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Chapter 1
The down-regulation of connexin 43 expressions
in spinal astrocytes contributes to the
maintenance of hypersensitivity of neuropathic pain

in mice with partial sciatic nerve ligation

1.1. Abstract

Spinal astrocytes are likely to have key roles in maintaining the chronic pain
state. One characteristic feature of astrocytes is their high expression levels of
connexin 43 (Cx43), a protein that forms gap junction channel, which facilitate
direct intercellular communication. Several recent studies have indicated that the
change of Cx43 expression level in astrocytes might be associated with the
induction of various kinds of neuronal disorder such as multiple sclerosis, epilepsy
or chronic pain, however, it is yet unknown which kinds of endogenous molecule
could be involved in the change of Cx43 expression, and the mechanism related to
the induction of neuropathic pain after the change of Cx43 expression. The
current study examined the relationship between the change of Cx43 expression
and the regulation of nociceptive responses under neuropathic pain. It was found
that the expression of Cx43 in spinal dorsal horn in partial sciatic nerve ligation
(PSNL) model was significantly decreased during the maintenance phase, and
this response was mediated by tumor necrosis factor-a (ITNF-a) dependent
pathway. Furthermore, the decrease of Cx43 expression could be related in the
induction of mechanical hypersensitivity. Most importantly, it is possible that the
enhancement of glutamatergic transmission related in the down-regulation of
GLT-1 expression might contribute to the mechanical hypersensitivity evoked by

the decrease of Cx43 expression.



1.2. Introduction

Emerging evidence indicates that the enhancement of sensitivity of nociceptive
primary afferent neurons and hypersensitivity of nociceptive dorsal horn neurons
in spinal cord are associated with pathological chronic pain!-2. Recent studies have
demonstrated that spinal glial cells are involved in the initiation of these
responses, and crucial players in the development and maintenance of chronic
pain related in neuropathic or inflammatory disorders35. Especially, activated
spinal astrocytes could contribute to the long-lasting of pain hypersensitivity and
the reduction of astroglial activity by intrathecal (i.t.) treatment with fluorocitrate,
an inhibitor of astrocytic metabolism, significantly improve abnormal pain
responses 1n rodent neuropathic pain modelsé. There are a number of reports
regarding change of astrocytic function under neuropathic pain; activation of MAP
kinases, increase of proinflammatory cytokines and chemokines production, or
down-regulation of excitatory amino acid transporters (EAATSs, Nat-dependent
glutamate transporters)’?. Furthermore, it has been demonstrated that these
responses could contribute to the maintenance of neuropathic pain state.

It has been recently shown that astrocytes intercellular communication through
gap junctions has a crucial role in not only the regulation of astroglial function but
also the proper maintenance of neuronal network!?, Gap junctions have important
property for molecular exchange and informational communication by passing
several signal molecules such as glutamate, ATP, and some second messengers,
buffering extracellular Na* or K* spatially, or supplying energy sources between
neighboring cells!l12, Gap junctions are formed by two connexons expressed in
distinct cell, which are consisted of a hexamer of connexins (Cxs) protein. It is
known that 11 of Cxs are detected in mammalian central nervous system, and

each cell type possess a distinct set of Cxs. In spinal cord, Cx43 is preferentially
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and mainly expressed in astrocytes!s. Several studies have indicated that
astrocytic Cx43 plays an essential role in the modulation of synaptic transduction
in central nervous system. In addition, the change of Cx43 expression level in
astrocytes might be associated with the induction of various kinds of neuronal
disorder. Especially, it has been demonstrated that the decrease of Cx43 protein
expression In astrocytes could enhance the neuronal excitability, and this
response might contribute to the initiation of neuroinflammation such as multiple
sclerosis!4. Emerging evidences have suggested that the up-regulation of Cx43 in
spinal cord was induced after inflammatory-related pain models, and the
reduction of Cx43 activity by intrathecal delivery of specific siRNA for Cx43 or gap
junction inhibitor carbenoxolone could improve the decrease of nociceptive
threshold!5.16, In contrast, Ohara et al. have also indicated that silencing of Cx43
in the trigeminal ganglion of naive rat administered by siRNA increased
mechanical sensitivity. Thus, relationship between the expression level of Cx43
and the change of nociceptive responses is controversiall’. In addition, it is yet
unknown, which kinds of endogenous molecule could be involved in the change of
Cx43 expression, and the mechanism related to the induction of neuropathic pain
after the change of Cx43 expression.

To understand the relationship between the change of Cx43 expression and the
regulation of nociceptive responses under neuropathic pain, the current study
utilized partial sciatic nerve ligation (PSNL) model, which mimics some of the
major features observed in clinical neuropathic pain. It was found that the
expression of Cx43 in spinal dorsal horn following PSNL was significantly
decreased during the maintenance phase, but not the induction phase of
neuropathic pain, and this response was mediated by tumor necrosis factor-a

(TNF-a) dependent pathway. Furthermore, the decrease of Cx43 expression could
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be related in the induction of mechanical hypersensitivity. In addition, it is
possible that the enhancement of glutamatergic transmission related in the
down-regulation of GLT-1 expression might contribute to the mechanical

hypersensitivity evoked by the decrease of Cx43 expression.

1.3. Materials and Methods
Animals

Male ddy mice, 5 weeks of age, were used for the experiments. Mice were
maintained at a room temperature of 22+2 9C with a 12h light/dark cycle (light on
at 8:00 AM), and given access to food and water available ad Iibitum during the
experimental period. All experiments by using animals were conducted in
accordance with the “Guidelines for the Care and Use of Laboratory Animals”
established by Hiroshima University, and the procedures of all animal
experiments were approved by the Committee of Research Facilities for
Laboratory Animal Science of Hiroshima University.

Construction of partial sciatic nerve ligation model

After anesthetization with sodium pentobarbital (50 mg/kg, i.p.), a tight ligation
of approximately one-third or one-half of the diameters of the left sciatic nerve
(ipsilateral) was performed with 8-0 silk sutures as described previously!s. In
sham-operated mice, the sciatic nerve was exposed without ligation.

Knockdown of Cx43 in the spinal cord

Knockdown of Cx43 was performed by using the hemagglutinating virus of the
Japan (HVJ) envelop vector system (HVJ Envelop Vector kit GenomONE-Si,
Ishihara Sangyo Kaisya, Ltd., Osaka, Japan). This vector was widely used for in
vivo small interfering RNA (siRNA) transfers. The siRNA targeting mouse Cx43

(siGENOME SMARTYpool, mouse GJA1l, Thermo) or the non-targeting siRNA
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(siGENOME Non-targeting siRNA pool #2, Thermo) were incorporated into the
HVJ envelop vector according to the manufacture’s protocol. In brief, after mixing
HVJ envelop vector with enclosing factor, the mixture was centrifuged at 10,000 g,
4 0C, 10 min, and the pellet was suspended by the stock solution of each siRNA (10
pM). Then, this solution was diluted to the concentration used in the current
study with sterile saline. Diluted siRNA solution was injected into the
subarachnoid space between the L5 and L6 vertebrate (i.t.) of mice.

Measurement of hind paws sensitivity to tactile stimulation and drugs

administration

The procedure of measurement of hind paw sensitivity of ipsilateral paw to
tactile stimulation was described in previous report. In brief, after surgery for 3, 7,
14, or 21 days, the threshold to tactile stimuli by von Frey monofilaments was
measured. About drug treatments, etanercept (TNF-a blocker) were i.t.
administrated four times; immediately after sciatic nerve injury, on the day 2, 4,
or 6 after the injury. Then, the mechanical sensitivity or the expressions of Cx43
were measured on the day 14 after surgery. TNF-a (mouse recombinant TNF),
Carbenoxolone (gap junction blocker) or gap27 (selective Cx43 blocker) was i.t.
injected to naive mice.

The hind paw sensitivity of spinal cord Cx43 knockdown mice were measured
after injection of siRNA for 1st, 2nd  3rd 5th gnd 7th day by von Frey monofilaments.
About drug treatments, MK-801 (N-methyl-D aspartate receptor antagonist),
CP96345 (neurokinin 1 receptor antagonist), CNQX (AMPA receptor antagonist)
were 1.t. administrated on the day 3 after injected the siRNA.

Western blot

Under anesthesia with ether, mice were decapitated; the lumbar (L4-L6)

segments of ipsilateral side of the spinal dorsal horn were removed. These were
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immediately frozen in liquid nitrogen and stored at -80 °C until use. Spinal
tissues were solubilized in radioimmunoprecipitation assay buffer with inhibitors
(100 mM Tris-HCL, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1%
sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 20 pg/ml aprotinin, 20
pg/ml leupeptin, 1 mM phenylmethylsulfonyl fluoride, and phosphatase inhibitor
cocktail 2 (Nacalai Tesque, Kyoto, Japan)). The lysates were centrifuged at 14,000
x g for 10 min at 4°C and the supernatant was added to Laemli’s buffer and boiled
for 5 min. Equal amounts of protein were separated by 7.5 or 10%
SDS-polyacrylamide gel electrophoresis and blotted onto nitrocellulose
membranes. Non-specific binding was reduced with blocking buffer, and the
membranes were subsequently incubated with a purified polyclonal antibody
against rat Cx43, or GLT-1 (1:1000, Santa Cruz Biotechnology, Santa Cruz, CA)
or monoclonal antibody against B-actin (1:10,000; Sigma Chemical Co., St. Louis,
MO, USA) overnight at 4 °C. After being washed, the membranes were incubated
with a horseradish peroxidase-conjugated secondary antibody (Santa Cruz
Biotechnology) for 1 hour at room temperature. Then, membranes were rinsed
and incubated with Luminescence reagent (Thermo Fisher Scientific, Rockford, IL,
USA). Finally, the membranes were exposed to X-ray film. For quantification of
signals, the densities of specific bands were measured with Science Lab Image
Gauge (Fuji Film, Tokyo, Japan).
Reagents

Recombinant mouse TNF-a was obtained from PeproTech Inc. (Rocky Hill,
USA) and etanercept was obtained from takeda pharmaceutical co Itd (Osaka,
japan). MK801 was purchased from Tocris Bioscience (Minneapolis, MN, USA),
CNQX, CP96345 and Carbenoxolone were purchased from Sigma Chemaical, Co.

(St. Louis, MO, USA). Cabapentin was obtained from Cayman Chemical (A. G.
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Scientific, USA)

Statistical analysis

Data are expressed as the meantSE of at least three independent
determinations. Differences between means for mechanical hypersensitivity after
PSNL or the knockdown of Cx43 were determined using a one-way analysis of
variance (ANOVA) with a pairwise comparison by the Tukey-Kramer method.
Using student’s t-test performed comparison of Cx43, GLT-1, Cx30 or GLAST
protein level in the spinal dorsal horn. Differences were considered to be

significant when the P value was less than 0.05.

1.3. Results

PSNL evokes mechanical hypersensitivity and decreases the

expression of Cx43 protein expression in spinal dorsal horn

It was observed a marked decrease of mechanical threshold of ipsilateral paw to
tactile stimuli from days 3 to days 21 after PSNL surgery, compared with
withdrawal threshold of corresponding day after sham operation (Fig. 1-1A).
About Cx43 expression, three immunopositive bands were detected at
approximately 39-44 kDa (Fig. 1-1B) by Western blotting using a Cx43 antibody.
“P0” in Fig. 1-1B indicates the non-phosphorylated Cx43, and P1 and P2
correspond to phosphorylated Cx43. In the current study, total Cx43 expression
was derived from the sum of the three bands (P0+P1+P2). The amount of Cx43
levels was normalized to that of B-actin levels, which was used as an internal
control, and presented as a ratio to vehicle treatment. Then, the expression level
of Cx43 protein in spinal dorsal horn was examined on days 3, 7, 14, 21 after
surgery by Western blot. As shown in Fig. 1-1B, levels of Cx43 expression in

ipsilateral dorsal horn was significantly reduced on days 7, 14, and 21, but not
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days 3, after sciatic nerve injury, compared with levels of Cx43 in dorsal horn
from sham-operated mice.

Knockdown of Cx43 by siRNA in the spinal cord induces the

mechanical hypersensitivity

To confirm the specific down-regulation of Cx43 in spinal dorsal horn exerting
mechanical hypersensitivity, the effect of knockdown of Cx43 by siRNA transfer
on tactile mechanical threshold was investigated. The significant reduction of
Cx43 expression in spinal dorsal horn was observed on days 2 or 3 after injection
with Cx43 siRNA with HJV envelop vector compared with that treated with
non-targeting siRNA with HJV envelop vector (Fig. 1-2A), and this response was
returned on days 5. Furthermore, a significant decrease of mechanical threshold
to tactile stimuli was also observed in mice treated with Cx43 siRNA, compared
with those in mice treated with non-targeting siRNA. These effects were appeared
on days 2 after injection with Cx43 siRNA, sustained on days 5, and disappeared
on days 7 (Fig. 1-2B). In addition, the effects of a gap junction blocker
(carbenoxolone) on the mechanical threshold were examined. As shown in Fig.
1-2C, i.t. treatment with either carbenoxolone (1 or 3 nmol) markedly decreased
the mechanical threshold at 24 h after injection, compared with treatment with
vehicle (saline). Thus, these results strongly indicate that the decrease of
Cx43-gap junction could induce mechanical hypersensitivity.

The change of Cx30 expression in spinal dorsal horn after PSNL

treatment

Previous studies have demonstrated that the enhancement of expression of
Cx30, which is another types of Cxs expressed in astrocytes, was induced after the
down-regulation of Cx43 in astrocytes!®. Thus, the expression level of Cx30

protein in spinal dorsal horn was examined on days 7, 14 after surgery that Cx43
10



decreased time pint by Western blot. As shown in Fig. 1-3A, the level of Cx30
expressions in ipsilateral dorsal horn was not changed after sciatic nerve injury,
compared with levels of Cx30 in dorsal horn from sham-operated mice. In addition,
we also examined the effect of knockdown of Cx43 by siRNA transfer on Cx30
expression in spinal dorsal horn. As shown in Fig. 1-3B, the level of Cx30
expressions in spinal dorsal horn also not changed after treated with Cx43 siRNA
with HJV envelop vector (Fig. 1-3B).

TNF-a dependent pathway is involved in the PSNL-induced Cx43 down

regulation

Several studies have shown that proinflammatory cytokines such as TNF-a
released in the spinal cord after nerve injury, and active the astrocyte then
induced the neuropathic pain20. Thus, the involvement of endogenous TNF-a in
the down-regulation of Cx43 expression after sciatic nerve injury was investigated.
As shown in Fig. 1-4A or B, repeat i.t. treatment with etanercept, a TNF-a blocker,
was significantly reversed the PSNL-induced mechanical hypersensitivity.
Furthermore, it was also found that blockade of TNF-a’s action could significantly
prevent the down-regulation of Cx43 expression in spinal dorsal horn of PSNL
mice (Fig. 1-4C). Treatment of sham-operated mice with etanercept with same
schedule had no effects on the mechanical threshold and Cx43 expression (Fig.
1-4B or C). In addition, single i.t. treatment with recombinant TNF (20 ng) for 24
or 48 hours markedly induced both mechanical hypersensitivity (Fig. 1-4D) and
the down-regulation of Cx43 expression (Fig. 1-4E).

The down-regulation of GLT-1 and subsequent enhancement of

glutamatergic transmission in spinal dorsal horn is involved in the

Cx43-mediated mechanical hypersensitivity

It is speculated that the enhancement of nociceptive transmission at spinal
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dorsal horn level might be associated with mechanical hypersensitivity triggered
by the down-regulation of Cx43. Therefore, the involvement of glutamate or
substance P, which acts as main neurotransmitters of nociceptive transduction in
dorsal horn, in Cx43 siRNA-induced mechanical hypersensitivity, was examined
by pharmacological approaches. As shown in Fig. 1-5A and B, i.t. treatment with
MK-801 (a NMDA receptor antagonist) or CNQX (an AMPA receptor antagonist)
led to a significant blockade of the Cx43 siRNA-induced mechanical
hypersensitivity. In contrast, i.t. treatment with CP96345 (an NK1 receptor
antagonist) did not block the Cx43 siRNA-induced responses (Fig. 1-5C). These
receptor antagonists had no effects on the mechanical threshold of mice
transfected with non-targeting siRNA (Fig. 1-5A-C). These observations led us to
speculate the enhancement of glutamatergic transmission at dorsal level under
the situation which spinal Cx43 expression is down regulated. In addition we
investigate the effect of gabapentin that enhancer of glutamate release. As shown
in Fig. 1-5D, 1.t. treatment with gabapentin did not block the Cx43 siRNA-induced
responses (Fig.1-5D).

Thus, we next investigated that the expression of glutamate transporters in
spinal dorsal horn might be mediated by the change of Cx43 expression level. As
shown in Fig. 1-6A, the expression of GLT-1, which is one of glial glutamate
transporters and abundantly expressed in astrocytes, was significantly reduced in
spinal dorsal horn on days 7, 14 or 21, but not days 3, after peripheral nerve
injury, compared with those in sham-operated mice. The current observation was
similar with previous reports. Furthermore, it was found by Western blot that the
expression of GLT-1 in spinal dorsal horn was dramatically reduced on days 2, 3,
5 after the intraspinal transfection with Cx43 siRNA, compared with those

treated with non-targeting siRNA (Fig. 1-6B). This positive relationship between
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Cx43 and GLT-1 was also confirmed by pharmacological approach. Previous
report has suggested that the prolonged treatment with carbenoxolone reduced
not only the function of gap junction but also the expression of connexin43. In the
current study, both the expression of Cx43 in spinal dorsal horn and mechanical
threshold were markedly reduced after intrathecal administration with
carbenoxolone for 24 hours (Fig. 1-6C). In addition, it was found that the
expression of GLT-1 was also down regulated by the treatment with
carbenoxolone (Fig. 1-6D).

The expression of GLAST, which is another type of glial glutamate transporters,
in spinal dorsal horn, was also elucidated. Although the expression of GLAST in
spinal dorsal horn was also significantly reduced by the sciatic nerve injury, that

was not affected by the knockdown of Cx43 by siRNA (Fig. 1-7A or B).

1.5. Discussion

The current study demonstrated that the TNF-a-modulated down-regulation
of Cx43 in spinal dorsal horn could contribute to the PSNL-induced mechanical
hypersensitivity during the maintenance phase (7, 14, 21 days), but not the
induction phase (3 days), of neuropathic pain. These results are supported by the
following observations. The knockdown of Cx43 by transfection with siRNA into
mice spinal dorsal horn led to a significant decrease of mechanical threshold.
Furthermore, it was found that the down-regulation of glutamate transporter
GLT-1 and the subsequent enhancement of glutamatergic transmission in spinal
dorsal horn might be pivotal events in the Cx43-mediated mechanical
hypersensitivity under sciatic nerve injury. These results indicate that
TNF-a-mediated reduction of Cx43 expression in spinal dorsal horn is associated

with the maintenance of the neuropathic pain state, and modulation of Cx43
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expression could be a unique therapeutic strategy for relieving neuropathic pain.
It has well demonstrated that astrocytic dysfunction could be a crucial
response observed under neuropathic pain state. Especially, several previous
reports indicated that the excessive activation or gliosis of astrocytes in dorsal
horn were observed during the maintenance phase, but not the induction phase, of
neuropathic pain2.22 suggesting that astrocytes might play an important role in
the formation of persistent pain. The functions of astrocytes are regulated by the
activities of various kinds of receptor, ion channel, enzyme, etc. Among them, the
emerging evidences have shown that Cx-gap junction is indispensable for the
maintenance of astrocytic function?325, Therefore, it is speculated that the change
of Cx43 expression and the subsequent disturbance of gap junction activity might
be attributed to the various types of neuronal disorders including neuropathic
pain. In fact, previous studies have suggested that the increase of Cx43
expression was observed in spinal cord of nerve-injury-induced neuropathic pain
models, and treatment with gap junction blocker carbenoxolone inhibited the
nociceptive responses!®16, In the current study, in contrast, the opposite response
for the expression of Cx43 in spinal dorsal horn was observed, and i.t. treatment
of naive mice with either carbenoxolone markedly decreased the mechanical
sensitivity. In addition, Wu et al. have demonstrated that the reduced astroglial
communication by the increase of Cx43 phosphorylation was appeared in the
spinal cord of rat after chronic constriction injury of the sciatic nerve26. Moreover,
Ohara et al. have also indicated that silencing of Cx43 in the trigeminal ganglion
of naive rat administered by siRNA increased mechanical sensitivity!?. Although
there is discrepancy between the up- or down-regulation of Cx43 expression in
spinal dorsal horn and nociceptive responses under neuropathic pain state, it may

be based on the differences of neuropathic pain models, pain intensity, or
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experimental conditions. Previous studies have demonstrated that the
enhancement of expression of Cx30 was induced after the down-regulation or
knockdown of Cx43 in astrocytes!®. In addition, astrocytic Cx30 plays an
important function in neuronal transmission in hippocampus!!.27, Therefore, these
observations suggest the possibility that the up-regulation of Cx30 expression in
spinal dorsal horn might be associated with the Cx43-mediated mechanical
hypersensitivity in the PSNL mice. However, this possibility might be excluded,
because the current observation revealed that the expression of Cx30 was not
changed after the sciatic nerve injury. Thus, the reduction of spinal Cx43
expression from basal level might be one of key responses to induce the
mechanical hypersensitivity under neuropathic pain state.

TNF-a is well known to contribute to the induction of neuropathic pain through
the activation of astrocytes2?. Therefore, we specially focused the role of TNF-a in
the regulation of spinal Cx43 expression in PSNL mice. In the current study, the
observations obtained by pharmacological approaches using the TNF-a related
reagents indicated that the TNF-a might have a crucial role in the reduction of
Cx43 expression in spinal dorsal horn under neuropathic pain state. Previous
reports demonstrated that the high amount of TNF-a is produced from activated
microglia in spinal cord of neuropathic pain models20. It was demonstrated that
increased TNF-a could affect synaptic nociceptive transduction via the regulation
of various kinds of astrocytic function28. The current observation strongly
suggests the relationship between the potential roles of TNF-a as a nociceptive
modulator and the regulation of Cx43 expression in spinal astrocytes.

Previous studies have indicated that the down-regulation of GLT-1 in spinal
dorsal horn might be involved in the PSNL-induced mechanical hypersensitivity?29°.

Furthermore, it is well known that the enhancement of glutamatergic
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transmission in spinal dorsal horn might be pivotal in the nerve-injury-induced
hypersensitivity3?. However, the molecular mechanism initiating the
down-regulation of GLT-1 is unknown until now. The current observations
indicate the positive relationship between Cx43 and GLT-1, but not GLAST, and
the involvement of the down-regulation of GLT-1 expression in the Cx43-mediated
mechanical hypersensitivity by the following reasons. 1) i.t. treatment with
antagonists of either NMDA or AMPA receptor, but not gabapentin, which
inhibits the release of glutamate from presynaptic nerve, significantly reversed
the mechanical hypersensitivity induced by the knockdown of Cx43. 2) The
expression of GLT-1 in dorsal horn was observed in not only the PSNL mice but
also the Cx43-knockdown mice. Together, these current results revealed that the
down-regulation of spinal Cx43 would contribute to the increase of glutamate in
synaptic cleft by down-regulation of GLT-1, but not enhancement of presynaptic
release, and the following induction of NMDA receptor-dependent glutamatergic
transmission in spinal dorsal horn. Then, these responses could affect the nerve
injury-induced mechanical sensitivity. Previous study indicated that the
expression of GLT-1, but not GLAST, is reduced in cultured cortical astrocytes
treated with gap junction blockers or transfected with Cx43 siRNAS3L
Furthermore, the enhancement of glutamatergic current by the decrease of
glutamate transporter’s activity was observed in hippocampus slice of
Cx43/30-double knockout mice2??. The molecular mechanisms involving the
down-regulation of GLT-1 after the reduction of Cx43 are yet unclear. Although
further investigation is necessary, emerging evidences have indicated that Cx43
could also function to provide regulatory crosstalk with other proteins located on
cell membranes or cytoskeletons, beside the formation of gap junction to pass

several molecules between cells3233, Furthermore, it was demonstrated that
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Cx43-gap junction might be involved in the regulation of other multiple gene
expression. In fact, it is reported that the alteration of various kinds of gene is
caused in Cx43-null astrocytes34. In addition, Ai et al. have suggested that Cx43 is
co-localized with B-catenin in cell membranes; the expression of Cx43 might
sequester B-catenin and negatively mediates B-catenin-dependent gene
transcription in cardiac myocytes3®. The current observation indicated that the
blockade of gap junction function by the intrathecal treatment with gap27 did not
affect the expression of GLT-1 in cultured spinal dorsal astrocyte. Therefore, it is
possible that the down regulation of Cx43 expression might affect the activities of
intracellular signal molecules and the following regulation of various gene
expressions.

Here, we have provided new information about the mechanisms of neuropathic
pain. Under neuropathic pain, Cx43 was decreased via TNF and then induced the
GLT-1 down regulation in the spinal dorsal horn. Furthermore, these responses
were contribute to the mechanical hypersensitivity via enhanced the

glutamatergic transmission.
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Chapter 2
Spinal astrocytes stimulated by
tumor necrosis factor-a (TNF-a) and/or interferon-y (IFN-y)

attenuates connexin 43-gap junction

2.1. Abstract

Spinal astrocytes have important mechanistic contributions to the initiation
and maintenance of various neuropathic diseases such as neuropathic pain.
Under inflammatory conditions, spinal astrocytes are exposed to cytokines such
as tumor necrosis factor-a (TNF-a) and interferon-y (IFN-y) and these cytokines
could alter astrocytic function by modulating connexin (Cx43), subunits that form
channels that modulate intercellular communication in astrocytes. The current
study investigated the alteration of Cx43-gap junction in rat primary cultured
spinal astrocytes stimulated with cytokines by real-time PCR and Western
blotting. The transcriptional and translational levels of Cx43 were significantly
but partially reduced 24 and 48 h treatment with either TNF-a or IFN-y. A
mixture of TNF-a and IFN-y led to a robust decrease of Cx43 expression,
moreover, a moderate reduction of gap junction intercellular communication
(GJIC), which was evaluated by a scrap loading/dye transfer assay. Both the
decrease of Cx43 expression and the reduction in GJIC induced by the mixture of
TNF-a and IFN-y were prevented by blocking c-jun terminal kinase (JNK), but
not by blocking extracellular signaling molecules ERK and p38 kinase, indicating
a specific role of astrocytic JNK in the response to cytokines. In addition,
treatment with cytokines potently induced the phosphorylation of JNK and c-jun
in a time-dependent manner. Furthermore, the involvement of

ubiquitin-proteasome system on the TNF-a and IFN-y-induced down-regulation of
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Cx43-gap junction in spinal cultured astrocytes also invested. TNF-a and IFN-y
mixture accelerated Cx43 degradation by used cycloheximide plus assay in rat
primary cultured spinal astrocyte. Moreover, proteasome inhibitors MG132 or
epoxomicin blocked both the decrease of Cx43 expression and gap junction
function. Furthermore, a mixture of TNF-a and IFN-y let to a significantly
increase of proteasome activity in rat primary cultured spinal astrocytes by 20s
proteasome activity assay, and the increase of proteasome activity ware prevented
by blocking JNK signaling. In addition, mixture of JNK inhibitor and proteasome
inhibitor were not observed additive inhibitory effect on Cx43 degradation
induced by the mixture of TNF-aand IFN-y. These results indicate that
intercellular communication of astrocytes is significantly disrupted in the
inflammatory state, and stimulation of spinal astrocytes with inflammatory
cytokines led to the significant inhibition of Cx43-GJIC through the activation of

JNK signaling pathway and proteasome pathway.

2.2. Introduction

Astrocytes are one of the major non-neuronal cell types in the central nervous
system (CNS). One characteristic feature of astrocytes is their high expression
levels of connexin 43 (Cx43), a protein that forms two types of channels: gap
junction channels, for direct intercellular communication, and hemichannels, for
sampling of the extracellular milieu 3639, It is known that the change in cell
coupling resulting from tissue injury and pathological conditions is attributed to
alterations in connexin expression and the subsequent modulation of gap junction
intercellular communication (GJIC) 36:40, In terms of brain astrocyte function,
while previous finding highlights the crucial role of Cx43 in the normal

physiological state, Cx43 also appears to be crucial in pathological states. For
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example, Pu et al. showed that Cx43 expression level was inversely correlated
with high-grade astrocytic tumors 4! and Xu et al. showed that astroyctic gap
junction coupling may contribute to epileptogenesis and other neurological
deficits in Tuberous Sclerosis Complex 42. The modulation of Cx43 and GJIC in
astrocytes had been shown to play important roles in the pathology of Parkinson's
disease 43. To elucidate mechanisms of neuropathological states and, in turn, to
develop effective therapeutics, understanding the mechanism of communication
between astrocytes could be as crucial as understanding inter neuronal
communication.

Recently, several studies have reported expression of Cx43 in spinal astrocytes
in pathological states. Connexin 43 in spinal astroyctes has been shown to be
significantly down-regulated in inflamed spinal white matter of mice with an
experimental autoimmune encephalomyelitis compared with healthy controls 14,
Lee et al. demonstrated that Cx43 is up-regulated in the spinal cord after spinal
cord injury 44. Furthermore, prior chapter showed Cx43 of spinal cord astrocyte
was involved the neuropathic pain. While changes in Cx43 expression in the
pathological state are clearly evident, the mechanism mediating the changes in
either expression or function of Cx43 in spinal astrocytes remains unclear.

Studies in brain astrocytes have reported that proinflammatory cytokines
released from activated microglia inhibit gap junction activity in brain astrocytes
24,45 Of these cytokines, tumor necrosis factor-a (TNF-a) and interleukin-18
(IL-1B) were identified as most responsible for disrupting astrocytic GJIC 24.
Furthermore, prior chapter also showed Cx43 of spinal cord astrocyte was down
regulated by TNF in neuropathic pain. Significant release of these particular
cytokines in the spinal cord have also been reported following spinal cord injury

and peripheral tissue injury (e.g. sciatic nerve injury), which also results in
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significant changes in glial function and proliferation 4647, Whether a similar
cascade occurs in spinal astrocytes, involving cytokines, Cx43 and ultimately
GJIC, has yet to be clarified.

The current study examined whether proinflammatory cytokines, such as
TNF-a, IL-18 and interferon-y (IFN-y), could cause an alteration of Cx43
expression and a subsequent functional modulation of GJIC in cultured rat spinal
astrocyte. Mitogen-activated protein kinase (MAPK) is well known to be activated
after stimulation with cytokines in astrocytes and could be important in initiating
the cascade of intracellular events that leads to various neurological disorders
following injury or disease 4849, Recently, several researches have focused on the
role of ubiquitin proteasome system on Cx43 degradation in several cells such as
human corneal fibroblasts or rat liver epithelial cell line IAR20 5951, The
ubiquitin-proteasome system is widely known for its role in intracellular protein
degradation, that the proteins after labeled with ubiquities were degradation by
proteasome which a large multi-subunit protease 52. There are a number of
signaling molecules that are activated following cytokine stimulation. Thus, the
specific signaling cascade involved in the expression of Cx43 in astrocytes

following cytokine stimulation was also elucidated.

2.3. Materials and Methods
Reagents

Recombinant rat TNF-a and IFN-y were obtained from Wako (Tokyo, Japan)
and IL-18B from PeproTech (Rocky Hill, NJ, USA). Lucifer yellow CH di-potassium
salt, H89, N-acetylcysteine (NAC) and Thiazolyl Blue Tetrazolium Bromide
(MTT) were purchased from Sigma Chemical, Co. (St. Louis, MO, USA). U0126,

SB202190, SP600125, PP1, Epoxomicin and genistein were purchased from Tocris
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Cookson (Bristol, UK). G66983 and AG490 were obtained from Calbiochemical Co.
(La Jolla, CA, USA). MG132 and 20s proteasome activity assay kit were obtained
from Cayman Chemical (A. G. Scientific, USA). Epoxomicin was purchased from
Calbiochemical Co. (La Jolla, CA, USA).

Primary culture of neonatal rat spinal cord astrocytes

Primary spinal astrocytes were prepared from spinal cords of neonatal Wistar
rats (1-2 days old) according to a previously reported method 3. In brief, the
1solated spinal cords were minced and then incubated with trypsin and DNase 1.
Dissociated cells were suspended in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% heat-inactivated fetal calf serum and
penicillin/streptomycin (100 U/ml and 100 pg/ml, respectively). Then, cell
suspensions were plated in 75 cm? tissue culture flasks (7.5~10%106 cells/flask)
precoated with poly-L-lysine (10 pg/ml). Cells were maintained in a 10% COx
incubator at 37 °C. After 8~15 days, the mixed glial cells were shaken vigorously
and washed with PBS in order to remove other cells such as microglia. Cells were
then replanted onto 35 mm diameter dishes (3.2x105 cells) for use in the following
experiments. The current method yielded a purity of > 95% astrocytes, as
determined by glial fibrillary acidic protein (GFAP) immunoreactivity (Data not
shown).

Real-time PCR analysis

According to a previously reported method 54, total RNA derived from astrocytes
was prepared by a method involving acid guanidinium thiocyanate—phenol—
chloroform extraction 55 and used to synthesize cDNA with moloney murine
leukemia virus reverse transcriptase (Applied Biosystems, Foster City, CA, USA)
and a random hexamer primer. The cDNA synthesized using 1 pg of total RNA in

each sample were subjected to real-time PCR assays with specific primers and
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EXPRESS SYBER® Green ER™ gPCR SuperMix (Invitrogen, Carlsbad, CA, USA).
The sequences of primers were used: Cx43, 5 - CGTGCAGATGCACTGAA -3
(forward); 5 - CCACTGGATGAGCAGGAA -3 (reverse) and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 5’ -
AGCCCAGAACATCATCCCTG -3 (forward); 5 - CACCACCTTCTTGATGTCATC
-3 (reverse). Thereafter, real-time PCR assays were conducted using a DNA
engine real-time PCR detection system CFX96 (Bio-Rad Laboratories, Tokyo,
Japan). A three-step amplification protocol was applied: 3 min at 95 °C followed
by 40 cycles of 95 °C for 15 s, 60 °C for 30 s, and 72 °C for 30 s. RNA quantities of
target genes were calculated by the Ct method. Ct values of Cx43 amplification
were normalized to those of GAPDH amplification.

Western blot analysis and antibodies

Western blot analysis was performed for the detection of Cx43, phospho-JNK
and phospho-c-jun in rat spinal astrocytes. After treatment with the various drugs,
the cells were solubilized in radioimmunoprecipitation assay buffer with
inhibitors (100 mM Tris—HC], pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton
X-100, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 20 pg/ml
aprotinin, 20 ug/ml leupeptin, ImM phenylmethylsulfonyl fluoride, and
phosphatase inhibitor cocktail 2 (Sigma Chemical, Co.)). The lysates were
centrifuged and the supernatant was added to Laemli’s buffer and boiled at 95°C
for 5 min. Equal amounts of protein were separated by 7.5% (for Cx43 or B-actin)
or 10% (for phosphor- or total JNK or phospho-c-jun) SDS—polyacrylamide gel
electrophoresis and blotted onto nitrocellulose membranes. The membranes were
incubated with blocking solution, and subsequently incubated with a purified
polyclonal antibody against rat Cx43 (1:1000, Cell Signaling Technology, Beverly,

MA, USA)), phospho-JNK (1:1000, Cell Signaling Technology), total-JNK (1:1000,
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Cell Signaling Technology), phospho-c-jun (1:1000, Cell Signaling Technology) or
with a monoclonal antibody against B-actin (1:10,000, Sigma Chemical, Co.)
overnight at 4 °C. After being washed, the membranes were incubated with the
horseradish peroxidase-conjugated secondary antibody for 1 h at room
temperature. Thereafter, membranes were rinsed and incubated with
Luminescence reagent (Thermo Fischer Scientific, Rockford, IL, USA). Finally,
the membranes were exposed to X-ray film. For quantification of signals for
proteins, the densities of specific bands were measured with Science Lab Image
Gauge (Fuji Film, Tokyo, Japan).

Scrape loading/dye transfer assay

Several assays are currently available to determine the GJIC in cultured cells
5658, Among these, the scrap loading/dye transfer (SLDT) assay is based on
monitoring the transfer of the fluorescent dye Lucifer yellow from one cell into
adjacent cells and has been extensively used to analyze the functional status of
gap junction in cell culture systems. The SLDT assay utilizing Lucifer yellow was
performed to examine the effect of cytokines on GJIC between spinal astrocytes
according to a previously described method 9. Briefly, cells were incubated in
HEPES-buffered salt solution for 10 min containing the following (in mM): 140
NaCl, 5.5 KCI, 1.8 CaClz, 1 MaClz, 10 glucose, 10 HEPES, pH 7.35. Cells were
then washed in Ca?*-free HEPES solution for 1 min, and then scrape loading was
achieved with a razor blade in the same CaZ*-free solution containing Lucifer
yellow CH (1 mg/ml; Sigma Chemical, Co). After 1 min, cells were washed several
times with the HEPES-buffered salt solution. After scrap loading for 8 min,
fluorescent images were captured using an inverted fluorescent microscope
equipped for epifluorescence (Olympus, Tokyo, Japan) and images were analyzed

using image-analysis software image J (National Institutes of Health, USA). For
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each trial, determining the fluorescence area and intensity in time consecutive
fields performed quantification of the change in GJIC induced by different
treatments.

Proteasome activity

The proteasome activity was analyzed by using a 20s proteasome assay kit
according to the manufacturer’s instructions. Briefly, seed astrocytes in a 96-well
plate at a density of 3xX105 cell/well. After treatment, astrocytes were lysate by 20s
proteasome lysis buffer, then add 20s proteasome substrates SUC-LLVY-AMC to
incubate for 1 h at 37 °C. Finally, read the fluorescence intensity of AMC using an
excitation and emission wavelengths of 360nm and 480nm filter set in a
fluorometer (Perkin Elmer, New York, USA) epifluorescence (Olympus, Tokyo,
Japan). The AMC standard curve was generated with a dilution series of purified

Statistical analysis

Data are expressed as the mean + SEM of at least three independent
experiments. Differences between means were statistically analyzed by one-way
analysis of variance (ANOVA) followed by post-hoc multiple comparison analysis
using the Tukey—Kramer method. The differences between vehicle and cytokines
treatment in the JNK and c-jun phosphorylation studies were analyzed using
Student’s t-test. A probability value (p) of less than 0.05 was considered to be

statistically significant.

2.4. Results

TNF-a and IFN-y induced a down regulation of Cx43 expression in

spinal astrocytes

To elucidate the effects of TNF-a, IFN-y and IL-18 on Cx43 expression in spinal

astrocytes, changes in Cx43 mRNA and protein expression were quantified. As
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shown in Fig. 2-1A, Cx43 expression was significantly decreased with TNF-a
treatment at 24 h and 48 h post-treatment and with IFN-y. Moreover,
co-treatment with TNF-a and IFN-y induced a marked decrease in Cx43 mRNA
expression at both 24 and 48 h post-treatment. By contrast, treatment with IL-18
for either 24 or 48 h did not result any significant change in Cx43 mRNA (Fig.
2-1A).

A decrease in Cx43 protein expression was observed with treatment with either
TNF-a or IFN-y at both 24 h and 48 h. Similar to the effect observed in Cx43
mRNA expression, a robust reduction of Cx43 protein expression was obtained by
a mixture TNF-a and IFN-y at both 24 and 48 h post-treatment (Fig. 2-1B). By
contrast, treatment with IL-18 did not result in any significant change in Cx43
protein expression at either 24 h or 48 h post-treatment (Fig. 2-1C). As a mixture
of TNF-a and IFN-y appeared to yield a greater effect on both Cx43 transcription
and translation than either cytokine alone, the effect of co-incubation with both
cytokines on Cx43 expression over time was evaluated. A significant decrease in
Cx43 mRNA expression in spinal astrocytes was apparent as early as 3 h
post-incubation with the cytokine mixture (Fig. 2-2A). Twelve h following cytokine
mixture treatment, Cx43 mRNA expression was reduced to approximately
one-third of that of vehicle treated astrocytes. In addition, the subsequently
reduction of Cx43 protein expression was obtained by a mixture TNF-a and IFN-y
at 6 h post-treatment (Fig.2-2B).

TNF-a and IFN-y induced an inhibition of GJIC in spinal astrocytes

Next, gap junction permeability in cultured spinal astrocytes was determined
using the SLDT assay. As shown in Fig. 2-3A, Lucifer yellow was transferred
through GJIC in vehicle-treated astrocytes, indicating functional gap junctions.

After treatment with either TNF-a or IFN-y for 48 h, a slight reduction of gap
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junction permeability was observed but this was not statistically significant
compared to vehicle-treated astrocytes (p>0.05). By contrast, after co-incubation
with the cytokine mixture for 48 h, gap junction permeability between spinal
astrocytes was significant reduced (61.5 + 9.1%, n=7; p<0.01 vs. vehicle-treated;
Fig. 2-3B).

JNK plays a critical role in the inhibitory effect of TNF-a and IFN-y on

Cx43-GJIC in spinal astrocytes

The involvement of MAPK in the down-regulation of Cx43-gap junction induced
by a mixture of TNF-a and IFN-y was elucidated by pharmacological approaches.
Treatment with SP600125, a potent inhibitor of JNK, significantly blocked the
cytokine mixture-induced decrease of both Cx43 mRNA (Fig. 2-4A) and protein
levels (Fig. 2-4B and Table 1). In contrast, treatment with either U0126 or
SB202190, which are the inhibitors of ERK and p38 MAPK, respectively, had no
effect on either Cx43 mRNA (Fig. 2-4A) or protein expression (Fig. 2-4B and Table
1). Moreover, the SLDT assay results demonstrated that treatment with
SP600125 reversed the cytokine mixture-induced down-regulation of gap junction
function in spinal astrocytes (Fig. 2-5). In contrast, treatment with either U0126
or SB202190 had no effect on GJIC (data not shown).

These findings suggest that the JNK signaling pathway could be involved in the
TNF-a and IFN-y induced down-regulation of both Cx43-gap junction expression
and function. Thus, phosphorylation levels of JNK were measured to determine
whether JNK was actually activated by both cytokines in cultured spinal
astrocytes. Co-treatment with both cytokines markedly induced the
phosphorylation of JNK after 30 min, and this response was significantly elevated
for at least 12 h (Fig. 2-6A). Thirty minutes pretreatment with SP600125

significantly suppressed cytokine mixture-induced JNK phosphorylation (Fig.
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2-6B). In addition, the phosphorylation of c-jun was also analyzed to elucidate a
potential effect of JNK activity. Phosphorylation of c-jun was also significantly
increased after co-treatment with both cytokines beginning 30 min after
incubation, and this response was sustained for at least 12 h (Fig. 2-6C). The
cytokine mixture-induced up-regulation of phospho-c-jun (3 h) in spinal astrocytes
was reversed by SP600125 (Fig. 2-6D).

TNF-a and IFN-y promote the degradation of Cx43 expression in

spinal astrocytes

Furthermore, to investigate the detail mechanism of Cx43 down-regulation,
next elucidate the effect of TNF-a and IFN-y on degradation of Cx43 in spinal
astrocyte used cycloheximide plus assay. As shown in Fig. 2-7, treated with
cycloheimide (1nm) alone, that a protein synthesis inhibitor caused a
time-dependent decrease in Cx43 level, after 6 h the Cx43 protein levels were
decreased by 50% compared to the 0 h. However, this effect was accelerated by
TNF-a and IFN-y. In addition, co-treatment with TNF-a and IFN-y induced a
marked acceleration in Cx43 degradation (Fig 2-7). This suggests that TNF-a and
IFN-y induced the Cx43 degradation in spinal astrocytes.

Proteasome plays a critical role in the inhibitory effect of TNF-a and

IFN-y on Cx43-GJIC in spinal astrocytes

Next, the involvement of proteasome in the down-regulation of Cx43-gap
junction induced by a mixture of TNF-a and IFN-y was elucidated by
pharmacological approaches. Treatment with MG132, a reversible proteasome
inhibitor or epoxomicin, an irreversible proteasome inhibitor, respectively,
significantly blocked the cytokine mixture-induced decrease of both Cx43 protein
level (Fig. 2-8A) and gap junction function (Fig. 2-8B) in spinal astrocytes. These

findings suggest that the proteasome pathway could be involved in the TNF-a and
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IFN-y induced down-regulation of both Cx43-gap junction expression and function.
Thus, proteasome activities were measured by used 20s proteasome assay kit to
determine whether proteasome was actually activated by both cytokines in
cultured spinal astrocytes. Co-treatment with both cytokines significantly
increases the activity of proteasome after 4 h, and this response was significantly
elevated for at least 12 h. In addition, the cytokine mixture-induced up-regulation
of proteasome activity in spinal astrocytes was reversed by SP600125 (Fig. 2-9A).
Furthermore, the inhibited role of co-treatment both JNK and proteasome
inhibitors on Cx43 down regulation induced by TNF-a and IFN-y also
investigated. As shown in Fig. 2-9B, after co-incubation with the inhibitors
mixture did not result any significant change in Cx43 down regulation induced by
cytokines-mixture compared the inhibitor single treatment in spinal astrocytes
(Fig. 2-9B). These results suggest that TNF-a and IFN-y induce the proteasome
activation via JNK activation and then decrease the Cx43-GJIC in spinal

astrocyte.

The involvement of other signaling cascades in the regulation of Cx43
expression which have been reported to be activated after incubation with TNF-a
and IFN-y or regulated the Cx43 expression was investigated by pharmacological
approaches. None of the other inhibitors had a significant effect on Cx43 protein

expression (Table 2).

2.4. Discussion

The current study demonstrated that TNF-a and IFN-y, both alone and in

combination, caused a significant down-regulation of Cx43 in spinal astrocytes,
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leading to decreased gap junction function, as demonstrated by the SLDT assay,
which in turn was mediated by JNK-proteasome activation. These results are in
accordance with a previous report that demonstrated that lipopolysaccharide
(LPS) treatment of rat cortical astrocytes led to a decrease of Cx43, which was
mediated by Toll-like receptor 4 6061, Although LPS is known to produce
proinflammatory cytokines such as TNF-a and IL-18 6062 there are no reports,
which directly demonstrated that TNF-a and IFN-y trigger the reduction of Cx43
expression. In fact, this study suggests that the cytokine IL-18 has no role in the
reduction of Cx43 expression in spinal astrocytes. Thus, the current study
suggests that specific cytokines are involved in the down-regulation of Cx43
following spinal tissue pathology. Furthermore, based on the pharmacological
effects, the current study indicates that a specific signaling pathway is involved in
the down-regulation of Cx43 expression and function. The findings in total
suggest a rational approach to developing treatments for spinal pathologies
involving astrocytic dysfunction.

It is known that a network of astrocytes linked by gap junctions could play an
important role in maintaining the homeostatic environment of the CNS 63,
Several cytokines have been reported to contribute to the regulation of Cx43
expression and GJIC in brain astrocytes but these may differ from those that
regulate spinal astrocyte Cx43 expression and GJIC. For example, although
treatment of mouse cortical astrocytes with TNF-a, IFN-y and IL-18 alone did not
affect Cx43 and GJIC, co-treatment with TNF-a and IL-18 markedly reduced the
expression of Cx43 and GJIC 245964, By contrast, in this study, although IL-18 was
ineffective on Cx43 expression in spinal astrocytes, both TNF-a and IFN-y alone
and in combination in particular exhibited prominent inhibitory effects on Cx43

expression. Furthermore, co-treatment with TNF-a and IL-18 did not exhibit
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additional decrease of Cx43 expression in spinal astrocytes (data not shown).
Certainly, it is possible that astrocytes in different region of CNS could have
distinct properties and responses to various neurochemical stimuli. A differential
effect between brain and spinal astrocytes of cytokines could form the basis of
targeted treatment for specific CNS pathologies. Currently, however, there has
not been extensive differentiation of phenotypes, between brain and spinal
astrocytes, to confirm such a possibility.

The current study is the first to demonstrate that IFN-y could induce an
inhibitory effect on Cx43 function. IFN-y is produced mainly by T-cells and
natural killer cells, and mediates various immune responses to tissue injury.
Recently, IFN-y was shown to be unregulated in the spinal cords of rats with a
painful peripheral neuropathy ¢35, in the CNS in a mouse model of amyotrophic
lateral sclerosis (ALS) 66, and traumatic brain injury ¢7. The expression of IFN-y
in the CNS under various pathological states indicates that it is a ubiquitous
cytokine and functional in both brain and spinal cord. Spinal astrocytes in
particular can express the IFN-y receptor, and are therefore sensitive to the effect
of IFN-y ¢, Thus, it is concluded that IFN-y alone has an important role in
regulating Cx43 expression in spinal cord astrocytes.

Interestingly, this study found that co-treatment of TNF-a with IFN-y further
suppressed the expression of Cx43 in spinal astrocytes as well as further
suppressing GJIC. It should be apparent that not one but several cytokines maybe
found in the CNS under pathological conditions. To better conceptualize the
clinical effect of cytokines on CNS tissues, the use of combinations of cytokines
may be more useful rather than individual cytokines. The levels of both TNF-a
and IFN-y have been shown increased in the spinal cord under pathological

situations, such as a model of familial ALS 666970 The onset of symptoms
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following experimental autoimmune encephalomyelitis correlates with increased
TNF-a and IFN-y in spinal cord 7. Thus, in clinical spinal neurodegenerative
disorders, both TNF-a and IFN-y are crucial in triggering astrocytic dysfunction.
Although it has been reported that cytokines can reduce Cx43 expression in
various cells types, it is yet unclear, which signaling mechanism underlies the
cytokine-mediated reduction of Cx43 expression. In the current study, both the
dysfunction of Cx43 synthesis and Cx43 degradation were involved the Cx43-gap
junction down-regulation induced by TNF-a and IFN-y. The main focus was on
the involvement of MAPK in the TNF-a and IFN-y induced down-regulation of
Cx43, because MAPK is known to be activated after stimulation with cytokines in
spinal astrocytes 4849, The current results indicated that JNK, but not ERK or p38,
plays a pivotal role in the TNF-a and IFN-y induced decrease the mRNA and
protein levels of Cx43 and GJIC in spinal astrocytes. Furthermore, treatment
with both cytokines markedly induced the phosphorylation of JNK and c-jun,
which precedes the down-regulation of Cx43 mRNA expression. The
phosphorylation of JNK has been observed under various pathological situations
such as neuropathic or inflammatory pain 7273, suggesting that activation of this
kinase in astrocytes is important step in the molecular process that leads, in this
case, to a chronic pain state. These observations, combined with the current
findings, indicate that JNK is a crucial factor in the cytokine-mediated regulation
of Cx43 in spinal astrocytes. Interestingly, in current study suggested that JNK
also involved the TNF-a and IFN-y induced Cx43 degradation via proteasome
activity. It i1s supported by several recent study that TNF-a or IFN-y mediated
astrocyte activity was mediated by proteasome pathway 7475, Furthermore, C43
degradation in human corneal fibroblasts or rat BWEM cell was also prevented by

proteasome inhibitors 3651, The proteasome system also has been observed under
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various pathological situations such as chronic pain 76. These observations,
combined with the current findings, indicate that proteasome is also a crucial
factor in the cytokine-mediated regulation of Cx43 in spinal astrocytes. However,
it 1s also shown that Cx43 ubiquitin was significantly increased in human corneal
fibroblasts5l. Thus, the ubiquitin level of Cx43 in spinal astrocyte after
treatments with both cytokines are future must be examined.

As multiple signaling molecules are involved in the regulation of brain
astrocytic Cx43, such could also be the case for spinal astrocytes. Previous studies
indicated that LPS-induced inhibitory effect on Cx43-GJIC in cortical astrocytes
was mediated through a down-regulation of membrane protein caveolin-3 61
NF-kB and the phosphoinositide 3-kinase pathway activated by Toll-like receptor
3 were implicated in the down-regulation of astrocytic Cx43 expression in human
fetal brain 77. The molecular mechanism of the reduction of Cx43 synthesis
combined with JNK activation remains to be clarified, involving either a direct or
an indirect mechanism. It is possible that JNK could directly activate a
transcriptional repressor to block the expression of Cx43 mRNA, or via an
epigenetic mechanism to initiate gene silencing. Indeed, accumulating evidence
has shown that epigenetic modulation is associated with Cx43 gene expression
7880, One possible indirect mechanism is that JNK contributes to the production of
inhibitory molecules to block Cx43 transcription, thereby reducing Cx43 protein
expression. Several studies have indicated that cytokines utilize a pathway that is
highly dependent on treatment with TNF-a and IFN-y leads to the activation of
multiple signaling molecules, including PKA, PKC, JAK, src tyrosine kinase and
ROS 8184, However, the current study excluded the possibility of involvement of
these molecules by pharmacological approaches. Thus, our data indicate that

cytokines utilize a pathway that is highly dependent on JNK phosphorylation,
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thereby modulating Cx43-GJIC in spinal astrocyte.

In conclusion, the current study demonstrated that TNF-a and IFN-y,
separately and in combination induced a down-regulation of Cx43 expression in
spinal astrocytes, which led to decreased gap junction function and that the
down-regulation is critically dependent on JNK activation and proteasome
activity. As a consequence of diminished functioning of gap junctions, there is a
failure of intercellular communication and sensing of the synaptic milieu. Under
neurodegenerative or neuroinflammatory conditions, JNK appears to have an
essential transcriptional role in dysfunctional spinal astrocytes. Indeed, JNK
appears to be involved in a number of processes in both glia and CNS neurons
following injury 73:85, In addition, the proteasome activities have an important role
on protein degradation. Further elaborating the molecular mechanism that
down-regulates the expression of Cx43 might lead to new strategies to rescue CNS

tissue in diverse neurological disorders.
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Summary

In chapter 1 demonstrated that after nerve injury spinal astrocytic
Cx43 was decreased via TNF-a and then induced GLT-1 down
regulation. These responses induced neuropathic pain via
glutamatergic transmission.

In chapter 2 demonstrated that treatment of spinal astrocyte with
mixture of cytokines (TNF-a, IFN-y) led to a decrease of Cx43

expression via JNK and proteasome pathway.
(in vivo)
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Schematic illustration of the role of Cx43 on neuropathic
pain (in vivo) and the signaling pathway of Cx43 down

regulation in spinal astrocyte (in vitro).

35



References

10

11

12

13

14

15

Zhang, X. & Bao, L. The development and modulation of nociceptive circuitry. Curr Opin
Neurobiol 16, 460-466, doi:10.1016/j.conb.2006.06.002 (2006).

D'Mello, R. & Dickenson, A. H. Spinal cord mechanisms of pain. Br J Anaesth 101, 8-16,
doi:10.1093/bja/aen088 (2008).

Nakamura, Y. et al. Activation of transient receptor potential ankyrin 1 evokes nociception
through substance P release from primary sensory neurons. J Neurochem 120, 1036-1047,
doi:10.1111/j.1471-4159.2011.07628.x (2012).

Carlton, S. M. et al. Peripheral and central sensitization in remote spinal cord regions
contribute to central neuropathic pain after spinal cord injury. Pain 147, 265-276,
doi:10.1016/j.pain.2009.09.030 (2009).

Cao, H. & Zhang, Y. Q. Spinal glial activation contributes to pathological pain states.
Neurosci Biobehav Rev 32, 972-983, doi:10.1016/j.neubiorev.2008.03.009 (2008).

Shibata, K. et al. The astrocyte-targeted therapy by Bushi for the neuropathic pain in mice.
PLoS One 6, 23510, doi:10.1371/journal.pone.0023510 (2011).

Gao, Y. dJ. & Ji, R. R. Targeting astrocyte signaling for chronic pain. Neurotherapeutics 7,
482-493, doi:10.1016/j.nurt.2010.05.016 (2010).

Maeda, S. et al. Gene transfer of GLT-1, a glial glutamate transporter, into the spinal cord
by recombinant adenovirus attenuates inflammatory and neuropathic pain in rats. Mol
Pain 4, 65, doi:10.1186/1744-8069-4-65 (2008).

Ji, R. R., Gereau, R. W., Malcangio, M. & Strichartz, G. R. MAP kinase and pain. Brain Res
Rev 60, 135-148, doi:10.1016/j.brainresrev.2008.12.011 (2009).

Kielian, T. Glial connexins and gap junctions in CNS inflammation and disease. J
Neurochem 106, 1000-1016, doi:10.1111/5.1471-4159.2008.05405.x (2008).

Langer, J., Stephan, J., Theis, M. & Rose, C. R. Gap junctions mediate intercellular spread
of sodium between hippocampal astrocytes in situ. Glia 60, 239-252,
doi:10.1002/glia.21259 (2012).

Giaume, C. & Venance, L. Intercellular calcium signaling and gap junctional
communication in astrocytes. Glia 24, 50-64 (1998).

Rouach, N. et al. Gap junctions and connexin expression in the normal and pathological
central nervous system. Biol Cell 94, 457-475 (2002).

Brand-Schieber, E. et al. Connexin43, the major gap junction protein of astrocytes, is
down-regulated in inflamed white matter in an animal model of multiple sclerosis. o
Neurosci Res 80, 798-808, doi:10.1002/jnr.20474 (2005).

Roh, D. H. et al Intrathecal injection of carbenoxolone, a gap junction decoupler,

attenuates the induction of below-level neuropathic pain after spinal cord injury in rats.

36



16

17

18

19

20

21

22

23

24

25

26

27

28

Exp Neurol 224, 123-132, doi:10.1016/j.expneurol.2010.03.002 (2010).

Xu, Q. et al Suppression of spinal connexin 43 expression attenuates mechanical
hypersensitivity in rats after an L5 spinal nerve injury. Neurosci Lett 566, 194-199,
doi:10.1016/j.neulet.2014.03.004 (2014).

Ohara, P. T., Vit, J. P., Bhargava, A. & Jasmin, L. Evidence for a role of connexin 43 in
trigeminal pain using RNA interference in vivo. J Neurophysiol 100, 3064-3073,
d0i:90722.2008 [pii]l10.1152/jn.90722.2008 (2008).

Seltzer, Z., Dubner, R. & Shir, Y. A novel behavioral model of neuropathic pain disorders
produced in rats by partial sciatic nerve injury. Pain 43, 205-218 (1990).

Nakase, T., Fushiki, S. & Naus, C. C. Astrocytic gap junctions composed of connexin 43
reduce apoptotic neuronal damage in cerebral ischemia. Stroke 34, 1987-1993,
doi:10.1161/01.STR.0000079814.72027.34 (2003).

Kiguchi, N., Maeda, T., Kobayashi, Y. & Kishioka, S. Up-regulation of tumor necrosis
factor-alpha in spinal cord contributes to vincristine-induced mechanical allodynia in mice.
Neurosci Lett 445, 140-143, doi:10.1016/j.neulet.2008.09.009 (2008).

Ren, K. Emerging role of astroglia in pain hypersensitivity. Jpn Dent Sci Rev 46, 86,
doi:10.1016/.jdsr.2009.10.005 (2010).

Tanga, F. Y., Raghavendra, V., Nutile-McMenemy, N., Marks, A. & Deleo, J. A. Role of
astrocytic S100beta in behavioral hypersensitivity in rodent models of neuropathic pain.
Neuroscience 140, 1003-1010, doi:10.1016/j.neuroscience.2006.02.070 (2006).

Huang, Y. F. et al. Antofine-induced connexin43 gap junction disassembly in rat astrocytes
involves protein kinase CB. Neurotoxicology 35, 169-179, doi:10.1016/j.neuro.2013.02.001
(2013).

Méme, W. et al. Proinflammatory cytokines released from microglia inhibit gap junctions
in astrocytes: potentiation by beta-amyloid. FASEB J 20, 494-496, doi:05-4297fje
[piil10.1096/fj.05-4297fje (2006).

Sugimoto, T. et al. Use of ultra-performance liquid chromatography/time-of-flight mass
spectrometry with nozzle-skimmer fragmentation for comprehensive quantitative analysis
of secondary metabolites in Arabidopsis thaliana. J Sep Seci 34, 3587-3596,
doi:10.1002/jss¢.201100552 (2011).

Wu, X. F. et al. Reopening of ATP-sensitive potassium channels reduces neuropathic pain
and regulates astroglial gap junctions in the rat spinal cord. Pain 152, 2605-2615,
doi:10.1016/j.pain.2011.08.003 (2011).

Pannasch, U. et al. Astroglial networks scale synaptic activity and plasticity. Proc Natl
Acad Sci U SA 108, 8467-8472, doi'10.1073/pnas.1016650108 (2011).

Vallejo, R., Tilley, D. M., Vogel, L. & Benyamin, R. The role of glia and the immune system
in the development and maintenance of neuropathic pain. Pain Pract 10, 167-184,

doi:10.1111/j.1533-2500.2010.00367.x (2010).

37



29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

Xin, W. J., Weng, H. R. & Dougherty, P. M. Plasticity in expression of the glutamate
transporters GLT-1 and GLAST in spinal dorsal horn glial cells following partial sciatic
nerve ligation. Mol Pain 5, 15, doi:10.1186/1744-8069-5-15 (2009).

Salter, M. W. Cellular signalling pathways of spinal pain neuroplasticity as targets for
analgesic development. Curr Top Med Chem 5, 557-567 (2005).

Figiel, M., Allritz, C., Lehmann, C. & Engele, J. Gap junctional control of glial glutamate
transporter expression. Mol Cell Neurosci 35, 130-137, doi:10.1016/;.mcn.2007.02.009
(2007).

Yue, P. et al. Ischemia impairs the association between connexin 43 and M3 subtype of
acetylcholine muscarinic receptor (M3-mAChR) in ventricular myocytes. Cell Physiol
Biochem 17, 129-136, doi:10.1159/000092074 (2006).

Tacobas, D. A. et al. Gap junction and purinergic P2 receptor proteins as a functional unit:
insights from transcriptomics. J Membr Biol 217, 83-91, doi:10.1007/s00232-007-9039-7
(2007).

Scemes, E. Modulation of astrocyte P2Y1 receptors by the carboxyl terminal domain of the
gap junction protein Cx43. Glia 56, 145-153, doi:10.1002/glia.20598 (2008).

Ai, Z., Fischer, A., Spray, D. C., Brown, A. M. & Fishman, G. I. Wnt-1 regulation of
connexin43 in cardiac myocytes. J Clin Invest 105, 161-171, doi:10.1172/JCI7798 (2000).
Chew, S. S., Johnson, C. S., Green, C. R. & Danesh-Meyer, H. V. Role of connexin43 in
central nervous system injury. Exp Neurol 225, 250-261, doi:S0014-4886(10)00252-9
[piil10.1016/j.expneurol.2010.07.014 (2010).

Rutkowski, R. et al. [Structure and physiological function of connexin proteins]. Postepy
Hig Med Dosw (Online) 62, 632-641, doi:872579 [piil (2008).

Yeager, M. & Nicholson, B. J. Structure of gap junction intercellular channels. Curr Opin
Struct Biol 6, 183-192, doi:S0959-440X(96)80073-X [pii] (1996).

Saez, J. C., Berthoud, V. M., Branes, M. C., Martinez, A. D. & Beyer, E. C. Plasma
membrane channels formed by connexins: their regulation and functions. Physiol Rev 83,
1359-1400, doi:83/4/1359 [piil10.1152/physrev.00007.2003 (2003).

Chanson, M. et al. Gap junctional communication in tissue inflammation and repair.
Biochim Biophys Acta 1711, 197-207, doi:S0005-2736(04)00265-2
[piil10.1016/j.bbamem.2004.10.005 (2005).

Pu, P., Xia, Z., Yu, S. & Huang, Q. Altered expression of Cx43 in astrocytic tumors. Clin
Neurol Neurosurg 107, 49-54, doi:S0303846704000605 [pii]l10.1016/j.clineuro.2004.03.006
(2004).

Xu, L., Zeng, L. H. & Wong, M. Impaired astrocytic gap junction coupling and potassium
buffering in a mouse model of tuberous sclerosis complex. Neurobiol Dis 34, 291-299
(2009).

Kawasaki, A. et al. Modulation of connexin 43 in rotenone-induced model of Parkinson's

38



44

45

46

47

48

49

50

51

52

53

54

disease. Neuroscience 160, 61-68, doi:S0306-4522(09)00169-9
[piil10.1016/j.neuroscience.2009.01.080 (2009).

Lee, I. H., Lindqvist, E., Kiehn, O., Widenfalk, J. & Olson, L. Glial and neuronal connexin
expression patterns in the rat spinal cord during development and following injury. J
Comp Neurol 489, 1-10, doi:10.1002/cne.20567 (2005).

Faustmann, P. M. et al. Microglia activation influences dye coupling and Cx43 expression
of the astrocytic network. Glia 42, 101-108, doi:10.1002/glia.10141 (2003).

Whitehead, K. J. et al. Dynamic regulation of spinal pro-inflammatory cytokine release in
the rat in vivo following peripheral nerve injury. Brain Behav Immun 24, 569-576,
doi:S0889-1591(09)00560-1 [piil10.1016/j.bbi.2009.12.007 (2010).

Chen, K. B. et al. High-mobility group box-1 and its receptors contribute to
proinflammatory response in the acute phase of spinal cord injury in rats. Spine (Phila Pa
1976) 36, 2122-2129, doi:10.1097/BRS.0b013e318203941c (2011).

Fernandes, A., Falcdo, A. S., Silva, R. F., Brito, M. A. & Brites, D. MAPKs are key players
in mediating cytokine release and cell death induced by unconjugated bilirubin in cultured
rat cortical  astrocytes. Eur J Neurosci 25, 1058-1068, do1:EJN5340
[piil10.1111/5.1460-9568.2007.05340.x (2007).

Gao, Y. J. et al. JNK-induced MCP-1 production in spinal cord astrocytes contributes to
central sensitization and neuropathic pain. J Neurosci 29, 4096-4108, doi:29/13/4096
[piil10.1523/JNEUROSCI.3623-08.2009 (2009).

Kjenseth, A., Fykerud, T., Rivedal, E. & Leithe, E. Regulation of gap junction intercellular
communication by the ubiquitin system. Cell Signal 22, 1267-1273,
doi:10.1016/j.cellsig.2010.03.005 (2010).

Kimura, K. & Nishida, T. Role of the ubiquitin-proteasome pathway in downregulation of
the gap-junction protein Connexin43 by TNF-{alpha} in human corneal fibroblasts. Invest
Ophthalmol Vis Sci 51, 1943-1947, doi:10.1167/i0vs.09-3573 (2010).

Ravid, T. & Hochstrasser, M. Diversity of degradation signals in the ubiquitin-proteasome
system. Nat Rev Mol Cell Biol 9, 679-690, doi:10.1038/nrm2468 (2008).

Sugimoto, T., Morioka, N., Sato, K., Hisaoka, K. & Nakata, Y. Noradrenergic regulation of
period]l expression in spinal astrocytes is involved in protein kinase A, c-Jun N-terminal
kinase and extracellular signal-regulated kinase activation mediated by al- and
B2-adrenoceptors. Neuroscience 185, 1-13, doi:S0306-4522(11)00434-9
[piil10.1016/j.neuroscience.2011.04.024 (2011).

Morioka, N., Tanabe, H., Inoue, A., Dohi, T. & Nakata, Y. Noradrenaline reduces the
ATP-stimulated phosphorylation of p38 MAP kinase via beta-adrenergic
receptors-cAMP-protein kinase A-dependent mechanism in cultured rat spinal microglia.
Neurochem Int 55, 226-234, doi:S0197-0186(09)00100-4 [piil10.1016/j.neuint.2009.03.004
(2009).

39



55

56

57

58

59

60

61

62

63

64

65

66

Chomezynski, P. & Sacchi, N. Single-step method of RNA isolation by acid guanidinium
thiocyanate-phenol-chloroform extraction. Anal Biochem 162, 156-159,
d0i:0003-2697(87)90021-2 [piil10.1006/abio.1987.9999 (1987).

McKarns, S. C. & Doolittle, D. J. Limitations of the scrape-loading/dye transfer technique
to quantify inhibition of gap junctional intercellular communication. Cell Biol Toxicol 8,
89-103 (1992).

Aleong, R., Blain, J. F. & Poirier, J. Pro-inflammatory cytokines modulate glial
apolipoprotein E secretion. Curr Alzheimer Res 5, 33-37 (2008).

Zhou, D. R. et al. Gossypol repressed the gap junctional intercellular communication
between Sertoli cells by decreasing the expression of Connexin43. Toxicol In Vitro 22,
1719-1725, doi:S0887-2333(08)00184-7 [piil10.1016/}.tiv.2008.07.012 (2008).

Giaume, C., Marin, P., Cordier, J., Glowinski, J. & Premont, J. Adrenergic regulation of
intercellular communications between cultured striatal astrocytes from the mouse. Proc
Natl Acad Sci U S A 88, 5577-5581 (1991).

de Bont, E. S. et al. Lipopolysaccharide-induced cytokine production in peripheral blood
mononuclear cells: intracellular localization of tumor necrosis factor alpha and interleukin
1 beta detected with a three-color immunofluorescence technique. Histochem Cell Biol 106,
593-598(1996).

Liao, C. K., Wang, S. M., Chen, Y. L., Wang, H. S. & Wu, J. C. Lipopolysaccharide-induced
inhibition of connexin43 gap junction communication in astrocytes is mediated by
downregulation of caveolin-3. Int J Biochem Cell Biol 42, 762-770,
doi:S1357-2725(10)00034-8 [piil10.1016/j.biocel.2010.01.016 (2010).

Caroff, M., Karibian, D., Cavaillon, J. M. & Haeffner-Cavaillon, N. Structural and
functional analyses of bacterial lipopolysaccharides. Microbes Infect 4, 915-926,
doi:S128645790201612X [piil (2002).

Nedergaard, M., Ransom, B. & Goldman, S. A. New roles for astrocytes: redefining the
functional architecture of the brain. Trends Neurosci 26, 523-530,
doi:S0166-2236(03)00266-2 [piil10.1016/j.tins.2003.08.008 (2003).

Méme, W., Ezan, P., Venance, L., Glowinski, J. & Giaume, C. ATP-induced inhibition of
gap junctional communication is enhanced by interleukin-1 beta treatment in cultured
astrocytes. Neuroscience 126, 95-104, doi:S0306452204002325
[piil10.1016/j.neuroscience.2004.03.031 (2004).

Costigan, M. et al. T-cell infiltration and signaling in the adult dorsal spinal cord is a
major contributor to neuropathic pain-like hypersensitivity. J Neurosci 29, 14415-14422,
d0i:29/46/14415 [pii]10.1523/JNEUROSCI.4569-09.2009 (2009).

Aebischer, J. et al. IFNy triggers a LIGHT-dependent selective death of motoneurons
contributing to the non-cell-autonomous effects of mutant SOD1. Cell Death Differ 18,
754-768, doi'cdd2010143 [pii]10.1038/cdd.2010.143 (2011).

40



67

68

69

70

71

72

73

74

75

76

77

78

79

Kamnaksh, A. et al. Factors affecting blast traumatic brain injury. J Neurotrauma 28,
2145-2153, doi:10.1089/neu.2011.1983 (2011).

Hashioka, S., Klegeris, A., Schwab, C., Yu, S. & McGeer, P. L. Differential expression of
interferon-gamma receptor on human glial cells in vivo and in vitro. J Neuroimmunol 225,
91-99, doi:S0165-5728(10)00183-9 [pii]10.1016/j.jneuroim.2010.04.023 (2010).

Elliott, J. L. Cytokine upregulation in a murine model of familial amyotrophic lateral
sclerosis. Brain Res Mol Brain Res 95, 172-178, doi:S0169328X0100242X [pii] (2001).
Hensley, K. et al. Message and protein-level elevation of tumor necrosis factor alpha (TNF
alpha) and TNF alpha-modulating cytokines in spinal cords of the G93A-SOD1 mouse
model for amyotrophic lateral sclerosis. Neurobiol Dis 14, 74-80, doi:S0969996103000871
[pii] (2003).

Wang, T. et al. The effect of Am-80, one of retinoids derivatives on experimental allergic
encephalomyelitis in rats. Life Sci 67, 1869-1879, doi:S0024320500007761 [piil (2000).
Wang, W. et al. Neuronal NR2B-containing NMDA receptor mediates spinal astrocytic
c-Jun N-terminal kinase activation in a rat model of neuropathic pain. Brain Behav
Immun 25, 1355-1366, doi-S0889-1591(11)00118-8 [piil10.1016/j.bbi.2011.04.002 (2011).
Gao, Y. J. et al. The c-Jun N-terminal kinase 1 (JNK1) in spinal astrocytes is required for
the maintenance of bilateral mechanical allodynia under a persistent inflammatory pain
condition. Pain 148, 309-319, doi:S0304-3959(09)00683-6 [piil10.1016/j.pain.2009.11.017
(2010).

Choi, K., Lee, J. & Choi, C. Divergent effect of proteasome inhibition on interleukin-1beta
and tumor necrosis factor alpha signaling in human astroglial cells. FEBS Lett 581,
4691-4696, doi:10.1016/j.febslet.2007.08.065 (2007).

Won, J. S., Im, Y. B., Singh, A. K. & Singh, I. Dual role of cAMP in iNOS expression in glial
cells and macrophages is mediated by differential regulation of p38-MAPK/ATF-2
activation and iNOS stability. Free Radic Biol Med 37, 1834-1844,
doi:10.1016/j.freeradbiomed.2004.08.017 (2004).

Yang, L. et al. Inhibition of the ubiquitin-proteasome activity prevents glutamate
transporter degradation and morphine tolerance. Pain 140, 472-478,
doi:10.1016/j.pain.2008.09.028 (2008).

Zhao, Y., Rivieccio, M. A., Lutz, S., Scemes, E. & Brosnan, C. F. The TLR3 ligand polyl: C
downregulates connexin 43 expression and function in astrocytes by a mechanism
involving the NF-kappaB and PI3 kinase pathways. Glia 54, 775-785,
doi:10.1002/glia.20418 (2006).

Oyamada, M., Takebe, K. & Oyamada, Y. Regulation of connexin expression by
transcription factors and epigenetic mechanisms. Biochim Biophys Acta,
doi:S0005-2736(11)00468-8 [piil10.1016/j.bbamem.2011.12.031 (2012).

Vinken, M. et al. Trichostatin a enhances gap junctional intercellular communication in

41



80

81

82

83

84

85

primary cultures of adult rat hepatocytes. Toxicol Sci 91, 484-492, doi‘kfj152
[piil10.1093/toxsci/kfj152 (2006).

Ogawa, T. et al. Suberoylanilide hydroxamic acid enhances gap junctional intercellular
communication via acetylation of histone containing connexin 43 gene locus. Cancer Res
65, 9771-9778, doi:65/21/9771 [pii]10.1158/0008-5472.CAN-05-0227 (2005).

Hsiao, H. Y. et al. TNF-alpha/I[FN-gamma-induced iNOS expression increased by
prostaglandin E2 in rat primary astrocytes via EP2-evoked cAMP/PKA and intracellular
calcium signaling. Glia 55, 214-223, doi:10.1002/glia.20453 (2007).

Koller, H., Allert, N., Oel, D., Stoll, G. & Siebler, M. TNF alpha induces a protein kinase
C-dependent reduction in astroglial K+ conductance. Neuroreport 9, 1375-1378 (1998).
Jeon, S. B. et al. Nordihydroguaiaretic acid inhibits IFN-gamma-induced STAT tyrosine
phosphorylation in rat brain astrocytes. Biochem Biophys Res Commun 328, 595-600,
doi:S0006-291X(05)00066-5 [pii]10.1016/j.bbrc.2005.01.025 (2005).

Ballestas, M. E. & Benveniste, E. N. Interleukin 1-beta- and tumor necrosis
factor-alpha-mediated regulation of ICAM-1 gene expression in astrocytes requires protein
kinase C activity. Glia 14, 267-278, doi:10.1002/1ia.440140404 (1995).

Repici, M. et al. Specific inhibition of the JNK pathway promotes locomotor recovery and
neuroprotection after mouse spinal cord injury. Neurobiol Dis 46, 710-721,

do0i:S0969-9961(12)00085-X [piil10.1016/j.nbd.2012.03.014 (2012).

42



Table.2-1. Effect of MAPK on the cytokines-mediated down-regulation on

Cx43 protein expression in spinal astrocytes.

inhibitor Cx43 protein expression
TNF-a + IFN-y +Inhibitors Inhibitors
U0125 (10 pM, P38 inhibitor) 0.294 + 0.048 0.414+0.091 0.940 + 0.095

SB202125 (10 uM, ERK inhibitor)  0.294 + 0.048 0.214 4+ 0.085 0.847 + 0.183
SP600125 (10 uM, JNK inhibitor)  0.294 + 0.048  0.667 + 0.052++ 1.083 + 0.105

The levels of Cx43 protein in spinal astrocytes incubated with or without inhibitors are
expressed as a ratio of protein levels from vehicle-treated astrocytes. Astrocytes were
pretreated for 30 min with inhibitor before treatment with the cytokine mixture (TNF-a
10 ng/ml and IFN-y 5 ng/ml). Data represent the mean + SEM for 3 independent
experiments. **P<0.01 vs. TNF-a + IFN-y.

Table.2-2. Effect of several kinds of inhibitors on the cytokines-mediated

down-regulation on Cx43 protein expression in spinal astrocytes.

Inhibitor Cx43 protein expression
TNF-a + IFN-y  + Inhibitors

H89 (10 uM, PKA inhibitor) 0.362 + 0.012 0.357 + 0.088
G06983 (3 uM, PKC inhibitor) 0.366 + 0.021 0.322 + 0.092
PP1 (20 uM, tyrosine kinase inhibitor) 0.357+0.017  0.411 + 0.137
Genistein (50 pM, tyrosine kinase 0.380 + 0.015 0.464 + 0.129
inhibitor)

NAC (1 mM, Ros inhibitor) 0.385 + 0.111 0.459 + 0.106
AG490 (10 uM, JAK inhibitor) 0.300 + 0.027 0.338 + 0.016

The levels of Cx43 protein in spinal astrocytes incubated with or without inhibitors are
expressed as a ratio of protein levels from vehicle-treated astrocytes. Astrocytes were
pretreated for 30 min with inhibitor before treatment with the cytokine mixture (TNF-a
10 ng/ml and IFN-y 5 ng/ml). Data represent the mean + SEM for at least 3 independent

experiments.
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Figurel-1. PSNL induced change of tactile mechanical threshold and Cx43
expression in spinal dorsal horn.

After PSNL treatment, the withdrawal thresholds of the ipsilateral hind (A) and
expression of Cx43 in ipsilateral hind spinal dorsal horn were measured by von Frey test
and Western blotting, respectively for the periods indicated (3, 7, 14 or 21 day). (A) The
values are expressed as the weight of von-Frey filament. (B) In Western blots Cx43
protein levels were normalized to that of B-actin, which served as an internal control, and
expressed as ratio of the level of sham group at the corresponding time point. The data
represent the mean + SEM (bar) of at least three independent experiments. **P < 0.01 vs.

sham group.
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Figurel-2. Cx43 downregulation in spinal cord induced change of tactile
mechanical threshold.

After intreathecal injected siRNA (5 pg), expressions of Cx43 in spinal dorsal horn and
mechanical thresholds were measured by western blotting (A) and von-Frey test (B),
respectively for the periods indicated (1, 2, 3, 5 or 7 day). After intreathecal injection of
carbenoxolone (CBX, 5 pg), the mechanical thresholds were measured by von-Frey test
(C). The data represent the mean + SEM (bar) of at least three independent experiments.

**P < 0.01 vs. control siRNA group or saline group.
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Figurel-3. PSNL induced change of tactile mechanical threshold and Cx43

expression in spinal dorsal horn.

The change of Cx30 expression in ipsilateral hind spinal dorsal horn at 7 and 14 days

after PSNL treated mice (A) and in spinal dorsal horn at 3 days after Cx43 siRNA treated

mice (B) were measured by Western blotting. The Cx30 protein levels were normalized to

that of B-actin, which served as an internal control, and expressed as ratio of the level of

sham group or control siRNA group. The data represent the mean + SEM (bar) of at least

three independent experiments.
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Figurel-4. TNF-a involves the PSNL induced down regulation of Cx43 in spinal

dorsal horn.

The protocol of repeated-intrathecal injected with etanercept for PSNL mice (A). The
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expression of Cx43 in the spinal dorsal horn in PSNL mice (B) or TNF-a treated mice (D) were
measured by western blotting. The change of withdrawal thresholds after etanercept
treatment mice (C) or TNF-a treated mice (E) was measured by von Frey test. The data
represent the mean + SEM (bar) of at least three independent experimens. **p<0.01 vs.

sham-saline group or saline group.
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Figurel-5. Glutamate receptors antagonists attenuate the Cx43 siRNA-induced
mechanical hypersensitivity

After treated several antagonists including MK801 (A), CNQX (B), CP96345 (C) or
cabapentin (D), the change of mechanical hypersensitivity induced by Cx43 siRNA were
measured by von Frey test. Values are expressed as the weight of von-Frey filament. The
data represent the mean + SEM (bar) of at least three independent experiments. *p<0.05,

**p<0.01 VS. sicon-saline group. +p<0.05, ++p<0.01 VS. siCx43-saline group.
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Fig.1-6. The down-regulation of Cx43 expressions were related GLT-1 decreasing
in spinal dorsal horn.

After treatment with PSNL (a) or Cx43 siRNA (b), the expression levels of GL-1 in spinal
dorsal horn were measured by Western blotting. After treatment with carbenoxolone (CBX)
the Cx43 expression (c) and GLT-1 expression (d) were also measured by Western blotting.
The data represent the mean + SEM (bar) for at least three independent experiments,

**P<0.01 vs. sham group, control-siRNA group or saline group.
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Figurel-7. The expression of GLAST in spinal dorsal horn not changed following
Cx43 down regulation.

The expression of GLAST in the ipsilateral hind spinal dorsal horn at PSNL mice (A) and in
spinal dorsal horn in Cx43 siRNA treated mice (B) were measured by Western blotting. The
GLAST protein levels were normalized to that of B-actin, which served as an internal control,
and expressed as ratio of the level of sham group or control siRNA group. The data represent

the mean + SEM (bar) of at least three independent experiments. **P<0.01 vs. sham group.
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Fig.2-1. Effect of cytokines on the expression of Cx483 in cultured rat spinal
astrocytes.

After treatment of spinal astrocytes with either TNF-a (TNF, 10 ng/ml), IFN-y (IFN, 5
ng/ml), IL-18 (10 ng/ml) or a mixture of TNF-a and IFN-y (TNF+ IFN) for 24 or 48 h, the
expression levels of Cx43 mRNA (A) and protein (B) were analyzed by real-time PCR and
Western blotting, respectively. (A) The expression of Cx43 mRNA was normalized to that of
GAPDH mRNA, used as an internal control. Data are expressed as a ratio of the level of
vehicle-treated astrocytes. (B) In Western blots Cx43 protein levels were normalized to that of
B-actin, which served as an internal control, and expressed as ratio of the level of
vehicle-treated astrocytes. The data represent the mean + SEM (bar) of at least 3 independent

experiments, *P < 0.05, **P < 0.01 vs. vehicle-treated.
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Fig.2-2. Time dependent effects of co-treatment with TNF-a and IFN-y on Cx43
mRNA and protein levels.

Spinal astrocytes were treated with a mixture of TNF-a (TNF, 10 ng/ml) and IFN-y (IFN, 5
ng/ml) for the periods indicated (0.5, 1, 3, 6, 9 or 12 h). The expressions level of Cx43 mRNA
(A) and protein (B) were measured by real-time PCR and Western blotting, respectively. Data
represent the mean + SEM (bar) at least 3 independent experiments, **P < 0.01 vs.

vehicle-treated.

vehicle TNF+IFN

B

1.2 1

08 1
0.6 1
04 1
0.2 7
n

Vehicle IFN  TNF+IFN

Ralative fluorescent
areaxintensity

Fig.2-3. Effect of co-treatment with TNF-a and IFN-y on the function of GJIC in
cultured spinal astrocytes.

Spinal astrocytes were treated with either TNF-a (TNF, 10 ng/ml), IFN-y (IFN, 5 ng/ml) or
both for 48 h. After incubation, cells were cut with a razor blade in the presence of Lucifer
yellow. (A) Spreading of the dye was taken as an indicator for intercellular junction coupling.
Scale bar, 100 pm. (B) The graph represents the quantitation of the spreading fluorescent
area X intensity. The values are expressed as a ratio of vehicle-treated astrocytes. The data
represent the mean + SEM (bar) for at least 3 independent experiments, **P<0.01 vs.

vehicle-treated.
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Fig.2-4. Effect of MAP kinase inhibitors on cytokine-mediated down-regulation
of Cx43 in cultured spinal astrocytes.

After treatment with U0126 (U, 10 uM), SB202190 (SB, 10 uM) or SP600125 (SP, 10 uM) for
30 min, spinal astrocytes were stimulated with a mixture of cytokines (TNF-a 10 ng/ml, IFN-y
5 ng/ml) for 48 h. The expression levels of Cx43 mRNA and protein were measured by
real-time PCR (A) and Western blotting (B), respectively. The data represent the mean +
SEM (bar) for at least 3 independent experiments, **P<0.01 vs. vehicle-treated. +P<0.05 vs.
TNF-a + IFN-y. +'P<0.01 vs. TNF-a + [FN-y.
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Fig.2-5. Effect of JNK inhibitors on cytokine-mediated down-regulation of GJIC
in cultured spinal astrocytes

After incubation with SP600125 (SP, 10 uM) for 30 min, cells were stimulated with a
mixture of TNF-a (TNF, 10 ng/ml) and IFN-y (IFN, 5 ng/ml) for 48 h. Then, GJIC between

spinal astrocytes was measured by the SLDT assay. Upper panels indicate representative

50



results. Scale bar, 100 um. The graph in the lower part of figure 6 is quantitation of the
spreading fluorescent area X intensity. The values are expressed as a ratio of vehicle-treated.
The data represent the mean + SEM (bar) for at least 3 independent experiments, **P<0.01
vs. vehicle-treated. *++P<0.01 vs. TNF-a + IFN-y.
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Fig.2-6. Effect of co-treatment with TNF-a and IFN-y on JNK and c-jun
phosphorylation levels in cultured spinal astrocytes.

The time-courses (hours) of JNK phosphorylation (A) and c-jun phosphorylation (C) after
co-incubation with TNF-a (TNF, 10 ng/ml) and IFN-y (IFN, 5 ng/ml) are shown. Upper panel
are representative blots. The graph in the lower part of the figure represents quantitative
data for each blot. Each level of JNK phosphorylation was normalized for total JNK and c-jun
phosphorylation was normalized for B-actin and expressed as a ratio of vehicle-treated levels.
The effect of SP600125 on the phosphorylation levels of JNK (B) after stimulation with both
cytokines for 30 min and phosphorylation levels of c-jun (D) after stimulation with both
cytokines for 3 h are shown. Data represent the mean + SEM (bar) for at least 3 independent
experiments, *P < 0.05, **P < 0.01 vs. vehicle-treated, *P<0.05 vs. TNF-a + IFN-y, +'P<0.01 vs.
TNF-a + IFN-y.
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Figure2-7. Effect of TNF-a and IFN-y on the Cx43 degradation in spinal
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=

astrocytes.

Spinal astrocytes treated with cycloheximide (1uM) for the periods indicated (0, 2, 4 or 6 h)
after 3 h treated TNF-a (TNF, 10 ng/ml), IFN-y IFN, 5 ng/ml) or TNF-a+IFN-y (TNF+IFN)
(A). The expression levels of Cx43 protein were measured by Western blotting (B). Data
represent the mean + SEM (bar) at least 3 independent experiments, *P < 0.05 vs.

vehicle-treated at respectively h.
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Fig.2-8. Effect of proteasome inhibitors on cytokine-mediated down-regulation of
Cx43-gap junction in cultured spinal astrocytes.

After treatment with either MG132 (MG, 5 uM) or epoxomicin (epoxo, 25 nM) for 1 h, spinal
astrocytes were stimulated with a mixture of cytokines (TNF-a, TNF 10 ng/ml, IFN-y, IFN 5
ng/ml) for 24 h. The expression levels of Cx43 protein and gap junction function were
measured by Western blotting (A) and SLDT assay (B), respectively. The data represent the
mean + SEM (bar) for at least 3 independent experiments, **P<0.01 vs. vehicle-treated.

+P<0.05 vs. TNF-a + IFN-y. +'P<0.01 vs. TNF-a + IFN-y
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Fig.2-9. The JNK activity plays an important role in the cytokines-induced
proteasome activity.

After treatment with SP600125 for 30 min, astrocytes were treated a mixture of cytokines
(TNF-a, TNF 10 ng/ml, IFN-y, IFN 5 ng/ml) for 4, 8 or 12 h. the proteasome activity was
measured by using 20s proteasome assay kit (A). After treatment with either SP600125 (SP,
10 uM), MG132 (MG, 5 pM), epoxomicin (epoxo, 25 nM), a mixture of SP600125+MG132 or a
mixture of SP600125+epoxomicin for 1 h, cells were stimulated with a mixture of cytokines
for 24 h. Data represent the mean + SEM (bar) for at least 3 independent experiments, *P <
0.05, **P < 0.01 vs. vehicle-treated, *P<0.05 vs. TNF-a + IFN-y, ++P<0.01 vs. TNF-a + IFN-y.
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