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Abstract

Trigeminal nerve injury causes a distinct time window of glial activation in the trigeminal
spinal subnucleus caudalis (Vc¢), which is involved in the initiation and maintenance
phases of orofacial neuropathic pain. Microglia-derived factors enable the activation of
astrocytes. The complement component C1q, which promotes the activation of astrocytes,
is known to be synthesized in microglia. However, it is unclear whether microglia—
astrocyte communication via Clq is involved in orofacial neuropathic pain. Here, I
analyzed microglia-astrocyte communication in a rat model with infraorbital nerve injury
(IONI). The orofacial mechanical hypersensitivity induced by IONI was significantly
attenuated by preemptive treatment with minocycline. Immunohistochemical analyses
revealed that minocycline inhibited the increase in c-Fos immune-reactive (IR) cells and
the fluorescence intensity of both ionized calcium-binding adapter molecule 1 and glial
fibrillary acidic protein (GFAP) in the V¢ following IONI. Intracisternal administration
of Clq caused orofacial mechanical hypersensitivity and an increase in the number of c-
Fos-IR cells and fluorescence intensity of GFAP. Clqg-induced orofacial mechanical
hypersensitivity was completely abrogated by intracisternal administration of
fluorocitrate. The present findings suggest that the enhancement in the excitability of Ve
nociceptive neurons is produced by astrocytic activation via the signaling of C1q released
from activated microglia in the Vc following IONI, resulting in persistent orofacial

neuropathic pain.



Abbreviation

Vc : trigeminal spinal subnucleus caudalis

IONI : infraorbital nerve injury

IR : immune-reactive

C1-C2 : upper cervical spinal cord

IL : interleukin

Ig : immunoglobulin

MHWT : mechanical head withdrawal threshold
Ibal : ionized calcium-binding adapter molecule 1
GFAP : glial fibrillary acidic protein

FC : fluorocitrate

TNF : tumor necrosis factor



Introduction

Trigeminal nerve injury due to tooth extraction, orofacial trauma, or dental implant
displacement is known to cause persistent neuropathic pain in the orofacial region.
Neuropathic pain is pathological in nature and persists for an extended period even after
healing of the overt tissue damage [ 1]. Neuropathic pain in the orofacial area dramatically
reduces quality of life by disturbing food intake, face-washing, and brushing of teeth.
Thus, it is essential to clarify the mechanisms of trigeminal neuropathic pain to develop
appropriate treatments.

Following trigeminal nerve injury, nociceptive neurons in the trigeminal spinal
subnucleus caudalis (Vc) and upper cervical spinal cord (CI1-C2) are excessively
activated [2]. In accordance with excessive neuronal activity, microglial and astrocytic
activation has been observed in the Vc and C1-C2 [3,4]. Microglial activation occurs for
1-3 days, whereas astrocytic activation takes 1-2 weeks after peripheral nerve injury [3,4].
Indeed, specific inhibitors of microglial and astrocytic activation markedly attenuate the
initiation and maintenance phases of neuropathic pain, respectively [3,4]. Furthermore,
pharmacological inhibition or pharmacogenetic ablation of microglia failed to ameliorate
the maintenance phase of neuropathic pain [5-7]. Therefore, it is believed that microglia
and astrocytes play an important role in the different phases of neuropathic pain [8]. It
has been reported that microglia-derived interleukin (IL)-18 activates astrocytes in the
spinal cord, resulting in the occurrence of tactile allodynia [9]. This evidence indicates
that microglia—astrocyte communication is required for the development of neuropathic
pain in the spinal cord. However, the involvement of microglia—astrocyte communication
in orofacial neuropathic pain remains unknown.

Clq is a glycoprotein composed of 18 polypeptide chains consisting of three non-
identical subunits, which bind to immune complexes containing immunoglobulins (Ig) G
or IgM or to a variety of other activating substances, including C-reactive protein,
retroviruses, and mitochondria [10]. After Cl1q binding, Clr and Cls are converted into
proteolytic enzymes that are responsible for maintaining activation. Finally, the
downstream complement protein forms a membrane attack complex [11]. A growing body

of evidence indicates the importance of Clq in the central nervous system, and Clq is



predominantly produced in microglia [12,13]. Recently, Liddelow et al. found that Clq
induces Al reactive astrocyte formation [14]. These reports suggest that C1q plays a role
in microglia—astrocyte communication, which is important for understanding the
sensitization mechanisms of V¢ neurons.

This study aimed to clarify whether C1q activates astrocytes in the V¢, which in turn

induces mechanical hypersensitivity in the orofacial region.



Materials and Methods

Animals

A total of 75 male Sprague-Dawley rats (6—8 weeks, 200-250 g) were purchased from
Japan SLC (Hamamatsu, Japan). All rats were maintained on a 12 h light/dark cycle (light
on at 7:00 a.m.) with food and water ad libitum at ambient temperature (23 £ 1 °C). All
rats were handled at least 5 days before the behavioral testing to minimize stress. The
experimental protocol was approved by the experimentation committee at Nihon
University (protocol number: AP19DENO018-1), and the experiments were conducted

according to the guidelines of the International Association of the Study of Pain [15].

Surgical Procedures

Rats were anesthetized with a mixture of butorphanol (2.5 mg/kg; Meiji Seika Pharma,
Tokyo, Japan), midazolam (2.0 mg/kg; Sandoz, Tokyo, Japan), and medetomidine (0.15
mg/kg; Zenoaq, Fukushima, Japan). The infraorbital nerve injury (IONI) was performed
according to a previously described method [16,17]. Briefly, a small incision was made
at the left buccal mucosa, and the infraorbital nerve bundle was freed from the
surrounding tissue. One-third of the nerve bundle was tightly ligated with 6-0 silk thread,
and the incision was sutured. The rats that received the incision at the left buccal mucosa
without nerve ligation were used as a sham-operated group. Finally, the rats were

recovered with antisedan (Nippon Zenyaku Kogyo, Fukushima, Japan).

Intracisternal Administration

One day before IONI, a small hole was made in the occipital bone, and then the sterilized
cannula (¢0.8 % 1.3 mm polyethylene tube) was carefully inserted into a hole along the
occipital bone under anesthesia with a mixture of butorphanol, midazolam, and
medetomidine described above. The tip of the tube was placed in a cisterna magna. Then,
an osmotic pump (model 1002; Alzet, Cupertino, CA, USA) that was filled with saline,
PBS, minocycline hydrochloride (Sigma-Aldrich, St. Louis, MO, USA), or FC (Sigma-
Aldrich) was connected to the cannula. Minocycline hydrochloride and fluorocitrate were

delivered into the intracisternal space at a rate of 4 nmol/h and 4 fmol/h, respectively. For



the single administration, human recombinant complementary C1q (400 ng/5uL, Abcam,
Cambridge, MA, USA) or saline was injected through the cannula in naive rats under
deep anesthesia. Five microliters of FC (100 fmol) or PBS was conducted 1 day prior to

the Clq injection. Clq, FC, or PBS were delivered once.

Behavioral Testing

Prior to the behavioral testing, all rats were trained to stay in the chamber, as described
previously [16,17]. The mechanical head withdrawal threshold (MHWT) was measured
using von Frey filaments (4, 6, 8, 10, 15, 26, 30, 40, 50, and 60 g) applied to the whisker
pad skin. Each von Frey filament was applied to the whisker pad skin 5 times. The lowest
filament that elicited nociceptive responses such as head withdrawal and vocalization
more than three times was deemed the MHWT. The MHWT in IONI rats and Clq-

administrated rats was measured for 7 consecutive days.

Immunohistochemistry

After behavioral testing, the rats were perfused transcardially with saline, followed by 4%
paraformaldehyde in 0.1 M phosphate buffer under deep anesthesia with 5% isoflurane.
The brainstem segments were further fixed by immersion in 4% paraformaldehyde
overnight at 4 °C. The brainstem segments were then treated with 30% sucrose to prevent
cryolesion. The Vc slices (30 um thick) were made using a Cryostat (Sakura Finetek,
Tokyo, Japan). The slices were treated with HistoVT One (Nacalai Tesque, Kyoto, Japan)
at 70 °C for 20 min. Blocking was performed using PBS containing 0.3% Triton-X and
1% donkey serum for 1 h at room temperature. The sections were incubated with rabbit
anti-ionized calcium-binding adapter molecule 1 (Ibal) antibody (1:1000, 019-19741;
FUJIFILM Wako, Osaka, Japan), rabbit anti-glial fibrillary acidic protein (GFAP)
antibody (1:1000, Z0334, DAKO, Glostrup, Denmark), rabbit anti-c-Fos antibody
(1:1000, ab190285, Abcam, Cambridge, MA, USA), rabbit anti-C1q (1:500, ab182451,
Carlsbad, CA, USA), and goat anti-Ibal antibody (1:1000; ab5076, Abcam), mouse anti-
GFAP antibody (1:1000; MAB360, Merck Millipore, Burlington, MA, USA), or mouse
anti-neuronal neuclei (NeuN) antibody (1: 2000; MAB377B, Merck Millipore) for 2 days
at 4 °C. After washing with PBS three times for 10 min, the slices were incubated with a

secondary antibody conjugated with Alexa Fluor 488 or Alexa Fluor 594 (1:1000,
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Thermo Fisher Scientific, Waltham, MA, USA) for 2 h at room temperature. The slices
were mounted in antifading medium (PermaFluor, Thermo Fisher Scientific, Waltham,
MA, USA). Images were captured using a confocal laser-scanning microscope (LSM510;
Carl Zeiss, Oberkochen, Germany). Images were analyzed using Image J software
(http://rsbweb.nih.gov/ij/). For the counting of c-Fos-IR cells, the middle part of the V¢
where the 2nd branch of the trigeminal nerve terminates was captured, and the total
number of c-Fos-IR cells within the image was counted by Image J plugin cell count.
Fluorescence Intensity of Ibal, GFAP, and Clq was measured as follows. Single plane
20x fluorescence images in the middle part of the V¢ were collected at the same gain with
an LSM510 equipped with LSM 5 Image Browser (Carl Zeiss, Oberkochen, Germany).
The original 12-bit image data were converted into 8-bit using Image J. Region of interest
was set in all regions of 20x fluorescence images (447.5 x 447.5 um? area). Five Vc slices
from each rat were stained and analyzed. The raw integrated density of pixels in each
image was measured by Image J, and then its average value was calculated. The average

value of raw integrated density of pixels was normalized to 100 x 100 pm? area.

Statistical Analyses

Data are represented as the mean + SEM. Statistical analyses of the results were
performed with two-way ANOVA with post hoc Bonferroni test (for behavioral analyses)
and two-way ANOVA with post hoc Tukey’s test and unpaired Student’s t-test (for
immunohistochemical analyses) using the GraphPad Prism 7 software package
(GraphPad Software Inc., San Diego, CA, USA). A value of p < 0.05 was considered

statistically significant.



Results

Nocifensive Behavior and c-Fos Expression in the Vc Following IONI by Preemptive
Treatment with Minocycline

The MHWT was significantly reduced 1 day after IONI in saline-administrated rats, and
this reduction in MHWT was observed throughout the experimental period. On the other
hand, minocycline, an inhibitor of microglial activation, significantly attenuated the
reduction of MHWT compared to saline administration (Fig. 1A). To further clarify the
effect of minocycline on neuronal activity, I analyzed c-Fos expression, a marker of
neuronal activation, in the Vc. The number of c-Fos-IR cells was significantly increased
7 days after IONI in saline-administrated rats (Fig. 1B, C). The increase in the number of
c-Fos-IR cells on day 7 after IONI was significantly attenuated by minocycline

administration (Fig. 1B, C).

Effect of Minocycline Administration on Ibal and GFAP Expression

The effects of minocycline on microglial activation and sequential activation of astrocytes
in the Vc following IONI were further investigated. The expression of Ibal in the Vc of
saline-administrated rats was markedly increased 7 days after IONI (Fig. 2A, B). Enlarged
images showed that microglia in the V¢ had activated morphology, such as hypertrophic
and shortened processes. Preemptive treatment with minocycline significantly attenuated
Ibal expression in the Vc. Moreover, the morphology of microglia in the Vc displayed
thin and branched processes, indicating that minocycline sufficiently inhibited microglial
activation. The expression of GFAP in the V¢ was also significantly increased in the Vc
7 days after IONI. The increase in GFAP expression was significantly attenuated by

minocycline administration (Fig. 2C, D).

Effect of FC Administration on GFAP, Ibal, and c-Fos Expression

To evaluate whether deactivation of astrocytes causes suppression of V¢ neuronal activity,
the effect of intracisternal FC, a metabolic inhibitor of astrocytes, on c-Fos expression
was assessed in IONI rats. I first addressed whether the reduction in MHWT and

astrocytic activation caused by IONI were attenuated by FC administration. FC



administration also suppressed the development of mechanical hypersensitivity in the
whisker pad skin following IONI (Fig. 3). Increased GFAP fluorescence intensity was
observed in the Vc 7 days after IONI in PBS-administrated rats (Fig. 4A, B) similar to
that observed in Fig. 2B. On day 7 after IONI, increased expression of GFAP in the V¢
was significantly attenuated by FC administration (Fig. 4A, B). On the other hand,
increased Ibal expression in the V¢ following IONI was unchanged by FC administration
(Fig. 4C, D). Thus, c-Fos expression was evaluated in the Vc. The increase in the number
of c-Fos-IR cells observed 7 days after IONI was significantly attenuated by FC
administration (Fig. 5A, B).

Cl1q Expression in the V¢

To investigate the role of C1q as a microglia-derived activation factor of astrocytes after
IONI, I conducted immunohistochemical analyses of Clq. Robust Clq
immunofluorescence was observed throughout the V¢ 7 days after IONI, whereas it was
not observed in the V¢ of sham rats (Fig. 6A, B). Double immunohistochemical staining
revealed that Clq immunofluorescence exclusively colocalized with Ibal-IR but not
GFAP-IR and NeuN-IR cells, indicating that microglia produce C1q in response to IONI
(Fig. 6C).

Effect of C1q Administration on Nocifensive Behavior, c-Fos, and GFAP-IR Cell
Expression

In order to evaluate whether C1q activates astrocytes, which in turn facilitates neuronal
activity in the Vc, recombinant Clq was intracisternally administered in naive rats. A
decline in MHWT was observed beginning 3 days after C1q administration and continued
to decrease throughout the experimental period (Fig. 7A). On the other hand, the MHWT
remained unchanged following intracisternal administration of PBS (Fig. 7A). Consistent
with the behavioral data, the number of c-Fos-IR cells and GFAP expression were
significantly increased by Clq administration (Fig. 7B-E). Enlarged images showed
hypertrophic astrocytic processes after C1q administration (Fig. 7D). On the other hand,
Ibal expression and microglial morphology were not altered by C1q administration (Fig.

7F, G).
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Effect of FC Administration on Cl1q-Related Mechanical Hypersensitivity

To analyze the involvement of astrocytic activation in the V¢ on C1g-induced mechanical
hypersensitivity, I used FC to prevent astrocytic activation. Intracisternal administration
of FC completely blocked the development of C1g-induced mechanical hypersensitivity
in the whisker pad skin (Fig. 8A). I further conducted histological analyses on day 7 after
Clg-administration in rats. The number of c-Fos-IR cells as well as the fluorescence
intensity of GFAP were significantly reduced by FC administration (Fig. 8B-E). On the
other hand, intracisternal administration of both Clq and FC did not influence the

morphology of microglia in the Ve (Fig. 8F, G).
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Discussion

The findings of this study can be summarized as follows: (1) The MHWT was
significantly reduced after IONI. (2) The number of c-Fos-IR cells and the fluorescence
intensity of Ibal, GFAP, and C1q were significantly increased in the V¢ following IONI.
(3) Minocycline administration significantly suppressed the number of c-Fos-IR cells as
well as reduced the expression of Ibal and GFAP. (4) Clq administration caused an
increase in the expression of GFAP and promoted mechanical hypersensitivity in naive
rats. (5) FC administration suppressed IONI-induced and Clg-induced mechanical
hypersensitivity. These findings suggest that Clq is involved in the enhancement of Vc
neuronal excitability via astrocytic activation, resulting in orofacial mechanical
hypersensitivity associated with IONI.

A growing body of evidence indicates the importance of the complement cascade
within the central nervous system, under both physiological conditions as well as
pathophysiological conditions [12,18]. It is known that microglia-derived C1q is required
for synapse elimination in dorsal lateral geniculate nucleus neurons during the
developmental stage [13]. Similarly, microglia-mediated synapse elimination through
Clq has also been observed in the spinal cord [19]. However, C1q has been shown to only
influence spine density in the spinal cord of inflammatory pain model mice, but not in
healthy mice [19]. Consequently, an intracisternal injection of C1q may not alter the spine
density of Vc neurons. The role of the complement cascade in neuropathic pain has been
clarified in the spinal cord. After peripheral nerve injury, mRNA for Clq, C3, and C4 in
the complement cascade and C5a receptor were induced in spinal microglia [20]. Clq,
C3, and C4 sequentially converted into terminal complement component C5, which was
further converted into C5a and C5b [11]. Griffin et al. also found that C5-knockout mice,
which lack the formation of C5a, abrogated the initiation but not the maintenance phase
of neuropathic pain [20]. These findings suggest that C5a-mediated neuropathic pain is
dependent on microglia, but not astrocytes. Other complement cascade proteins including
C3a and the membrane attack complex, which is composed of C5b, C6, C7, C8, and C9,
did not elicit neuropathic pain [20,21]. Considering the above evidence and current data

of my colleagues, C1q and C5a among the complement cascade proteins are causative
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factors that induce neuropathic pain. However, the evidence that Clq directly elicits
neuropathic pain without sequential conversion into downstream molecules has not been
reported elsewhere. In the current study, I did not observe any microglial activation in the
Vc following intracisternal administration of Clq. This result implies that Clq is not
converted into C5a in the Vc. Recent studies have suggested a direct effect of C1q during
neuropathic pain. Frizzled 8, which controls the Wnt pathway, was found to be a novel
binding site for Clq [22]. Moreover, the expression of Frizzed 8 was observed in
astrocytes in the spinal cord [23]. Thus, C1q might directly bind to astrocytes and activate
them, resulting in orofacial neuropathic pain. In the future, it will be important to assess
the possible involvement of the Clq-Frizzled 8 pathway in Vc astrocytes in orofacial
neuropathic pain.

It is unclear how microglia produce C1q after peripheral nerve injury. A possible
candidate for C1q induction in microglia is IL-6, given that IL-6-stimulated macrophages
induce C1qg mRNA [24]. IL-6 mRNA is upregulated in the spinal cord after peripheral
nerve injury [25,26]. Therefore, IL-6 might trigger C1q production in microglia after
peripheral nerve injury

Clq transforms quiescent astrocytes into a reactive phenotype called Al reactive
astrocytes, which have been observed in several neurodegenerative diseases, including
Alzheimer’s, Huntington’s, Parkinson’s, amyotrophic lateral sclerosis, and multiple
sclerosis [14]. A characteristic feature of reactive astrocytes is the excessive expression
of GFAP, resulting in morphological alterations such as hypertrophic processes [27]. In
line with this alteration, intracisternal administration of Clq induced morphological
alterations in Vc astrocytes. Reactive astrocytes influence synaptic transmission via
multiple pathways. They secrete glutamate, adenosine triphosphate, and CCL2 [28,29].
CCL2 immediately potentiates both N-methyl-D-aspartate and a-3-hydroxy-5-methyl-4-
1soxazole propionic acid receptor-mediated currents in the spinal cord [30]. Glutamatergic
neurotransmission is also altered by glutamine synthetase in astrocytes [31]. In the
trigeminal system, glutamine is released from astrocytes transported into primary afferent
terminals of the trigeminal nerve, where glutamine is converted into glutamate, resulting
in the enhancement of glutamate release [32]. Therefore, reactive astrocytes facilitate
neuronal activity.

I observed a delayed onset of mechanical hypersensitivity following intracisternal
13



administration of C1q. This might be attributed to the weak activation of astrocytes by
Clq. Indeed, Clq induced 5 of 12 A1l astrocyte-specific genes, whereas tumor necrosis
factor (TNF) a and IL-1a induced 10 and 12 genes, respectively [14]. Furthermore, the
extent of gene induction by Clq is relatively low compared to that by TNFa and IL-1a
[14]. Given the potency of Clq on astrocytic activation, it takes time for astrocytes to be
fully activated by intracisternal administration of Clq. In the current study, I cannot
conclude whether the activation state of astrocytes is changed after the stimulation with
Clq; however, it is likely that Cl1q-induced mechanical hypersensitivity is mediated by

reactive astrocytes-related signaling.
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Conclusions

Trigeminal nerve injury affects microglia and astrocyte activation, which causes strong
activation of Vc nociceptive neurons. Activated microglia induce Clq after trigeminal
nerve injury, and Clq released from microglia is thought to be involved in astrocytic
activation in the V¢, which causes hyperactivity in Ve nociceptive neurons, resulting in

orofacial neuropathic pain.

15



Acknowledgments

I am grateful to Prof. Imamura for the opportunity to perform this study, Profs. Shinoda
and Iwata and Assoc. Profs. Hayashi and Okada-Ogawa for their instruction of this study.
I also appreciate colleagues in the Department of Oral Diagnostic Sciences for their
support and colleagues in Department of Physiology for their technical advice and

assistance.

16



References

. Costigan M, Scholz J, Woolf CJ (2009) Neuropathic pain: a maladaptive response of
the nervous system to damage. Annu Rev Neurosci 32, 1-32.

. Iwata K, Katagiri A, Shinoda M (2017) Neuron-glia interaction is a key mechanism
underlying persistent orofacial pain. J Oral Sci 59, 173-175.

. Shibuta K, Suzuki I, Shinoda M, Tsuboi Y, Honda K, Shimizu N, et al. (2012)
Organization of hyperactive microglial cells in trigeminal spinal subnucleus caudalis
and upper cervical spinal cord associated with orofacial neuropathic pain. Brain Res
1451, 74-86.

. Okada-Ogawa A, Suzuki I, Sessle BJ, Chiang CY, Salter MW, Dostrovsky JO, et al.
(2009) Astroglia in medullary dorsal horn (trigeminal spinal subnucleus caudalis) are
involved in trigeminal neuropathic pain mechanisms. J Neurosci 29, 11161-11171.

. Ledeboer A, Sloane EM, Milligan ED, Frank MG, Mahony JH, Maier SF, et al. (2005)
Minocycline attenuates mechanical allodynia and proinflammatory cytokine
expression in rat models of pain facilitation. Pain 115, 71-83.

. Raghavendra V, Tanga F, DeLeo JA (2003) Inhibition of microglial activation
attenuates the development but not existing hypersensitivity in a rat model of
neuropathy. J Pharmacol Exp Ther 306, 624-630.

. Peng J, Gu N, Zhou L, U BE, Murugan M, Gan WB, et al. (2016) Microglia and
monocytes synergistically promote the transition from acute to chronic pain after nerve
injury. Nat Commun 7, 12029.

. Kawasaki Y, Xu ZZ, Wang X, Park JY, Zhuang ZY, Tan PH, et al. (2008) Distinct
roles of matrix metalloproteases in the early- and late-phase development of
neuropathic pain. Nat Med 14, 331-336.

. Miyoshi K, Obata K, Kondo T, Okamura H, Noguchi K (2008) Interleukin-18-
mediated microglia/astrocyte interaction in the spinal cord enhances neuropathic pain
processing after nerve injury. J Neurosci 28, 12775-12787.

10. Kishore U, Ghai R, Greenhough TJ, Shrive AK, Bonifati DM, Gadjeva MG, et al.
(2004) Structural and functional anatomy of the globular domain of complement

protein C1q. Immunol Lett 95, 113-128.

17



11. Ricklin D, Reis ES, Lambris JD (2016) Complement in disease: a defence system
turning offensive. Nat Rev Nephrol 12, 383-401.

12. Stephan AH, Barres BA, Stevens B (2012) The complement system: an unexpected
role in synaptic pruning during development and disease. Annu Rev Neurosci 35, 369-
389.

13. Stevens B, Allen NJ, Vazquez LE, Howell GR, Christopherson KS, Nouri N, et al.
(2007) The classical complement cascade mediates CNS synapse elimination. Cell 131,
1164-1178.

14. Liddelow SA, Guttenplan KA, Clarke LE, Bennett FC, Bohlen CJ, Schirmer L, et al.
(2017) Neurotoxic reactive astrocytes are induced by activated microglia. Nature 541,
481-487.

15. Zimmermann M (1983) Ethical guidelines for investigations of experimental pain in
conscious animals. Pain 16, 109-110.

16. Kubo A, Shinoda M, Katagiri A, Takeda M, Suzuki T, Asaka J, et al. (2017) Oxytocin
alleviates orofacial mechanical hypersensitivity associated with infraorbital nerve
injury through vasopressin-1A receptors of the rat trigeminal ganglia. Pain 158, 649-
659.

17. Shinoda M, Kawashima K, Ozaki N, Asai H, Nagamine K, Sugiura Y (2007) P2X3
receptor mediates heat hyperalgesia in a rat model of trigeminal neuropathic pain. J
Pain 8, 588-597.

18. Brennan FH, Anderson AJ, Taylor SM, Woodruff TM, Ruitenberg MJ (2012)
Complement activation in the injured central nervous system: another dual-edged
sword? J Neuroinflammation 9, 137.

19. Simonetti M, Hagenston AM, Vardeh D, Freitag HE, Mauceri D, Lu J, et al. (2013)
Nuclear calcium signaling in spinal neurons drives a genomic program required for
persistent inflammatory pain. Neuron 77, 43-57.

20. Griffin RS, Costigan M, Brenner GJ, Ma CH, Scholz J, Moss A, et al. (2007)
Complement induction in spinal cord microglia results in anaphylatoxin C5a-mediated
pain hypersensitivity. J Neurosci 27, 8699-8708.

21. Twining CM, Sloane EM, Schoeniger DK, Milligan ED, Martin D, Marsh H, et al.

(2005) Activation of the spinal cord complement cascade might contribute to

18



mechanical allodynia induced by three animal models of spinal sensitization. J Pain 6,
174-183.

22. Naito AT, Sumida T, Nomura S, Liu ML, Higo T, Nakagawa A, et al. (2012)
Complement Clq activates canonical Wnt signaling and promotes aging-related
phenotypes. Cell 149, 1298-1313.

23. Zhang YK, Huang ZJ, Liu S, Liu YP, Song AA, Song XJ (2013) WNT signaling
underlies the pathogenesis of neuropathic pain in rodents. J Clin Invest 123, 2268-
2286.

24. Faust D, Loos M (2002) In vitro modulation of C1q mRNA expression and secretion
by interleukin-1, interleukin-6, and interferon-gamma in resident and stimulated
murine peritoneal macrophages. Immunobiology 206, 368-376.

25. Arruda JL, Colburn RW, Rickman AJ, Rutkowski MD, DeLeo JA (1998) Increase of
interleukin-6 mRNA in the spinal cord following peripheral nerve injury in the rat:
potential role of IL-6 in neuropathic pain. Brain Res Mol Brain Res 62, 228-235.

26. Lee HL, Lee KM, Son SJ, Hwang SH, Cho HJ (2004) Temporal expression of
cytokines and their receptors mRNAs in a neuropathic pain model. Neuroreport 15,
2807-2811.

27. Liddelow SA, Barres BA (2017) Reactive astrocytes: production, function, and
therapeutic potential. Immunity 46, 957-967.

28. Orellana JA, Froger N, Ezan P, Jiang JX, Bennett MV, Naus CC, et al. (2011) ATP
and glutamate released via astroglial connexin 43 hemichannels mediate neuronal
death through activation of pannexin 1 hemichannels. J Neurochem 118, 826-840.

29. Gao YJ, Zhang L, Ji RR (2010) Spinal injection of TNF-alpha-activated astrocytes
produces persistent pain symptom mechanical allodynia by releasing monocyte
chemoattractant protein-1. Glia 58, 1871-1880.

30. Xie RG, Gao YJ, Park CK, Lu N, Luo C, Wang WT, et al. (2018) Spinal CCL2
promotes central sensitization, long-term potentiation, and inflammatory pain via
CCR2: further insights into molecular, synaptic, and cellular mechanisms. Neurosci
Bull 34, 13-21.

31.JiRR, Berta T, Nedergaard M (2013) Glia and pain: is chronic pain a gliopathy? Pain
154 Suppl 1, S10-28.

19



32. Tsuboi Y, Iwata K, Dostrovsky JO, Chiang CY, Sessle BJ, Hu JW (2011) Modulation
of astroglial glutamine synthetase activity affects nociceptive behaviour and central

sensitization of medullary dorsal horn nociceptive neurons in a rat model of chronic

pulpitis. Eur J Neurosci 34, 292-302.

20



A i.c. administration

G
|_
=
5
=
0 T T T T T T T T T
-1 0 1 2 3 4 5 6 7
Days after IONI
B day 0 day 7 C
= SAL
40 1 = Mino

SAL

*kk kkk

]
]

Number of c-Fos-IR cells
N
(@]
|

& 10
£
: Jualll
day0 day7
IONI

Figure 1. Minocycline inhibits the development of mechanical hypersensitivity in the whisker pad skin
and reduces c-Fos expression in the Ve following infraorbital nerve injury (IONI). (A) Time-course
of mechanical head withdrawal threshold (MHWT) applying a von Frey filament to the whisker pad
skin. SAL: n= 7, Mino: n = 10, two-way ANOVA post hoc Bonferroni test, * p <0.05, ** p <0.01, ***
p <0.001. (vs SAL-treated group). SAL and Mino indicate saline and minocycline, respectively. Black
bar indicate the period treated SAL or Mino. (B) Representative images of c-Fos immunofluorescence
in the Vc 0 and 7 days after IONI. Inset indicate enlarged images of the region indicated in the open
square. Arrowheads indicate c-Fos-IR cells. (C) The average number of c-Fos-IR cells in the V¢ of
SAL or Mino-treated rats 0 and 7 days after IONI. SAL (day 0) : n= 5, Mino (day 0) : n=5, SAL (day
7) :n =7, Mino (day 7) : n = 10, two-way ANOVA followed by Tukey’s multiple comparison test, ***
p <0.001. The data represent the means + SEM.
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Figure 2. Inhibitory effects of Mino on cellular activation of microglia and astrocytes in the Vc
following IONI. (A) Representative images of ionized calcium-binding adapter molecule 1 (Ibal)
immunofluorescence in the Vc. Inset indicate enlarged images of the region indicated in the open
square. (B) Fluorescence intensity (FI) of Ibal in the Vc of SAL or Mino-treated rats 0 and 7 days
after [IONI. SAL (day 0) : n =5, Mino (day 0) : n=15, SAL (day 7) : n =7, Mino (day 7) : n = 10, two-

*k%k

way ANOVA followed by Tukey’s multiple comparison test, *** p < 0.001. (C) Representative images
of grial fibrillary acidic protein (GFAP) immunofluorescence in the Vc. Inset indicate enlarged images
of the region indicated in the open square. (D) FI of Ibal in the Vc of SAL or Mino-treated rats 0 and
7 days after IONI. SAL (day 0) : n =15, Mino (day 0) : n=5, SAL (day 7) : n =7, Mino (day 7) : n=

10, two-way ANOVA Tukey’s multiple comparison test,
+ SEM.

p < 0.001. The data represent the means
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Figure 3. Inhibitory effects of fluoroacetate (FC) on the development of mechanical hypersensitivity
in the whisker pad skin following IONIL. PBS: n =5, FC: n =5, two-way ANOVA post hoc Bonferroni
test, ** p < 0.01. (vs PBS-treated group). FC indicates fluoroacetate. The data represent the means +
SEM.
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Figure 4. Effect of FC on cellular activation of astrocytes and microglia in the Ve following IONI. (A)
Representative images of GFAP immunofluorescence in the Vc. Inset indicate enlarged images of the
region indicated in the open square. (B) GFAP FI in the Vc of PBS or FC-treated rats 0 and 7 days
after IONI. PBS (day 0) : n =5, FC (day 0) : n=5, PBS (day 7) : n =15, FC (day 7) : n =5, two-way

*k%k

ANOVA followed by Tukey’s multiple comparison test, p <0.001. (C) Representative images of
GFAP immunofluorescence in the Vc. Inset indicate enlarged images of the region indicated in the
open square. (D) Ibal FI in the V¢ of saline or FC-treated rats 0 and 7 days after IONI. PBS (day 0) :
n=25,FC (day 0) : n=35,PBS (day 7) : n =5, FC (day 7) : n =5, two-way ANOVA followed by

Tukey’s multiple comparison test, *** p < 0.001. The data represent the means + SEM.
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Figure 5. FC attenuates c-Fos expression in the V¢ following IONI. (A) Representitve images of c-
Fos immunofluorescence in the Vc. Inset indicate enlarged images of the region indicated in the open
square. Arrowheads indicate c-Fos-IR cells. (B) The average number of c-Fos-IR cells in the Vc of
PBS or FC-treated rats 0 and 7 days after IONIL. PBS (day 0) : n= 5, FC (day 0) : n= 5, PBS (day 7) :
n =135, FC (day 7) : n =5, two-way ANOVA followed by Tukey’s multiple comparison test, *** p <
0.001. The data represent the means + SEM.
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Figure 6. Induction of Clq in the Vc following IONI. (A) Representative images of Clq

immunofluorescence in the Vc on day 7 of sham and IONI rats. (B) Clq FI in the Vc 7 days after
IONI. sham: n =5, IONI: n = 5, unpaired Student's t-test, *** p < 0.001. (C) The images show double
staining of C1q and Ibal, GFAP, and NeuN in the Vc. Arrowheads indicate colocalization of C1q and

Ibal immunofluorescence.
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Figure 7. Intracisternal injection of C1q causes mechanical hypersensitivity and astrocytic activation.

(A) Time-course of MHWT in the whisker pad skin. PBS: n =5, Clq: n =5, two-way ANOVA post

hoc Bonferroni test, ***

(B), GFAP (D), and Ibal (F) immunofluorescence in the Vc 7 days after PBS or C1q administration.
Arrowheads indicate c-Fos-IR cells. Inset indicate enlarged images of the region indicated in the open
square. (C, E, G) Averaged number of c-Fos-IR cells (C) and FI of GFAP (E) and Ibal (G) in the Vc
on day 7 of PBS or Clg-administrated rats. PBS: n =5, C1q: n = 5, unpaired Student's t-test, *** p <
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p <0.001 (vs PBS-treated group). (B, D, F) Representative images of c-Fos

0.001. n.s.: not significant. The data represent the means + SEM.
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Figure 8. Inhibitory effects of FC on Clg-induced mechanical hypersensitivity and astrocytic
activation. (A) Time-course of MHWT in the whisker pad skin. C1q+PBS: n= 15, C1q+FC: n=5, two
way ANOVA post hoc Bonferroni test, *** p < 0.001 (vs Clg+PBS treated group). (B, D, F)
Representative images of c-Fos (B), GFAP (D), and Ibal (F) immunofluorescence in the Vc 7 days
after C1q+PBS or Clq+FC administration. Arrowhead indicate c-Fos-IR neurons. Inset indicate
enlarged images of the region indicated in the open square. (C, E, G) Averaged number of c-Fos-IR
cells (C) and FI of GFAP (E) and Ibal (G) in the Vc on day 7 of C1q+PBS or C1q+FC-administrated
rats. C1q+PBS: n = 5, C1gq+FC: n = 5, unpaired Student's t-test, *** p < 0.001. n.s.: not significant.
The data represent the means + SEM.
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