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Abstract: We tested the hypothesis that primary afferent inputs play a role in astroglial hyperactivity after tissue injury.
We first injected complete Freund's adjuvant (CFA, 0.05 ml, 1:1 oil/saline) into the masseter muscle, which upregulated
glial fibrillary acidic protein (GFAP), a marker of astrocytes, interleukin (IL)-1p, an inflammatory cytokine, and
phosphorylation of serine896 of the NR1 subunit (P-NR1) of the NMDA receptor in the subnuclei interpolaris/caudalis
(Vi/Vc) transition zone, an important structure for processing trigeminal nociceptive input. Local anesthetic block with
lidocaine (2%) of the masseter muscle at 10 min prior to injection of CFA into the same site significantly reduced the
CFA-induced increase in GFAP, IL-1p and P-NR1 (p<0.05, n=4/group). We then tested the effect of peripheral electrical
stimulation (ES). The ES protocol was burst stimulation consisting of trains of 4 square pulses (10-100 Hz, 0.1-3 mA, 0.5
ms pulse width). Under pentobarbital anesthesia, an ES was delivered every 0.2 s for a total of 30 min. The Vi/Vc tissues
were processed for immunohistochemistry or western blot analysis at 10-120 min after ES. Compared to naive and
SHAM-treated rats, there was increased immunoreactivity against GFAP, IL-1f3 and P-NRL1 in the Vi/Vc in rats receiving
ES. Double staining showed that IL-1f was selectively localized in GFAP-positive astroglia, and P-NR1-
immunoreactivity was localized to neurons. These findings indicate that primary afferent inputs are necessary and
sufficient to induce astroglial hyperactivity and upregulation of IL-1p, as well as neuronal NMDA receptor

phosphorylation.
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INTRODUCTION

Recent studies have pointed out an important role of
enhanced glial activity in persistent pain conditions.
Evidence suggests that central nervous system (CNS)
responses to injury involve neuron-to-glia signaling [1].
Functional neurotransmitter receptors are identified in glial
cells [2-5] and there may exist signaling between axons and
glial cells [6-8]. Interestingly, the increase in the expression
of glial fibrillary acidic protein (GFAP), an astrocytic
marker, after nerve injury may depend on N-methyl-D-
aspartate (NMDA) receptor activity [9]. Zhuang et al. [10]
show that ERK is sequentially activated in neurons,
microglia, and astrocytes after spinal nerve ligation,
suggesting a role of neuronal activity in triggering glial
hyperactivity.

A few studies have tested the hypothesis that neuronal
input generated at the site of injury contributes to CNS glial
activation or hyperactivity. Local anesthetic block of
peripheral nerves prevented injury-induced central glial
hyperactivity [11-14]. However, a pitfall of this approach is
that local anesthetics may act on Schwann cells [15], which
may modify neuron-glial interactions. An alternative
approach is to directly stimulate peripheral nerves. In fact,
direct electrical stimulation (ES) of peripheral nerves
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induced glial hyperactivity in the spinal cord or related CNS
structures [16-18].

Our previous studies show that masseter muscle
inflammation in rats induced astroglial hyperactivity related
to cytokine release and the activation of NMDA receptors in
the trigeminal subnuclei interpolaris/caudalis (Vi/Vc)
transition zone [13], a subregion of the spinal trigeminal
nucleus involved in processing of orofacial nociceptive input
particularly from muscle. To directly test the hypothesis that
primary afferent input plays a role in injury-induced
astroglial hyperactivity, cytokine release and NMDA
receptor activation, the present study was undertaken to
investigate the effect of electrical stimulation of the masseter
nerve that provides afferent input to the spinal trigeminal
nucleus including the transition zone [19]. We show that
electrical stimulation of the masseter nerve afferent fibers
induces  time-dependent neuronal NMDA receptor
phosphorylation, astroglial hyperactivity and upregulation of
IL-1p associated with astroglia in the trigeminal transition
zone, supporting a role of primary afferent input in triggering
trigeminal glial activity after orofacial injury.

METHODS
Animals

Male Sprague-Dawley rats were used (200-300 g, Harlan,
Indianapolis). To produce orofacial deep tissue inflamma-
tion, the rats received complete Freund adjuvant (CFA, 0.05
ml, 1:1 oil/saline suspension, Sigma) into the masseter
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muscle under isoflurane (2-3%) anesthesia [13]. Saline was
used as a vehicle control. The CFA-injected rats show
normal behavior and levels of activity and the effect of
inflammation on normal behavior of the animal was minimal
[20-22]. Local anesthetic block was produced by infiltration
of lidocaine (lido, 2%, 0.05 ml) into the masseter at 10 min
before CFA under isoflurane (2-3%). The effect of lidocaine
typically lasts for about 1 h. Saline was injected as a control
for the local anesthetic. The experiments were approved by
the Institutional Animal Care and Use Committee of the
University of Maryland Dental School.

Electrical Stimulation [23]

Under pentobarbital sodium anesthesia (40 mg/kg, i.p.),
the masseteric nerve was exposed after retracting the
temporalis muscle at the mandibular notch [24]. The nerve
was suspended on a pair of silver hook electrodes. A
segment of the nerve a few mm distal to the stimulating
electrodes was either crushed or anesthetized with lidocaine
to block efferent impulses. The electrical stimulation (ES)
protocol was burst stimulation (BS) consisting of trains of 4
square pulses at 10-100 Hz (0.1-3 mA, 0.1-0.5 ms pulse
width) and one train was delivered every 0.2 s for a total of
30 min by an A300 Pulsemaster (WPI) with the steady direct
current output via a stimulus isolator (A360D). The rat was
perfused with 4% paraformaldehyde and the Vi/Vc tissues
processed for immunohistochemistry. Fresh tissues were
collected for Western blotting.

Western Blot

The rats were anesthetized with isoflurane and
decapitated. A block of caudal brainstem tissues was cut.
The tissue block included a segment approximately 2 mm in
length at the level of the obex. The full length of the Vi/Vc
transition zone is enclosed in this block. The tissue block
was then rotated and the ventral portions of the transition
zone were harvested with punch biopsies. The tissues were
homogenized in solubilization buffer (50 mM Tris. HCI,
pH8.0; 150 mM NaCl, 1| mM EDTA, 1% NP40, 0.5%
deoxycholic acid, 0.1% SDS, 1 mM Na3V0O4, 1 U/ml
aprotinin, 20 pg/ml leupetin, 20 pg/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 was determined using a detergent-compatible
protein assay with a bovin serum albumin standard. Each
sample contained proteins from one animal. The proteins (50
ng) were separated on a 7.5% SDS-PAGE gel and blotted to
nitrocellulose membrane (Amersham). The blots were
blocked with 5% milk in 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). The immunoreactivity was detected using
Enhanced Chemiluminescence (ECL, Amersham). The
loading and blotting of amount of proteins were verified by
reprobing the membrane with anti-B-actin antiserum and
with Coomassie blue staining.

Immunohistochemistry

Rats were deeply anesthetized with pentobarbital sodium
(60-100 mg/kg, i.p.) and perfused transcardially with 4%
paraformaldehyde in 0.1 M phosphate buffer at pH 7.4. The
brain stem-upper cervical spinal cord was removed, post-
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fixed, and transferred to 25% sucrose (w/v) for
cryoprotection. Free-floating sections from the caudal brain
stem including the trigeminal transition zone and caudal Vc-
upper cervical spinal cord were incubated with relevant
antibodies with 1-3% relevant normal sera. After washes in
PBS, the sections were incubated with biotinylated
secondary IgG (Vector, 1:400) and then with avidin and
biotinylated horseradish peroxidase complex (Vector,
1:100). Tissue sections were finally reacted with 0.05%
diaminobenzidine dihydrochloride (DAB, Sigma) in 0.1 M
phosphate buffer containing 0.003% hydrogen peroxide.
Control sections were processed by the same method except
that the primary antisera were omitted or adsorbed by
respective antigens. Double-labeling immunofluorescence
was performed with Cy2 and Cy3 (1:500, Jackson
ImmunoResearch, West Grove, PA) or Alexa Fluor 488
(1:500, Invitrogen Molecular Probes, Eugene, OR) and Cy3
after incubation with respective primary antibodies. Fos-like
immunoreactivity (LI) was detected with polyclonal rabbit
anti-Fos antibody (1:20,000) by the avidin-biotin method
(Vectastain ABC Kit, Vector) followed by diaminobenzidine
tetrahydrochloride (DAB, Sigma) with nickel intensification
(DAB substrate Kit DAB-Ni, Vector).

Antibodies

All antibodies were purchased from commercial sources:
Chemicon, mouse anti-GFAP, mouse anti-NeuN; EMD-
Oncogene, rabbit anti-Fos (c-fos ab-5); Endogen, rat anti-IL-
1B; Serotec, mouse anti-CD11b (0X-42); Sigma, mouse
anti-B-actin; and Upstate, rabbit anti-NR1, rabbit anti-
Phospho-ser896 NR1.

Data Analysis

Data are presented as mean = S.E.M. For western blot
analysis, the ECL-exposed films were digitized and
densitometric quantification of immunoreactive bands was
carried out using U-SCAN-IT gel (ver. 4.3, Silk Scientific
Corp). The relative protein levels were obtained by
comparing the respective specific band to the f-actin control
from the same membrane. The deduced ratios were further
normalized to that of the control rats on the same membrane
and illustrated as percentage of controls. Raw data (e.g., ratio
of the GFAP band over f-actin band) were used for
statistical comparisons (ANOVA with Fisher's PLSD test for
post-hoc analysis). P < 0.05 was considered significant in all
cases.

RESULTS

Effects of Local Anesthesia on CFA-Induced Increases in
GFAP, IL-18 and NMDA Receptor Phosphorylation

Consistent with our previous report [13], injection of
CFA into the masseter muscle induced significant
upregulation of GFAP, IL-1B and phosphorylation of the
NMDA receptor NR1 subunit at ser896 (P-NR1), as shown
by immunofluorescence staining (Fig. 1A, B, D, E, G, H,
CFA vs. NAIVE) and Western blot analysis (Fig. 1J-L,
saline vs. naive, p < 0.05, n = 3-4/group). Our previous
studies have shown that these biochemical changes
correlated with inflammation of the masseter muscle and the
time course of orofacial hyperalgesia [13, 19, 25].

To verify the involvement of primary afferent input in
neurochemical changes in the trigeminal transition zone after
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Fig. (1). Effects of local anesthesia on CFA-induced increases in GFAP, IL-1p and NMDA receptor phosphorylation. Lidocaine (lido, 0.05
ml, 2%) was infiltrated into the masseter muscle at 10 min prior to the injection of CFA into the same site and the Vi/Vc tissues were
removed at 30 min after CFA. Saline was injected as a control. A-1: Immunostaining. J-L: Western blot (n=4/group). p-actin was used as a
loading control. *, p<0.05, vs. naive. Compared to saline-injected rats, the increase in GFAP, a marker of astrocyte, IL-1p, a prototypic
inflammatory cytokine, and P-NR1 (phosphorylated NR1 at ser896) was blocked by lidocaine treatment, suggesting that the upregulation

was dependent on the nerve input from the injured site.

masseter inflammation, we produced local anesthetic block
in rats receiving CFA injection into the masseter muscle. A
local anesthetic, lidocaine (2%, 0.05 ml), was infiltrated into
the masseter muscle at 10 min prior to the injection of CFA
into the same site. The Vi/Vc tissues were punched out at 30
min after CFA. Compared to rats pretreated with saline
(0.9%, 0.05 ml), the CFA-induced increase in GFAP was
blocked in lidocaine-treated rats, (p < 0.05, n=4) (Fig. 1C,
J). The inflammation-induced increases in IL-1p and P-NR1
were also blocked (p < 0.05, n = 3-4) (Fig. 1F, K and I, L).
The effect of lidocaine was unlikely mediated through a
systemic effect since the same amount of local anesthetic
applied to the site neighboring the site of injury was
ineffective against nociception [26]. These results are

consistent with our previous report that local anesthetic
block of the masseter nerve remote from the site of
inflammation blocked inflammation-induced upregulation of
GFAP and IL-1f [13] and suggest that primary afferent
inputs associated with peripheral nociceptor activation after
inflammation are necessary for the hyperactivity of astroglia,
upregulation of IL-1f and increased NMDA receptor
phosphorylation.

Peripheral Electrical Stimulation Induces an Increase in
GFAP Expression

Although the results of local anesthetic block
experiments support the contribution of primary afferent
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input to central neuronal and glial hyperactivity, local
anesthetics may produce temporary injury to Schwann cells
and their neurotoxic properties may account in some part for
the effect of local anesthetics [15]. Thus, we directly tested
the dependence of glial hyperactivity on primary afferent
input by ES of the masseter nerve. A masseteric nerve was
exposed and the BS protocol was used to deliver ES.
Efferent impulses to the muscle were blocked by crushing or
anesthetizing a distal segment of the nerve.

We first verified that our ES protocol activated
trigeminal neurons as shown by Fos protein expression, a
marker of neuronal activation. Naive and SHAM rats were
used as controls. Burst stimulation consisting of trains of 4
square pulses at 100 Hz (0.1-3 mA, 0.5 ms pulse width) and
one train was delivered every 0.2 s for a total of 30 min. The
animals were perfused at 1 h after the cessation of ES. In the
caudal Vc-upper cervical dorsal horn (medullary dorsal
horn), intense Fos protein expression was induced in the
medial portion of the superficial dorsal horn ipsilateral to ES
(Fig. 2). ES at the 3-mA intensity was most effective. The
ES-induced Fos expression in the medullary dorsal horn was
predominantly ipsilateral, although a few Fos-positive cells
were seen on the contralateral side (Fig. 2B). In the Vi/Vc
transition zone, Fos expression was observed, particularly in
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Fig. (2). Effect of ES on Fos protein expression in the upper
cervical spinal cord. Burst stimulation consisting of trains of 4
square pulses at 100 Hz (3 mA, 0.5 ms pulse width) and one train
was delivered every 0.2 s for a total of 30 min. The same
stimulation parameters were used in Figs. 3-6. A. Low power spinal
cord section at the C1 level. Fos protein expression was induced in
the medial portion of the superficial dorsal horn ipsilateral (IPSI) to
ES of the masseter nerve. CC, central canal; Cu, cuneate fasciculus;
Gr, gracile fasciculus; LCN, lateral cervical nucleus. B-C. Fos
protein expression in the areas equivalent to that shown in the
square in A under different conditions as indicated in each panel.
Panel C was directly enlarged from the square in A. Arrows
indicate examples of Fos-labeled nuclei.
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Fig. (3). Effect of ES on Fos protein expression in the Vi/Vc
transition zone. A. Low power brainstem section ipsilateral to ES at
the level approximately 14.0 mm posterior to Bregma. Fos protein
expression was induced in the dorsal and ventral portions of the
Vi/Vc transition zone. Nucleus tractus solitarius (NTS), lateral
reticular nucleus (LRN) and inferior olivary nucleus (10) also
exhibited ES-induced Fos protein expression. Py, pyramidal tract;
Sp5, spinal trigeminal tract. B-C. Fos protein expression in the
areas equivalent to that shown in the square in A. Panel C was
directly enlarged from the square in A. Arrows indicate examples
of Fos-labeled nuclei.

the ventral portion (Fig. 3). Fos-labeled cells were also found
in bilateral nucleus tractus solitarius (NTS), lateral reticular
nucleus (LRN) and inferior olivary nucleus (10). The pattern
of trigeminal Fos expression following ES of the masseter
nerve is consistent with previous similar studies [20], (also
see [27]).

We then examined the effect of ES on astroglial markers
in the trigeminal transition zone (Fig. 4A). Compared to
naive rats (Fig. 4B) and SHAM-operated rats (Fig. 4C)
without ES, ES (3 mA, 0.5 ms, 100 Hz) of the masseter
nerve afferents produced an apparent increase in GFAP-LI in
the Vi/Vc transition zone at 30 min after ES (Fig. (4D)). The
effect of ES on GFAP expression was quantified with
western blot (Fig. 4E). Normalized with the B-actin loading
control and compared to naive rats (n=4), there were
significant increases in the relative levels of GFAP at 30 and
60 min after ES (p<0.05, n=4). Stimulation with lower pulse
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Fig. (4). Increased GFAP immunoreactivity in the ventral Vi/Vc
after ES of the masseter nerve. A. Low power brain stem section at
the level approximately 14.0 mm posterior to Bregma. Dashed
circle indicates the area analyzed, which lies in the ventral portion
of the Vi/Vc transition zone. Compared to naive (B) and SHAM-
operated (C) rats, ES (3 mA for 30 min) induced an increased
GFAP staining (D). Green immunostaining shows Fos-labeled
nuclei, a marker of neuronal activation. N=4/group. Abbreviations:
cc, central canal; IPSI, ipsilateral; NTS, nucleus tractus solitarius;
Py, pyramidal tract; Vc, subnucleus caudalis; Vi, subnucleus
interpolaris. E. Western blot illustrating the effect of ES of the
masseter nerve on GFAP expression in the ventral Vi/Vc¢ transition
zone. B-actin was used as a loading control. A representative blot is
shown on top. The relative protein levels are shown in the bottom
histogram. *, p<0.05 vs. NAIVE. N=3-4 for each time point. Error
bars represent S.E.M.

intensity and frequency (0.1 mA, 0.1 ms, 10 Hz) did not
produce an effect on GFAP expression.

Increased IL-1pB Electrical

Stimulation

Immunoreactivity After

We have shown previously that masseter muscle
inflammation induced an increase in the level of
inflammatory cytokine IL-1f, associated with increased
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astroglial activity in the trigeminal transition zone [13]. We
examined the effect of ES of the masseter nerve on the IL-
1B in the Vi/Vc. Western blot showed ES-induced increase
in IL-1p (Fig. 5). There were significant increases in IL-1p
protein levels at 30 and 60 min after ES (3 mA, 0.5 ms, 100
Hz) of the masseter nerve (p<0.05, n=4/group).

Brainstem tissue sections were processed for double
immunofluorescence labeling after ES (Fig. 6). IL-1p
immunoreactivity was found to co-localize with GFAP (Fig.
6A-C), but not with CD11b (Fig. 6D), a marker of microglia,
or NeuN (Fig. 6E), a neuronal marker. These results are
consistent with findings that after masseter inflammation
[13] and suggest that astroglia are a source of IL-1f release
in response to peripheral stimulation.

Peripheral Electrical Stimulation Enhances NMDA
Receptor NR1 ser896 Phosphorylation

ES of the masseter nerve also induced an increased
NMDA receptor phosphorylation in the Vi/Vc transition
zone, as assessed with anti-phospho ser896 NR1 antibodies.
As shown in Fig. (7), P-NR1-LI increased at 30 min after ES
(3 mA) (Fig. 7C), compared to naive (Fig. 7A) and SHAM
(Fig. 7B) rats. Western blot showed that significant increases
in the P-NR1 levels occurred as early as 10 min after ES and
maintained throughout the observation period (p<0.05,
n=3/group) (Fig. 7D). Double immunofluorescence with
NeuN staining indicated that P-NR1-LI was localized to
neurons (Fig. 6F).

DISCUSSION

The present experiments were designed to provide direct
evidence that injury-related trigeminal glial hyperactivity
and cytokine induction after inflammation were dependent
on primary afferent input. The results show that 1) masseter
muscle inflammation-induced upregulation of GFAP, IL-1p
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Fig. (5). Western blot illustrating the effect of ES of the masseter
nerve on IL-1p expression in the ventral Vi/Vc transition zone. p-
actin was used as a loading control. A representative blot is shown
on top. The relative protein levels are shown in the bottom
histogram. *, p<0.05 vs. NAIVE. N=3-4 for each time point. Error
bars represent S.E.M.
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Fig. (6). Brainstem tissue sections were processed for immuno-fluorescence labeling after ES of the masseter nerve. Images are from the
ventral Vi/Vc. A-C: IL-1p immunoreactivity (green) co-localizes with GFAP (red), but not with CD11b (D), a marker of microglia, and
NeuN (E), a neuronal marker, after ES of the masseter nerve. A, B: Single labeling of IL-1p (A) and GFAP (B) on the same section. C shows
overlay of A and B. F: P-NR1 (green) immunoreactivity was localized to neurons (NeuN, red).

and enhanced NMDA receptor phosphorylation in the Vi/Vc
was blocked by local anesthesia of the peripheral injured
site, 2) ES of the masseter nerve afferents induced increases
in GFAP, IL-1B, and NMDA receptor phosphorylation
similar to that after masseter inflammation, and 3) IL-1p
selectively colocalizes with GFAP, confirming an increased
expression in astroglia. These results indicate that primary
afferent inputs associated with peripheral nociceptor
activation after inflammation are necessary and sufficient to
induce hyperactivity of astroglia and upregulation of IL-18,
as well as neuronal NMDA receptor phosphorylation.

Removing primary afferent input by local anesthesia of
either nerve terminals at the injured site (present study) or
afferent nerve remote from the injury [13] prevented central
glial hyperactivity and cytokine induction. Pretreatment with
a long-lasting local anesthetic, bupivacaine-loaded
microspheres, above the nerve injury site prevented
activation of p38 mitogen-activated protein kinase in the
spinal cord after nerve injury [12]. Thus, blocking action
potential conduction appears to prevent central glial
hyperactivity, which suggests a role of nerve input in
triggering an increased glial activity. However, nerve input
may play a less important role in maintaining the established
glial hyperactivity [12]. One should be cautious that local
anesthetic may also act on glial cells. Local anesthetics
bupivacaine and lidocaine can enhance calcium-independent
nitric oxide synthase catalytic activity and nitrite production
in rat glioma cell lines [28]. Nav1.6 sodium channels are
found on Schwann cells [29] and local anesthetics may
damage Schwann cells directly [15]. These reports with local
anesthetics are therefore inconclusive.

In the present study, we employed an alternative
approach of ES of peripheral nerve to address the role of
nerve input in glial hyperactivity. Electrical stimulation has
been widely used to produce afferent input that triggers
activation of synaptic activity in dorsal horn neurons [30]
and release of mediators of nociception [23, 31]. Stimulation
of the hypoglossal nerve in the rat induces Fos protein
expression in the spinal trigeminal nucleus [27] and
upregulates GFAP immunoreactivity in the hypoglossal
nucleus [16]. It should be cautioned that electrical
stimulation could damage axons in peripheral nerves [32].
Molander et al. [17] showed that electrical stimulation of the
sciatic nerve produced degeneration of nerve fibers
associated with increased glial marker staining at 7-14 days
after stimulation. However, the nerve damage occurs at least
48 hours after stimulation, requires continuous stimulation
and can be prevented by applying stimulation with
intermittent cycles [17, 32].

To avoid nerve damage, we used a BS stimulation
protocol to generate a primary afferent barrage and the effect
of ES was examined within two hours after stimulation. At
C-fiber intensity, BS of dorsal roots induces co-release of
substance P, glutamate and brain-derived neurotrophic factor
(BDNF) into the dorsal horn [23, 33]. The effects of ES on
primary afferent neurotransmitter/modulator release are
stimulus pattern-dependent. Simple tetanic stimulation (up to
100 Hz) of dorsal root C-fibers does not induce BDNF
release [33]. We have used the BS protocol to induce BDNF
release in the supraspinal pain modulatory circuitry [34]. In
the present study, BS of the masseter nerve afferents was
able to induce trigeminal Fos protein expression, a marker of
neuronal activation, in a manner that is consistent with



150 The Open Pain Journal, 2010, Volume 3

A

Wang et al.

Time post - ES (min )

NAIVE SHAM 2 10

60 90 120

——
%
%
% I %

—
—

500
v
©
o *
o5 %00 I
o Cc
=y
26 2004 [
o
>o\o I
oS 1004
g
0_

NAIVE SHAM 2min 10min 30min 60min 90 min 120 min

Fig. (7). Increased NMDA receptor NR1 ser896 phosphorylation in the Vi/Vc after ES of the masseter nerve. A-C: Immunostaining.
Compared to NAIVE (A) and SHAM-operated (B) rats, ES at 3 mA induced an increased P-NR1 staining (C). D: Western blot illustrating
the effect of ES of the masseter nerve on the NMDA receptor subunit NR1 phosphorylation in the ventral Vi/\/c transition zone. 3-actin was
used as a loading control. A representative blot is shown on top. The relative protein levels are shown in the bottom histogram. *, p<0.05 vs.

NAIVE. n=3-4 for each time point. Error bars represent S.E.M.

neuronal responses to orofacial noxious stimulation [20].
Stimulation of the masseter nerve further produced similar
increases in GFAP- and IL-1B-LI in the Vi/Vc transition
zone, which were consistent with the results of CFA-induced
inflammation [13]. BS-induced IL-1f also selectively
colocalized with GFAP as seen in the inflammation model
[13], suggesting its upregulation in reactive astrocytes after
afferent stimulation. The combination of local anesthesia and
afferent stimulation experiments provide convergent
evidence that injury-related trigeminal glial hyperactivity is
dependent on primary afferent input.

It is still unclear, however, how primary afferent input
would convey its signal to glial cells. We observed in the
present study that NMDA receptor phosphorylation was also
enhanced after ES of the masseter nerve, which is consistent
with our finding after masseter inflammation [13]. Our
results also showed that the increased NMDA receptor
phosphorylation occurred in neurons and appeared within 10
minutes after ES. In contrast, significant upregulation of
astrocytic proteins and IL-1f8 did not occur until at least 30
min after ES. This suggests that the initiation of NMDA
receptor phosphorylation may not be due to IL-1p activation

in astrocytes and that a relay of primary afferent input via
secondary neurons may be necessary for the increased
astroglial activity. Sequential activation of ERK in neurons
and glia following spinal nerve ligation is consistent with
this hypothesis [10]. Although initiation of NMDA receptor
phosphorylation does not appear to depend upon glial
activity, positive feedback from glial cells and associated
mediators may play a role in the maintenance of enhanced
NMDA receptor and neuronal excitability after injury. We
have shown that IL-1 receptor antagonists blocked NMDA
receptor phosphorylation after orofacial injury [13, 35],
suggesting a role of IL-1p and associated astroglial activity
in the maintenance of enhanced NMDA receptor
phosphorylation. Alternatively, neurotransmitters released
from primary afferent central terminals may directly activate
glia. Substance P and calcitonin gene related peptide have
been shown to induce upregulation of GFAP and IL-1f in
the Vi/Vc region from medullary slices [13], which may
account for the maintenance of NMDA receptor
phosphorylation.

Our findings further support that neuronal input related to
peripheral injury not only activates neural circuitry in the
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sensory pathways but also affects glial cells and associated
cytokines. Although cytokines can be released at the site of
injury [22, 36-38], central cytokine induction is a result of
sequential or reciprocal neuron-glia interactions and may not
be attributed to cytokines released at the periphery. This may
explain the findings that the IL-1p level increases in both the
inflamed paw and cerebrospinal fluid, but not in the
circulation [39] and that the levels of IL-1f are increased
after masseter inflammation at the site of injury but not in
the circulation [22]. Apparently, IL-14 is released from glial
cells that are activated by nerve input and act back on
neurons to further enhance the maintenance of
hyperexcitability [13, 40]. Thus, injury-related nerve input
initiates a cascade of events in the CNS involving both
neuronal and non-neuronal components, ultimately leading
to hyperalgesia.
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