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ABSTRACT

The release of the neuropeptide CGRP from the trigeminal ganglion neurons (TGNs) plays a central role in
migraine. Whereas CGRP can activate NO release from ganglionic glial cells, NO in turn enhances CGRP release.
However, it remains unclear how NO promotes CGRP release. Here, we report that the NO donor SNAP
triggered CGRP release from cultured primary TGNs. This event was associated with GSK-3B activation and Akt
inactivation. Immunofluorescent staining revealed that GSK-3B primarily located in neurons. Furthermore, GSK-
3B inhibition resulted in a marked reduction in expression of CGRP as well as other migraine-related factors,
including substance P, cholecystokinin, and prostaglandin E2. Last, exposure to SNAP also activated NF-kB,
while NF-kB inhibition prevented the induction of CGRP by SNAP. Interestingly, this event was blocked by GSK-
3B inhibition, in association with inhibition of NF-kB/p65 expression and nuclear translocation. Together, these
findings argue that NO could stimulate TGNs to release of CGRP as well as other migraine-related factors, likely
by activating GSK-3pB, providing a novel mechanism underlying a potential feed-forward loop between NO and
CGRP in migraine. They also raise a possibility that GSK-3p might act to trigger migraine through activation of
NF-kB, suggesting a link between neuroinflammation and migraine.

INTRODUCTION

Migraine is a complex neurological disease, which
represents the second largest cause of disability in the
world. This chronic disorder, which is characterized by
recurrent attacks of moderate-to-severe debilitating and
suffering headaches, affects approximately 15% of the
population worldwide [1]. Currently, selective serotonin
or 5-hydroxytryptamine (5-HTig/1p) receptor agonists
(e.g., triptans) are the best available medicines for the
treatment of migraine [2]. Because this class of agents
act as acute anti-migraine medicines primarily by
disrupting the communications between peripheral
and central trigeminovascular neurons, they are more

effective to prevent initiation of headache when given
early before the development of central sensitization
[2]. However, the success of these and other medicines
for the prevention and abortion of migraine is largely
unmet due to poor efficacy, tolerability and patient
compliance [3-5]. As a consequence, migraine remains
the leading cause of neurological disability and one of
the top five causes of all long-term disability [6].
Migraine was long considered as a vascular disorder
that was primarily caused by meningeal vasodilation
[7]. However, the introduction of the trigeminovascular
hypothesis, which proposed a central role of the
trigeminal nerve and its vasoactive neuropeptide-
containing axonal projections to the meninges and its
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blood vessels, has led to a fundamental paradigm shift -
from the classic vascular disorder to a neural disease, in
mechanistic understanding and clinical management of
migraine [2]. In this novel model, the activation of
various cortical, subcortical and brainstem regions and
the subsequent release of key neuropeptides play critical
roles in the onset of migraine [8]. There are at least
three this kind of neuropeptides that have been
identified so far, including substance P (SP), calcitonin
gene-related peptide (CGRP) and pituitary adenylate
cyclase-activating polypeptide (PACAP). Although
these neuropeptides share a common property of
powerful vasodilation as well as all have been found
within the trigeminal afferents innervating the
meninges, CGRP is the only one that has been proven
as a therapeutic target for the treatment of migraine to
date [2, 9, 10]. In this context, the CGRP-targeted
therapies, including monoclonal antibodies against
CGRP  receptor (e.g., Erenumab/AMG 334,
Galcanezumab/LY 2951742, Fremanezumab/TEV-
48125, and Eptinezumab/ALD403), have been either
approved or investigated in ongoing phase Il clinical
trials for the prevention and acute treatment of migraine
[11, 12]. The small molecule CGRP receptor antagonists
(e.g., olcegepant, atogepant, rimegepant, and
ubrogepant) have also been undergoing preclinical or
clinical studies [2]. These emerging findings highlight
the importance of CGRP not only in a better
understanding of the mechanisms underlying the
migraine attack but also in the development of
medicines specific for migraine.

Upon stimulation by either physical or chemical factors,
the trigeminal ganglion neurons (TGNs) produce and
release CGRP, which binds to its receptor, a
heterodimer complex consisting of the G protein-
coupled receptor calcitonin receptor-like receptor
(CALCRL) and receptor activity-modifying protein 1
(RAMP1). The binding of CGRP to its receptor
complex on cerebrovascular smooth muscle cells, with
two cytoplasmic proteins including receptor coupling
protein (RCP) and the a-subunit of the Gs protein
(Gos), activates multiple signaling pathways (e.g.,
CAMP/PKA and its downstream targets, including
KATP channels, ERK, CREB) and results in
vasorelaxation and vasodilation [13]. Interestingly,
certain glial cells (particularly satellite glial cells around
CGRP-expressing neurons) within the trigeminal
ganglion also express CGRP receptors, suggesting the
existence of a potential neuron-glial communication.
While the functional role of this type of intercellular
signaling is largely uncertain, it has been found that
CGRP can activate the release of nitric oxide (NO), a
classic endothelium-dependent vasodilator that is also
associated with migraine [14], from ganglion glial cells
[15, 16]. Of note, NO can in turn enhance CGRP

release, thereby forming a positive feedback loop
between CGRP and NO within the ganglion [17].
However, it remains unknown how NO promotes the
release of CGRP in TGNs as well as whether this
feedback contributes to migraine.

To this end, we sought to investigate the mechanism by
which NO regulates the expression and production of
CGRP in TGNs. It was observed that exposure to the
NO donor S-nitroso-N-acetyl-penicillamine (SNAP)
induced the expression and release of CGRP and other
migraine-related factors, including substance P (SP),
cholecystokinin (CCK), and prostaglandin E2 (PGE2),
accompanied by the activation of glycogen synthase
kinase 3 (GSK-3B) and the inactivation of PI3K/AKkt.
These events were markedly attenuated by inhibition of
GSK-3pB, likely via the inactivation of the NF-xB
pathway (reflected by reduced expression and nuclear
translocation of RelA/p65). Consistently, NF-«xB
inhibition also prevented the induction of CGRP by
SNAP. Therefore, we identified the GSK-3f signaling
pathway as a novel mediator for NO to induce the
expression and release of CGRP in TGNs and thus may
serve as a potential target for the treatment of migraine.

RESULTS

NO induces the expression and production of CGRP
in TGNs

It has been reported that while CGRP can activate the
release of NO from ganglionic glial cells [15, 16], NO
may in turn enhance CGRP release [17]. To validate
whether NO could induce the expression and production
of CGRP in neurons, the NO donor SNAP was used to
mimic NO stimulation in cultured primary TGNs. To do
so, TGNs were treated with the indicated concentrations
of SNAP for 2 h, and then incubated in the NB medium
without SNAP for an additional 24 h. As shown in
Figure 1A, immunofluorescent staining revealed that
whereas TGNs moderately expressed CGRP primarily
in neuronal cell body, exposure to SNAP resulted in a
marked increase in TGNs (indicated by arrows). A
time-course experiment showed that this effect of
SNAP was the most striking when cells were incubated
with SNAP for 2 h, compared with those for 1 h or 4 h
(Supplementary Figure 1). When immunofluorescent
staining for Tujl (neuron-specific class Il B-tubulin), a
marker of neurons, was used to label TGNs, CGRP and
Tujl were well co-localized in TGNs. In parallel, g°PCR
was performed to determine the levels of CGRP mRNA
in cultured cells. Treatment with > 1.0 mM SNAP
significantly  induced up-regulation of CGRP
expression, compared with that for the control group
(Figure 1B; p < 0.05 for both 1.0 and 2.0 mM SNAP).
The highest level of CGRP transcript was observed after
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treatment with 1.0 mM SNAP group (ANOVA,
followed by Dunnett’s post hoc test, F = 9.217, Q =
4.595; Student’s t test, p = 0.028 vs the control group).
Alternatively, the protein levels of CGRP in culture
medium were also examined by ELISA. After exposed
to > 0.5 mM SNAP, a significant increase in the levels
of CGRP protein was observed (p < 0.05 for all doses),
with a peak at 1.0 mM (Figure 1C; F =5.67, Q = 4.05; p
= 0.001), consistent with the gPCR results shown in
Figure 1B. Together, these results validate the notion
that NO stimulation (e.g., by using the NO donor
SNAP) could enhance the expression and production of
CGRP in TGNs.
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GSK-3p is expressed primarily in TGNs

GSK-3B, a serine/threonine protein kinase belonging to
the glycogen synthase kinase subfamily, participates in
the development of the nervous system and the
regulation of neuronal functions. Inhibition of GSK-3f
has been shown to alleviate neuroinflammation and pain
[18], raising a possibility that GSK-3p may also be
involved in migraine. Thus, we next examined whether
NO-induced expression and production of CGRP in
TGNs would be associated with the GSK-3f signaling
pathway. To this end, immunofluorescent staining was
performed to monitor the expression and localization of
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Figure 1. SNAP induces CGRP expression and production in TGNs. Primary TGNs isolated from 3-day-old Wistar rats (n = 9) were
cultured as described in Materials and Methods and subjected to the experiments as follows. (A) Cells were treated with 1.0 mM SNAP for 2
h, followed by culture in NB medium without SNAP for an additional 24 h, after which cells were fixed with 4% paraformaldehyde. Double
immunofluorescent staining was then performed using primary antibodies against CGRP (red) and Tujl (green, a marker of neurons). Cells
were counterstained with Heochst33342 (blue) for nuclei. Scale bar = 20 um. Arrows indicate representative neurons with increased
expression of CGRP. (B) Cells were treated with the indicated concentrations of SNAP for 2 h, followed by culture in NB medium without
SNAP for an additional 24 h, after which qPCR was performed to monitor the mRNA levels of CGRP. (C) In parallel, ELISA was conducted to

determine the amount of CGRP protein in culture medium.
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GSK-3p in TGNs treated with SNAP. It was observed
that GSK-3p was expressed in TGNs with or without
SNAP treatment, primarily in Tujl-positive neurons
(Figure 2). However, there were no notable differences
in fluorescent intensity for GSK-33 expression between
the control and the SNAP treatment groups. Together,
these results suggest that NO stimulation does not affect
the protein levels of GSK-3p in TGNSs.

NO activates GSK-3p and inactivates AKT

The activity of GSK-3B is mainly regulated
through  post-translational ~ modifications  (mostly
phosphorylation) and subcellular localization [18].
GSK-3B can be phosphorylated at multiple residues
(e.g., serine 9 and tyrosine 216). While tyrosine 216
phosphorylation increases the activity of GSK-38,
serine 9 (Ser9) phosphorylation is inhibitory and plays a
predominant role in the regulation of its kinase activity
[19, 20]. Moreover, GSK-3p is a critical downstream
target of the PI3BK/AKkt pathway, in which activated Akt
mediates inhibitory phosphorylation of GSK-3p at Ser9
[21]. In this context, Western blotting was performed to
examine whether NO stimulation would interfere with
this signaling pathway in cultured cells. As shown in
Figure 3, exposure to a series of concentrations of
SNAP (0.25 - 1.0 mM) barely affected the total protein
levels of Akt and GSK-3B. The latter was consistent
with the immunofluorescent results for GSK-3p shown
in Figure 2. Notably, treatment with 1.0 mM and to a
lesser extent 0.25 - 0.5 mM SNAP attenuated both

activating phosphorylation of Akt (Ser473) and
inhibitory  phosphorylation of GSK-3p  (Ser9).
Quantification of the blots revealed that a significant
reduction on the ratios of phosphorylated vs total Akt
(Figure 3B) and GSK-3B (Figure 3C) in cells,
particularly at the dose of 1.0 mM SNAP (Student’s t
test: for Akt, p = 0.001; for GSK-3B, p = 0.003).
Together, these results suggest that NO stimulation
could activate GSK-3B in TGNs. They also raise a
possibility that this event might be associated with the
inactivation of the PI3K/Akt pathway.

Inhibition of GSK-3f blocks NO-induced expression
of CGRP and other migraine-related factors

Next, we sought to understand whether activation of
GSK-3p functionally contribute to NO-induced
expression of CGRP in TGNs. To this end, cultured
cells were pre-treated with the GSK-3 inhibitor AR-
A014418 (10 uM) for 30 min, followed by incubation
with 1.0 mM SNAP for an additional 2 h. After
treatment, gPCR and ELISA were performed to monitor
the expression and production of CGRP and other
migraine-related factors (including SP, CCK and
PEG2). In consistence with the results shown in Figure
1, treatment with 0.25 - 1.0 mM SNAP induced the
expression of CGRP in cultured cells in a dose-
dependent manner (Figure 4A; ANOVA/Dunnett’s test,
F = 16.88, Q = 7.94; Student’s t test, p =0.001 for 1.0
mM SNAP vs untreated control), accompanied by
up-regulation of SP (Figure 4B; F = 6.13, Q = 4.44;

Figure 2. GSK-3p is predominantly expressed in TGNs. Cultured primary cells were treated with 1.0 mM SNAP for 2 h, and then
cultured in NB medium without SNAP for an additional 24 h. After fixing with 4% paraformaldehyde, double immunofluorescent staining was
performed using primary antibodies against GSK-3p (red) and Tuj1 (green), followed by counterstaining with Heochst33342 (blue) for nuclei.

Scale bar = 20 um. Arrows indicate representative Tujl-negative cells.
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p = 0.003 for 1.0 mM SNAP vs untreated control) and
CCK (Figure 4C; F = 37.15, Q = 9.39, p = 0.002 for 1.0
mM SNAP vs untreated control). Of note, pre-treatment
with AR-A014418 sharply blocked the expression of
CGRP as well as SP and CCK in cells exposed to 1.0
mM SNAP, compared with SNAP alone (Figure 4A-
4C; for CGRP, p =0.009; for SP, p = 0.047; for CCK, p
= 0.002 for 1.0 mM SNAP with vs without AR-
A014418). Furthermore, the protein levels of CGRP as
well as other migraine-related factors (SP and PGE2) in
culture medium were examined by ELISA. As shown in
Figure 4D-4F, while exposure to 0.5 - 1.0 mM SNAP
resulted in a marked increase in protein levels of CGRP,
SP and PEG2 (for CGRP, F = 16.89, Q = 4.01, p =
0.007; for SP, F = 6.208, Q = 4.193, p = 0.012; for
PGE2, F = 21.95, Q = 7.366, p = 0.001 for 1.0 mM
SNAP vs untreated control), these events were
significantly prevented by pre-treatment with 10 pM
AR-A014418 (for CGRP, p = 0.016; for SP, p = 0.043;
for PGE2, p = 0.006 for 1.0 mM SNAP with vs with
AR-A014418). Together, these results argue that
activation of GSK-3p might functionally contribute to
NO-induced expression and production of CGRP as
well as other migraine-related factors (e.g., SP, CCK
and PEG2) in TGNs. They also suggest that GSK-3p
might serve as a potential therapeutic target in the
treatment of migraine.

GSK-3p inhibition prevents NO-induced activation
of NF-xB in TGNs

Whereas migraine is considered as a neurovascular
disorder, neuroinflammation also affects the mechanism
underlying the pathogenesis of this disease. When
stimulated, activated trigeminal sensory neurons can also
release pro-inflammatory factors, triggering inflammatory
response that leads to peripheral sensitization, a feature of

migraine [7]. In this context, we last examine whether
NF-xB, a classical signaling pathway mediating
inflammation [22], would also be involved in NO-
induced activation of TGNs via GSK-3B. As shown
in Figure 5A, immunofluorescent staining for
phosphorylated p65 (also known as RelA), a core
component of the NF-xB complex, revealed that
exposure to 1.0 mM SNAP resulted in a marked increase
in phosphorylation of p65 in a part of Tujl-positive
TGNs, reflecting the activation of the NF-xB pathway.
Strikingly, this event was largely diminished by pre-
treatment with the GSK-3p inhibitor AR-A014418 (10
MM) in Tujl-positive neurons. Analog results were
obtained when the NF-«xB inhibitor PDTC (50 uM) was
employed. Moreover, these phenomena were further
confirmed by Western blotting (Figure 5B).
Quantification of the blots documented that SNAP
increased the ratio of phosphorylated vs total p65 in
cultured cells (Student’s t test, p = 0.011 for SNAP vs
untreated control), while this event was significantly
prevented by co-administration of either AR-A014418
(Figure 5C, p = 0.016 for AR vs vehicle, p = 0.004 for
PDTC vs vehicle). Last, inhibition of NF-xB by PDTC
also prevented SNAP-induced mRNA expression of
CGRP in cells (Figure 5D, p = 0.005 for SNAP with vs
without PDTC). Similarly, immunofluorescent double
staining for phosphorylated p65 and NF200
(neurofilament 200 or neurofilament heavy polypeptide),
another specific marker for neurons, revealed that co-
administration of PDTC sharply reduced CGRP
expression in NF200-positive TGNs (Supplementary
Figure 2). Together, these results indicate that NO
stimulation might selectively activate the NF-xB pathway
in TGNs, which could be prevented by inhibition of
GSK-3pB, suggesting NF-kB activation as a downstream
event of GSK-3p signal during NO-triggered activation
of TGNs. They also raise a possibility that GSK-3p-
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Figure 3. SNAP induces GSK-3p activation and Akt inactivation. (A) Cultured primary cells were exposed to 0.25 mM, 0.5 mM, and 1.0
mM SNAP for 2 h, followed by incubation in NB medium without SNAP for an additional 24 h, after which cells were harvested and subjected
to Western blotting for total and phosphorylated Akt and GSK-3p. (B, C) Blots were quantified, after which the ratios of phosphorylated vs

total Akt and GSK-3f were calculated.
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mediated signaling cascade may provide a link between
neuroinflammation and migraine.

DISCUSSION

The neuropeptide CGRP with a potent vasodilating
property represents a link between the neurons within
the trigeminal ganglion and the meningeal vascular
system, which plays a central role in the onset of
migraine [2]. While CGRP is abundant in TGNs, it is
released from the end of the trigeminal afferents once
stimulated. CGRP, as well as other neurotransmitters
inflammatory factors such as SP, CCK, PGE2 released
from TGNs and other type of cells (e.g., glial cells),
leads to the central and peripheral sensitization, thereby
triggering the onset of migraine [23]. NO is a well-
established universal vasodilator, which is also involved
in migraine [24]. While CGRP released from TGNs
activates the release of NO from ganglionic glial cells
[16], NO can in turn enhance CGRP release from TGNs
[25]. However, the mechanism underlying how NO
triggers the generation of CGRP in TGNs remains
largely unknown. Here we showed that NO stimulation
(e.g., by the NO donor SNAP) induced the expression
and production of CGRP via activation of GSK-3f in

cultured primary TGNs. We also found that blockade of
GSK-3p activation reduced CGRP expression and
production, at least in part through inactivation of the
NF-xB pathway in TGNs. Therefore, these observations
raise a possibility that GSK-3p may serve as a potential
therapeutic target for the management of migraine.

It is a little known about the relationship between
CGRP and NO in migraine. For example, the release of
CGRP from peripheral and central nerve endings
promotes NO synthesis and trigeminal sensitization,
whereas inhibition of inducible nitric oxide synthase
(iNOS) can down-regulate CGRP expression and
antagonize dilation of meningeal vessels [26, 27]. In
rodents, the administration of NO donors can increase
the CGRP level, triggering onset of migraine [28, 29].
These findings suggest that a cross-talk between NO
and CGRP may facilitate and amplify nociceptive
signaling or sensitize neurons to these signals [25]. In
this study, we found that the administration of the NO
donor SNAP resulted in a marked increase in the
expression and production of CGRP in vitro in cultured
cells, which primarily localized in TGNs. The
likelihood that CGRP also distributed in axons of TGNs
exposed to SNAP suggests that NO may also facilitate
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Figure 4. GSK-3p inhibition abrogates SNAP-induced expression and production of pain-related factors. (A—C) Cultured primary
cells were exposed to 0.25 mM, 0.5 mM and 1.0 mM SANP for 2 h, or pre-treated with the GSK-3[3 inhibitor AR-A014418 (10 uM) for 30 min,
followed by treatment with 1.0 mM SNAP for 2 h. After culturing in NB medium without SANP, for an additional 24 h gPCR was performed to
monitor the expression of CGRP in cells (A), SP (B) and CCK (C). Alternatively, ELISA was conducted to determine the protein levels of CGRP
(D), SP (E) and PGE2 (F) in culture medium.
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Figure 5. GSK-3p inhibition blocks NF-kB activation in TGNs exposed to SNAP, preventing SNAP-induced CGRP expression.
(A—C) Cultured primary cells were pre-treated with 10 uM AR-A014418 or the NF-kB inhibitor PDTC (50 uM) for 30 min, and then exposed to
1.0 mM SNAP for 2 h. After culturing in inhibitor- and SNAP-free medium for an additional 24 h, cells were fixed with 4% paraformaldehyde
and double stained with primary antibodies against phosphorylated p65 (red fluorescence) and Tujl (green). Scale bar = 20 um. Arrows
indicate representative Tujl-positive neurons expressing high levels of phosphorylated p65 in the nuclei (A). In parallel, Western blotting was
performed to monitor total and phosphorylated p65 in cells (B). The blots were quantified to calculate the ratio of phosphorylated vs total
p65 (C). (D) In addition, cells were treated with SNAP in the absence or presence of PDTC, after which gPCR was performed to monitor the
expression of CGRP in cells. (E) A potential model for the mechanism by which NO induces the release of CGPR and other migraine-related
factors. Briefly, NO released from glial cells and other types of cells in trigeminal ganglion acts to activate GSK-3p (likely due to inhibition of
the PI3K/Akt pathway), which in turn activates NF-kB, thereby inducing the expression and production of CGRP as well as other pain-related
factors (e.g., SP, PGE2, CCK, etc.) in TGNs. As a consequence, those factors (particularly CGRP) cause or worsen headache attacks in patients
with migraine. Along with previous findings that CGRP released from TGNs may enhance NO production by glial cells, our observations
support a positive feedback loop between CGRP and NO in communication between neurons and glial cells.
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the relay from trigeminal input to second-order neurons
of the pain pathway at the central sites, such as spinal
trigeminal nucleus in the brainstem and upper cervical
levels of the spinal cord, where CGRP-positive axons
terminate [30, 31]. The second-order neurons then
project to higher cortical pain regions via the brainstem
and midbrain [32].

SNAP induces the expression and production of CGRP in
a dose-dependent manner, with a peak at 1.0 mM, while
this effect was reduced at higher concentrations (e.g.,
beyond 2.0 mM). SNAP can activate the S-nitrosylation
of cysteine residues of the transient receptor potential
cation channels TRPAL and TRPV1 [33], which mediate
NO-induced CGRP release and nociception in mice [34].
In this context, high doses of SNAP did not further
increase  CGRP expression and production because
binding and S-nitrosylation of TRPA1 and TRPV1 could
be saturated. In addition, excessive NO may result in the
generation of peroxynitrite (ONOO-), leading to post-
translational modifications (e.g., tyrosine nitration) and
inhibition of INOS expression [35]. This observation may
explain why nitroglycerin can aggravate headaches in
patients suffering from chronic headaches, while CGRP
levels are unassociated with the occurrence of headache
[36]. Thus, appropriate concentrations of SNAP or NO
may be required to induce the expression and production
of CGRP in neurons, as well as to trigger the onset of
migraine [37].

To date, the mechanism underlying the interactions
between NO and CGRP involving migraine is still
poorly understood. As a serine/threonine protein kinase,
GSK-3p acts to phosphorylate various substrates, which
plays important roles in various cellular processes such
as protein synthesis, signal transduction, cell
proliferation and differentiation, under physiological
and pathological conditions [38-40]. In this study, we
observed that GSK-3B was primarily expressed in
TGNSs. Notably, exposure to SNAP resulted in a marked
reduction in inhibitory phosphorylation of GSK-3f at
Ser2, indicating its activation. However, treatment with
SNAP did not affect the total protein levels of GSK-38,
suggesting its inhibitory phosphorylation plays a
predominant role in the regulation of GSK-3B in
TGNs after treatment with SNAP. Because the
phosphorylation of GSK-3p at the inhibitory site (Ser2)
is catalyzed by Akt [20], it is possible that Ser2
dephosphorylation of GSK-38 by SNAP may be
associated with Akt inactivation. In this context,
exposure to SNAP also inhibited phosphorylation of
Akt at an activating site (Ser473) in TGNs, raising a
possibility that SNAP-induced GSK-3p activation might
be related with the inactivation of the PI3K/Akt
pathway. However, there is some evidence suggests that
CGRP secretion stimulated by NO does not appear to

require the activation of the PI3K signaling pathways,
as pre-treatment with the selective PI3K inhibitor
wortmannin or LY294002 has no effects on NO-
stimulated CGRP secretion by TGNs [24]. Therefore, a
possibility that activation of upstream signals other than
Akt may also accounts for or contribute to the
expression and production of CGRP induced by SNAP
in TGN, via a process dependent upon or independent
of GSK-3p, could not be excluded.

It has been reported that inhibition of GSK-3f activity
could alleviate pain, probably in association with the
inhibition of inflammatory reactions [18]. However, the
functional role of GSK-3p in migraine remains virtually
unknown. In this study, we found that inhibition of GSK-
3B (e.g., by AR-A014418) largely diminished SANP-
induced expression and production of CGRP, as well as
other known migraine-related factors (e.g., SP, CCK,
PEG2) in cultured cells. These observations suggest that
activation of GSK-3p signal may be required for NO to
facilitate the onset of migraine or increase the severity of
headache by promoting expression and production of
CGEP and other pain-related factors in TGNs. Therefore,
our findings strongly support a notion that GSK-3p may
represent a novel target for the prevention and treatment
of migraine.

GSK-3p plays a role in the onset and enhancement of
neuropathic pain by balancing pro-inflammatory (e.g.,
TNF-a, IL-1pB, and IL-6) and anti-inflammatory factors
(e.g., IL-10) via the regulation of cAMP-responsive
element-binding protein (CREB) and NF-«B [18, 41]. It
has been demonstrated that the protein levels of NF-
kBl, CGRP, and TRPV1 are up-regulated in
intervertebral  disc  tissue from patients  with
degenerative disc disease (DDD) who suffer from
chronic back pain. NF-xB is also involved in the
mechanisms involving onset or persistence of peripheral
nerve pain by regulating the expression of pain-related
neuropeptides in DDD patients [42]. In this study, we
found that while SNAP induced phosphorylation and
nuclear translocation of the NF-xB core component
RelA/p65 in TGNs, this event was significantly
prevented by pre-treatment with the GSK-3f inhibitor
AR-A014418. Moreover, inhibition of the NF-«B
pathway (e.g., by PDTC) also prevented the induction
of CGRP by SNAP. These results raise a possibility that
activation of the NF-xB pathway may represent a
downstream event of GSK-3B signal in NO-induced
activation of TGNs. However, it could not be excluded
that such an action for GSK-3p may also involve other
downstream targets.

In summary, SNAP, an exogenous NO donor, could
induce the expression and production of CGRP in vitro in
cultured primary TGNs, supporting the existence of a
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positive feedback loop between NO and CGRP, probably
involving the communication between neurons and glial
cells [25]. The mechanism underlying this event involves
GSK-3p activation in TGN, likely in association with the
inactivation of the PI3K/Akt pathway, while inhibition of
GSK-3p effectively blocked SNAP-induced expression
and production of CGRP and other migraine-related
factors (e.g., SP, CCK, and PEG2; Figure 5E).
Furthermore, GSK-3p might act to mediate NO-induced
activation of TGNs at least in part, via the activation
of NF-«xB, raising a possible link between
neuroinflammation and peripheral or central sensitization
during migraine. Together, our observations suggest that
GSK-3B may represent a novel target for the treatment of
migraine. Therefore, these in vitro findings warrant
further validation in vivo in animal models, as well as
clinical investigation in patients with migraine, by taking
advantage of the availability of various GSK-3p inhibitors
currently ongoing clinical trials.

MATERIALS AND METHODS
Reagents

The reagents used in this study were purchased from
Sigma-Aldrich (St. Louis, MO, USA), including SNAP (a
soluble donor of NO [35]), AR-A014418 (a selective
GSK-3p inhibitor [41]), and pyrrolidine dithiocarbamate
(PDTC; an NF-«B inhibitor [43]). Neurobasal (NB) A
medium, Dulbecco’s Modified Eagle Medium/Nutrient
Mixture F-12 (DMEM/F-12) and fetal bovine serum
(FBS) were obtained from Gibco (Life Technologies, CA,
USA). Monoclonal or polyclonal antibodies against NF-
kB p65 (Cat# ab16502), phosphorylated p65 (Ser536;
Cat# ab86299), GSK-3p (Cat# ab93926), phosphorylated
GSK-3B (Ser9; Cat# ab131097), and Tjul (neuron-
specific class 11l beta-tubulin; Cat# ab78078 and
ab18207) were from Abcam (Cambridge, CA, USA).
Mouse monoclonal antibody against CGRP (Cat# sc-
57053) was purchased from Santa Cruz Biotechnology
(Dallas, TX, USA). Protein kinase B (Aktl; Cat# 2938)
and phosphorylated Aktl (Ser473; Cat# #4060) were
from Cell Signaling Technology (Beverly, MA, USA).
Alexa Fluor 488-conjugated goat anti-rabbit IgG and
Alexa Fluor 555-conjugated goat anti-mouse IgG were
provided by Invitrogen (Carlsbad, CA, USA). The
FastStart Universal SYBR Green Master kit (Cat#
04913850001) and the first-strand cDNA synthesis kit
(Cat# 04896866001) were purchased from Roche (Roche
Applied Science, Germany).

Animals
Postnatal 3-day-old Wistar rats were purchased from the

Animal Center of Jilin University (certificate number
SCXK [JI] 2007-0003). This study was approved by the

Ethics Committee of Jilin University, and the animal
care and all experimental procedures were in
accordance with the institutional guidelines of the
Animal Care and Use Committee of Jilin University.

Culture of primary rat trigeminal sensory neurons

Primary TGNs were obtained from nine Wistar rats.
Briefly, the trigeminal ganglia were removed, followed
by enzymatic digestion using 2 mg/ml collagenase NB4
(Serva, Germany) and 0.2 mg/ml DNase (Sigma-Aldrich)
in DMEM/F12 medium at 37°C for 30-40 min. Cells
were collected by centrifugation at 1,000 rpm for 5 min,
and plated on poly-I-lysine-coated glass slides in
DMEM/F12 medium containing 10% FBS overnight.
The slides were then transferred to Neurobasal A
medium supplemented with 5% horse serum, 2% B-27
supplement, 0.1 mg/mL of L-glutamine, 100 U/mL
penicillin, and 100 L g/mL streptomycin, and incubated
for 2 days at 37°C in an atmosphere containing 5% COs.
Immunofluorescent double staining for Tujl together
with GAFP (glial fibrillary acidic protein), a marker of
glial cells (e.g., astrocytes), or S100B, a marker of
Schwann cells, revealed that a majority of cultured cells
were Tujl-positive neurons, but also contained a small
number of S100B-positive cells and to a lesser extent
GFAP-positive cells (Supplementary Figure 3).

Experimental procedures

For each experiment, the isolated TGNs were divided
into two groups, including the control and experimental
groups. For the former, TGNs were incubated with NB
medium without SNAP. For the latter, TGNs were
treated with SNAP at a series of concentrations (0.25
mM, 0.5 mM, 1.0 mM, or 2.0 mM) for 2 h and then
transferred to the same volume of SNAP-free medium
as that in the control group for an additional 24 h. For
the experiments involving small molecule inhibitors,
cells were pre-treated with or without 10 pM AR-
A014418 for 30 min, followed by 1.0 mM SNAP for an
additional 2 h. After treatment, cells were harvested and
then subjected to enzyme-linked immunosorbent assay
(ELISA) to determine the protein levels of CGRP, SP,
CCK and PGE2, reflecting the release of these
migraine-related factors. In parallel, immunofluorescent
staining was performed to examine the localization of
CGRP and GSK-3B, and quantitative real-time
polymerase chain reaction (gPCR) conducted to
determine the mRNA levels of CGRP, SP, CCK and
PGE2 in TGNs. Alternatively, cells were lysed and
subjected to Western blotting to examine the expression
of total and phosphorylated Akt and GSK-3f. In some
experiments, 50 uM PDTC was added prior to SNAP
treatment, to validate the changes of NF-kB/p65
expression and phosphorylation.
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Quantitative real-time PCR

Total RNAwas isolated from TGNs using the
Total RNA Miniprep Purification Kit (GeneMark,
Taiwan), from which cDNA was prepared using the
First-Strand cDNA Synthesis Kit and subjected to
gPCR analysis using the FastStart Universal SYBR
Green Master Kit. The specific primers used were as
follows: CGRP, forward 5-TCCTGGTTGTCAG
CATCTTG-3' and reverse 5-CTCAGCCTCCTGT
TCCTCCT-3'; SP, forward 5-GCCCTTTGAGCATCT
TCTTC-3' and reverse 5-GTCTGAGGAGGTCA
CCACAT-3; CCK, forward 5-TCCGAAGATAT
GAAGTGCGGC-3' and reverse 5'-CATCCAGCCCA
TGTAGTCCC-3’; and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH), forward 5-ATTCCACCC
ATGGCAAATTC-3' and reverse 5-CGCTCCTGGAA
GATGGTGAT-3. The PCR program included an
initiation at 95°C for 5 min and then 35 cycles of
denaturation at 94°C for 10 s, annealing at 55-59°C for
10 s, and elongation at 72°C for 15 s, followed by
elongation at 72°C for 10 min. The specificity of PCR
products was verified by melting curve analysis. The
mRNA abundance of each target gene was normalized
against the house-keeping gene GAPDH for each
sample; relative values for mMRNA levels were
calculated and presented as fold change (274€T).

Immunofluorescent staining

TGNs cultured on cover slips were fixed with 4%
paraformaldehyde for 30 min. After washing three
times with 0.1 mM phosphate-buffered saline (PBS),
cells were permeabilized in 0.1% Triton X-100,
blocked in 5% goat serum for 1 h, and incubated with
primary antibody (Tujl, 1:100; CGRP, 1:100; GSK-
3B, 1:200; p-p65, 1:100) at 4°C overnight. After
washing three times with PBS, cells were incubated
with secondary antibody (1:400) for 1 h at room
temperature in the dark. Cells were washed three times
with PBS, mounted in 50% glycerol. The images were
then captured using a laser confocal microscope (Fluo-
View FV1000; Olympus, Japan).

Western blot analysis

TGNSs cultured on 6-well plates were lysed with RIPA
buffer containing protease and phosphatase inhibitors.
After centrifuged, 5x loading buffer was added to the
cell lysates and heat-denatured at 90°C for 10 min. 30
pg protein per sample was resolved on 10% sodium
dodecyl sulfate-polyacrylamide gels (SDS-PAGE) and
then electrically transferred to polyvinylidene fluoride
(PVDF) membranes. Membrane was blocked with 5%
non-fat milk for 1 h and then incubated with primary
antibody (Akt, 1:500; phospho-Akt, 1:1,000; GSK-38,

1:1,000; phospho-GSK-38, 1:2,000; NF-xB p65,
1:1,000; phospho-p65, 1:500) at 4°C overnight. After
washing three times with tris-buffered saline containing
Tween-20 (TBS-T), membranes were incubated with
horseradish peroxidase (HRP)-conjugated secondary
antibody at room temperature for 1.5 h. Blots were
visualized using the Enhanced Chemiluminescence
(ECL) reagent (Thermo Fisher Scientific, Waltham,
MA, USA). Immunoblots were quantified using the
Image J software (U. S. National Institutes of Health,
Bethesda, MD, USA); relative protein levels were
normalized using actin as an internal control.

ELISA

The levels of CGRP, PGE2, and SP were examined using
the ELISA kits (Elabscience Biotechnology Corp., Wuhan,
China), according to the manufacturer’s instructions.
Absorbance at 450 nm was detected to determine the
levels of these soluble factors. Each sample was
measured in triplicate; the concentrations were calculated
and expressed as picogram (pg) per gram of total protein.

Statistical analysis

All statistical analyses were conducted using the
GraphPad Prism 5.0 (GraphPad Prism Software Inc,
San Diego, CA, USA). Values represent the means +
SEM for at least three independent experiments
performed in triplicate. The significance of differences
between experimental variables was determined using
one-way analysis of variance (ANOVA) followed by
Dunnett’s post hoc test. P < 0.05 was considered
statistically significant.

Ethics statement

The protocol was approved by the Animal Care and Use
Committee of Jilin University.

AUTHOR CONTRIBUTIONS

GY conceived and designed the study, participated in
coordination, analyzed the results, and wrote the
manuscript. PW participated in study design, designed
and performed the experiments, analyzed the results, and
wrote the manuscript. Y-HM, A-RL and YG participated
in the experiments. YD wrote the manuscript. Y-FZ
supervised this study. All the authors have read and
approved the final manuscript.

ACKNOWLEDGMENTS
This work was supported by the National Natural

Science Foundation of China, Program of the Education
Department of Jilin Province, Program of Finance

WWW.aging-us.com

AGING



Department of Jilin Province, Program of the Second
Hospital of Jilin University, Norman Bethune Program
of Jilin University, and the Fundamental Research
Funds for the Central Universities.

CONFLICTS OF INTEREST

All authors declare no conflicts of interest.

FUNDING

National Natural Science Foundation of China (Grant
No. 81500953, 81600972, 81670189, 81870160);
Program of the Education Department of Jilin Province
(Grant No. JJKH20190045KJ); Program of Finance
Department  of Jilin  Province (Grant No.
3D5177973429); Program of the Second Hospital of
Jilin University (Grant No.KYPY2018-16); Norman
Bethune Program of Jilin  University (Grant
No0.2015215); and the Fundamental Research Funds for
the Central Universities (Grant No. 45119031C148).

REFERENCES

1. Vos T, Flaxman AD, Naghavi M, Lozano R, Michaud C,
Ezzati M, Shibuya K, Salomon JA, Abdalla S, Aboyans V,
Abraham J, Ackerman |, Aggarwal R, et al. Years lived
with disability (YLDs) for 1160 sequelae of 289 diseases
and injuries 1990-2010: a systematic analysis for the
Global Burden of Disease Study 2010. Lancet. 2012;
380:2163-96.
https://doi.org/10.1016/50140-6736(12)61729-2
PMID:23245607

2. Ashina M, Hansen JM, Do TP, Melo-Carrillo A, Burstein
R, Moskowitz MA. Migraine and the trigeminovascular
system-40 years and counting. Lancet Neurol. 2019;
18:795-804.
https://doi.org/10.1016/51474-4422(19)30185-1
PMID:31160203

3. Schuster NM, Rapoport AM. New strategies for the
treatment and prevention of primary headache
disorders. Nat Rev Neurol. 2016; 12:635-50.
https://doi.org/10.1038/nrneurol.2016.143
PMID:27786243

4, Gonzdlez-Hernandez A, Marichal-Cancino  BA,
MaassenVanDenBrink A, Villaldon CM. Side effects
associated with current and prospective antimigraine
pharmacotherapies. Expert Opin Drug Metab Toxicol.
2018; 14:25-41.
https://doi.org/10.1080/17425255.2018.1416097
PMID:29226741

5. Schulte LH, May A. Headache research in 2014:
advancing migraine therapy. Lancet Neurol. 2015;
14:6-7.

10.

11.

12.

13.

14.

https://doi.org/10.1016/51474-4422(14)70295-9
PMID:25496881

Disease GB, Injury |, Prevalence C, and GBD 2016
Disease and Injury Incidence and Prevalence
Collaborators. Global, regional, and national incidence,
prevalence, and years lived with disability for 328
diseases and injuries for 195 countries, 1990-2016: a
systematic analysis for the Global Burden of Disease
Study 2016. Lancet. 2017; 390:1211-59.
https://doi.org/10.1016/S0140-6736(17)32154-2
PMID:28919117

lyengar S, Johnson KW, Ossipov MH, Aurora SK. CGRP
and the Trigeminal System in Migraine. Headache.
2019; 59:659-81.

https://doi.org/10.1111/head.13529

PMID:30982963

Akerman S, Holland PR, Goadsby PJ. Diencephalic and
brainstem mechanisms in migraine. Nat Rev Neurosci.
2011; 12:570-84.

https://doi.org/10.1038/nrn3057

PMID:21931334

Cernuda-Morollén E, Larrosa D, Ramoén C, Vega J,
Martinez-Camblor P, Pascual J. Interictal increase of
CGRP levels in peripheral blood as a biomarker for
chronic migraine. Neurology. 2013; 81:1191-96.
https://doi.org/10.1212/WNL.0b013e3182a6cb72
PMID:23975872

Messina R, Goadsby PJ. CGRP - a target for acute
therapy in migraine: clinical data. Cephalalgia. 2019;
39:420-27.
https://doi.org/10.1177/0333102418768095
PMID:29616830

Egea SC, Dickerson IM. Direct interactions between
calcitonin-like receptor (CLR) and CGRP-receptor
component protein (RCP) regulate CGRP receptor
signaling. Endocrinology. 2012; 153:1850-60.
https://doi.org/10.1210/en.2011-1459
PMID:22315449

Wood H. Migraine: CGRP-targeting antibodies reduce
migraine frequency. Nat Rev Neurol. 2018; 14:63.
https://doi.org/10.1038/nrneurol.2017.177
PMID:29242523

Edvinsson L, Fredholm BB, Hamel E, Jansen |,
Verrecchia C. Perivascular peptides relax cerebral
arteries concomitant with stimulation of cyclic
adenosine monophosphate accumulation or release of
an endothelium-derived relaxing factor in the cat.
Neurosci Lett. 1985; 58:213-17.
https://doi.org/10.1016/0304-3940(85)90166-1
PMID:2995876

Napoli R, Guardasole V, Zarra E, Sena AD, Sacca F,
Ruvolo A, Grassi S, Giugliano S, Michele GD, Cittadini A,

WWW.aging-us.com

6380

AGING


https://doi.org/10.1016/S0140-6736%2812%2961729-2
https://www.ncbi.nlm.nih.gov/pubmed/23245607
https://doi.org/10.1016/S1474-4422%2819%2930185-1
https://www.ncbi.nlm.nih.gov/pubmed/31160203
https://doi.org/10.1038/nrneurol.2016.143
https://www.ncbi.nlm.nih.gov/pubmed/27786243
https://doi.org/10.1080/17425255.2018.1416097
https://www.ncbi.nlm.nih.gov/pubmed/29226741
https://doi.org/10.1016/S1474-4422%2814%2970295-9
https://www.ncbi.nlm.nih.gov/pubmed/25496881
https://doi.org/10.1016/S0140-6736%2817%2932154-2
https://www.ncbi.nlm.nih.gov/pubmed/28919117
https://doi.org/10.1111/head.13529
https://www.ncbi.nlm.nih.gov/pubmed/30982963
https://doi.org/10.1038/nrn3057
https://www.ncbi.nlm.nih.gov/pubmed/21931334
https://doi.org/10.1212/WNL.0b013e3182a6cb72
https://www.ncbi.nlm.nih.gov/pubmed/23975872
https://doi.org/10.1177/0333102418768095
https://www.ncbi.nlm.nih.gov/pubmed/29616830
https://doi.org/10.1210/en.2011-1459
https://www.ncbi.nlm.nih.gov/pubmed/22315449
https://doi.org/10.1038/nrneurol.2017.177
https://www.ncbi.nlm.nih.gov/pubmed/29242523
https://doi.org/10.1016/0304-3940%2885%2990166-1
https://www.ncbi.nlm.nih.gov/pubmed/2995876

15.

16.

17.

18.

19.

20.

21.

22.

Carrieri PB, Sacca L. Migraine attack restores the
response of vascular smooth muscle cells to nitric
oxide but not to norepinephrine. World J Cardiol. 2013;
5:375-81.

https://doi.org/10.4330/wjc.v5.i10.375
PMID:24198907

Li J, Vause CV, Durham PL. Calcitonin gene-related
peptide stimulation of nitric oxide synthesis and
release from trigeminal ganglion glial cells. Brain Res.
2008; 1196:22-32.
https://doi.org/10.1016/j.brainres.2007.12.028
PMID:18221935

Vause CV, Durham PL. CGRP stimulation of iNOS and
NO release from trigeminal ganglion glial cells involves
mitogen-activated protein  kinase pathways. J
Neurochem. 2009; 110:811-21.
https://doi.org/10.1111/j.1471-4159.2009.06154.x
PMID:19457095

Capuano A, De Corato A, Lisi L, Tringali G, Navarra P,
Dello Russo C. Proinflammatory-activated trigeminal
satellite cells promote neuronal sensitization: relevance
for migraine pathology. Mol Pain. 2009; 5:43.
https://doi.org/10.1186/1744-8069-5-43
PMID:19660121

Maixner DW, Weng HR. The Role of Glycogen Synthase
Kinase 3 Beta in Neuroinflammation and Pain. J Pharm
Pharmacol (Los Angel). 2013; 1:001.
https://doi.org/10.13188/2327-204X.1000001
PMID:25309941

Lochhead PA, Kinstrie R, Sibbet G, Rawjee T, Morrice N,
Cleghon V. A chaperone-dependent GSK3beta
transitional intermediate mediates activation-loop
autophosphorylation. Mol Cell. 2006; 24:627—-33.
https://doi.org/10.1016/j.molcel.2006.10.009
PMID:17188038

Shati AA, Alfaifi MY. Trans-resveratrol inhibits Tau
phosphorylation in the brains of control and cadmium
chloride-treated rats by activating PP2A and PI3K/Akt
induced-inhibition of GSK3beta. Neurochem Res. 2019;
44:357-73.
https://doi.org/10.1007/s11064-018-2683-8
PMID:30478674

Beurel E, Grieco SF, Jope RS. Glycogen synthase kinase-
3 (GSK3): regulation, actions, and diseases. Pharmacol
Ther. 2015; 148:114-31.
https://doi.org/10.1016/j.pharmthera.2014.11.016
PMID:25435019

Liu T, Zhang L, Joo D, Sun SC. NF-kB signaling in
inflammation. Signal Transduct Target Ther. 2017;
2:17023.

https://doi.org/10.1038/sigtrans.2017.23
PMID:29158945

23.

24,

25.

26.

27.

28.

29.

30.

31

Messlinger K. Migraine: where and how does the pain
originate? Exp Brain Res. 2009; 196:179-93.
https://doi.org/10.1007/s00221-009-1756-y
PMID:19288089

Bellamy J, Bowen EJ, Russo AF, Durham PL. Nitric oxide
regulation of calcitonin gene-related peptide gene
expression in rat trigeminal ganglia neurons. Eur J
Neurosci. 2006; 23:2057-66.
https://doi.org/10.1111/j.1460-9568.2006.04742.x
PMID:16630053

Edvinsson L, Haanes KA, Warfvinge K, Krause DN. CGRP
as the target of new migraine therapies - successful
translation from bench to clinic. Nat Rev Neurol. 2018;
14:338-50.
https://doi.org/10.1038/s41582-018-0003-1
PMID:29691490

Akerman S, Williamson DJ, Kaube H, Goadsby PJ.
Nitric oxide synthase inhibitors can antagonize
neurogenic and calcitonin gene-related peptide
induced dilation of dural meningeal vessels. Br J
Pharmacol. 2002; 137:62-68.

https://doi.org/10.1038/sj.bjp.0704842 PMID:12183331

Hoffmann J, Goadsby PJ. New agents for acute
treatment of migraine: CGRP receptor antagonists,
iNOS inhibitors. Curr Treat Options Neurol. 2012;
14:50-59.
https://doi.org/10.1007/s11940-011-0155-4
PMID:22090312

Juhasz G, Zsombok T, Modos EA, Olajos S, Jakab B,
Nemeth J, Szolcsanyi J, Vitrai J, Bagdy G. NO-induced
migraine attack: strong increase in plasma calcitonin
gene-related peptide (CGRP) concentration and
negative correlation with platelet serotonin release.
Pain. 2003; 106:461-70.
https://doi.org/10.1016/j.pain.2003.09.008
PMID:14659530

Dallel R, Descheemaeker A, Luccarini P. Recurrent
administration of the nitric oxide donor, isosorbide
dinitrate, induces a persistent cephalic cutaneous
hypersensitivity: A model for migraine progression.
Cephalalgia. 2018; 38:776—85.
https://doi.org/10.1177/0333102417714032
PMID:28565942

Eftekhari S, Edvinsson L. Calcitonin gene-related
peptide (CGRP) and its receptor components in human
and rat spinal trigeminal nucleus and spinal cord at C1-
level. BMC Neurosci. 2011; 12:112.
https://doi.org/10.1186/1471-2202-12-112
PMID:22074408

Sugimoto T, Fujiyoshi Y, Xiao C, He YF, Ichikawa H.
Central projection of calcitonin gene-related peptide
(CGRP)- and substance P (SP)-immunoreactive

WWW.aging-us.com

6381

AGING


https://doi.org/10.4330/wjc.v5.i10.375
https://www.ncbi.nlm.nih.gov/pubmed/24198907
https://doi.org/10.1016/j.brainres.2007.12.028
https://www.ncbi.nlm.nih.gov/pubmed/18221935
https://doi.org/10.1111/j.1471-4159.2009.06154.x
https://www.ncbi.nlm.nih.gov/pubmed/19457095
https://doi.org/10.1186/1744-8069-5-43
https://www.ncbi.nlm.nih.gov/pubmed/19660121
https://doi.org/10.13188/2327-204X.1000001
https://www.ncbi.nlm.nih.gov/pubmed/25309941
https://doi.org/10.1016/j.molcel.2006.10.009
https://www.ncbi.nlm.nih.gov/pubmed/17188038
https://doi.org/10.1007/s11064-018-2683-8
https://www.ncbi.nlm.nih.gov/pubmed/30478674
https://doi.org/10.1016/j.pharmthera.2014.11.016
https://www.ncbi.nlm.nih.gov/pubmed/25435019
https://doi.org/10.1038/sigtrans.2017.23
https://www.ncbi.nlm.nih.gov/pubmed/29158945
https://doi.org/10.1007/s00221-009-1756-y
https://www.ncbi.nlm.nih.gov/pubmed/19288089
https://doi.org/10.1111/j.1460-9568.2006.04742.x
https://www.ncbi.nlm.nih.gov/pubmed/16630053
https://doi.org/10.1038/s41582-018-0003-1
https://www.ncbi.nlm.nih.gov/pubmed/29691490
https://doi.org/10.1038/sj.bjp.0704842
https://www.ncbi.nlm.nih.gov/pubmed/12183331
https://doi.org/10.1007/s11940-011-0155-4
https://www.ncbi.nlm.nih.gov/pubmed/22090312
https://doi.org/10.1016/j.pain.2003.09.008
https://www.ncbi.nlm.nih.gov/pubmed/14659530
https://doi.org/10.1177/0333102417714032
https://www.ncbi.nlm.nih.gov/pubmed/28565942
https://doi.org/10.1186/1471-2202-12-112
https://www.ncbi.nlm.nih.gov/pubmed/22074408

32.

33.

34.

35.

36.

37.

trigeminal primary neurons in the rat. ] Comp Neurol.
1997; 378:425-42.

https://doi.org/10.1002/(SICI)1096-
9861(19970217)378:3<425::AID-CNE9>3.0.CO;2-5
PMID:9034901

Goadsby PJ, Holland PR, Martins-Oliveira M, Hoffmann
J, Schankin C, Akerman S. Pathophysiology of migraine:
A disorder of sensory processing. Physiol Rev. 2017;
97:553-622.
https://doi.org/10.1152/physrev.00034.2015
PMID:28179394

Yoshida T, Inoue R, Morii T, Takahashi N, Yamamoto S,
Hara Y, Tominaga M, Shimizu S, Sato Y, Mori Y. Nitric
oxide activates TRP channels by cysteine S-
nitrosylation. Nat Chem Biol. 2006; 2:596—607.
https://doi.org/10.1038/nchembio821
PMID:16998480

Miyamoto T, Dubin AE, Petrus MJ, Patapoutian A.
TRPV1 and TRPA1l mediate peripheral nitric oxide-
induced nociception in mice. PLoS One. 2009; 4:e7596.
https://doi.org/10.1371/journal.pone.0007596
PMID:19893614

Kosutova P, Mikolka P, Kolomaznik M, Balentova S,
Calkovska A, Mokra D. Effects of S-nitroso-N-acetyl-
penicillamine (SNAP) on inflammation, lung tissue
apoptosis and iNOS activity in a rabbit model of acute
lung injury. Adv Exp Med Biol. 2016; 935:13-23.
https://doi.org/10.1007/5584 2016 34
PMID:27334732

Ashina M, Bendtsen L, Jensen R, Schifter S, Olesen J.
Calcitonin gene-related peptide levels during nitric
oxide-induced headache in patients with chronic
tension-type headache. Eur J Neurol. 2001; 8:173-78.
https://doi.org/10.1046/j.1468-1331.2001.00191.x
PMID:11284996

Strecker T, Dux M, Messlinger K. Increase in meningeal
blood flow by nitric oxide—interaction with calcitonin
gene-related peptide receptor and prostaglandin
synthesis inhibition. Cephalalgia. 2002; 22:233-41.
https://doi.org/10.1046/j.1468-2982.2002.00356.x
PMID:12047464

38.

39.

40.

41.

42.

43.

Banko NS, McAlpine CS, Venegas-Pino DE, Raja P, Shi
Y, Khan MI, Werstuck GH. Glycogen synthase kinase
3a deficiency attenuates atherosclerosis and hepatic
steatosis in high fat diet-fed low density lipoprotein
receptor-deficient mice. Am J Pathol. 2014;
184:3394-404.
https://doi.org/10.1016/j.ajpath.2014.07.028
PMID:25451156

Bhattacharjee R, Goswami S, Dudiki T, Popkie AP, Phiel
CJ, Kline D, Vijayaraghavan S. Targeted disruption of
glycogen synthase kinase 3A (GSK3A) in mice affects
sperm motility resulting in male infertility. Biol Reprod.
2015; 92:65.
https://doi.org/10.1095/biolreprod.114.124495
PMID:25568307

Park SA, Lee JW, Herbst RS, Koo JS. GSK-3alpha is a
novel target of CREB and CREB-GSK-3alpha signaling
participates in cell viability in lung cancer. PLoS One.
2016; 11:e0153075.
https://doi.org/10.1371/journal.pone.0153075
PMID:27049759

Mazzardo-Martins L, Martins DF, Stramosk J, Cidral-
Filho FJ, Santos AR. Glycogen synthase kinase 3-specific
inhibitor AR-A014418 decreases neuropathic pain in
mice: evidence for the mechanisms of action.
Neuroscience. 2012; 226:411-20.
https://doi.org/10.1016/j.neuroscience.2012.09.020
PMID:23000630

Ahmed AS, Berg S, Alkass K, Druid H, Hart DA, Svensson
Cl, Kosek E. NF-kappaB-associated pain-related
neuropeptide expression in patients with degenerative
disc disease. Int J Mol Sci. 2019; 20:658.
https://doi.org/10.3390/ijms20030658
PMID:30717434

Snyder JG, Prewitt R, Campsen J, Britt LD. PDTC and
Mg132, inhibitors of NF-kappaB, block endotoxin
induced vasodilation of isolated rat skeletal muscle
arterioles. Shock. 2002; 17:304-07.
https://doi.org/10.1097/00024382-200204000-00011
PMID:11954831

WWW.aging-us.com

6382

AGING


https://doi.org/10.1002/%28SICI%291096-9861%2819970217%29378:3%3C425::AID-CNE9%3E3.0.CO;2-5
https://doi.org/10.1002/%28SICI%291096-9861%2819970217%29378:3%3C425::AID-CNE9%3E3.0.CO;2-5
https://www.ncbi.nlm.nih.gov/pubmed/9034901
https://doi.org/10.1152/physrev.00034.2015
https://www.ncbi.nlm.nih.gov/pubmed/28179394
https://doi.org/10.1038/nchembio821
https://www.ncbi.nlm.nih.gov/pubmed/16998480
https://doi.org/10.1371/journal.pone.0007596
https://www.ncbi.nlm.nih.gov/pubmed/19893614
https://doi.org/10.1007/5584_2016_34
https://www.ncbi.nlm.nih.gov/pubmed/27334732
https://doi.org/10.1046/j.1468-1331.2001.00191.x
https://www.ncbi.nlm.nih.gov/pubmed/11284996
https://doi.org/10.1046/j.1468-2982.2002.00356.x
https://www.ncbi.nlm.nih.gov/pubmed/12047464
https://doi.org/10.1016/j.ajpath.2014.07.028
https://www.ncbi.nlm.nih.gov/pubmed/25451156
https://doi.org/10.1095/biolreprod.114.124495
https://www.ncbi.nlm.nih.gov/pubmed/25568307
https://doi.org/10.1371/journal.pone.0153075
https://www.ncbi.nlm.nih.gov/pubmed/27049759
https://doi.org/10.1016/j.neuroscience.2012.09.020
https://www.ncbi.nlm.nih.gov/pubmed/23000630
https://doi.org/10.3390/ijms20030658
https://www.ncbi.nlm.nih.gov/pubmed/30717434
https://doi.org/10.1097/00024382-200204000-00011
https://www.ncbi.nlm.nih.gov/pubmed/11954831

SUPPLEMENTARY MATERIALS

Supplementary Figures

2.5~ Kk
2.0
o T
o)
§ 1.5-
QO o T
- 1.04 T
= -
[T
0.5+
0.0 T T T T
Con 1h 2h 4h

Supplementary Figure 1. SNAP induces CGRP expression in a time-dependent manner. Cultured primary cells were treated with
1.0 mM SNAP for 1 h, 2 h or 4 h, followed by culture in NB medium without SNAP for an additional 24 h. After treatment, qPCR was
performed to monitor expression of CGRP in cells. **p < 0.01 vs untreated control.
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Supplementary Figure 2. The NF-kB inhibitor PDTC prevents SNAP-induced CGRP in TGNs. Cultured primary cells were pre-
treated with 50 uM PDTC for 30 min, followed by exposure to 1.0 mM SNAP for 2 h. After culturing in inhibitor- and SNAP-free medium for an
additional 24 h, cells were double stained with primary antibodies against CGRP (red fluorescence) and NF200 (green, a marker of neuron)
and counterstained with Heochst33342 for nuclei (blue). Scale bar = 20 um.
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Supplementary Figure 3. Immunofluorescent staining indicates that a majority of cultured cells are neurons in cultured cells.
Primary cells obtained from 3-day-old Wistar rats (n = 9) were cultured as described in Materials and Methods, and subjected to double

immunofluorescent staining for Tuj1 (a marker of neurons; green) and GFAP (a marker of glial cells; red) or S100B (a marker of Schwann cells;
red), and counterstained with Heochst33342 for nuclei (blue). Scale bar = 20 um.
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