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Glial—Cytokine—Neuronal Interactions Underlying the
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Feng Wei, Ronald Dubner, and Ke Ren

Department of Biomedical Sciences, Program in Neuroscience, Dental School, University of
Maryland, Baltimore, Maryland 21201

Abstract

The emerging literature implicates a role for glia/cytokines in persistent pain. However, the
mechanisms by which these non-neural elements contribute to CNS activity-dependent plasticity and
pain are unclear. Using a trigeminal model of inflammatory hyperalgesia, here we provide evidence
that demonstrates a mechanism by which glia interact with neurons, leading to activity-dependent
plasticity and hyperalgesia. In response to masseter inflammation, there was an upregulation of glial
fibrillary acidic proteins (GFAPs), a marker of astroglia, and interleukin-145 (IL-1/5), a prototype
proinflammatory cytokine, in the region of the trigeminal nucleus specifically related to the
processing of deep orofacial input. The activated astroglia exhibited hypertrophy and an increased
level of connexin 43, an astroglial gap junction protein. The upregulated IL-15 was selectively
localized to astrocytes but not to microglia and neurons. Local anesthesia of the masseter nerve
prevented the increase in GFAP and IL-1/ after inflammation, and substance P, a prototype
neurotransmitter of primary afferents, induced similar increases in GFAP and IL-14, which was
blocked by a nitric oxide synthase inhibitor NO-nitro-.-arginine methyl ester. Injection of IL-1
receptor antagonist and fluorocitrate, a glial inhibitor, attenuated hyperalgesia and NMDA receptor
phosphorylation after inflammation. In vitro application of IL-15 induced NR1 phosphorylation,
which was blocked by an IL-1 receptor antagonist, a PKC inhibitor (chelerythrine), an IP3 receptor
inhibitor (2-aminoethoxydiphenylborate), and inhibitors of phospholipase C [1-[6-((17b-3-
methoxyestra-1,3,5(10)-trien-17-yl)amino)hexyl]-1 H-pyrrole-2,5-dione] and phospholipase A,
(arachidonyltrifluoromethyl ketone). These findings provide evidence of astroglial activation by
tissue injury, concomitant IL-1£ induction, and the coupling of NMDA receptor phosphorylation
through IL-1 receptor signaling.
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Introduction

The emerging literature strongly implicates a role for glia and proinflammatory cytokines, such
as interleukin (IL)-1£ and tumor necrosis factor (TNF)-a, in the genesis or maintenance of
persistent pain (Watkins and Maier, 2005). Independent of release of cytokines from the
peripheral site of injury, inflammatory cytokines are induced in the CNS (Lee et al., 2004;
Raghavendra et al., 2004; McMabhon et al., 2005). It has become clear that CNS cytokines, in

Correspondence should be addressed to Dr. Ke Ren, Department of Biomedical Sciences, 650 West Baltimore Street, Dental-7 South,
*Baltimore, MD 21201-1586. E-mail: E-mail: kren @umaryland.edu..
W.G., HW., and M.W. contributed equally to this work.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuey Joyiny Vd-HIN

Guo et al.

Page 2

association with activated glia, may influence or modulate neuronal function (Srinivasan et al.,
2004). Evidence suggests that glia are intimately involved in the active control of neuronal
activity (Araque et al., 1999; Frerking, 2004). Through still unknown mechanisms, glia can be
activated after injury and release chemical mediators that modulate neuronal activity and
synaptic strength. What is most intriguing is that IL- 1/ signaling may facilitate NMDA receptor
(NMDAR) activation in neurons (Viviani et al., 2003; Yang et al., 2005). Despite the increasing
amount of evidence for the involvement of glia and related chemicals in persistent pain
conditions, very few studies have addressed the mechanisms by which these non-neural
elements contribute to CNS activity-dependent neuronal plasticity and behavioral hyperalgesia
(Tsudaetal., 2003; Milligan et al., 2004; Tanga et al., 2005; Hains and Waxman, 2006; Zhuang
et al., 2006).

Some of the most prevalent and debilitating persistent pain conditions are associated with deep
tissues, such as muscles, joints, and viscera. The most common persistent orofacial pain
condition, temporomandibular joint disorder (TMJD), affects the musculoskeletal and joint
tissues, is often not successfully treated and afflicts ~10% of the population (Dworkin and
LeResche, 1992). The etiology and pathology of these disorders remain unclear. Recent studies
demonstrate that, in addition to the medullary dorsal horn, the homolog of the spinal dorsal
horn involved in initial pain processing, orofacial injury activates a distinct region in the spinal
trigeminal complex, the subnuclei interpolaris/caudalis (Vi/Vc¢) transition zone (Strassman and
Vos, 1993; Hathaway et al., 1995; Bereiter et al., 2000; Ro et al., 2003; Dubner and Ren,
2004; Sugiyo et al., 2005; Wang et al., 2006). Further analysis indicates that the ventral portion
of the Vi/Vc transition zone plays an important role in the processing of orofacial deep inputs
(Sugiyo et al., 2005; Wang et al., 2006).

In the present study, we have examined the cellular mechanisms of the trigeminal processing
of deep orofacial input after inflammation with an emphasis on glial— cytokine—neuronal
interactions in the trigeminal transition zone. We hypothesize that trigeminal glial activation
and inflammatory cytokine release affect or facilitate neuronal plasticity through interactions
with neuronal glutamate receptors and play a critical role in the development of inflammatory
pain. We tested this hypothesis in a rat model of masseter muscle inflammation and pain
hypersensitivity because TMJID often results in persistent pain associated with the muscles of
mastication. Our findings provide new and important evidence of astroglial activation and its
role in signal coupling between cytokine and NMDAR, leading to activity-dependent neuronal
plasticity and chronic or persistent pain.

Materials and Methods

Animals

Male Sprague Dawley rats were used (100-300 g; Harlan, Indianapolis, IN). The rats received
complete Freund’s adjuvant (CFA; 0.05 ml, 1:1 oil/saline suspension; Sigma, St. Louis, MO)
into the bilateral or unilateral masseter muscle under brief halothane anesthesia. Saline-injected
and naive rats were used as controls. The injections were made mainly into the larger caudal
region of the muscle to ensure that CFA was confined to the muscle tissue. The selective
inflammation of the masseter tissues was verified with Evans’ blue extravasation as described
previously (Wang et al., 2006). The experiments were approved by the Institutional Animal
Care and Use Committee of the University of Maryland Dental School.

Brainstem tissue dissection

It has been shown that orofacial input activates a distinct region in the spinal trigeminal
complex, the Vi/Vc transition zone (Strassman and Vos, 1993, Sugiyo et al., 2005; Wang et
al., 2006). In particular, the ventral portion of the Vi/Vc transition zone (see Fig. 1a) selectively

J Neurosci. Author manuscript; available in PMC 2009 May 4.
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receives deep orofacial inputs (Sugiyo et al., 2005; Wang et al., 2006). We analyzed the
responses of neurons and glial cells in this region to inflammation of the masseter muscle. The
rats were anesthetized with halothane and quickly decapitated. A block of caudal brainstem
tissues was cut. The tissue block includes a 2 mm segment at the level of the obex. The full
length of the trigeminal Vi/Vc transition zone is enclosed in this block. The tissue block is then
turned coronally and the ventral portions of the transition zone were harvested by taking
punches with a 15 gauge puncture needle.

Brainstem slices

Adult male Sprague Dawley rats weighing 150-200 g (Harlan) were anesthetized with 2%
halothane and decapitated. The caudal medulla was removed quickly and kept in cold artificial
CSF consisting of the following (in mM): 124 NaCl, 4.4 KCl, 25 NaHCOs3, 2.0 CaCl,, 1.0
MgSOy, 1.0 NaH;PO4,10 p-glucose, pH 7.4, and bubbled with 95% O, and 5% CO,.
Transverse medullary slices (0.6 mm thick) at the Vi/Vc level were obtained. The slices were
treated at room temperature with different drugs to test their effect on glial activation and
receptor phosphorylation. The ventral Vi/Vc tissues were harvested and homogenized to
extract proteins for Western blot analysis or postfixed with 10% paraformaldehyde for
immunohistochemistry.

Western blot

The tissues were homogenized in solubilization buffer (50 mM Tris HCI, pH 8.0, 150 mM
NaCl, 1 mM EDTA, 1% NP-40, 0.5% deoxycholic acid, 0.1% SDS, 1 mM NazVOy, 1 U/ml
aprotinin, 20 ug/ml leupetin, 20 xg/ml pepstatin A). The homogenate was centrifuged at 20,200
x g for 10 min at 4°C. The supernatant was removed. The protein concentration is determined
using a detergent-compatible protein assay with a bovine serum albumin standard. Each sample
contains proteins from one animal. The proteins (50 ug) were separated on 7.5% SDS-PAGE
and blotted on a nitrocellulose membrane (GE Healthcare, Piscataway, NJ). The blots were
blocked with 5% milk in Tris-buffered saline (TBS) buffer and then incubated with the
respective antibody. The membrane was washed with TBS and incubated with anti-goat or
mouse IgG (1:3000; Santa Cruz Biotechnology, Santa Cruz, CA). The immunoreactivity was
detected using enhanced chemiluminescence (ECL; GE Healthcare). The loading and blotting
of the amount of protein was verified by reprobing the membrane with anti-f-actin antiserum
(Sigma) and with Coomassie blue staining.

Immunohistochemistry

Rats were deeply anesthetized with pentobarbital sodium (100 mg/kg, i.p.) and perfused
transcardially with 4% paraformaldehyde in 0.1 M phosphate buffer at pH 7.4. The brainstem
was removed, postfixed, and transferred to 25% sucrose (w/v) for cryoprotection. Free-floating
sections are incubated with relevant antibodies with 1-3% relevant normal sera. After washes
in PBS, the sections were incubated with biotinylated secondary IgG (1:400; Vector
Laboratories, Burlingame, CA) and then with avidin and biotinylated horseradish peroxidase
complex (1:100; Vector Laboratories). The tissue sections were finally reacted with 0.05%
diaminobenzidine dihydrochloride (Sigma) in 0.1 M phosphate buffer containing 0.003%
hydrogen peroxide for 3— 6 min. Control sections were processed with the same method except
that the primary antisera are omitted or adsorbed by respective antigens. Double-labeling
immunofluorescence was performed with cyanine 2 (Cy2) and Cy3 (1: 500; Jackson
ImmunoResearch, West Grove, PA) or Alexa Fluor 488 (1:500; Invitrogen, San Diego, CA)
and Cy3 after incubation with respective primary antibodies.

J Neurosci. Author manuscript; available in PMC 2009 May 4.
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Behavioral testing (Ren, 1999)

Antibodies

All behavioral tests were conducted under blind conditions. The rat was not restrained but
habituated to stand on its hind paws and lean against the experimenter’s hand who was wearing
a regular leather work glove. The habituation required no more than normal petting of the rat,
and it can be achieved within half an hour (Ren, 1999). A series of calibrated von Frey filaments
were applied perpendicularly to the hairy skin above the masseter muscle site that received the
CFA injection. The stimulation of the whisker pad was avoided. An active withdrawal of the
head from the probing filament was defined as a response. Each von Frey filament was applied
five times at intervals of a few seconds. The response frequencies [(number of responses per
number of stimuli) x 100%] to a range of von Frey filament forces were determined and a
stimulus—response frequency (S-R) curve plotted. After a nonlinear regression analysis, an
EF5 value, defined as the von Frey filament force (g) that produces a 50% response frequency,
was derived from the S-R curve. We used EF5( values as a measure of mechanical sensitivity.
A leftward shift of the S-R curve, resulting in a reduction of EF5(, occurred after inflammation
(Guo et al., 2004; Sugiyo et al., 2005). This shift of the curve suggests the presence of
mechanical hyperalgesia and allodynia because there was an increase in response to
suprathreshold stimuli and a decreased response threshold for nocifensive behavior.

The following antibodies were used: anti-glial fibrillary acidic proteins (GFAPs), anti-NeuN,
anti-NR1, anti-P-ser896 NR1 (Millipore, Bedford, MA); anti-IL-1/ (Endogen, Rockford, IL);
anti-NR2A, anti-NR2B, anti-IL-1RI, anti-NK1R (Santa Cruz Biotechnology); anti-CD11b
(clone OX-42; AbD Serotec, Raleigh, NC); anti-connexin 43 (Cx43), anti-f-actin (Sigma);
anti-connexin 36 (Cx36; Invitrogen-Zymed, Carlsbad, CA); anti-NK1R (Calbiochem, La Jolla,
CA).

Drug administration

Drugs

For microinjection, the guide cannula (C315G, 26 gauge; Plastics One, Roanoke, VA) was
implanted ipsilateral to the side of inflammation under anesthesia with 50 mg/kg pentobarbital
sodium injected intraperitoneally. Animals were securely placed into a stereotaxic device. A
burr hole was drilled, and a guide cannula was lowered into the ventral Vi/Vc transition zone
by referring to the rat brain atlas (Paxinos and Watson, 2005). The guide cannula was then
secured with cranioplastic cement. To prevent clogging of the guide cannula, a dummy cannula
(C315DC; Plastics One) was inserted and secured in place until the time of injection. The
wound was cleaned with an antiseptic solution and closed with 4-0 silk suture. Animals were
allowed to recover for 7 d before further experimentation. Drugs were injected into the Vi/Vc
transition zone through a 33 gauge injection cannula (C315I; Plastics One) inserted through
the tip of the guide cannula. The injection cannula was connected to a 0.01 ml Hamilton syringe
by polyethylene-10 tubing. All injections (500 nl) were performed by delivering drug or vehicle
solution slowly overa2min period. The sections of neural tissue were stained with cresyl violet
for histological verification of the injection sites.

Osmotic pumps were used for delivering IL-1 receptor antagonist (IL-1ra; 12.5 pg per 500 nl/
h) per manufacturer’s instruction (model 2002, Alzet osmotic pumps; Durect, Cupertino, CA).
The outlet of the pump is connected to PE60 tubing that is connected to a cannula implanted

at the level of the obex. Drug vehicle (saline) was infused as a control. The infusion of the drug
started at 3 d before CFA injection.

IL-1ra (kineret) was purchased from Amgen (Thousand Oaks, CA). The following agents were
purchased from Biomol International (Plymouth Meeting, PA): 1-[6-((17b-3-

J Neurosci. Author manuscript; available in PMC 2009 May 4.
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methoxyestra-1,3,5(10)-trien-17-yl)amino)hexyl]-1 H-pyrrole-2,5-dione (U73122;
phospholipase C inhibitor), 1-(6-((17b-3-methoxyestra-1,3,5(10)-trien-17-yl)amino)
hexyl)-2,5-pyrrolidine-dione (U73343; inactive analog of U73122),
arachidonyltrifluoromethyl ketone (AACOCFj5; phospholipase Aj inhibitor), and
arachidonylmethylketone (AACOCH3; inactive analog of AACOCEF3). The following agents
were purchased from EMD Biosciences (La Jolla, CA) and Calbiochem: 2-
aminoethoxydiphenylborate (2APB; inhibitor of IP3-mediated calcium release) and
chelerythrine chloride (PKC inhibitor). The following drugs were also used: IL-15 (IL-1ra)
and TNF-a (Peprotech, Rocky Hill, NJ); propentofylline (glial modulator), fluorocitrate
(metabolic gliotoxin), substance P (SP), and calcitonin gene-related peptide (CGRP; Sigma);
(5R,108)-(+)-5-methyl-10,11-dihydro-SH-dibenzo[a,d]cyclohepten-5,10-imine hydrogen
maleate (MK-801, NMDAR channel blocker; Sigma-RBI, Natick, MA); NG-nitro—L-aIginine
methyl ester hydrochloride (1-NAME, nitric oxide synthase inhibitor; Tocris, Ellisville, MO);
N®-nitro-p-arginine methyl ester (o-NAME, inactive isoform of --NAME; Rachem, Torrance,
CA).

Data analysis

Results

Data are presented as means + SEM. Statistical comparisons were made by the use of Student’s
t test or ANOV A with Fisher’s protected least significant difference test for post hoc analysis.
For Western blot analysis, the ECL-exposed films were digitized and densitometric
quantification of immunoreactive bands was performed using U-SCAN-IT gel (version 4.3;
Silk Scientific, Orem, UT). The relative protein levels were obtained by comparing the
respective specific band to the S-actin control from the same membrane. The deduced ratios
were further normalized to that of the naive rats on the same membrane and illustrated as the
percentage of the naive controls. Raw data (ratios of the respective band over the f-actin band)
were used for statistical comparisons. ANOVA and the unpaired two-tailed ¢ test were used to
determine significant differences. For the animals that are subject to repeated testing, ANOVA
with repeated measures is used with time as a within animal effect. p < 0.05 is considered
significant for all cases.

Inflammation induces glial activation

We injected the inflammatory agent CFA into the masseter of the rat to produce muscle
inflammation and hyperalgesia (Sugiyo et al., 2005; Watanabe et al., 2005). After CFA
injection, rats exhibited an increased responsiveness and reduced response threshold to
mechanical stimuli, characteristic of mechanical hyperalgesia (increased pain to a noxious
stimulus) and allodynia (pain induced by a normally nonpainful stimulus) (Sugiyo et al.,
2005; Watanabe et al., 2005).

We first examined whether masseter inflammation induced glial activation in the Vi/Vc
transition zone. Using GFAP immunostaining, reactive astroglia were clearly seen in the Vi/
Vc transition zone after CFA injection. Compared with naive rats (n =4) (Fig. 1b), the activated
astroglial cells typically exhibited hypertrophy with thicker processes and larger and densely
stained cell bodies after inflammation (n =4) (Fig. 1¢). Injection of normal saline did not induce
glial activation (n = 3). The upregulation of GFAP was quantified by Western blot. The tissues
from the ventral Vi/Vc transition zone (Fig. 1a) were punched out, and total proteins were
isolated. As shown in Figure 1d, the increase in GFAP levels was seen as early as at 0.5 h and
lasted for ~1 week after inflammation. The levels of CD11b (cluster of differentiation 11b), a
marker of activated microglia, were also upregulated by masseter inflammation at 0.5 h after
inflammation and lasted for approximately a week (data not shown). The glial activation by

J Neurosci. Author manuscript; available in PMC 2009 May 4.
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masseter inflammation correlates with the development of hyperalgesia (Sugiyo et al.,
2005;Watanabe et al., 2005).

The activation of astroglia after inflammation was further indicated by activation of Cx43, the
gap junction protein of astrocytes at 1 d after CFA-induced inflammation (Fig. 2). The increased
Cx43 staining was associated with hypertrophied astrocytes, characteristic of reactive
astrocytes (Fig. 2e— g). Double immunohistochemistry confirmed that the Cx43-like
immunoreactivity (LI) colocalized with GFAP (a marker of astrocytes) but not with CD11b (a
marker of microglia) neuron-specific nuclear protein (NeuN; a neuronal marker) and Cx36 (a
neuronal gap junction protein) (Fig. 2f— k).

Inflammation induces an increase in proinflammatory cytokine IL-18 in astroglia

We next examined whether activation of glia by masseter inflammation is accompanied by an
increase in inflammatory cytokine levels. Compared with the naive rats (Fig. 3a), the
immunostaining for IL-1f (n = 4) was clearly increased in the Vi/Vc transition zone (Fig.
3b). The immunostaining for TNF-a, one of the other prototype proinflammatory cytokines,
did not show changes after inflammation (n = 4; data not shown). Western blot confirmed the
increase of IL-1£ in the Vi/Vc transition zone with a time course of 0.5 h to 7 d (Fig. 3¢), similar
to the time course of astrocyte hypertrophy after masseter inflammation. IL-1/ was found in
astroglia as shown by double immunofluorescence staining. Figure 4a—c shows colocalization
of IL-1$ and GFAP 1 d after inflammation, suggesting that activated astroglia is a source of
IL-1p release. However, the IL-1/ staining in the Vi/Vc transition zone did not colocalize with
CD11b (Fig. 4d—f) and NeuN, a neuronal marker (Fig. 4g—i).

To demonstrate the association of CFA-induced cytokine with glial activation, we studied the
effect of glial inhibitors. We injected propentofylline, a glial modulator, 20 min before CFA
and 8 h after CFA injection (10 mg/kg per injection, i.p.), and the tissues from the ventral Vi/
Ve transition zone were collected 1 d after CFA. Saline was injected as a vehicle control for
propentofylline. Compared with naive rats, the GFAP and IL-1f immunoreactivity was
increased at 1 d in saline-treated rats (Fig. 4j,k). The CFA-induced increases in GFAP levels
were significantly reduced from 338 + 13.6 to 138 £ 7.6% of naive rats (p < 0.01; n =3), and
the increased IL-1£ levels were reduced from 341 £31.1 to 117 £ 6.5% of naive rats (p < 0.01;
n = 3) after the propentofylline treatment. These results suggest that glial activation is upstream
and critical to cytokine induction in the Vi/Vc after inflammation.

Glial activation depends on nerve input

An intriguing possibility for triggering glial activation and cytokine release is through neuronal
signals. We hypothesize that this neuron-to-glia signaling plays a key role in glial activation,
cytokine production, and neuronal hyperexcitability, and eventually leads to increased pain.
We directly tested this hypothesis by producing local anesthetic block of the primary afferent
input. A local anesthetic, lidocaine (2%, 0.05 ml), was infiltrated into tissues surrounding the
masseter nerve at the level of the mandibular notch (Greene, 1935). The amount of lidocaine
infiltration was small (0.05 ml), and the site of infiltration was ~5 mm away from the site of
inflammation, thus avoiding an effect of lidocaine on immune cells attracted to the site of CFA
injection. Lidocaine was given 10 min before the injection of CFA into the masseter muscle.
The Vi/Vc tissues were punched out 30 min after CFA injection. In rats pretreated with saline
(0.9%, 0.05 ml), the GFAP level was significantly increased ( p < 0.05; n = 4) after CFA
injection (Fig. 5a). In lidocaine-treated rats, the CFA-induced increase in GFAP was abolished
(n =4) (Fig. 5a). The inflammation-induced increase in IL-18 was also blocked (Fig. 5b). The
lidocaine treatment also blocked the early development of mechanical allodynia, confirming
the effectiveness of local anesthesia. These findings indicate that primary afferent inputs
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associated with peripheral nociceptor activation after inflammation are necessary for the
activation of astroglia and upregulation of IL-15.

We next tested whether substance P, a prototype neurotransmitter in pain processing circuitry
at spinal and trigeminal levels, could induce glial activation and cytokine increase. Medullary
slices were obtained from naive adult Sprague Dawley rats. After a 20 min incubation of the
slice with substance P (2 and 20 M), the tissues of the Vi/Vc transition zone were punched
out for Western blotting. We observed a significant increase in GFAP (Fig. 5¢) and IL-15 (Fig.
5d) in the Vi/Vc transition zone. CGRP, the other neuropeptide released from primary afferent
terminals (Henry et al., 1996), produced similar increases in GFAP and IL-15 (Fig. Se,f). These
results suggest that activation of either CGRP and substance P receptors can induce glial
activation and cytokine induction.

Interestingly, we did not find colocalization of NK-1 (neurokinin-1) tachykinin receptors, the
primary binding site for substance P in the nervous system, with GFAP in the Vi/Vc transition
zone (Fig. 6a—d). We then tested whether nitric oxide, a gaseous membrane soluble molecule
that is capable of regulating GFAP in astrocytes (Meller and Gebhart, 1993; Brahmachari et
al., 2006), could act as a messenger of substance P between the neuron and glia (Meller and
Gebhart, 1993; Holguin et al., 2004). At 10 min before the application of substance P (10 uM),
the slice was incubated with a nitric oxide synthase inhibitor .-NAME (2 mM) or its inactive
isomer, o-NAME (2 mM). Compared with vehicle and o--NAME-treated slices, .-NAME
blocked the substance P-induced upregulation of GFAP and IL-1/ (Fig. 6e). These results are
consistent with a recent report that nitric oxide may act upstream to glial activation (Holguin
et al., 2004). These convergent results suggest that neuronal input and related chemical
mediators are essential for triggering trigeminal glial activation and cytokine induction after
peripheral tissue injury.

Glial and IL-1 receptor antagonist inhibits behavioral hyperalgesia and NMDA receptor
phosphorylation

To study the effect of glial activation on neuronal activity, we first examined NMDAR
activation after masseter inflammation. Tissue injury induces NMDAR activation involving
phosphorylation of the NR1 and NR2 subunits in the spinal dorsal horn (Guo et al., 2002,
2004;Brenner et al., 2004), which underlies the mechanisms of dorsal horn hyperexcitability
and persistent pain. As shown in Figure 7a, masseter inflammation induced a time-dependent
increase in phosphorylation at serine 896 of the NR1 subunit (P-ser§96-NR1) in the Vi/Vc as
early as 0.5 h after inflammation. There was also a time-dependent upregulation of the NR1
protein levels (Fig. 7a). The increase in the levels of NR1 proteins appeared late (1-7 d post-
CFA; p < 0.05) and small in magnitude. Double immunostaining of anti-P-ser896-NR1 with
NeuN confirmed that the increased NMDAR phosphorylation was in neurons 1 d after
inflammation (Fig. 7b). Interestingly, the inflammation or SP-induced NMDAR
phosphorylation was also blocked by propentofylline ( p < 0.01) (Fig. 7c)or .-NAME ( p <
0.05) (Fig. 6e).

To test our hypothesis that trigeminal glial activation and inflammatory cytokine release affect
or facilitate neuronal plasticity through interactions with neuronal glutamate receptors and play
a critical role in the development of inflammatory hyperalgesia, we studied the effects of a
glial inhibitor and an IL-1ra on masseter hyperalgesia and NMDAR phosphorylation. The
mechanical allodynia/hyperalgesia developed after masseter inflammation was assessed by
applying a series of von Frey microfilaments to the skin above the masseter muscle. The
response frequencies to a range of von Frey filament forces were determined, a stimulus-
response frequency relationship established, and EFs( values derived. After establishing the
behavioral hyperalgesia at 1 d after CFA injection, fluorocitrate, a gliotoxin that is relatively
selective against astroglia (Hosoi et al., 2004), was microinjected into the ventral Vi/Vc
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transition zone through a chronically implanted guide cannula (Fig. 8a). Fluorocitrate at 1.0
(g attenuated significantly mechanical hyperalgesia at 30 — 60 min time points tested, as
indicated by an increase in EF5( values. Western blotting of Vi/Vc tissues from these rats
dissected after behavioral test showed that the inflammation-induced P-ser896-NR1 levels
were also reduced significantly (Fig. 8b).

IL-1ra (12.5 pg per 500 nl/h; n = 9) was administered intrathecally via osmotic pumps (model
2002; Alzet, Cupertino, CA) through a cannula implanted at the level of the obex. The infusion
of the drug started 3 d before CFA injection. Saline was infused as the vehicle control (n = 6).
The Vi/Vc tissues from these rats were dissected out 1 d after CFA injection to examine the
level of P-ser896-NR1. The results showed that IL-1ra significantly attenuated behavioral
hyperalgesia (Fig. 8c) and blocked the increase in NMDAR phosphorylation (Fig. 8d) after
masseter inflammation. Our immunostaining experiments showed that IL-1 receptor (IL-R)
and the NR1 subunit of the NMDAR colocalized in Vi/Vc neurons (Fig. 8¢). These results are
consistent with our hypothesis and suggest that glial activation and IL- 1R signaling contributes
directly to modulation of neuronal NMDAR function.

IL-18 induces NMDA receptor phosphorylation

We directly tested whether IL-1/ induced NMDAR phosphorylation in our in vitro medullary
slice preparation. The results showed that incubation of IL-1/ (1.0 and 3.0 nM; n = 4 per dose)
in the medullary slices induced a significant increase in P-ser8§96-NR1 levels ( p < 0.05) in the
Vi/Vc transition zone and the effect was apparently dose dependent (Fig. 9a). Because another
prototype inflammatory cytokine, TNF-a, has also been shown to regulate neuronal activity
by affecting AMPA receptor trafficking (Stellwagen et al., 2005), we tested the effect of TNF-
o. Interestingly, the application of TNF-a (7.0 nM, n = 4) did not affect P-ser§96-NR1 levels
at the dose tested (Fig. 9b). We further show that IL-15-induced NR1 phosphorylation was
blocked by IL-1ra (0.01 mM, n = 4) (Fig. 9¢) but not by fluorocitrate, a glial inhibitor (0.01
mM; n=3) (Fig. 9d). Microinjection of IL-14 (1.5 pmol/500 nl) into the ventral Vi/Vc transition
zone in vivo also produced an increase in P-ser§96-NR1 levels that was blocked by IL-1ra (1
nmol) (Fig. 9¢). Thus, IL- 1R signaling may selectively regulate NMDAR function and increase
synaptic strength via post-translational phosphorylation and contribute to inflammation-
induced pain hypersensitivity.

We further examined the signal pathways leading to IL-14-induced NMDAR phosphorylation.
The results showed that IL-14-induced NR1 phosphorylation was blocked by chelerythrine
(0.01 mM; n = 3), a PKC inhibitor (Fig. 10a), confirming that PKC is involved in this effect.
Furthermore, 2APB (0.072 uM, n = 4), a membrane-permeable IP3 receptor antagonist that
does not affect Ca* release from the ryanodine-sensitive Ca2* stores (Maruyama et al.,
1997), also blocked IL-1-induced NR1 phosphorylation (Fig. 105). The NMDAR channel
blocker MK-801 (0.03 mM; n = 3) did not affect the IL-1/-induced increase in P-ser896-NR 1
(Fig. 10¢).

Because PKC is a downstream effector of arachidonic acid and diacylglycerol, the results of
the PKC inhibitor experiment suggest that a key link between IL-1/ and subsequent activation
of NMDAR may involve phospholipase A (PLAj) or phospholipase C (PLC) (Chen et al.,
2000; Molina-Holgado et al., 2000; Martin and Wesche, 2002). We directly tested whether
PLC and PLA, play a role in mediating IL-f-induced NMDAR phosphorylation. The results
showed that the PLC inhibitor U73122 (0.01 mM; n = 3) (Fig. 10d) and PLA, inhibitor
AACOCF; (0.01 mM; n = 3) (Fig. 10e) blocked the effect of IL-1 on NMDAR
phosphorylation. U73343 and AACOCH3, the inactive analogs of U73122 and AACOCFj,
respectively, did not block the effect of IL-15 on NMDAR phosphorylation (Fig. 10d,e). It is
well known that IL-1R signaling leads to transcriptional regulation of cellular function (Martin
and Wesche, 2002). Our results show that the effect of IL-15 on NMDAR phosphorylation is
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attributable to post-translational regulation by IL-1R signaling and that the intermediate
pathways linking IL-1R and NMDAR activation involves PLC, PLA;, and subsequent PKC
activation and intracellular Ca%* release (Fig. 10f).

Discussion

In addition to supporting roles in normal neuronal function, CNS glial cells are increasingly
known to be important regulators of synaptic activity and key functional units of the nervous
system (Fields and Stevens-Graham, 2002). Glial cells are activated in response to stimuli
related to trauma, ischemia, and invading pathogens. Peripheral tissue or nerve injury induces
CNS glial activation, mainly involving astrocytes and microglia (Garrison et al., 1991; Meller
et al., 1994; Tsuda et al., 2003; Tanga et al., 2005; Watkins and Maier, 2005; Hains and
Waxman, 2006; Zhuang et al., 2006). It is not known how glial cells and associated cytokines
contribute to CNS neuronal plasticity and the persistent pain state. Utilizing a trigeminal model
of inflammation and persistent pain, the present study demonstrates interactions between
astroglia and neurons through proinflammatory cytokines and NMDAR coupling in central
hyperexcitability and inflammatory hyperalgesia.

In the trigeminal transition zone where masseteric primary afferents terminate (Wang et al.,
2006), masseter inflammation activates glial cells and upregulates inflammatory cytokine
IL-1p that was selectively localized to astroglial cells. Similarly, we have reported selective
localization of IL-1/ in astroglia in the spinal cord in a rat bone cancer pain model (Zhang et
al., 2005). The activation of astroglia was further demonstrated by a selective upregulation of
Cx43, an astrocytic gap junction protein, consistent with a role of gap junction proteins in
astroglial function. The activation of astrocytes involves calcium waves spreading between
astrocytes through the gap junction (Nedergaard, 1994). The gap junction may play a role in
spinal nociceptive processing (Asghar et al., 2005) and pain facilitation (Spataro et al., 2004).
Facial nerve transection results in a rapid increase in Cx43-LI in the facial nucleus of rats
(Rohlmann et al., 1993, 1994). Peripheral nerve stimulation affects the phosphorylation state
of Cx43 in rats (Li and Nagy, 2000).

Although earlier studies have attempted to correlate cytokines with trigeminal pain, the major
effort was on action of cytokines in the periphery (Alstergren et al., 1999; Kacena et al.,
2001). Cytokines including IL-1p, IL-6, and TNF-¢ are upregulated in the spinal cord and brain
in the CFA model of inflammation (Raghavendra et al., 2004). An elevation of IL-6 level in
the brainstem, including the spinal trigeminal complex, is found after trigeminal nerve injury
in the rat (Anderson and Rao, 2001). Different from the response to direct brain injury (Yan
et al., 1992), the induction of central cytokines after peripheral injury involves more
complicated and still unknown pathways at both spinal and trigeminal levels. Our results
suggest that the proinflammatory cytokine IL-15 was selectively induced in astroglia in the Vi/
V¢ transition zone after inflammation. These results strongly suggest that activated glial cells
are a source of central IL-1/ release after peripheral injury.

We further observed that blocking injury-related input blocked the increased GFAP, a marker
of reactive astroglia and IL-1/, and a primary afferent neurotransmitter, substance P, induced
an increase in GFAP and IL-1/ in the Vi/Vc transition zone. The existing literature has
suggested signaling between axons and glial cells (Chiu and Kriegler, 1994). Neuronal activity
can generate glial calcium responses in the hippocampus (Dani et al., 1992). It is shown that
substance P stimulates IL-1 production by astrocytes via intracellular calcium (Martin et al.,
1992). Results from cultured astroglia implicate that glia may be activated by chemicals that
are released from primary afferent terminals and involved in pain transmission (Takuma et al.,
1996). However, no previous studies have directly shown that glial activation in the spinal cord
and trigeminal system is dependent on peripheral nerve input, except that the increase in GFAP
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after nerve injury appears to depend on NMDAR activity (Garrison et al., 1994). Our results
demonstrate that central glial activation depends on neuronal input and presumably
concomitant transmitter release. We further showed that the effect of substance P on glial
activation and cytokine induction was blocked by a nitric oxide synthase inhibitor. The nitric
oxide synthase is distributed in the spinal trigeminal nucleus (Dohrn et al., 1994). Nitric oxide
is engaged in neuronal signaling involving substance P in the brain (Vruwink et al., 2001) and
spinal dorsal horn (Aimar et al., 1998) and has been shown to regulate expression of GFAP in
astrocytes (Brahmachari et al., 2006). Holguin et al. (2004) show that nitric oxide mediates
cytokine release and pain facilitation induced by gp120, an envelope protein of human
immunodeficiency virus-1, which activate glia. Thus, our results are consistent with a role for
nitric oxide in neuronal-glial signaling after masseter inflammation.

NMDARs are prominently involved in activity-dependent synaptic plasticity and persistent
pain (Ren and Dubner, 1999; Woolf and Salter, 2000). Recent studies indicate that
inflammation-induced NMDAR activation involves phosphorylation of the NR1 and NR2B
subunits in the spinal dorsal horn (Guo et al., 2002, 2004; Brenner et al., 2004), which is
correlated with behavioral hyperalgesia. Although studies have addressed the role of NMDAR
in trigeminal plasticity (Bereiter and Bereiter, 1996; Chiang et al., 1998), there have been no
reports on whether phosphorylation of the NMDAR in the trigeminal system is associated with
the development of persistent orofacial pain. Our results indicate that NMDARSs in the Vi/Vc
transition zone were activated after masseter inflammation in a time-dependent manner and
that the increased P-ser§96-NR1 was localized to trigeminal neurons as opposed to glia. In
contrast, GluR1 and GluR2/3 receptors were apparently downregulated in the spinal trigeminal
nucleus after noxious stimulation (Florenzano and De Luca, 1999).

Most interestingly, the present study shows that a glial inhibitor blocked the upregulation of
GFAP and IL-15, as well as NMDAR activation after tissue injury. A nitric oxide synthase
inhibitor similarly blocked the increased GFAP, IL-1/, and NMDAR phosphorylation after in
vitro application of SP. Furthermore, fluorocitrate and IL-1ra attenuated behavioral
hyperalgesia and NMDAR phosphorylation after inflammation. These findings indicate that
glia and cytokines interact with neurons in response to peripheral injury. Previous studies
suggest that glia are intimately involved in the control of neuronal activity (Araque et al.,
1999; Frerking, 2004). Neurons sheathed by the reticulate network of astrocytes respond with
large increases in their concentration of intracellular calcium (Nedergaard, 1994). CNS
cytokines are released from glia to modulate neuronal function (Srinivasan et al., 2004). Glial
TNF-o modulates synaptic strength in the brain (Beattie et al., 2002). The inflammatory
cytokines are released by activated glia and play important roles in persistent pain states (DeLeo
and Yezierski, 2001; Watkins et al., 2003).

Our findings that IL-1R colocalizes with NMDAR subunits in trigeminal neurons and that
IL-1/ directly induces NMDAR serine phosphorylation provide evidence supporting a close
interaction of inflammatory cytokine signaling with neuronal NMDARs. The IL-15 signaling
first involves binding to its receptor, IL-1R, a subfamily of the Toll/IL-1 receptor superfamily
(Martin and Wesche, 2002). IL-1R contains at least two subtypes: the type I IL-1R (IL-1RI)
is a transmembrane molecule and responsible for IL-1 signaling and the type II IL-1R lacks an
intracellular domain and is incapable of signal transduction (Dayer, 2003). The IL-1R has been
localized to the brain (Rothwell and Luheshi, 1994), including spinal neurons (Samad et al.,
2001). Our results suggest a signal transduction cascade involving intracellular calcium release
and PKC, by which IL-14 and NMDARs are linked and contribute to trigeminal sensory
transmission in persistent pain (Fig. 10f). Interestingly, the events upstream to PKC activation
appear to involve activation of both PLC and PLA;, consistent with previous reports that IL-1
signaling activates PLC (Chen et al., 2000) and PLA, (Molina-Holgado et al., 2000) pathways
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(for review, see Martin and Wesche, 2002) and that NMDAR current is potentiated by
arachidonic acid (Miller et al., 1992).

In the present study, MK-801, an NMDAR channel blocker, did not prevent IL-14-induced
NMDAR phosphorylation, although the doses used have been shown to attenuate hyperalgesia
(Ren et al., 1992). This suggests that the NMDAR channel itself does not contribute to the
initiation of the increased NR1 phosphorylation through a feedforward mechanism. Similarly,
we have observed a lack of effect of MK-801 on the initiation of inflammation-induced
NMDAR phosphorylation (Guo et al., 2004). These results suggest that (1) IL-14-induced
phosphorylation of the NMDAR does not depend on the opening status of the NMDAR channel
and (2) MK-801 produces antihyperalgesic effects by acting on an event downstream to the
initiation of NMDAR phosphorylation.

In summary, we have provided evidence to support a model of glial— cytokine—neuronal
interactions underlying the mechanisms of inflammatory pain. We show that although neuronal
input generated by injury induces neuronal hyperexcitability in the pain-processing circuitry,
the input also activates glia and leads to the induction of cytokines and other chemical mediators
in glial cells. Cytokines are then released and act back on neurons to facilitate central
sensitization. The reciprocal interactions between glia and neurons through neurotransmitters
and chemical mediators will amplify neuronal input and lead to increased pain. Advancing
from previous studies, the model emphasizes activation of glia by tissue injury, concomitant
cytokine release, and post-translational regulation of NMDAR through IL-1R signaling. These
findings will help to identify novel targets and agents for clinical management of chronic pain.
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Figure 1.

Upregulation of GFAP in astroglia after inflammation. a, Brainstem section (left) and its
drawing (right) at a level ~14.1 mm posterior to bregma illustrates the area analyzed (dashed
circles) in the present study, which included the ventral portion of the Vi/Vc transition zone.
AP, Area postrema; cc, central canal; Gr, gracile nucleus; LRt, lateral reticular nucleus; NTS,
nucleus tractus solitarius; Py, pyramidal tract; Rob, nucleus raphe obscurus; sp5, spinal
trigeminal tract. Scale bar, 0.4 mm. b, ¢, GFAP-like immunostaining in the ventral Vi/Vc
transition zone in noninflamed (b; naive) and CFA-inflamed (c¢; 1 d post-CFA) rats. The insets
(scale bar, 0.025 mm) at the bottom left corners were enlarged from small rectangles in b and
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¢, respectively. Note the hypertrophy of astroglia in the inflamed rat (arrows, insets) compared
with the naive rat. Scale bar, 0.1 mm. d, Western immunoblot illustrating masseter
inflammation-induced increase in GFAP. The ventral portion of the Vi/Vc was punched out at
various time points and total proteins were isolated. 5-Actin was used as a loading control. An
example of the blot is shown (top), and the relative protein levels are shown in the bottom
histogram. *p < 0.05 vs naive rats. n = 4 for each time point. Error bars represent SEM.
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Figure 2.

Connexin 43 (Cx43) is increased in reactive astrocytes in Vi/Vc after masseter inflammation.
a, Immunofluorescent labeling of GFAP. An area of ventral Vi/Vc (dashed circle) is enlarged
in e— k. cc, Central canal; NTS, nucleus tractus solitarius; IPSI, ipsilateral. b— g, Compared
with the naive rat (b— d), CFA-(1 d; e— g) induced hypertrophy of astrocytes (b, €) and an
increased staining intensity for Cx43 (¢, f). d and g show double labeling of Cx43 with GFAP
(yellow-orange). h—j, Double immunofluorescence labeling with antibodies against Cx43
(green) and GFAP (h; red), NeuN (i; red, neuronal marker), or CD11b (j; red, microglial
marker). k, Immunofluorescence labeling of Cx36 (red, neuronal gap junction protein) with
GFAP. Note the presence of overlapped staining in & (yellow-orange) and lack of overlap in
stainingin i— k, indicating that Cx43 is an astrocytic gap junction protein. Scale bars: a, 0.2
mm; b— k, 0.02 mm.
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Figure 3.

Masseter inflammation induced increases in IL-14 immunoreactivity in the Vi/Vc trigeminal
transition zone. a, b, IL-14-like immunostaining in the ventral Vi/Vc transition zone in
noninflamed (@; naive) and CFA-inflamed (b; 1 d post-CFA) rats. The dashed circles indicate
regions of the Vi/Vc transition zone. Arrows indicate examples of IL-1f-labeled profiles. Scale
bar, 0.2 mm. ¢, Western immunoblot illustrating masseter inflammation-induced increase in
IL-15. An example of the blot is shown (top), and the relative protein levels are shown in the
bottom histogram. *p < 0.05; **p < 0.01 vs naive rats. n = 4 for each time point. Error bars
represent SEM.
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Figure 4.

Colocalization of IL-15 with GFAP and the effect of a glial inhibitor on GFAP and IL-15
upregulation. a—i, Brainstem tissue sections were processed for IL-15 (a, d, g) and double
labeled with GFAP (b), CD11b (e), or NeuN (k) 1 d after masseter inflammation.
Photomicrograph images are from the ventral portion of the Vi/Vc transition zone. IL-15
immunoreactivity is shown as green fluorescence after reacting with anti-goat IgG conjugated
with Cy2. GFAP-, CD11b-, and NeuN-LI are visualized with Cy3 conjugated with anti-rabbit
IgG (red). Overlap of a and b reveals double fluorescence (c; yellow/orange), which was only
identifiedforIL.-15 and GFAP staining (arrows in a,b,¢), indicating the selective induction of
IL-14 in astroglia. d—f and g—i show lack of double labeling of IL-1/ with CD11b, a marker
of microglia, or NeuN, a marker of neurons. The single-labeled neurons in d—i are indicated
by arrowheads. Scale bar, 0.1 mm. j, k, Western blots illustrating the effect of propentofylline
(PPF), a glial inhibitor, on masseter inflammation-induced increase in GFAP (j) and IL-15
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(k) in the ventral Vi/Vc transition zone. Propentofylline was injected intraperitoneally at 10
mg/kg first at 20 min before CFA, and the second PPF injection (10 mg/kg) was given 8 h after
CFA. The Vi/Vc tissues were collected 1 d after CFA injection. Saline was injected as a vehicle
control. Compared with naive rats, the GFAP and IL-1$ immunoreactivity was increased at 1
d in rats receiving saline. The PPF treatment significantly attenuated CFA-induced increase in
GFAP and IL-18 ( p < 0.01; n = 3 per group.)
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Neuronal signal contributes to inflammation-induced glial activation. a, b, The effect of local
anesthesia on inflammation-induced astroglial activation. Lidocaine (lido; 0.05 ml, 2%) was
infiltrated to the tissues surrounding the masseter nerve 10 min before CFA injection, and the
Vi/Ve tissues were removed 30 min after CFA injection. Saline (0.05 ml, 0.9%) was injected
as a control for lidocaine. Compared with saline-injected rats, the increase in GFAP (a) and
IL-1p (b) was blocked by lidocaine treatment, suggesting that inflammation-induced astrocytic
activation depended on the input from the injured site. ¢, d, Substance P (SP), a prototype
neurotransmitter released from central terminals of primary afferent neurons, induced increases
in GFAP (¢) and IL-14 (d) levels in the Vi/Vc transition zone. Transverse medullary slices (0.5
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mm thick) including the Vi/Vc were obtained from 8- to 10-week-old rats. The slice was
incubated in artificial CSF (aCSF) with SP (2 and 20uM) for 20 min and proteins in the ventral
Vi/Vc extracted for Western blot analysis. e, f, CGRP induces GFAP and IL-1/ in the Vi/Vc
transition zone in vitro. Transverse medullary slices (0.5 mm thick) including the Vi/Vc were
incubated in aCSF with CGRP (1 and 10 M) for 20 min and proteins in the ventral Vi/Vc
extracted for Western blot analysis. CGRP induced increases in GFAP (e) and IL-18 (f) levels
in the Vi/Vc transition zone. For all panels, representative immunoblots against anti-GFAP
and IL-1/ antibodies are shown on top and the relative protein levels are shown in the bottom
histogram. *p < 0.05 vs naive (a, b) rats or aCSF (c—f'). n = 3— 4 for each time point. Error
bars represent SEM.
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Figure 6.

Lack of NK-1 (neurokinin-1) tachykinin receptor immunoreactivity in Vi/Vc astrocytes and
the effect of a nitric oxide synthase inhibitor on substance P-induced upregulation of GFAP,
IL-15, and NMDAR phosphorylation (P-NR1) in vitro. a, NK-1-like immunoreactivity is
shown by green immunofluorescence (Alexa Fluor 488, 1:500). Arrows indicate NK-1 staining
profiles. b, The same field as panel @ was stained with GFAP (red, Cy3; 1:500), a marker of
astrocytes. Arrowheads indicate examples of GFAP staining profile. ¢, Overlap of panels a and
b shows a lack of colocalization of GFAP (arrowheads) and NK-1 (arrows) immunoreactivity.
d, Arrow indicates double label of NK-1 and NeuN, confirming neuronal localization of NK-1.
Images represent a field of the trigeminal Vi/Vc transition zone from an adult rat at 24 h after
masseter inflammation. Scale bars: a— ¢, 0.02 mm; d, 0.01 mm. e, Effect of a nitric oxide
synthase inhibitor, --NAME, on substance P-induced upregulation of GFAP, IL-14, and
NMDAR phosphorylation (P-NR1). Medullary slices were incubated with .-NAME (2 mM),
p-NAME (2 mM, inactive isoform of .-NAME), or vehicle (saline) before incubation with
substance P (10 uM). Representative immunoblots are shown on top, and the relative protein
levels are shown in the bottom histogram. *p < 0.05 vs .-NAME. n = 3— 4 per group. Error
bars represent SEM.
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Figure 7.

Inflammation-induced NMDA receptor phosphorylation and the effect of a glial inhibitor. a,
Masseter inflammation induced a time-dependent increase in phosphoserine 896 NR1 (P-NR1)
in the Vi/Vc. A late (1-7 d after CFA injection) and slight increase in the NR1 protein levels
was also seen. Representative immunoblots against anti-P-NR1 and anti-NR1 antibodies are
shown on top and the relative P-NR1 and NR1 levels are shown below. *p < 0.05 versus naive.
n =4 per time point. b, Localization of P-NR1 in Vi/Vc neurons 1 d after CFA injection. P-
NR1 is shown as green fluorescence (Alexa Fluor 488; top). NeuN is visualized with Cy3 (red;
middle). Overlap of left and middle panels reveals cells that exhibit double fluorescence of
NeuN (nucleus) and P-NR1 (cytoplasm) in the same neurons (bottom). Examples of double-
(arrows) and single- (arrowheads) labeled neurons are indicated. Scale bar, 0.05 mm. ¢, The
effect of PPF on masseter inflammation-induced increase in P-NR1. Propentofylline (10 mg/
kg, i.p.) was first injected 20 min before CFA, and the second PPF injection (10 mg/kg) was
given 8 h after CFA injection. The Vi/Vc tissues were collected at 1 d after CFA. Saline was
injected as a vehicle control for PPF. Compared with noninflamed rats (naive), the P-NR1
immunoreactivity was increased 1 d in rats receiving saline. The PPF treatment attenuated
CFA-induced increase in P-NR1 (PPF). **p < 0.01 versus naive. n = 4 per group. Error bars
represent SEM.
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Figure 8.

Effect of glial inhibitor fluorocitrate (FC) and IL-1ra on behavioral hyperalgesia and NMDAR
phosphorylation after masseter inflammation. a, Effect of microinjection of FC into the Vi/Vc
transition zone on hyperalgesia. The top image shows an example of the injection site (arrow).
Scale bar, 0.4 mm. The bottom histogram shows EF5 values derived from stimulus—response
curves in behavioral testing. Vertical bars indicate 95% confidence intervals of EFsg. A
significant decrease in EF5( indicates the presence of hyperalgesia and allodynia. Intra-Vi/Vc
injection of fluorocitrate (0.1 and 1.0 ug; n = 6 per dose) attenuated the masseter hyperalgesia,
as indicated by a significant increase in EFs( values. b, Rats in @ were killed 70 min after drug
injection, and the ventral Vi/Vc tissues were punched out for Western blotting. Fluorocitrate
attenuated inflammation- induced increase in P-NR1 levels. ¢, Effect of IL-1ra on hyperalgesia.
Compared with vehicle-injected rats, intrathecal infusion of IL-1ra (12.5 pg per 500 nl/h; n =
9) attenuated the masseter hyperalgesia. Asterisks denote significant differences from the
vehicle saline- (veh; n = 6) treated rats (*p < 0.05; ANOVA with repeated-measures and post
hoc tests). The infusion of the drug started 3 d before CFA injection. d, Rats in ¢ were killed
1 d after inflammation and the ventral Vi/Vc tissues were punched out for the Western blot.
Compared with vehicle-treated rats, IL-1ra attenuated inflammation-induced increase in P-
NRI1 levels. *p <0.05 versus naive rats. e, Colocalization of IL-1R with NR1 in Vi/Vc neurons.
IL-1R is shown as red fluorescence (Cy3, left). NR1 is visualized with Cy2 (green, middle).
Overlap of left and middle panels reveals cells that exhibit double fluorescence (yellow/
orange), suggesting colocalization of IL-1R and NR1. Examples of double- (arrows) and
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single- (arrowheads) labeled neurons are indicated. Scale bar, 0.02 mm. Error bars in a— d
represent SEM.
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Figure 9.

IL-1p induces NMDA receptor NR1 ser896-phosphorylation. Representative immunoblots are
shown on top, and mean relative levels of P-NR1 proteins are shown in the bar graphs. a—
d, The transverse medullary slices, including the Vi/Vc transition zone, were obtained from
adult 8- to 10-week-old rats. The slices were incubated with IL-1§ or TNF-a for 15 min, and
the ventral Vi/Vc tissues were harvested by taking punches. Note that IL-14 induced a
significant increase in P-NR1 levels (a), but TNF-a did not produce an increase in P-NR1 at
the dose tested (b). ¢, d, Compared with vehicle (veh), the IL-1f-induced increase in P-NR1
was blocked by IL-1ra (0.01 mM; ¢), but not by fluorocitrate (FC; 0.01 mM), a glial inhibitor
(d). e, IL-1p induced an increase in P-NR1 in vivo. IL-14 (1.5 pmol/500 nl) was microinjected
into the ventral Vi/Vc transition zone and Vi/Vc tissues were punched out 30 min after
IL-1p injection. Animals subjected to the injection procedure without receiving IL-15 were
used as the SHAM control. Saline (500 nl) was injected as a control for IL-1/. Compared with
naive rat, IL-14 induced an increase in P-ser896-NR1 that was blocked by IL-1ra (1 nmol).
The SHAM procedure and saline did not have an effect on the P-NR1 levels. *p < 0.05; **p
<0.01 vs artificial CSF (aCSF)-treated slices (a— d) or naive rats (e; n = 3—4 per group). Error
bars represent SEM.
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Figure 10.

Signal pathways involved in the IL-1R NMDA receptor coupling. The transverse medullary
slices, including the Vi/Vc transition zone, was obtained from adult 8- to 10-week-old rats.
The slices were incubated with IL-1/ for 15 min and the ventral Vi/Vc tissues were harvested
by taking punches. a— ¢, Compared with vehicle (veh), the IL-1f-induced increase in P-NR1
was blocked by the following: chelerythrine (Che, 0.01 mM), a PKC inhibitor (a); 2APB
(0.072mM), an IP3 receptor antagonist (b); but not by an NMDAR channel blocker, MK-801
(0.03 mM; ¢). d, e, U73122 (0.01 mM; d), a phosphlipase C (PLC) inhibitor, and AACOCFj3
(0.01 mM; e), a PLA, inhibitor, also blocked the effect of IL-1/ on P-NR1 levels. U73343
(0.01 mM) and AACOCHj; are inactive analogs of U73122 and AACOCEF;3, respectively, and
were used as negative controls. All inhibitors and inactive analogs were applied 10 min before
IL-1p. *p < 0.05 versus artificial CSF (aCSF)-treated slices (n = 3— 4 per group). Error bars
represent SEM. f, The proposed modulation of NMDAR phosphorylation involving IL-1R
signaling. Binding of IL-1/ to the IL-1R leads to the recruitment of the IL-1R accessory protein
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(IL-1RACP) and the formation of a heterotrimeric complex. The signaling IL-1R complex may
stimulate PLC or PLA,, or both, although the intermediate steps are unknown (dashed lines).
The downstream effectors of PLA; and PLC may include activation of PKC through the
formation of arachidonic acid (aa), cyclooxygenase2 (COX,)/prostaglandin (PG), IP5 (inositol
1,4,5-trisphosphate), and diacylglycerol (DAG). PKC can directly phosphorylate serine 890
and 896 of the NR1 subunit of the NMDAR and indirectly lead to Src activation and NR2B
tyrosine phosphorylation (P). The PI-3-K (phosphatidylinositol-3-kinase)/PKB (protein kinase
B or Akt kinase) pathway is also downstream to IL-1R signaling. Whether it participates in
regulation of NMDAR is unclear. It is well documented that IL-1R signaling leads to
transcriptional regulation of cellular activity. Our results show that the IL-1R signaling is also
involved in post-translational regulation of cellular activity through coupling to NMDAR:s,
which may underlie mechanisms of persistent pain.

J Neurosci. Author manuscript; available in PMC 2009 May 4.


https://www.researchgate.net/publication/6298187

