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Abstract

Glial activation is known to contribute to pain hypersensitivity following spinal sensory nerve injury. In this study, we investi-
gated mechanisms by which glial cell activation in medullary dorsal horn (MDH) would contribute to tactile hypersensitivity fol-
lowing inferior alveolar nerve and mental nerve transection (IAMNT). Activation of microglia and astrocytes was monitored at
2h,1, 3,7, 14, 28, and 60 days using immunohistochemical analysis with OX-42 and GFAP antibodies, respectively. Tactile hyper-
sensitivity was significantly increased at 1 day, and this lasted for 28 days after IAMNT. Microglial activation, primarily observed in
the superficial laminae of MDH, was initiated at 1 day, maximal at 3 days, and maintained until 14 days after IAMNT. Astrocytic
activation was delayed compared to that of microglia, being more profound at 7 and 14 days than at 3 days after IAMNT. Both
tactile hypersensitivity and glial activation appeared to gradually reduce and then return to the basal level by 60 days after IAMNT.
There was no significant loss of trigeminal ganglion neurons by 28 days following IAMNT, suggesting that degenerative changes in
central terminals of primary afferents might not contribute to glial activation. Minocycline, an inhibitor of microglial activation,
reduced microglial activation, inhibited p38 mitogen-activated protein kinase (MAPK) activation in microglia, and significantly
attenuated the development of pain hypersensitivity in this model. These results suggest that glial activation in MDH plays an
important role in the development of neuropathic pain and activation of p38 MAPK in hyperactive microglia contributes to pain
hypersensitivity in TAMNT model.
© 2006 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Glial cells (microglia and astrocytes) in the central
nervous system (CNS) respond to the peripheral
insults. As determined by upregulation of glial cell
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markers, both microglia and astrocytes are activated
following peripheral nerve injuries such as nerve tran-
section, ligation, and crush (Garrison et al., 1991;
Kalla et al., 2001), and chemical insult (Fu et al.,
1999). The glial cell activation could simply reflect
the pathological responses elicited by peripheral nerve
injury, as with glial cell responses in CNS induced
by insults to brain or spinal cord (Kreutzberg, 1996;
Aschner, 1998). However, given that glial activation
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following peripheral sensory nerve injury is directly
correlated with pain facilitation such as hyperalgesia
and allodynia observed in these animals (Sweitzer
et al., 1999; DeLeo and Winkelstein, 2002; Winkelstein
and DeLeo, 2002), glial cell activation might play a
more active physiological role, rather than simply
reflecting these pathologic conditions (Zimmermann,
2001). Indeed, a wealth of studies demonstrate the
positive correlation between spinal glial activation
and the development or maintenance of pain hypersen-
sitivity (Watkins and Maier, 2003; Tsuda et al., 2005).
Accordingly, the current lack of appropriate treatment
of neuropathic pain might be attributable to the limited
understanding on the role of glial cells in pathological
pain (Watkins and Maier, 2002, 2003).

Based on these findings, the detailed mechanisms by
which the interaction between glial cells and spinal neu-
rons eventually induce pathological pain, which are
clearly different from those of acute nociceptive pain
processing, are now under extensive investigation (Burs-
ztajn et al., 2004; Ohtori et al., 2004; Tsuda et al.,
2004). Although clinical studies indicate that neuro-
pathic pain is more frequently observed in the trigemi-
nal system than at the spinal level (Sweet, 1984), most
current studies use the injury models of spinal sensory
nerve rather than those of orofacial regions (Winkel-
stein and DeLeo, 2002; Inoue et al., 2003). Several
animal models with injuries to the infraorbital nerve
or inferior alveolar nerve (Vos et al., 1994; Nomura
et al., 2002; Yonehara et al., 2003) have been demon-
strated to exhibit mechanical or thermal hypersensitivi-
ty. However, the involvement of glial cell activation in
the pain hypersensitivity in these animals is still yet to
be determined.

In the present study, we set out to clarify the role of
glial cell activation in the trigeminal neuropathic pain.
For this purpose, we investigated whether the tactile
hypersensitivity would correlate with the activation of
glial cells in a trigeminal neuropathic pain model, which
was created via the transection of both inferior alveolar
nerve (IAN)? and mental nerve (MN). The activation of
microglia and astrocytes was immunohistochemically
determined by OX-42 and glial fibrillary acidic protein
(GFAP) antiserum, respectively, after identifying the
distribution of medullary dorsal horn (MDH) neurons
activated by inferior alveolar nerve and mental nerve
transection with c-Fos immunostaining. Finally, we
examined mechanisms by which microglial activation
contributes to the development of pain hypersensitivity
in this model.

2 Abbreviations used: GFAP, glial fibrillary acidic protein; IAN,
inferior alveolar nerve; IAMNT, inferior alveolar and mental nerve
transection; IR, immunoreactivity; MDH, medullary dorsal horn;
MN, mental nerve; MAPK, mitogen-activated protein kinase; TG,
trigeminal ganglion.

2. Materials and methods
2.1. Animals

All surgical and experimental procedures were reviewed
and approved by the Institutional Animal Care and Use Com-
mittee (IACUC) in College of Dentistry, Seoul National Uni-
versity. Animal treatments were performed according to the
Guidelines of the International Association for the Study of
Pain (Zimmermann, 1983). Male Sprague-Dawley (SD) rats
(approximately weighing 180-200 g at the time of surgery)
were used. Rats were housed at a temperature of 23 +2 °C
with a 12-h light-dark cycle (light on 08:00 to 20:00), and
fed food and water ad libitum. The animals were allowed to
habituate to the housing facilities for 1 week before the exper-
iments, and efforts were made to limit distress to the animals.

2.2. Surgery and experimental groups

Rats were randomly assigned to one of four groups; (1) rats
with inferior alveolar nerve and mental nerve transection
(IAMNT) (n =80), (2) sham-operated rats (n = 35), and (3)
normal control rats (n = 20), and (4) minocycline-treated rats
(n=133). Rats were anesthetized with sodium pentobarbital
(30 mg/kg, i.p.). For IAMNT rats, the facial skin over the left
masseteric muscle was cut and the mandibular bone was
exposed, the bone surface over the IAN/MN (two distal
branches of mandibular nerve) was carefully removed, and
both the IAN and MN were exposed. The left IAN and MN
were transectioned where the nerve trunk lies just beneath
the coronoid process, and cutaneous tissues were then sutured.
For sham-operated rats, exposure of the left IAN/MN was
performed without nerve transection. The contralateral sides
were left intact in all rats. Minocycline (15 or 30 mg/kg, Sig-
ma-Aldrich, USA) or saline vehicle was injected intraperito-
nially (i.p.) 1 h before IAMNT and continued daily to day
14 after IAMNT. No post-operative treatment such as antibi-
otics was given to the operated rats.

2.3. Behavioral experiments

Behavioral tests were carried out 2 days before surgery, and
1, 3,7, 14, 28, and 60 days after surgery under constant condi-
tion (temperature, 23 4+ 2 °C; humidity, 55 4+ 5%) between 9:00
am and 12:00 am in a quiet room. A series of von Frey fila-
ments (Semmes-Weinstein Monofilaments, North Coast Med-
ical, Inc., USA) were used to determine pain hypersensitivity
to mechanical stimulation (Yonehara et al., 2003). To observe
behavioral response to the mechanical stimulation, individual
rat was placed in a plastic cage (25 x 40 x 18 cm) without bed-
ding. After the rats were accommodated for 30 min, von Frey
filaments (bending force; 0.008, 0.02, 0.04, 0.07, 0.16, 0.4, 0.6,
1.0, 1.4, 2.0, 4.0, and 6.0 g) were delivered from above to the
center of whisker pad. Each von Frey filament was applied five
times to the same region at approximately 5 s intervals. Head
withdrawal, touching or scratching the facial regions upon
von Frey filament applications was considered as positive pain
response. A recovery (5 min) was allowed to rats after each
threshold was obtained. The response threshold was defined
as the lowest force of the filaments that produced at least three
positive responses in five trials. We excluded the rats that either
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responded to 0.008 and 0.02 g (>3 out of 5 trials) or did not
respond to 6.0 g (>3 out of 5 trials). The threshold for escape
behavior in response to mechanical stimulation was measured
in the three groups of rats (saline-, minocycline-treated IAM-
NT rats, and sham-operated rats).

2.4. Immunohistochemical staining in the medullary dorsal horn
(MDH)

Rats were perfused with physiological saline and sequen-
tially with fresh 4% paraformaldehyde in 0.1 M phosphate
buffer (pH 7.4) at 2h and 1, 3, 7, 14, 28, and 60 days after
IAMNT. The caudal medulla and upper cervical spinal cord
were removed as one block and were immersed in the same
fixative at 4°C overnight and then transferred to 30%
sucrose in PBS for 48 h. Serial frozen transverse sections
(30 um thickness) were made through the caudal medulla
and first segment of the spinal cord (Cl), collected in cold
PBS. All immunohistochemical procedures were performed
at room temperature (RT) unless otherwise stated. Free-
floating sections were incubated for 30 min with 3% H,O,
in 0.1 M PBS (pH 7.4) to remove endogenous peroxidase
activity, washed in PBS, and then kept by blocking solution
containing 5% normal goat/or horse serum, 2% BSA, 2%
FBS, and 0.1% Triton X-100 for 2h at RT. The sections
were incubated overnight at 4 °C with either rabbit anti-
c-Fos (1:10,000; Oncogene, USA), mouse anti-OX-42
(CDIlb/c) (1:2,000; Cedarlane, Canada), or rabbit anti-
GFAP antibody (1:10,000; DAKO, Denmark), and washed
in PBS. Sections were then incubated with biotinylated sec-
ondary antibodies (Vector Laboratories, USA), respectively,
at a dilution of 1:200 for 1h, followed by incubation with
avidin and biotinylated HRP complex (Vector Laboratories,
USA) at 1:200 for 1 h and visualized with 3,3’-diaminobenzi-
dine (D-5637; Sigma, USA). The immunostained sections
were mounted onto gelatin-subbed glass slide, dehydrated
through a series of ethanol, cleared, and coverslipped with
permount. For double immunofluorescent staining, floating
sections were incubated overnight at 4 °C with a mixture
of rabbit anti-phospho p38 MAPK antibody (1:500; Cell
signaling, USA) and mouse anti-OX-42 antibody (1:1000),
mouse anti-NeuN antibody (1:2000; Chemicon, USA) or
mouse anti-GFAP antibody (1:50; Chemicon, USA). The
sections were then incubated for 1h at RT with a mixture
of FITC- and Cy3-conjugated rabbit/mouse IgG antibody
(1:200; Jackson ImmunoResearch, USA). The sections were
mounted with VectaShield (Vector Laboratories, USA).

2.5. Retrograde labeling and counting the number of trigeminal
ganglion (TG) neurons

Trigeminal ganglion (TG) neurons were retrograde-
labeled with a fluorescent dye, Dil (Molecular Probes, OR,
USA). Briefly, left TAN and MN were transected as
described above. At 2 days before the designated time points
(3, 7, 14, 28, and 60 days after IAMNT), Dil was placed
onto the proximal end of the transected TAN/MN nerve
(n = 5/group). For control rats, application of the Dil was
performed just following IAN/MN nerve transection. A
parafilm was placed on Dil to prevent spread of leaked trac-
er. The skin was then sutured and the rats were allowed to

recover. At the designated time points, rats were perfused
and TG was processed as described above. Serial frozen lon-
gitudinal sections of TG (20 pm thickness) were mounted on
gelatin-coated slides. All Dil-labeled TG neurons were count-
ed from one section per every 100 um thickness interval
under fluorescent microscope.

2.6. Data analysis

Trigeminal spinal nucleus complex was located with cre-
syl violet staining (see supplementary data). The middle por-
tion of trigeminal spinal nucleus interpolaris (Vi)-trigeminal
spinal nucleus caudalis (Vc) border, which corresponds to
the level of obex, was defined as the rostro-caudal zero (0)
point. Upper and lower positions were presented as + or
—, respectively, in the range from +1.2 to —6.0 mm. Like
spinal dorsal horn, this nucleus has a laminar structure
(therefore called as medullary dorsal horn, MDH), and the
regions between the borders of laminae roughly correspond
to the location of neurons with different functions. Thus,
based on cytoarchitectural and functional criteria, the
MDH was divided into two regions as follows: (1) the
superficial layer, including laminae I and II; (2) the deep
laminae, including laminae III and IV. The images of
stained sections were captured using image system (KAPPA
ImageBase DX 30, KAPPA opto-electronic Inc., USA)
under light microscope. The boundaries between these two
regions were drawn according to previously described crite-
ria (Strassman and Vos, 1993) (Fig. 2B). The expression of
c-Fos was quantified by counting c-Fos immunoreactive
(c-Fos-IR) cells in the trigeminal spinal nucleus caudalis
(Vc). The number of c-Fos positive cells from four sections
was analyzed every 1.2 mm from the trigeminal spinal nucle-
us interpolaris (Vi) and caudalis (Vc) border to CI region at
both sides of the MDH. The total number of c-Fos positive
cells from four rats in each group was averaged and then
analyzed.

Evaluation of microglial and astrocytic activation was
scored blinded to experimental conditions using captured
images. At least four sections at each level were used to deter-
mine scoring for each animal. The specific morphological
changes of the OX-42 and GFAP positive cells were scored
as follows: no response (—), mild response (+), moderate
response (++), and intense response (++-+). The criteria for
each score have been described in detail previously (Colburn
et al., 1997). In brief, “activation response” scoring is based
on the observed cell morphology, local cell density, and inten-
sity of OX-42 and GFAP immunoreactivity.

The double-stained images for p-p38 or OX-42 were ana-
lyzed using confocal laser scanning microscopy (LSM 5 PAS-
CAL; Carl Zeiss, Germany). To quantify the changes in
immunofluorescence intensity of the p-p38 or OX-42 expres-
sion in the MDH after TAMNT, we measured the average pixel
intensity per 0.5 mm? area within medial portion of the super-
ficial and deep laminae of the MDH of four sections at the
level of 2.4 mm caudal to obex 3 days after IAMNT.

To minimize variability in staining, the tissue from all
groups was processed following the same immunohistochemi-
cal condition. Extreme care was taken to analyze the same
regions of the Vc-C1 to minimize differences due to anatomical
variation.



222 Z.G. Piao et al. | Pain 121 (2006) 219-231

2.7. Statistics

All results are expressed as mean + SEM. Student’s z-test
was used to verify the change in the number of c-Fos-immuno-
reactive cells and Dil-labeled TG neurons. For multiple com-
parison, the statistical significance of the difference was
assessed with an analysis of variance (ANOVA) followed by
post hoc Newman—Keuls test. Differences were considered to
be significant when P value was less than 0.05.

3. Results
3.1. Behavioral response to IAMNT

Two days before IAMNT, the withdrawal threshold to
mechanical stimulation of the whisker pad was measured
to monitor the control threshold. The withdrawal thresh-
old was indicated as the relative value to the preoperative
withdrawal threshold (sham-contra, 0.7240.03 g;
sham-ipsi, 0.69 + 0.24 g; IAMNT-contra, 0.77 + 0.09 g;
TAMNT-ipsi, 0.78 4+ 0.20 g). Fig. 1 illustrates the behav-
ioral response upon the mechanical stimulation to the
whisker pad in IAMNT rats and sham-operated rats.
The withdrawal threshold upon the mechanical
stimulation of the whisker pad to the ipsilateral side to
IAMNT was significantly decreased from 1 day after sur-
gery (1 day, 0.35 +0.09 g; 3 days, 0.09 4+ 0.02 g; 7 days,
0.11 £0.04 g; 14 days, 0.08 +0.02 g). The threshold
decrease lasted through 28 days (0.15 £ 0.04 g) following
IAMNT and returned to the basal level by 60 days
(0.28 +0.20 g). We did not observe significant differences
in withdrawal threshold on the contralateral side of TAM-
NT rats, or the ipsilateral or the contralateral side of
sham-operated rats (Fig. 1). These data indicate that
IAMNT provides a valid neuropathic pain model in
orofacial area. Therefore, we set out further experiments
to determine the role of MDH glia in our trigeminal
neuropathic pain model.

—&— Sham-contra, n=8
L4r —A— IAMNT-contra, n=9
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3.2. c-Fos response to IAMNT

Because c-Fos is a neuroactive marker that can be used
to analyze nociceptive pathways (Terayama et al., 1997,
Nomura et al., 2002), we located the areas in MDH acti-
vated by JAMNT. In three animal groups assigned in
our study, a small number of c-Fos positive neurons were
widely found not only in trigeminal spinal sensory nuclei
complex but also in several other brainstem areas such as
the reticular nucleus (RN) and solitary nucleus (data not
shown). We only analyzed c-Fos positive cells in MDH
where primary nociceptive afferents from mandibular
nerve terminate, since c-Fos expression in areas other
than MDH was not likely to be directly related with the
tactile hypersensitivity following IAMNT. As illustrated
in Fig. 2, ITAMNT increased c-Fos expression in ipsilateral
MDH (Figs. 2B and E). However, only a modest number
of c-Fos positive neurons was found on either side of
sham-operated (Fig. 2C), or the contralateral side of
TAMNT, rats (Figs. 2A and D). IAMNT-induced c-Fos
expression was predominant in the superficial laminae
(I-IT) and deep laminae (III-IV) of the ipsilateral
MDH, and mainly restricted to the dorsomedial one-third
of MDH (Figs. 2B and E). In all control, sham-operated,
and experimental groups, c-Fos positive neurons were
only rarely found in both the ipsilateral and contralateral
sides beyond +1.2 mm.

When we examined the temporal changes in c-Fos
expression from 2 h to 60 days in the both ipsilateral
and contralateral sides from IAMNT rats, significant
temporal changes in c-Fos expression in superficial
laminae were found on the ipsilateral side, whereas the
c-Fos expression levels in the superficial laminae were
similar between the contralateral MDH of the IAMNT
rats and both sides of the sham-operated rats (data not
shown). The representative rostro-caudal (from +1.2 to
—6.0 mm) distribution of c-Fos positive cells at 1, 7 and

—— Sham-ipsi, n=8
—@— [AMNT-ipsi, n=9

Pre 1 day 3 days

7days 14 days 28days 60 days

Days after JAMN transection

Fig. 1. Changes in the escape thresholds to noxious mechanical stimulation in the whisker pad area of the sham-operated and IAMNT rats. Sham-
contra/ipsi, contralateral/ipsilateral side to sham-operated rats; IAMNT-contra/ipsi; contralateral/ipsilateral side to the IAMNT rats. (Newman—
Keuls test; ***p <0.05; **# 5 <0.01; *, saline-ipsi vs. pre-operative (Pre); #, saline-ipsi vs. saline-contra; +, saline-ipsi vs. sham-ipsi or contra).
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Fig. 2. The representative photograph showing c-Fos-immunoreactivity (IR) of medullary dorsal horn (MDH) (at 2.4 mm caudal from obex) at 2 h
after transection of both inferior alveolar nerve and mental nerve (IAMNT). c-Fos positive cells were mainly found in the dorsomedial one-third in
the superficial laminae (I-1I) of the ipsilateral MDH. (A) Contralateral side to IAMNT, (B) ipsilateral side to IAMNT. (C) ipsilateral side to sham
operation. (D and E) High magnification of the open rectangles in (A) and (B). The scale bar in (B) and (E) indicates 500 and 100 um, respectively.

28 days is shown in Fig. 3. Following IAMNT, the c-Fos
expression peaked at 2 h and 1 day (Figs. 3A and B),
and a significant number of c-Fos positive cells were still
detected in the superficial laminae on the ipsilateral side
at 3 days (data not shown), 7 days (Figs. 3C and D), and
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14 days (data not shown). However, the total number of
c-Fos positive cells then gradually decreased by 28 days
(Figs. 3E and F) and returned to the basal level at 60
days after IAMNT. The differences in c-Fos expression
between the ipsilateral and contralateral side were also
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Fig. 3. Rostro-caudal distribution of c-Fos-IR in the superficial laminae (I-I1) and deep laminae (ITI-1V) of the ipsilateral MDH at 1 day (A and B),
7 days (C and D), and 28 days (E and F) following IAMNT. (n = 4/group). (A, C, and E), I-1I; (B, D, and F), III-1V. (Student’s ¢-test; *p < 0.05;
**p <0.01; ipsilateral of IAMNT rats vs. contralateral of IAMNT rats).
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significant at 2 h, 1, 7 and 14 days, and even 28 days,
although the difference was much greater at the earlier
time points. However, due to the gradual decrease in
the number of c-Fos expression, no significant difference
in the number of c-Fos positive cells was observed
between the ipsilateral and contralateral side at 60 days
(data not shown). The pattern of temporal changes in
the number of c-Fos positive cells in the deep laminae
(ITI-1V) after IAMNT was similar to that of the super-
ficial laminae, but with a smaller number of c-Fos posi-
tive cells (Figs. 3B, D, and F).

In summary, the largest number of c-Fos IR cells was
expressed in the superficial laminae of the ipsilateral side
of the Vc-Cl1 (between obex and —6.0 mm) at 2 h and
1 day after IAMNT.

3.3. Microglial response to IAMNT

Activated microglial cells in MDH were visualized by
anti-OX-42 (CDIIb/c) immunostaining. In both the con-
tralateral side of IAMNT rats and the ipsilateral side of
the sham-operated rats, OX-42 immunoreactivity
(OX-42-IR) was uniformly distributed, but modest in
intensity throughout MDH. The stained resident
microglia had long finely branched processes that
extended in all directions from the perinuclear cyto-
plasm (Figs. 4A and B). However, in the ipsilateral
side, microglia had profound OX-42-IR after IAMNT
and appeared to be in an activated state with enlarged
cell bodies, and much shorter and thicker processes
(Figs. 4D-H). OX-42-IR in ipsilateral MDH at 2h
after IAMNT (Fig. 4C) was comparable to those of
contralateral side of IAMNT rats and the ipsilateral side
of the sham-operated rats (Figs. 4A and B). However,
the activated microglial cells were slightly increased

-2.4mm B =2 e i .
Contra Ipsi
Ul O

.Contra

throughout the superficial laminae of the ipsilateral
side at 1 day after IAMNT (Fig. 4D, Table 1). The
0X-42-IR was markedly increased at 3 days and main-
tained up to 7 days (Figs. 4E and F, Table 1). However,
OX-42-IR was somewhat reduced at 14 and 28 days
(Figs. 4G and H, Table 1), and became similar to that
in the contralateral side by 60 days after IAMNT
(Fig. 41 and Table 1). In contrast to that in the superfi-
cial laminae, OX-42-IR was mildly expressed in the deep
laminae of the ipsilateral side after IAMNT (data not
shown).

The spatio-temporal changes in OX-42 IR are giv-
en in Table 1. Interestingly, the microglial activation
was found to occur approximately at the same area
showing c-Fos upregulation (Fig. 2). Like c-Fos
expression, the most extensive expression of activated
microglia after IJAMNT was observed in the medial
portion of superficial laminae between 0 and
—6.0 mm, and microglial activation was not found
beyond +1.2mm in either the ipsilateral or the
contralateral side of all normal, sham-operated, or
TAMNT groups.

3.4. Astrocytic response to IAMNT

Activated astrocytes were visualized with anti-
GFAP immunostaining. GFAP immunoreactivity
(GFAP-IR) in MDH was homogeneous, but modest
throughout the superficial and deep laminae of ipsilat-
eral side of the sham-operated rats and contralateral
side of TAMNT rats, suggesting that astrocytes in
these areas appeared to be in a resting state (Figs.
5A and B). Astrocytic activation was very mild beyond
+1.2 mm in either the ipsilateral or contralateral sides
of all normal, sham-operated, or experimental groups.
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Fig. 4. OX-42 IR in the superficial laminae of the medullary dorsal horn following IAMNT at the level of 2.4 mm caudal to obex. (A-I) The
magnified image of the inset indicated in the left top panel. (A) Contralateral side at 3 days after IAMNT. (B) Ipsilateral side at 3 days after sham
operation. (C-I) Ipsilateral side at 2 h, 1 day, 3 days, 7 days, 14 days, 28 days, and 60 days after IAMNT, respectively. OX-42 IR was intense at 3 and
7 days with many hypertrophic microglia (E and F), and moderate at 14 days after IAMNT (G), whereas mild with several less ramified microglia at
1 day and 28 days after IAMNT (D and H). OX-42 IR at 2 h and 60 days after IAMNT (C and I) was very mild, which was comparable to those in
the contralateral side (A) and the sham-ipsilateral side (B). Scale bar = 100 um.
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Table 1
Glial responses following inferior alveolar nerve and mental nerve (IAN/MN) transection
Distance (mm) OX-42 GFAP
2h 1day 3days 7days 14 days 28 days 60 days 2h 1 day 3 days 7 days 14 days 28 days 60 days
TAMNT (ipsi) +1.2 - - + - - - - - - + + + - -
Obex(0) - - ++ o+ + - - - - + + + _ _
-1.2 -+ +++ 4+ + + - - - ++ +++ 4+ + -
24 -+ +++ A+ A+t + - -+ +++ A+ A+ + —
-3.6 - - ++ + + + - - - ++ ++ + + -
—4.8 T = o e - -+ A+ -
—6.0 -+ + - - - +  H+ H+ + -

+1.2to —6.0

IAMNT (contra)
+1.2 to —6.0

Sham (ipsi)

Glial activation response scores were based on cell morphology, cell density, and intensity of immunoreactivity to OX-42 and GFAP.
Scores: not response (—), mild response (+), moderate response (++), and intense response (+++).

However, the ipsilateral side between 0 and —6.0 mm
had strong GFAP-IR following IAMNT, and these cells
had hypertrophic cell bodies and processes (Figs. SD-
H). Similar to the microglial responses, astrocytes
appeared normal at 2 h and normal to mild at 1 day
following the IAMNT (Figs. 5C and D, Table 1). How-
ever, moderate to intense astrocytic responses were
discernible in TAMNT animals at 3, 7, and 14 days
(Figs. SE-G, Table 1), and mild to moderate astrocytic
response was observed at 28 days post-IAMNT
(Fig. SH, Table 1). At 60 days post-TAMNT, astrocytes
were similar to those of the contralateral MDH (Fig. 51,
Table 1).

In summary, the largest number of astrocytic acti-
vation was observed in the medial portion of the
superficial laminae of the ipsilateral side where we
found the upregulation of c-Fos and microglial activa-
tion after IAMNT. When the temporal changes in
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activation patterns of astrocyte were compared with
those of microglia, the activation of astrocytes
appeared to be delayed compared to microglia (Figs.
4 and 5, Table 1).

3.5. Changes in the number of TG neurons following
TIAMNT

It is possible that c-Fos upregulation and the activa-
tion of glial cells in MDH can result from degenerative
changes in central terminals caused by trigeminal gangli-
on (TG) neuronal death in response to IAMNT. There-
fore, we tested whether IAMNT would result in the loss
of TG neurons. When the number of Dil-labeled TG
neurons whose proximal primary afferents originate
from IAN and MN was monitored using retrograde
labeling technique, there were no significant changes in
the number of neurons by 28 days after IAMNT
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Fig. 5. GFAP-IR in the superficial laminae of the medullary dorsal horn following IAMNT at the level of 2.4 mm caudal to obex. (A-I) The
magnified image of the inset indicated in left top panel. (A) Contralateral side at 7 days after IAMNT. (B) Ipsilateral side at 7 days after sham
operation. (C-I) Ipsilateral side at 2 h, 1 day, 3 days, 7 days, 14 days, 28 days, and 60 days after IAMNT, respectively. GFAP-IR was very mild in the
contralateral side, sham-ipsilateral side, and ipsilateral side at 2 h and 60 days after IAMNT (A-C, I), and modestly mild at 1 day after IAMNT (D).
However, GFAP-IR was intense at 3, 7, and 14 days with many hypertrophic astrocytes (E-G) and moderate at 28 days after IAMNT (H). Scale

bar = 100 um.



226 Z.G. Piao et al. | Pain 121 (2006) 219-231

—
W
=
S

Number of Dil-labeled
TG neurons

1000
500
0 .

Cont 3d

7d 14d 28d 60d

Days after [AMNT

Fig. 6. Changes in the number of trigeminal ganglion (TG) neurons following IAMNT. (A) The photograph of trigeminal ganglion stained with
cresyl violet. V, trigeminal nerve. VI, ophthalmic nerve. V2, maxillary nerve. V3, mandibular nerve. Rectangle indicates the areas containing Dil-
labeled TG neurons which originate from IAN and MN. (B-F) Images obtained from an area inside the rectangle in A under fluorescent microscope
after Dil application onto the proximal terminals to IAN and MN at 2 days before the post-surgery time points indicated in each panel. (G) Summary
of the number of Dil-labeled TG neurons after IAMNT. The number of TG neurons did not change by 28 days after IAMNT (Student’s r-test,

*p <0.05; vs. control rats).

(Fig. 6). The number of TG neurons was decreased only
at 60 days after IAMNT. This result strongly suggests
that the activation of glial cells following TAMNT is
not due to the degenerative changes in central terminals
of primary afferents caused by TG neuronal death.

3.6. Effect of the minocycline on IAMNT-induced pain
response

We confirmed in our orofacial pain model that glial
activation by IAMNT correlated with the development
and maintenance of pain hypersensitivity (Figs. 1, 4,
and 5). We therefore investigated whether IAMNT-in-
duced neuropathic pain could be decreased by the inhi-
bition of microglial activation in MDH. We used
minocycline as an inhibitor of microglial activation.
The dosage of minocycline (15 or 30 mg/kg) was deter-
mined based on the previous reports which demonstrat-
ed therapeutic effects of minocycline (Yrjanheikki et al.,
1998; Wu et al., 2002; Zhu et al., 2002; Raghavendra
et al., 2003; Zhang et al., 2003.) As shown in Fig. 7, min-
ocycline treatment significantly decreased the pain
hypersensitivity following IAMNT in a dose-dependent

manner. At 1 day after IAMNT, the relative escape
thresholds in the ipsilateral side of minocycline
(30 mg/kg)-treated rats increased to 76% of pre-opera-
tive level, compared to those (39% of pre-operative level)
of saline-treated rats. The enhancement of escape
thresholds in minocycline-treated rats was still signifi-
cant by 28 days following TAMNT, but the threshold
returned to the pre-operative level at 60 days after
IAMNT. 15 mg/kg of minocycline showed a similar
time course of escape thresholds, but with lesser effect
than 30 mg/kg minocycline. When we tested the relative
escape thresholds in the contralateral side of minocy-
cline-treated rats, the escape thresholds to mechanical
stimulation were approximately similar to those of
saline-treated rats.

3.7. Attenuation of IAMNT-induced pain hypersensitivity
by minocycline correlates with inhibition of MDH glial
p38 MAPK

Minocycline, an inhibitor of microglial activation,
produced its neuroprotective effects by inhibiting microg-
lial p38 mitogen-activated protein kinase (MAPK)
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Fig. 7. Effects of minocycline (15 or 30 mg/kg) on pain hypersensitivity in response to the mechanical stimulation in the whisker pad area after
IAMNT. Sham-ipsi, ipsilateral side to sham-operated rats; IAMNT-ipsi, ipsilateral side to saline-treated rats; MC-ipsi, ipsilateral side to
minocycline-treated rats. The decrease of escape threshold to the application of von Frey filament by IAMNT was significantly prevented in the
minocycline-treated rats at post- 1-28 days after IAMNT (Newman—Keuls test; “*p < 0.05; **##5 < 0.01; *, saline-ipsi vs. pre-operative (Pre); #,

MC-ipsi vs. saline-ipsi; +, saline-ipsi vs. sham-ipsi).

phosphorylation in a model of Parkinson’s disease (Du
et al., 2001) and in neurons exposed to glutamate or
NMDA (Tikka and Koistinaho, 2001; Tikka et al.,
2001). We examined whether p38 MAPK pathways
would mediate the inhibitory effect of minocycline on pain
hypersensitivity in IJAMNT rats using immunofluores-
cence analysis (Fig. 8). We found that a phosphorylated
form of p38 MAPK (p-p38 MAPK) was increased in
the MDH ipsilateral to nerve injury (Fig. 8D). Interesting-
ly, the p-p38 MAPK immunofluorescence in the dorsal
horn was found exclusively in activated microglia (Figs.
8D-F), but not in neurons (Figs. 8J-L) or astrocytes
(Figs. 8M-0). The level of p-p38 MAPK immunofluores-
cence in individual microglial cells was much higher in the
ipsilateral dorsal horn compared to the contralateral side
(Figs. 8A—F). No immunoreactivity was detected when
the primary antibody was omitted. When examined at 3
days, the time point where microglia were maximally acti-
vated by IAMNT (Fig. 4) and minocycline produced the
maximal inhibitory effects on pain hypersensitivity
(Fig. 7), phosphorylation of p38 MAPK and microglial
activation were decreased by minocycline (30 mg/kg,
i.p.) (Figs. 8G-I).

4. Discussion

The aim of this study was to investigate whether glial
cell activation in MDH would contribute to trigeminal
neuropathic pain. Following transection of the inferior
alveolar nerve and the mental nerve, rats showed tactile
hypersensitivity on the whisker pad area, as manifested
by the decrease of tactile threshold in response to the
application of von Frey filaments. In these IAMNT rats,
we found early enhancement of c-Fos immunoreactivity,
followed by microglial and astrocytic activation in

MDH. The glial activation was correlated with the devel-
opment and maintenance of tactile hypersensitivity
following TAMNT. Minocycline reduced microglial
activation, inhibited p38 MAPK activation in microglia,
and significantly attenuated the development of pain
hypersensitivity in our trigeminal neuropathic pain model.

4.1. Effect of IAMNT on c-Fos protein expression

The expression of Fos protein has been widely used as a
marker for neuronal activation in CNS including somato-
sensory system (Curran and Morgan, 1995). Indeed, it has
been demonstrated that c-Fos-IR is enhanced in MDH
neurons, in response to peripheral insults such as injury
to trigeminal nerve (Terayama et al., 1997; Nomura
et al., 2002), noxious stimulation (Strassman et al.,
1993) or orofacial inflammation (Gojyo et al., 2002). In
agreement with a previous report (Nomura et al., 2002),
the increase in IAMNT-induced c-Fos-IR was mainly
observed in the superficial laminae (I-1I) of MDH where
the primary nociceptive afferents from mandibular nerve
terminate. However, unlike the report by Nomura et al.
(2002), in which only inferior alveolar nerve was transect-
ed, the enhancement of c-Fos expression following TAM-
NT was clearly observed even without mechanical
stimulation. This might be due to the difference in the
severity of peripheral injury employed in our study. IAM-
NT might result in excessive release of neurotransmitters
from primary afferents (Watkins and Maier, 2003) and
degenerative or regenerative changes in the central termi-
nals of inferior alveolar nerve and mental nerve (Cameron
et al., 1997). As expected, the c-Fos expression in MDH
neurons was an immediate early response, peaking at
2 h and 1 day after IAMNT, although the enhancement
of c-Fos expression lasted until 14 days after IAMNT
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Fig. 8. Phospho-p38 (p-p38) MAPK and OX-42 IR in the medial portion of the superficial laminae of the MDH at 3 days after IAMNT at the level
of 2.4 mm caudal to obex. While p-p38 MAPK-IR and OX-42 IR were increased in the MDH following nerve injury, the immunointensities of p-p38
MAPK and OX-42 were reduced by minocycline treatment (30 mg/kg, i.p.). (A, D, and G, p-p38 MAPK, green color; B, E, H, OX-42, red color).
The p-p38 MAPK immunofluorescence was found exclusively in activated microglia (C, F, I; merged image), but not in neurons (J, p-p38 MAPK; K,
NeuN; L, merged image) or astrocytes (M, p-p38 MAPK; N, GFAP; O, merged image). (A—C) Contralateral side to saline-treated rats, (D-F)
ipsilateral side to saline-treated rats, and (G-I) ipsilateral side to minocycline-treated rats. MDH, medullary dorsal horn; CC, central canal. Insets of
right upper corner are high magnification images. Bar = 50 um. (P) The p-p38 and OX-42 IR intensity was measured as the average pixel intensity
per 0.5 mm? area within medial portion of the MDH at the level of 2.4 mm caudal to obex at 3 days after IAMNT. The p-p38 and OX-42 IR intensity
was significantly decreased by minocycline (Newman-Keuls test; *p < 0.01; vs. ipsilateral of sham-treated rats/contralateral of saline-treated rats;
#P <0.01; vs. ipsilateral of saline-treated rats).
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(Fig. 3). Because c-Fos plays a key role in regulation of
transcription of several genes including tumor necrosis
factor (TNF)-a which is believed to activate glial cells
(Schafers et al., 2003a,b; Ohtori et al., 2004), the conse-
quence of c-Fos induction in MDH neurons might be
important for the sequential activation of glial cells. In
line with this possibility, a recent report demonstrated
that sequential activation of microglia and astrocytes fol-
lows early transient activation of neurons in spinal nerve
ligation model (Zhuang et al., 2005). The degenerative
changes in the central terminals of primary afferents
caused by neuronal death from IAMNT seem not to con-
tribute to changes in c-Fos expression, as we found that
the number of TG neurons did not change after IAMNT
by 28 days (Fig. 6).

4.2. Effect of IAMNT on glial activation in MDH

Previous studies reported that microglia and astrocytes
are activated by peripheral insults such as peripheral
nerve injury (Garrison et al., 1991; Kalla et al., 2001)
and peripheral inflammation (Fu et al., 1999), and the
spinal glial activation might be a causal factor in the pain
hypersensitivity at the spinal level (Watkins et al., 2001).
Consistent with these studies, glial activation was also
induced in our orofacial neuropathic pain model. The
locations showing the greatest number of activated glia
corresponded approximately to the area of MDH where
we observed c-Fos upregulation. Therefore, it seems
reasonable to speculate that substances released from
nociceptive afferents and/or MDH neurons, or inflamma-
tory response due to the degenerative changes of central
terminals, in response to the IAMNT, might play impor-
tant roles in the activation of glial cells. However, little
was known yet as to which is the major factor for glial acti-
vation and what substances activate glial cells. However,
since we found that the loss of TG neurons was not signif-
icant by 28 day following IAMNT (Fig. 6), it is likely that
the glial activation is due to the substances released from
primary afferents and/or MDH neurons rather than the
degenerative changes of central terminals.

Recently, ATP and fractalkine were suggested as
plausible candidates which activate glial cells (Tsuda
et al., 2003; Wieseler-Frank et al., 2004). Tsuda et al.
(2003) have demonstrated P2X4 upregulation by the
activated microglia following spinal nerve injury and
the inhibition of neuropathic pain by P2X antagonist,
suggesting that extracellular ATP might be one of the
critical mediators for the development of neuropathic
pain. We also found significant increase in the produc-
tion of proinflammatory cytokines by ATP in in vitro
study using spinal glial cultures (unpublished
observation). Fractalkine from primary afferents is
another candidate molecule (Wieseler-Frank et al.,
2004). Fractalkine, which is known to mediate neuron-
to-glia interaction in the CNS, has been reported to

induce allodynia and hyperalgesia through CX3CRI1,
the only known fractalkine receptor. Endogenous toll-
like receptor ligands such as heat-shock proteins also
may contribute to glial activation (Tanga et al., 2005).
It was interesting to note that temporal changes in the
activation of microglia are different from those of astro-
cytes. As indicated in Table 1, microglia was likely to be
activated and return to the basal level earlier than astro-
cytes. In the CNS, microglia are the initial responders to
insults such as trauma, ischemia, tumors, and inflamma-
tion (Kreutzberg, 1996). Furthermore, as a consequence
of peripheral insults such as facial nerve injury, sciatic
nerve injury, and inflammation, and microglia were
reported to become rapidly activated, which is followed
by delayed astrocytic activation (Sweitzer et al., 1999).
Therefore, it is likely that microglia initially activated by
IAMNT also lead to the activation of astrocytes and they
then communicate with each other to activate back and
forth via autocrine or paracrine actions. Consistent with
this is our finding that the development of neuropathic
pain was attenuated by minocycline, an inhibitor of
microglia (Fig. 7). However, it is possible that upon exces-
sive neuronal stimulation astrocytes release a microglial
activating factor (e.g., ATP) which initiates the paracrine
cascade of mutual activation (Bianco et al., 2005).

4.3. Physiological implication

It is becoming clear that glial activation following
sensory nerve injury is a critical factor for the exaggerat-
ed pain response (Watkins and Maier, 2002, 2003; Zhu-
ang et al., 2005). Recent studies provide significant
evidence that activated spinal glia release mediators that
act on other glia and neurons, thereby either enhancing
neurotransmitter release from primary afferents or caus-
ing hyperexcitability of pain transmitting neurons (Wat-
kins and Maier, 2002, 2003). All these results support
the notion that spinal glial cell activation is not just
the passive response from peripheral insults to the spinal
sensory nerve. We propose that this is similar in the tri-
geminal system. Tactile hypersensitivity in response to
the IAMNT has been found to clearly correlate with
the temporal changes in the activation of microglia
and astrocytes (Figs. 1, 4, and 5, Table 1). Our behavior-
al data strongly suggest that MDH glial activation
might regulate pain hypersensitivity following periphe-
ral nerve injury in the trigeminal system as spinal glial
cells do at the spinal level.

The precise signaling pathways within activated glia
following peripheral nerve injury are poorly understood
yet. Since minocycline inhibited tactile hypersensitivity
(Fig. 7) and p38 MAPK activation in MDH hyperactive
microglia (Fig. 8), p38 activation seems to contribute
to the development of neuropathic pain, as at spinal
level (Tsuda et al., 2004). p38 activation regulates the
expression of cytokines, cyclooxygenase (COX)-2, and
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inducible nitric oxide synthase (iNOS), thereby leading
to the synthesis of prostaglandin and nitric oxide, which
can also enhance pain sensitivity (Jin et al., 2003). Acti-
vated microglia are also known to release substances
such as pro-inflammatory cytokines (including interleu-
kin-1B (IL-1B), IL-6, and TNF-a) (Hanisch, 2002), excit-
atory amino acids (EAAs), and reactive oxygen species
(ROS), that can contribute to different features of path-
ological pain (Watkins and Maier, 2002; Ledeboer et al.,
2005). Minocycline has been shown to reduce microglia
activation and levels of IL-1B, NO, and prostaglandin
release likely through inhibition of p38 MAPK activa-
tion (Stirling et al., 2005). However, although minocy-
cline greatly reduced p38 MAPK mRNA level, and
MAPKK3 and MAPKKG6 have been suggested as tar-
gets of minocycline, the exact upstream targets are still
unknown (Stirling et al., 2005). In addition, minocycline
inhibits nuclear factor (NF)-xB activation in microglia
(Si et al., 2004) and phospholipase A2 activity in vitro
(Pruzanski et al., 1992). Minocycline also reduces migra-
tion of immune cells through inhibition of matrix
metalloproteinases (Brundula et al., 2002) and by alter-
ing levels of chemokines and/or chemokine receptor
expression (Kremlev et al., 2004). These mechanisms
may underlie the inhibition of pain hypersensitivity by
minocycline in our study.

In summary, IAMNT rat generated in this study pro-
vides a valid model for trigeminal neuropathic pain with
tactile hypersensitivity. Glial activation has a substantial
role in pain hypersensitivity following peripheral nerve
injury in the trigeminal system. Glial activation might
not result from degenerative changes in central terminals
of primary afferents caused by the neuronal death. Acti-
vation of p38 MAPK in MDH hyperactive microglia is
likely to contribute to pain hypersensitivity following
peripheral nerve injury.
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