDH. (A) Representative immunofluorescence images
show the expression of GLAST, GLT-1, and EAAC1 in the gray matter of spinal cord in controls (top row) and 6 h after IL-1p injection (bottom
row) (magnification: 25x; scale bar: 1000 um). (B) Representative Western blotting results of GLAST (top), and quantification of these results in
the five groups (bottom). Here and below, p-actin was the loading control, quantification was performed with 4 rats per group, and values are
expressed as means+SEMs. *P<.05 relative to controls; #P<.05 relative to rats given IL-1p. (C). Representative Western blotting of GLT-1 (top)
and quantification of these results in the five groups (bottom). (D) Representative Western blotting of results of EAAC1 (top) and quantification

of these results in the five groups (bottom)

blocked the IL-1B-induced p38 MAPK phosphorylation and iNOS ex-
pression (Figure 5B-D), but $B203580% had no effect and minocy-

cline had little effect when given alone (data not shown).

4 | DISCUSSION

This study demonstrated that IL-1p activates spinal neurons and mi-
croglia with upregulated p-NR1 expression, downregulates GTs, and
MK-801 pretreatment not
only reverses these glutamatergic responses but also inhibits the IL-
1B-activated P-p38/iNOS/NO signaling and thermal hyperalgesia.
Pretreatment with minocycline or SB203580 abolishes the effect of
IL-1p on glutamate release and GTs expression, but not the upregu-
lated p-NR1. Taken together, these results indicate that both NMDAR/

increases extracellular glutamate level.

GTs/glutamate and the P-p38/iNOS/NO signaling play pivotal roles in
IL-1p-induced thermal hyperalgesia. IL-1f upregulates p-NR1 expres-
sion majorly in neurons and minorly in microglia and activates P-p38/
iNOS/NO signaling in microglia and astrocytes. An earlier NMDAR-
dependent followed by a later P-p38 MAPK-dependent nociceptive
signaling in neuron-glia interaction in SCDH may be responsible for
the intrathecal IL-1f-induced thermal hyperalgesia.

Significant upregulation of endogenous IL-1p has been demon-

17,21

strated in many models of nociception, and application of exog-

enous IL-1p produces nociception.*?° IL-1p binds to the IL-1RI to

produce its effect,”®

and IL-1ra completely reverses the IL-1f-induced
nociceptive signaling and behaviors in rats.’ IL-1Rls ubiquitously
express in gray and white matters of SC and in neurons, astrocytes,
microglia, and oligodendrocytes,24 We previously demonstrated that

intrathecal IL-1p activated microglia and astrocytes in SCDH with
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FIGURE 4 Effect of different treatments on changes in the glutamate concentrations in CSF dialysates. (A) Glutamate in the control, IL,
MKH+IL, and MK groups. (B) Glutamate in the IL, MK+IL, Mino+IL, and SB+IL groups. All values were normalized to the baseline (100%) and
expressed as means+SEMs (n=4 in the control group, n=9 in the IL group, n=4 in the MK group, n=6 in the MK+IL group, n=4 in the Mino+IL
group, n=4 in the SB+IL group); *P<.05 vs controls. #P<.05 vs IL-1f-injected rats; 1P<.05 vs baseline. $P<.05 vs MK-801-pretreated rats

upregulated expression of P-p38 MAPK and iNOS,?° and the pres-
ent study further showed that IL-1p upregulates p-NR1 expression
in activated neurons and microglia and downregulates GTs in SCDH.
We propose that the nociceptive effect of IL-1f is mediated by IL-
Rl located on neurons, microglia, and astrocytes; however, the cellu-
lar localization of IL-1RI in response to intrathecal IL-1p needs to be
determined.

N-methyl-D-aspartate receptor activation involves in central no-

ciceptive sensitization*?%%°

and NR1 knockout mice experience less
pain.}2%27 Immunofluorescent and electrophysiological studies show
that IL-1RI and p-NR1 are colocalized in primary afferent fibers and
spinal neurons, and that IL-1ra and NMDAR antagonist inhibit both
nociceptive behavior and NR1 phosphorylation in many models of
pain including peripheral injection of IL—1[3.21'22'25’28'30 IL-1B enhances
spontaneous EPSC- and NMDA-induced inward current but reduces
spontaneous inhibitory postsynaptic currents on rat spinal neurons in

3132 \while IL-1ra pretreatment abolishes

whole-cell patch-clamp study,
the effect of IL-1p on NMDA-induced currents and minocycline pre-
treatment inhibit the NMDA-induced currents.>? Molecular mecha-
nisms underlying the IL-1p-induced NMDAR activation involve protein
kinase A and C, neutral sphingomyelinase/ceramide, inositol triphos-
phate receptor, and phospholipase A2 signaling.2>2?-3033-3 NMDA
infusion in the nucleus tractus solitarius increases glutamate level
in rats, while MK-801 prevents glutamate release during hypoglyce-
mic coma in piglet.%”%® These data suggest that NMDAR activation

10,29 39-42 and

increases the release of glutamate. Neurons, astrocytes,
microglia**** have been shown to release glutamate. Additionally, IL-
1p activates presynaptic NMDAR to enhance glutamate release from
the primary afferents in whole-cell recording study on DRG and spinal
slice of spinal nerve-ligated rats.?’ These might indicate that IL-1p acti-
vates NMDAR and enhance glutamate release in an IL-1RI-dependent
manner in primary afferents, spinal neurons, and microglia, and is re-

sponsible for the IL-1p-induced thermal hyperalgesia.

The rate of glutamate uptake and amount of GTs are important for
maintaining glutamate homeostasis in CNS. Increased glutamate level
in CSF and reduced GTs expression in SCDH occur in rats with pe-
ripheral nerve injury and morphine-induced hyperalgesia. 114234546
Pharmacological inhibition of GTs induces hypersensitivity to noci-
ceptive stimulus, while increasing GT expression relieves nocicep-
tion. 121315164749 Carvical nerve root compression downregulates
GLT-1 expression in SCDH in rats but restoring GLT-1 expression alle-
viates pain.50 Both GLAST and GLT-1 expressions in SCDH decreased
in morphine-tolerant rats and increased trafficking of GTs onto glial cell
surface preserves the morphine’s antinociceptive effect.!*** EAAC1
localizes in spinal neurons and DRG neurons.”* Additionally, inhibition
of GTs with DL-threo-p-benzyloxyaspartate impairs glutamate uptake
that leads to NMDAR activation and extrasynaptic glutamate spillover
in rats with partial sciatic nerve ligation.’>>® Taken together, our re-
sults suggest that decreased GTs increases glutamate level, enhances
NMDAR activation, and participates in IL-18-induced hyperalgesia.

Multiple pathways downstream of NMDAR have roles in noci-
ception.3254% |L-1p enhances NMDAR-mediated Ca®* inward flow

4436 and this ele-

through phosphorylated NMDAR in rat neurons,
vated intracellular Ca?* concentration activates the Ca?*/calmodulin-
dependent protein kinase Il and the MAPK kinase-MAPK pathways.””
NR1 knockout prohibits nociceptive behavior and attenuates the up-
regulation of phospho-PKCy and phosphorylated extracellular signal-
regulated kinase in spinal neurons in mouse with CFA-induced pain.?
NMDA upregulates P-p38 MAPK expression in spinal microglia and
neurons and induces hyperalgesia through a P-p38-dependent way
in rats with streptozotocin-induced diabetes, while MK-801 inhibits
them.>®

Our present study shows that MK-801, minocycline,and SB203580
all reduce the IL-1p-induced glutamatergic response; MK-801 is the
most potent followed by SB203580 and minocycline in descending

order. MK-801 inhibits NMDAR and increases GTs expression, and
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FIGURE 5 Effect of MK-801 on the IL-1p-activated P-p38/iNOS/NO nociceptive pathway in the rat spinal cord. (A) Change of NO
concentration in CSF dialysates after intrathecal injection with saline, IL-1p, MK-801+IL-1B, and MK-801 (n=6 in the control group; n=6 in

the IL-1p group, n=5 in the MK-801 group, and n=9 in the MK801+IL-1p group). Here and below, all values were normalized to the baseline
(100%) and expressed as means+SEMs. (B) Representative Western blotting results showing the effects of various treatments on p38 MAPK
phosphorylation and iINOS expression. (C) Quantitative analysis of Western blotting experiments (n=6 per group) showing the effect of various
treatments on the P-p38 MAPK/p38 MAPK ratio at 30 min after drug treatment. (D) Quantitative analysis of Western blotting experiments (n=6
per group) showing the effect of various treatments on expression of iINOS relative to f-actin in SCDH at 6 h after drug treatment (n=6 rats per
group). *P<.05 vs controls; #P<.05 vs IL-1B-injected rats; 1P<.05 vs baseline

this provides evidence that IL-1f binds to IL-1RI to upregulate neigh-
boring NMDAR and glutamate release. MK-801 pretreatment abol-
ishes the IL-1p-induced P-p38/iNOS/NO signaling and glutamatergic
response, while SB203580 inhibits P-p38 upregulation and reverses
GTs downregulation without inhibiting effect on NMDAR activation.
Therefore, it suggests that the upregulated NMDAR expression is up-
stream of p38 and contributes to the IL-1B-activated P-p38/iNOS/
NO signaling. In addition, the P-p38/iNOS/NO pathway retrogradely
enhances glutamate release. In contrast, minocycline inhibits microglia
and astrocytes but not neurons. Although minocycline reverses both
the downregulated GTs and activated P-p38/iNOS/NO signaling, it
does not reduce the glutamate level within 1.5-3.5 hours after IL-1f
injection. It may indicate that intrathecal IL-1p activates neurons, mi-
croglia, and astrocytes and/or the primary afferents to release gluta-
mate in a time-dependent manner, with a prominent role of neurons
in the early phase (within 3.5 hours) and of microglia in the late phase.
Furthermore, the IL-1p-induced NMDAR activation and glutamate re-
lease potentiate the P-p38/iNOS/NO signaling.

Our present and previous studies showed that intrathecal IL-1p
activated p-NR1 in neurons and microglia and upregulated P-p38
MAPK and iNOS in microglia and astrocytes.?’ The percentage of p-
NR1-positive neurons was similar in saline or IL-1f-injected rat spinal
cord at 30 minutes and 6 hours, while IL-1p markedly increased the
percentage of p-NR1-positive microglia at 30 minutes and 6 hours as
compared to the control group. This finding further supports the im-
portant role of microglia in the intrathecal IL-1p-induced thermal hy-
peralgesia in rats. In addition, MK-801 pretreatment not only reverses
these glutamatergic responses but also inhibits the IL-1p-activated
P-p38/iINOS/NO signaling. However, pretreatment with either mino-
cycline or SB203580 abolishes the effect of IL-1p on glutamate re-
lease and GTs expression, but not p-NR1 upregulation. Taken together,
these results indicate that both NMDAR/GTs/glutamate and P-p38/
iNOS/NO signaling play pivotal roles in IL-1p-induced thermal hyper-
algesia. In addition, IL-1p upregulates p-NR1 expression mainly in neu-
rons and less in microglia, and activates P-p38/iNOS/NO signaling in

microglia and astrocytes. Furthermore, activation of microglial p-NR1
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receptor initiates glutamate response that leads to activation of P-p38
MAPK-dependent nociceptive signaling in microglia.

Based on the timeline of the measured responses, it appears that
IL-1p-induced thermal hyperalgesia is initially NMDAR-dependent,
followed by a P-p38 MAPK-dependent pathway. IL-1p activates spi-
nal microglia through both the NMDAR- and p38 MAPK-dependent
pathways. In contrast, it activates neurons through the NMDAR-
dependent pathway but activates astrocytes through the p38 MAPK-
dependent pathway.

5 | CONCLUSIONS

A complex neuron-glia interaction and distinct molecular mechanisms
in SCDH underlie the intrathecal IL-1p-evoked thermal hyperalgesia
in rats. We suggest that pharmacological intervention that disrupts

these specific targets may be suitable for clinical pain management.
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