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Voltage-gated calcium channels (VGCCs) are classified into high-voltage-activated (HVA) channels
and low-voltage-activated channels consisting of Ca 3.1-3.3, known as T (“transient”)-type VGCC. There
is evidence that certain types of HVA channels are involved in neurogenic inflammation and inflammatory
pain, in agreement with reports indicating the therapeutic effectiveness of gabapentinoids, ligands for the
a,0 subunit of HVA, in treating not only neuropathic, but also inflammatory, pain. Among the Ca,3 family
members, Ca 3.2 is abundantly expressed in the primary afferents, regulating both neuronal excitability at
the peripheral terminals and spontaneous neurotransmitter release at the spinal terminals. The function and
expression of Ca 3.2 are modulated by a variety of inflammatory mediators including prostanoids and hydro-
gen sulfide (H,S), a gasotransmitter. The increased activity of Ca 3.2 by H,S participates in colonic, bladder
and pancreatic pain, and regulates visceral inflammation. Together, VGCCs are involved in inflammation
and inflammatory pain, and Ca 3.2 T-type VGCC is especially a promising therapeutic target for the treat-
ment of visceral inflammatory pain in patients with irritable bowel syndrome, interstitial cystitis/bladder

pain syndrome, pancreatitis, efc., in addition to neuropathic pain.
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1. INTRODUCTION

Calcium influx through voltage-gated calcium channels
(VGCCs) plays extensive roles in various biological events, in-
cluding smooth muscle and myocardial contraction, endocrine
secretion, neurotransmitter release, neuronal excitation, and
also in cell proliferation and gene expression."? VGCCs are
classified into high-voltage-activated (HVA) channels, includ-
ing Ca,1.1-1.4 and Ca,2.1-2.3 and low-voltage-activated (LVA)
channels consisting of Ca,3.1-3.3, known as T (“transient”)-
type VGCC. Ca,l.1-1.4, known as L-type VGCC, contain
main pore-forming o, subunits, aq, a,c, @;p and o, respec-
tively, whereas Ca,2.1, Ca 2.2 and Ca 2.3, known as P/Q-type,
N-type and R-type VGCCs, contain a,,, o5 and a,, respec-
tively. T-type VGCCs, i.e., Ca,3.1, Ca,3.2 and Ca 3.3, contain
o, o4y and o, respectively. Each o, subunit of Ca,l and
Ca,2, but not Ca,3, forms molecular complexes with auxiliary
subunits, f, a,0 and y, which regulate the cell surface expres-
sion and function of the channels."” In inflammation, the
activity of VGCCs may be altered by changes in their expres-
sion or in trafficking to the plasma membrane, and/or by post-
translational molecular modification, such as phosphorylation/
dephosphorylation, ubiquitination/deubiquitination and/or oxi-
dation/reduction, contributing to the development or exacer-
bation of inflammation and/or related sensations of pain.®~®
Here, we focus on the role of VGCCs, especially Ca 3.2 T-type
VGCC, in inflammatory events including pain.
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2. ROLE OF HIGH VOLTAGE-ACTIVATED CALCIUM
CHANNELS IN INFLAMMATION AND INFLAMMA-
TORY PAIN

Neurogenic inflammation is induced, in general, by exces-
sive excitation of primary sensory nerves followed by the re-
lease of neuropeptides, such as calcitonin gene-related peptide
(CGRP) and substance P, from their peripheral endings. The
released neuropeptides may cause or promote inflammatory
events including vasodilatation and increased vascular perme-
ability.”® VGCCs, in addition to transient receptor potential
vanilloid 1 (TRPV1) and TRP ankyrin 1 (TRPA1) channels,
participate in the excessive excitation of primary afferents re-
sponsible for neurogenic inflammation.***~'Y Migraine is well
known to involve neurogenic inflammation, i.e., the exces-
sive release of neuropeptides; in particular, CGRP, from the
peripheral terminals of trigeminal nerves, is a critical compo-
nent in the pathogenesis of migraine.¥ Among HVA calcium
channels, Ca,2.1 (P/Q-type VGCC) appears to play a role
in a certain type of migraine. For example, gain-of-function
mutations in CACNAIA, a gene encoding the pore-forming
o, subunit of Cay2.1, are implicated in familial hemiplegic
migraine type 1 (FHM-1),'? and associated with an increased
open channel probability, as well as channel activation at a
lower voltage.!” Interestingly, the trigeminal ganglia isolated
from Ca,2.1 o, R192Q mutant knock-in mice expressing a
human mutation causing FHM-1 show increases in basal and
bradykinin-stimulated CGRP release,'” and are characterized
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Fig. 1.

Modulation by Inflammatory Mediators of the Function and Expression of Ca,3.2 T-Type VGCC in the Primary Sensory Neurons

DRG, dorsal root ganglion; BK, bradykinin; CSE, cystathionine-y-lyase; L-Cys, L-cysteine; IL-1f, interleukin-1/; IL-1R, IL-1 receptor; USP5, ubiquitin-specific protease
5; Egr-1, early growth response-1; Egr-1 RE, Egr-1 response element; REST, repressor element-1 silencing transcription factor; NRSE, neural restrictive silencer element;
AKAP, A-kinase-anchoring protein. (Color figure can be accessed in the online version.)

by the enrichment of activated macrophages and constitutive
overexpression of mRNAs for IL-14, IL-6, IL-10 and tumor
necrosis factor o (TNFa).') Ca 2.1 thus regulates the release
of neurotransmitters including glutamate and CGRP from the
peripheral and central endings of trigeminal nerves, thereby
participating in the pathogenesis of migraine.'>!>

Transcripts for all L-type VGCC isoforms, Ca,l.1-Ca 1.4,
are detectable in lymphocytes, although their functions remain
largely unclear.” Type-2 helper T cells express Ca,1.2 chan-
nels, which play a role in calcium signaling and cytokine pro-
duction responsible for allergic asthma.'®'” Functional Ca,1.2
is also expressed in microglial cells, resident immune cells in
the central nervous system (CNS)." In murine microglial BV2
cells known to express Ca,1.2, the high-K™-induced increase in
intracellular calcium levels and lipopolysaccharide (LPS)-in-
duced production of TNFa and nitric oxide (NO) are partially
suppressed by nifedipine, an L-type VGCC blocker, suggest-
ing the involvement of Ca 1.2 in CNS inflammation.'"” There
is also evidence that Ca 2.2, an N-type VGCC expressed in
microglia, is involved in the pathophysiology of neuropathic
pain after spinal nerve injury.'” Further, expression of the a,0
subunit of HVA calcium channels in the spinal dorsal horn is
upregulated in rats with arthritis caused by complete Freud’s
adjuvant (CFA), and repeated treatment with gabapentin, an
a,0 ligand, diminishes the joint inflammation-induced spinal
microglial activation and thermal hyperalgesia.?®

3. ROLE OF LOW VOLTAGE-ACTIVATED CALCIUM
CHANNELS (T-TYPE VGCC) IN INFLAMMATORY
PAIN

3.1. Functional Regulation of T-Type VGCC by In-
flammatory Mediators Unlike HVA calcium channels,
LVA calcium channels, i.e., T-type VGCCs, consist of a pore-
forming @, subunit without auxiliary subunits, f, a,0 or y, so
that gabapentinoids, a,d lingands, are incapable of reducing
the activity of T-type VGCCs. Among the three Ca,3 family
members of T-type VGCCs, Ca3.2 channels are abundantly
expressed in the primary sensory neurons. They regulate the
neuronal excitation at their peripheral axons or endings, as
well as spontaneous neurotransmitter release at their central
endings, thereby participating in nociceptive processing,
particularly in neuropathic pain.>*?'Y The function and ex-
pression of Ca 3.2 are regulated by a variety of inflammatory
mediators**?® and by the neuronal activity itself>*” (Fig. 1).
Each of Ca,3.1, Ca,3.2 and Ca,3.3 can each be phosphorylated
and functionally upregulated by protein kinase A (PKA).2%*”
We have shown that prostaglandin E, (PGE,) enhances the
phosphorylation and channel activity of Ca 3.2 via the EP,
receptor/cyclic AMP/PKA pathway in an A-kinase-anchoring
protein (AKAP)-dependent manner, contributing to the de-
velopment of inflammatory hyperalgesia®” (Fig. 1). There has
also been a report showing that bradykinin, an inflammation
mediator, increases the population size of small-diameter
dorsal root ganglion (DRG) neurons displaying T-type cur-
rents via B, receptors, suggesting the involvement of increased
membrane trafficking of Ca 3.2 channels® (Fig. 1). Hydrogen
sulfide (H,S), a gasotransmitter, is generated from L-cysteine
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by multiple enzymes including cystathionine-y-lyase (CSE)
(Fig. 1), thus playing a dual role in inflammatory events.’”
In fact, systemic inflammation caused by LPS treatment or
severe burn injury causes upregulation of CSE in the liver
followed by increased plasma levels of H,S (Fig. 1), which in
turn aggravates systemic inflammation.”**? We have shown
that NaHS and/or Na,S, H,S donors, enhance the activity of
T-type VGCC in Ca 3.2-transfected HEK293 cells,’ as well
as in neuronal precursor-like NG108-15 cells*® and neuro-
endocrine-like differentiated human prostate cancer LNCaP
cells,”” both of which naturally express Ca, 3.2. Interestingly,
intraplantar administration of NaHS, an H,S donor, causes
Ca,3.2-dependent mechanical hyperalgesia/allodynia in rats
and mice,****) while an inhibitor of CSE prevents the de-
velopment of inflammatory hyperalgesia following the intra-
plantar injection of LPS.*® Therefore, H,S formed by CSE is
involved in inflammation and also contribute to inflammatory
pain in a Ca,3.2-dependent manner (Fig. 1).

3.2. Molecular Mechanisms for Altered Function and
Expression of Ca3.2T-Type VGCC There exists a histi-
dine residue at position 191 (His'") in the second extracellular
loop of domain I in Ca,3.2, but not in Ca3.1 or Ca,3.3. In
distinct species of mammals, the channel function of Ca,3.2
is suppressed by extracellular Zn*' that binds to the His'"
of Ca,3.2. Therefore, exogenously applied zinc chelators or
Zn**-sensitive endogenous compounds such as L-cysteine and
H,S enhance the channel activity of Ca 3.2 by cancelling Zn**
inhibition***2*40 (Fig, 1). It is noteworthy that systemic or
local administration of zinc chelators and dietary zinc defi-
ciency cause visceral pain/hyperalgesia in a Ca 3.2-depedent
manner.”’*)

The transcriptional expression of Ca,3.2 is positively and
negatively regulated by early growth response-1 (Egr-1) and
repressor element-1 silencing transcription factor (REST),
respectively?**? (Fig. 1). For example, human prostate LNCaP
cells, once differentiated into neuroendocrine-like cells, over-
express Ca,3.2 through the upregulation of Egr-1 and down-
regulation of REST, which may contribute to the acquisition
of castration resistance.”” Tt is likely that Egr-1-dependent
overexpression of Ca3.2 is involved in inflammatory pain,
since Egr-1 is a zinc finger transcriptional factor that is rapidly
induced by inflammatory stimuli.* Ca 3.2 expressed on the
plasma membrane is ubiquitinated and subjected to protea-
somal degradation, which is negatively regulated by ubiquitin-
specific protease 5 (USP5), a specific deubiquitinating enzyme
for Ca,3.2 (Fig. 1). The upregulated USP5-induced increase
in Ca 3.2 protein expressed on the membrane surface in the
primary afferents appears to contribute to the pathogenesis of
neuropathic pain in mice.*” Similarly, intraplantar administra-
tion of CFA causes USP5-dependent Ca 3.2 overexpression
in the DRG neurons, leading to inflammatory pain*? (Fig. 1).
Of particular interest is the finding that the USP5-dependent
increase in the protein levels of Ca,3.2 in the primary sensory
neurons can be caused by increased neuronal activity®® (Fig.
1). Molecular mechanisms for the activity-dependent upregula-
tion of USP5 largely remain unclear, although IL-1/ has been
identified as a key upstream mediator for the Ca3.2-USP5
interaction.* Taken together, the accelerated function and
increased expression of Ca,3.2 in the primary afferents appear
to be involved in inflammatory pain.
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Fig. 2. Role of Ca,3.2T-Type VGCC in Colitis and Colonic Pain

DRG, dorsal root ganglion; CGRP, calcitonin gene-related peptide. (Color figure
can be accessed in the online version.)
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4. ROLE OF VOLTAGE-GATED CALCIUM CHAN-
NELS IN VISCERAL INFLAMMATION AND PAIN

4.1. Colitis and Colonic Pain Cal.2 L-type VGCCs
are abundantly expressed in smooth muscle cells and regulate
smooth muscle contraction in the gastrointestinal tract.*® Di-
rect measurements of calcium currents in single smooth mus-
cle cells isolated from distinct species have shown a 50-70%
decreases in calcium currents following colonic inflammation,
whereas in animals with experimental colitis, the protein or
gene expression of Ca, 1.2 in colonic myocytes does not clearly
change.””*” Src-mediated tyrosine phosphorylation of Ca,1.2
enhances the channel activity, and the phosphorylation of
Ca,1.2 is attenuated in colonic inflammation.*** Collectively,
post-translational modification of Ca,1.2 in smooth muscle
cells is considered to play a role in the abnormal gastrointes-
tinal smooth muscle motility following colonic inflammation,
and may contribute to the intestinal dysmotility in patients
with inflammatory bowel diseases (IBD).*”

We have shown that repeated intracolonic administration of
the H,S donor NaHS attenuates the colitis induced by trini-
trobenzene sulfonic acid (TNBS) in rats,”” in agreement with
independent evidence,”” and that the NaHS-induced mucosal
cytoprotection is abolished by the ablation of sensory neurons
or by T-type VGCC blockade.’” Given the overexpression of
Ca3.2 in the DRG following TNBS treatment,” we hypoth-
esize that luminal H,S causes Ca 3.2-dependent enhancement
of the excitability of the afferent neurons, which might, in
turn, evoke the release of cytoprotective neuropeptides (Fig.
2). This hypothesis is supported by previous reports suggest-
ing the mucosal cytoprotection exerted by neuropepitdes such
as CGRP in the gastrointestinal tract.>>>

VGCCs regulate the neuronal excitability and neurotrans-
mitter release in the primary afferent neurons, and may play a
role in the pathogenesis of colonic pain and stool abnormality
in patients with IBD and irritable bowel syndrome (IBS). In
TNBS-treated rats, Ca,l.2 and Ca,2.3 are upregulated in the
DRG, and the colonic hypersensitivity to distension stimuli
is reduced by intrathecal administration of nimodipine, an
L-type VGCC blocker, and/or SNX-482, an R-type VGCC
blocker.® There is also evidence that pregabalin, a ligand
of the a,0 auxiliary subunit for HVA calcium channels, sup-
presses colonic hypersensitivity in TNBS-treated rats>”*® and
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DRG, dorsal root ganglion; CSE, cystathionine-y-lyase; L-Cys, L-cysteine; USP5, ubiquitin-specific protease 5; Egr-1, early growth response-1; SP, substance P; PAR2,
proteinase-activated receptor 2; PGE,, prostaglandin E,. (Color figure can be accessed in the online version.)

in IBS patients.’®” Apart from the pronociceptive role of HVA
calcium channels, we have reported that intracolonic adminis-
tration of NaHS induces Ca3.2T-type VGCC-dependent co-
lonic pain-like nociceptive behavior and referred hyperalgesia
in conscious mice; it also induces the phosphorylation of ex-
tracellular signal-regulated kinase (ERK) in the spinal cord at
T13-L1 and L5-SI1 levels, a prompt marker for nociception, in
anesthetized mice.*®" In addition, we have demonstrated that
selective T-type VGCC blockers strongly suppress the visceral
pain following intracolonic NaHS in mice.®®®® Subsequently,
an independent group has demonstrated the critical role of
Ca,3.2 in colonic hypersensitivity to distension stimuli in rats
treated with butyrate, an animal model for IBS.*® Collectively,
Ca,3.2 expressed in the peripheral terminals of primary af-
ferents, once stimulated with H,S, enhances the neuronal
excitability, leading to colonic pain, while at the same time it
exerts mucosal cytoprotection during colitis (Fig. 2).

4.2. Cystitis and Bladder Pain The most well-known
syndrome of lower urinary tract dysfunction is overactive
bladder (OAB), which is defined by complaints of “urinary
urgency, usually associated with urinary frequency, with or
without urgency incontinence.” On the other hand, interstitial
cystitis (IC)/bladder pain syndrome (BPS) is characterized

by bladder pain and lower urinary tract symptoms includ-
ing increased urinary frequency and urinary urgency, with
or without urothelial inflammation, as recognized by a well-
demarcated reddish mucosal lesion (i.e., Hunner’s lesion).*?
The bladder pain and increased urinary frequency in IC/BPS
patients may be associated with nociceptor sensitization,®> so
that VGCCs could play a role in the pathogenesis of IC/BPS.
However, the role of HVA calcium channels in bladder pain
remains largely unclear. The effectiveness of a,d ligands
including gabapentinoids on IC/BPS-related bladder pain
is controversial and questionable.’**® Nevertheless, some
fundamental studies have provided evidence for the involve-
ment of spinal Ca,2.1 P/Q-type and Ca2.2N-type, but not
L-type, VGCCs in bladder nociception,®” as well as the role
of Ca,2.2N-type VGCC in bladder efferent cholinergic neu-
rotransmission.”” In contrast, we have shown the critical role
of Ca,3.2T-type VGCCs in cystitis and related bladder pain in
mice,'®*¥ and this has been supported by independent findings
that a selective T-type VGCC blocker increased both bladder
capacity and voided volume in rats with bladder outlet ob-
struction.””

Several pathophysiologic mechanisms for IC/BPS, such as
epithelial dysfunction, mast cell activation and neurogenic
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inflammation, have been proposed, and animal studies have
shown the involvement of various endogenous molecules,
such as mast cell tryptase, proteinase-activated receptor-2
(PAR2), ATP, substance P, H,S, etc.'®**""7 (Fig. 3). Rodents
treated with cyclophosphamide (CPA) mimic some of symp-
toms found in IC/BPS patients, including bladder pain and
increased urinary frequency,”’” and have thus been used
experimentally to clarify the mechanisms underlying the
IC/BPS-related symptoms and to explore novel therapeutic
targets for IC/BPS.”” The CPA-induced cystitis/bladder pain
is triggered by acrolein, a hepatic metabolite of CPA™ (Fig.
3). In the bladder, acrolein, a toxic chemical, injures urothelial
cells, leading to the release of ATP, which in turn stimulates
the afferent neurons via activation of P2X;, receptors™ (Fig.
3). We have shown that selective T-type VGCC blockers and
the knockdown of Ca,3.2 restore the CPA-induced bladder
pain-like nociceptive behavior and referred hyperalgesia in
mice.'”? Most interestingly, CPA treatment causes Ca,3.2
overexpression in DRG.'™*” Given the CPA-induced up-
regulation of Egr-1 and USP5 in the DRG,*” the CPA-induced
Ca,3.2 overexpression is attributable to Egr-1-dependent
transcriptional upregulation and USP5-induced inhibition of
proteasomal degradation of Ca 3.2 (Fig. 3). The enhancement
of Ca 3.2 by endogenous H,S is also considered to participate
in the bladder pain (Fig. 3), considering that reversible and
irreversible inhibitors of CSE, a H,S-generating enzyme,
prevent the CPA-induced nociceptive behavior and referred
hyperalgesia and that CPA treatment augments the expression
and activity of CSE in the bladder.""’” The role of the H,S/
Ca 3.2 pathway in bladder pain is supported by evidence that
intravesical injection of the H,S donor NaHS causes prompt
phosphorylation of ERK in the L6 spinal cord in anesthetized
mice, an effect prevented by a T-type VGCC blocker.!” The
CPA-induced bladder pain and CSE upregulation involves
substance P-induced NK, receptor activation® and nuclear
factor-kappaB (NF-xB) signaling’” (Fig. 3). It is noteworthy
that intravesical injection of substance P causes Ca,3.2-
dependent referred hyperalgesia through NK, receptors in
mice, accompanied by CSE upregulation in the bladder,”® and
that mast cell-neuron interactions in the bladder are critically
important in the pathophysiology of IC/BPS.”” PGE, gener-
ated by cyclooxygenase (COX)-2, possibly downstream of
PAR2 activation by mast cell tryptase, also contribute to the
CPA-induced Ca 3.2-dependent bladder pain’>**? (Fig. 3).
The NF-«B/CSE/H,S/Ca 3.2 pathway is considered to mediate
the neurogenic inflammation that is involved in IC/BPS (Fig.
3), since T-type VGCC blockers, knockdown of Ca3.2 and
inhibitors of CSE or NF-«xB prevent the CPA-induced bladder
swelling, in addition to bladder pain.!%*"”"

4.3. Pancreatitis and Related Pain Acute pancreati-
tis often occurs secondarily to biliary diseases and alcohol
abuse, and is characterized by inflammation in the pancre-
atic tissue (and in other organs in severe cases) and upper
abdominal pain. Chronic pancreatitis represents the progres-
sive destruction of the pancreas and the slow development
of pancreatic fibrosis, accompanied by persistent pancreatic
pain. Pancreatitis involves neurogenic inflammation caused
by neurotransmitters released from the peripheral terminals of
primary afferents.®> There is clinical evidence that the short-
term use of pregabalin, which inhibits HVA calcium channel
activity, reduces both pancreatic pain and opiate use in pa-
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tients with chronic pancreatitis.*¥ Fundamental studies have
shown the increased protein expression of the a,d, subunit of
HVA calcium channels in the spinal cord of rats with chronic
pancreatitis caused by dibutyltin dichloride (DBTC), and that
the repeated systemic administration of gabapentin attenuates
the DBTC-induced pancreatic pain and a,d, upregulation.®
On the other hand, we have demonstrated that T-type VGCC
blockers and knockdown of Ca 3.2 restore the pancreatic pain,
but not the inflammatory symptoms, in mice with acute pan-
creatitis caused by repeated administration of cerulein.®23¢7
A CSE inhibitor suppresses the pancreatic-related pain, and
the protein expression and enzymatic activity of CSE increase
in the pancreatic tissue after repeated cerulein treatment 3657
Collectively, the CSE/H,S/Ca 3.2 pathway plays a critical role
in the acute pancreatitis-related pain,® which is similar to
the mechanisms involved in cystitis-related bladder pain (Fig.
3). The pronociceptive role of the H,S/Ca 3.2 pathway in the
pancreas is supported by evidence that injection of NaHS, an
H,S donor, induces T-type VGCC-dependent prompt phos-
phorylation of ERK and delayed expression of Fos protein in
the spinal dorsal horn of mice or rats.**-%9

5. CONCLUSION

Accumulating evidence suggests the role of VGCCs in the
development of neurogenic inflammation associated with mi-
graine or cystitis and in inflammatory pain. Gabapentinoids,
such as pregabalin and gabapentin, which target the a,d sub-
unit of HVA calcium channels, should be effective on not only
against neuropathic pain but also inflammatory pain. Preclini-
cal studies have contributed to the development of several se-
lective T-type VGCC blockers and have demonstrated their ef-
fectiveness of these in distinct animal models for neuropathic
pain.***%) Nonetheless, the therapeutic usefulness of T-type
VGCC blockers as analgesics in humans, particularly for the
treatment of neuropathic pain, still remains controversial.”*~%%
Since Ca3.2T-type VGCC plays a key role in visceral pain
in the colon, bladder and pancreas, as described so far, it is
of particular interest to test the effectiveness of T-type VGCC
blockers on visceral pain in patients with IBS, IC/BPS, pan-
creatitis, efc. The development of Ca,3.2-selective blockers
will shed light on the validity of Ca 3.2 as a therapeutic target
for the clinical treatment of inflammatory pain, in addition to
neuropathic pain.
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