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Abstract High-voltage-activated (HVA) Ca2? channels

are widely expressed in the nervous system. They play an

important role in pain conduction by participating in

various physiological processes such as synaptic transmis-

sion, changes in synaptic plasticity, and neuronal excitabil-

ity. Available evidence suggests that the HVA channel is

an important therapeutic target for pain management. In

this review, we summarize the changes in different

subtypes of HVA channel during pain and present the

currently available evidence from the clinical application

of HVA channel blockers. We also review novel drugs in

various phases of development. Moreover, we discuss the

future prospects of HVA channel blockers in order to

promote ‘‘bench-to-bedside’’ translation.

Keyword Pain � High-voltage-activated calcium channel �
Dorsal root ganglion

Introduction

Pain is an unpleasant feeling induced by noxious stimuli.

Pain is often accompanied by emotional changes and

protective defense responses. At the same time, pain is one

of the most common clinical symptoms that facilitate the

diagnosis of disease. However, pain brings great suffering

to patients and seriously affects their daily work and

quality. In a community-based epidemiological survey,

45%–80% of elderly participants were found to suffer from

chronic pain [1]. In a study conducted in Europe, chronic

pain was found to affect *20% of the population; in

addition, chronic pain was more common among women,

the elderly, and the relatively poor [2]. Rapid advances in

medicine have created an impetus for the development of

better pain therapies. Towards this end, a better under-

standing of the mechanisms underlying pain generation and

signaling is a key imperative in order to identify novel

therapeutic targets for pain management. A number of ion

channels play important roles in the process of pain

generation and transmission [3], including voltage-gated

Ca2? channels, especially high-voltage-activated (HVA)

Ca2? channels [4]. Various subtypes of HVA channel

regulate the conduction of pain by changing their expres-

sion and currents. Pharmacological modulation of HVA

channels is a viable therapeutic strategy for pain manage-

ment. In this work, we review the pain conduction process

and describe the role of HVA channels. In addition, we

review the available evidence from experimental and

clinical studies of HVA channel blockers. Lastly, we

provide an overview of novel drugs that are currently in

various phases of development and discuss their prospects

in order to promote the ‘‘bench-to-bedside’’ translation of

HVA channel blockers.
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HVA Channels in the Afferent Pain Pathway

There are several types of HVA channels in neural tissue,

including N-type, L-type, P/Q-type, and R-type channels.

HVA channels are heteromultimeric proteins that essen-

tially consist of Cava1, Cavb, and Cava2d subunits in a

1:1:1 ratio (Fig. 1) [5]. In addition, some of the HVA

channels, such as the L-type channels in skeletal muscle,

also have the Cavc subunit [6]. The Cava1 subunit is a

transmembrane protein that determines the subtype of the

HVA channel. The coding genes can be divided into two

major families, Cav1 and Cav2. The Cav1 family includes

Cav1.1–1.4, all of which encode L-type channels. The Cav2

family includes Cav2.1–2.3; Cav2.1 encodes P/Q-type

channels, and its selective splicing may determine the

expression as P- or Q-type channels, while Cav2.2 encodes

the N-type channel, and Cav2.3 encodes the R-type channel

[7, 8]. The different subtypes of HVA channel have their

own diverse functions and are amenable to selective

blockade (Table 1) [9, 10]. This implies that HVA

channels represent a viable therapeutic target that may be

modulated for more effective treatment with fewer side-

effects. The Cavb subunit is an intracellular protein that is

linked to Cava1 via domains I-II [11]; it may be involved in

increasing membrane channel expression and regulating

gene transcription by interfering with ubiquitination [12].

The Cava2d subunit can be divided into a2 and d, each of

which is expressed by independent genes and then joined

by disulfide bonds [13]. d is present outside the cell

membrane, where it acts as a glycosylated phosphatidyli-

nositol anchored to the monolayer of the outer membrane

of the cell membrane [14], promoting transmembrane

expression of the a1 subunit [10]. Similar to Cavb, the d
subunit is also involved in regulating the expression of

HVA channels by interfering with ubiquitination. While

Cavc includes four helices, it is unclear whether it is

distributed in neurons. A new c subunit, which is the target

of the stargazer mutation in mice, has recently been

reported. A group of seven c subunits exists in brain and

other tissues. However, these novel stargazer-like c
subunits mainly modulate glutamate receptors in the

postsynaptic membranes of neurons. It is still not clear

whether these are associated with the HVA channels in

neurons [15].

Changes in the expression and function of HVA

channels are closely associated with the occurrence,

development, and persistence of pain [16]. In Table 2,

we summarize the contemporary research pertaining to

various changes in HVA channels of different subtypes in

various pain models, including changes in expression and

currents. In the next section, we focus on the role of these

different types of HVA channel in pain conduction.

N-type HVA Channels

N-type HVA channels are substantially expressed in neural

tissue. They are abundantly expressed in the presynaptic

membrane of axons, regulate the release of neurotransmit-

ters [17], and are abundant in DRG neurons [18]. With the

influx of a large amounts of Ca2? into a neuron, the

presynaptic membrane releases many neurotransmitters,

such as glutamic acid and substance P [19]. Sensitivity to

pain is significantly reduced in mice with N-type channel

deletion [20], while anxiety level and alcohol withdrawal

symptoms are only slightly improved [21]. These findings

indicate that N-type channels are closely associated with

pain transmission.

In the partial sciatic nerve ligation model, the expression

of N-type channels in DRG neurons is upregulated, and the

proportion of N-type current is elevated [18]; in addition,

in formalin-induced inflammatory pain model the N-type

channels lack the domain II-III linker regions, which are

encoded by Cav2.2 exon 18a [22]. RT-PCR analysis

revealed no significant changes in the mRNA of N-type

channels in a mouse model of diabetic neuropathic pain

[23], suggesting that the structural changes in N-type

channels caused by chronic pain occur at the protein level.

In addition, the upregulation of N-type channels may be

related to regulation of the ubiquitin-proteasome pathway

[24]. There is also evidence that the expression of Cava2d1

is increased in the dorsal spinal cord in the spinal cord

injury model [25], as described above; this increases the

level of the transmembrane Cava1 subunit of HVA

channels. This change is particularly associated with

Fig. 1 Structure of HVA channels. Each HVA channel consists of

Caa1, Cavb, and Caa2d subunits [6]. The Cava1 subunit is a

transmembrane protein that determines the subtype of the HVA

channel [8]. The Cavb subunit is present inside cells, and is involved

in increasing membrane channel expression and in regulating gene

transcription [11, 12]. The Cava2d subunit is present outside cells and

is linked by disulfide bonds [13].
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abnormal tactile pain in spinal nerve-ligated (SNL) rats

[26]. The above conclusions have also been confirmed in

transgenic mice overexpressing Cava2d1 in DRGs and the

spinal cord. Cava2d1 overexpression has been shown to

result in enhanced currents, which exaggerate and prolong

the dorsal horn neuronal responses to mechanical and

thermal stimuli [27]. In addition, pregabalin, which acts on

Cava2d1 to inhibit N-type channels, has been shown to

inhibit the accumulation of Cava2d1 in the SNL model.

Moreover, it reduces the increase of a2d1 in the presy-

naptic terminals of DRG neurons in the spinal dorsal horn

[28]. Owing to the unique role of Cava2d1, it has been fully

utilized as an important therapeutic target in clinical

settings. For example, gabapentin acts on this subunit and

has a powerful analgesic effect in patients with neuropathic

pain [29].

In general, N-type channels are up-regulated during pain

generation, including increased currents and expression. At

the same time, inhibition of N-type channels reduces nerve

conduction to induce analgesia. These findings suggest that

N-type channels play an important role in the process of

pain generation. Moreover, N-type channels are viable

potential targets for the development of novel analgesics.

L-type HVA Channels

Currently, there is considerable ambiguity with respect to

the specific role of L-type HVA channels in the pain

afferent pathway. As noted earlier, the Cav1 family can be

divided into four groups, Cav1.1–1.4. Cav1.1 is mainly

expressed in skeletal muscle and plays a key role in

excitation-contraction coupling. Cav1.4 is mostly expressed

in the retina and plays an important role in normal visual

function. However, no evident expression of Cav1.1 and

Cav1.4 has been found in the brain. Radioreceptor assays

and quantitative polymerase chain reaction (qPCR)

revealed that Cav1.1 and Cav1.4 a1 subunits account for

0.08% of the L-type channel transcripts in mouse whole

brain; owing to their very low expression, Cav1.1 and

Cav1.4 a1 are unlikely to serve as drug targets for pain

treatment [30]. In contrast, Cav1.2 and Cav1.3 are

expressed in most excitable cells, including neurons, and

both genes can even be expressed in the same cell [31]. In

the brain, almost 90% of L-type channels are encoded by

Cav1.2 while Cav1.3-encoded L-type channels account for

10% [30]. Unlike the presence of HVA channels expressed

by the Cav2 family in the presynaptic membrane, the

L-type channels encoded by Cav1.2 and Cav1.3 are mainly

found in the postsynaptic membrane and are distributed in

the spinal cord and dendrites [32]. Here, they generate

neuronal discharges and activate Ca2?-dependent pathways

to regulate gene expression (termed excitation-transcrip-

tion coupling) [33]. By promoting synaptic plasticity, they

are involved in different forms of learning and memory,

drug addiction, and neurodevelopment. For example,

deficiency of Cav1.2 promotes anxiety-like behaviors

[34], while deficiency of Cav1.3 enhances antidepressant

behavior which includes reduced immobility time in the

forced swim test as well as tail suspension test [35].

Conversely, use of BayK8644 to selectively activate

Cav1.3 in vivo has been shown to make depression worse

[36].

In neurons, the current of the L-type channels is difficult

to quantify because the current produced by HVA channels

encoded by the Cav2 family has a major advantage. It has

been reported that in medium-sized DRG neurons (diam-

eter 30–40 lm), the current of the L-type channels is

reduced after SNL [37]. Another study showed upregula-

tion of the expression of L-type channels in mice exposed

to chronic pain. In contrast, Cav1.3-knockout mice exhibit

normal pain phenotypes [38], suggesting that L-type

channels encoded by Cav1.3 do not play a major role in

pain conduction. This result is consistent with the percent-

age expression of the L-type channels encoded by Cav1.2

Table 1 HVA subtypes and their characteristics.

HVA

subtype

Encoding

gene

Specific blocker Main distribution Function

L Cav1.1 Dihydropyridines Skeletal muscle Excitation-contraction coupling

Cav1.2 Dihydropyridines Cardiomyocytes, neurons, smooth

muscle cells

Excitation-contraction coupling, neural

conduction

Cav1.3 Dihydropyridines Cardiomyocytes, neurons, endocrine

cells

Cardiac rhythm, neuronal conduction, endo-

crine secretion

Cav1.4 Dihydropyridines Retina Visual conduction

P/Q Cav2.1 x-Agatoxin Neurons Neuronal conduction

N Cav2.2 x-Conotoxin GIVA and

MVIIA

Neurons, endocrine cells Neurotransmitter release

R Cav2.3 SNX-482 Neurons Neuronal conduction
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and Cav1.3 in nervous tissue. Interestingly, knockdown of

mir-103 encoding a microRNA in rat leads to increased

sensitivity to pain and decreased expression of Cav1.2 [39].

Similarly, the severe cardiovascular side-effects of the

L-type channel-specific blockers dihydropyridines are a

key constraint for further studies of L-type channels. In a

clinical study, subtle changes in the central nervous system

have been detected in healthy volunteers after treatment

with blockers of L-type channels [40].

The role of the L-type channels in the central nervous

system may be more conspicuous than in the peripheral

nervous system. The absence of expression of L-type

channels in the anterior cingulate cortex in mice is

associated with reduced pain and learning disabilities [41].

Altogether, the role of L-type channels in pain is still

unclear. The inconsistency among findings may be related

to differences in the experimental models, the tissues

collected from various regions of laboratory animals, and

the method of detection. In addition, the difficulty in

quantifying the current of L-type channels and the cardio-

vascular side-effects of their antagonists make it more

difficult to study these channels. At least, these findings

Table 2 Role of HVA channels in different models of pathological pain.

HVA

subtype

Type of patho-

logical pain

Model of pathological pain Changes in channels

N Inflammatory

pain

Formalin-induced inflammation Cav2.2 mRNA levels lacking exon 18a: and amount of

full-length variants; [22]

Carrageenan-induced inflammation Expression: [86]

CFA-induced inflammation Expression: [87]

(in ipsilateral L4 and L5 ganglia)

Neuropathic pain CCI Expression: [88]

SNL Expression: [89]

PSL Current: and expression: [18]

(medium/large cells in DRG)

SCI Expression: [25]

Cancer pain CINP Current: and expression: [90]

L# Inflammatory

pain

TNBS-induced inflammation Cav1.2 expression: and current: [91]

Propofol-induced inflammation Cav1.2 expression: [92]

Neuropathic pain CCI Cav1.2 current: [93]

SNL Cav1.2 expression: [39]

PSL Cav1.2 expression: while Cav1.3 expression; [94]

Cancer pain CINP Cav1.2 current; [90]

OINP Cav1.2 current: [95]

R Inflammatory

pain

Formalin-induced inflammation Current: [77]

TNBS-induced inflammation Expression: and current: [91]

Neuropathic pain SNL Expression: [78]

PSL Expression: [45]

Cancer pain CINP Current; [90]

Bone metastasis–associated pain

(cultured 2472 fibrosarcoma cells injected into and

around the calcaneus)

Expression; [96]

P/Q Inflammatory

pain

Formalin-induced inflammation Current: [97]

CFA-induced inflammation Current; [87]

Neuropathic pain PSL Current;

(medium/large cells in DRG) [18]

Streptozocin-induced neuropathy Expression: [98]

Cancer pain CINP Current; [90]

CFA, complete Freund’s adjuvant; CCI, chronic constriction injury; SNL, spinal nerve ligation; PSL, partial sciatic nerve ligation; SCI, spinal

cord injury; CINP, cisplatin-induced neuropathic pain; TNBS, 2,4,6-trinitrobenzenesulfonic acid; OINP, oxaliplatin-induced neuropathic pain.
#Cav1.1 and Cav1.4 are not evident in nervous tissue [30].
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suggest a postsynaptic effect of L-type Ca2? channels in

afferent pain signaling, although it is unclear whether these

channels can be used as targets for pain management. The

development of Ca2? imaging and optogenetic techniques

may provide new ideas for the study of L-type channels

[42].

R-type HVA Channels

R-type HVA channels exist in various types of neurons and

are closely associated with the release of neurotransmitters

and the regulation of neuronal excitability. They are also

expressed in DRG neurons and are involved in the

regulation of pain transmission. The Cav2.3 gene encoding

the R-type channel can be divided into six groups,

Cav2.3a–2.3f. The results of RT-PCR have shown that

the R-type channels in DRG tissues are mostly encoded by

Cav2.3a and Cav2.3e. By single cell RT-PCR, it has been

shown that DRG neurons expressing Cav2.3e account for

20%, while those expressing Cav2.3a account for 2.8%. In

addition, the mRNA of Cav2.3e is mainly present in small

DRG neurons. In contrast, Cav2.3e mRNA is less abun-

dantly expressed in medium DRG neurons, but almost none

in large DRG neurons. This suggests that the R-type

channels expressed by Cav2.3e predominate in noxious

DRG neurons. Furthermore, DRG neurons with Cav2.3e

expression are positive for TrkA and transient receptor

potential vanilloid 1, and negative for isolectin B4 [43]. In

general, the R-type channels present in nociceptive DRG

neurons are primarily encoded by Cav2.3e and are closely

associated with pain transmission. Partial ligation of the

spinal nerve has been shown to induce upregulation of

R-type channels in DRG neurons [44]; exposure of Cav2.3-

knockdown mice to inflammatory conditions reveals a

significant reduction in sensitivity to pain [45]. Overall, in

the DRG, the expression of R-type channels is typically

upregulated during pain and the current is increased,

especially in neuropathic pain. Furthermore, blockade of

R-type channel can have a significant analgesic effect.

Therefore, R-type channels play an important role in the

pain afferent pathway and may be an important therapeutic

target for pain management.

P/Q-type HVA Channels

As with L-type HVA channels, the role of P/Q HVA

channels in the process of pain transmission is not clear.

Mice lacking Cav2.1 have been shown to exhibit severe

ataxia and an absence of seizures, and die in *4 weeks.

Interestingly, mice with postnatal deletion of the Cav2.1

gene have a slower onset of neurological deficit [46]. SNL

has been shown to induce upregulation of N-type channel

expression and downregulation of P/Q-type channel

expression in medium-sized DRG neurons, leading to

changes in the relative proportion of current [18]. Young

mice with Cav2.1 knockdown exhibit hyperalgesia to acute

thermal pain but reduced sensitivity to chronic pain [47].

There is less evidence to support a role of P/Q-type

channels in pain transmission; however, it is undeniable

that they play a certain role in this process.

As noted earlier, various studies have demonstrated that

each subtype of HVA channel undergoes changes in

expression and/or current in various pain models. Changes

in HVA channel activity regulate other important physio-

logical processes that play important roles in pain conduc-

tion, although the changes and effects of HVA channels in

some subtypes remain unclear (Fig. 2). Many researchers

are currently working on this, which may facilitate a better

understanding of pain mechanisms.

Current Applications and New Drug Development
of HVA Channel Blockers

So far, the most commonly-used Ca2? channel blockers for

the treatment of pain are gabapentin and pregabalin.

Gabapentin has been shown to alleviate postoperative pain

[48]. Gabapentin and its derivative pregabalin were

originally analogs designed to mimic GABA. However,

the site of action of gabapentin is at Cava2d-1 subunits

rather than GABA receptors. Although the structure of

gabapentin is similar to that of GABA, it neither acts on

GABAA nor GABAB receptors [49]. Moreover, gabapentin

does not affect the synthesis and metabolism of GABA.

Under neuropathological conditions, the anti-nociceptive

effect of gabapentin is attenuated in rats with deletion of

the Cava2d-1 gene [50]. This also confirmed that Cava2d-1

is the site of action of gabapentin. Gabapentin binds to the

Cava2d-1 subunit and enters the neuronal cytoplasm

through the system-L-neutral amino-acid transporter, and

then acts in the cell [51]. In the case of neuropathic pain,

intraperitoneal injection of gabapentin blocks the rapid

transport of Cava2d-1 subunits from the endoplasmic

reticulum to the cell membrane in afferent nerve terminals

within 30 min, impeding an increase in expression levels.

Under non-neuropathic conditions, gabapentin blocks the

transport of Cava2d subunits from the cell body to nerve

terminals [52]. In laboratory models, gabapentin acts on

almost every rat; however, in clinical trials, only 50% of

patients experience pain relief [53]. This may be related to

the downregulation of a2d-1 subunits [54] as well as time

and the down-regulation of glutamate transporter 1 expres-

sion [53, 55]. Despite the limited persistence of gabapentin,

it is still the first line of pain treatment due to its broad

prospects. In addition, although large numbers of Ca2?

channel blockers have been discovered, they are rarely
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used in clinical practice. This thorny problem can be due to

various factors, such as patient heterogeneity and the

choice of appropriate test endpoints. Among these, the lack

of understanding of pain mechanism is a key factor [53].

Therefore, the exploration of the pain mechanism still has a

long way to go.

A-1048400 (1-[2-(4-benzhydryl-piperazin-1-yl)-2-oxo-

ethyl]-3,3-diphenyl-piperidin-2-one) is a novel, oral,

state-dependent Ca2? channel blocker. In an electrophys-

iological study, A-1048400 has been shown to bind to the

N-type, L-type, and P/Q-type channels of human and rat

neurons and act as a blocking agent with comparable

potency. A-1048400 has exhibited an analgesic effect in

animal models of inflammatory and neuropathic pain; in

addition, the analgesic effect is dose-dependent. At the

same time, A-1048400 plays a more powerful role in the

SNL model than in the chronic constriction injury model,

but the mechanism is still unclear. Moreover, A-1048400 is

also a state-dependent blocker to which channels are more

sensitive in the inactive state. A-1048400 has fewer

cardiovascular side-effects than traditional Ca2? channel

blockers. A-1048400 blocks neuronal Ca2? channels in a

voltage-dependent (state-dependent) manner; in addition, it

does not significantly alter hemodynamic functions in rats

at plasma concentrations much higher than the desired

concentration for antinociception [56]. Voltage-dependent

blockers act on neuronal ion channels in specific states;

they may preferentially regulate overactive neurons and

have relatively little effect on normal neuronal activity.

A-1048400 has been shown to have potent analgesic effects

in models of inflammation and osteoarthritis pain with

fewer cardiovascular side-effects; this property extends the

potential therapeutic utility of Ca2? channel blockers in

chronic pain states.

As already noted, different types of HVA channel can be

specifically blocked by different blockers. Next, we

elaborate on these specific HVA blockers.

Blockers of N-type HVA Channels

The x-conotoxins GIVA and MVIIA are selective

inhibitors of N-type channels, composed of 27 and 25

peptides, respectively, and containing disulfide bonds.

They inhibit channels by occupying the conduction pore

of the a1 subunit [57]; their analgesic effect is irreversible

and is exerted by strong hyperpolarization of cells [58].

Intrathecal injection of GIVA and MVIIA into rats has

been shown to significantly inhibit algesia [59]. Of these,

MVIIA can be synthesized and its ability to block N-type

channels is retained in vitro. It is currently used as the main

component of Ziconotide for treatment of severe chronic

pain, such as cancer pain [58]. A systematic review of

randomized controlled trials of Ziconotide has shown its

therapeutic efficacy against chronic neuropathic pain.

Unlike morphine, it rarely causes serious adverse reactions

such as hyperalgesia, drug resistance, and respiratory

depression. In patients of childbearing age, the endocrine

side-effects of morphine such as loss of libido, decreased

testosterone levels in men, and osteoporosis of the spine

may induce severe pain. However, such side-effects have

rarely been reported with Ziconotide [60]. Some experts

believe that Ziconotide is the only analgesic drug in this

group that is suitable for clinical use [61]. At the same

time, Ziconotide’s withdrawal response is weak, which

solves a major problem in clinical pain management [60].

However, this drug does not easily pass through the

blood-brain barrier and requires intrathecal instillation

through a micropump [62]. In addition, it has some severe

Fig. 2 Changes in HVA channels during pain conduction. Upon

exposure to noxious stimuli, different subtypes of HVA channels in

the DRG or spinal cord produce different degrees of change in current

and expression, thereby triggering a series of physiological processes

(e.g. release of neurotransmitters, synaptic substructure, and

plasticity) that eventually produce pain sensation. The expression

and current of N-type and R-type channels are upregulated in various

pain models. The changes in P/Q-type and L-type channels are still

not clear.
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side-effects such as dizziness, blurred vision, memory

defects, and abnormalities of the urinary and digestive

systems; therefore, its therapeutic window is narrow [58].

Therefore, the principle of ‘‘start low, go slow’’ should be

followed to minimize the side-effects of Ziconotide.

According to current recommendations, the dose should

not be increased more than once a week [63]. Among the

described side-effects, the most worrying are the neu-

ropsychiatric side-effects, such as suicide and schizophre-

nia, which are believed to be associated with rapid titration

and high doses. Hence, considering that a patient’s

previous mental disorder may be a risk factor for adverse

neuropsychiatric reactions, the psychological state of

patients should be carefully evaluated before Ziconotide

treatment. A history of mental illness should be considered

a contraindication [64].

At present, a series of the blockers of N-type channels

extracted from Conus striatus such as the x-conotoxins

SO-3, FVIA, CVID, and CVIE are undergoing research and

trials. CVID has entered clinical trials and may have a

wider therapeutic window than Ziconotide [58]. Similar to

other x-conotoxins, SO-3 contains 25 amino-acid residues

and 3 disulfide bonds. Among these, Lys6, Ile11, and

Asn14 are important functional residues in SO-3 [65]. SO-

3 produces a potent, long-lasting spinal analgesic effect in

the mouse acetic acid writhing test and the rat formalin test,

enhances the analgesic effect of morphine on co-adminis-

tration. After repeated administration, no tolerance to SO-3

or cross-tolerance to morphine occurs. In addition, the

analgesic effects of SO-3 are similar to those of Ziconotide,

while the adverse reactions are fewer. Studies conducted on

cultured hippocampal neurons have shown that SO-3 has

similar efficacy to Ziconotide in inhibiting N-type chan-

nels, but has less effect on non-N-type HVA currents at

higher concentrations At the same time, SO-3 has no effect

on voltage-sensitive Na? and K? currents, which may

explain its fewer side-effects. Within the therapeutic range,

SO-3 has no significant adverse effects on exercise.

Therefore, SO-3 as an N-type channel blocker has a

broader application prospect, either alone or in combina-

tion with opioids [66]. Nonetheless, since Ziconotide can

only be administered by intrathecal instillation, not only is

the risk of administration high, but also the quality of life

of the patient is greatly affected. Therefore, other drugs that

do not require intrathecal administration are also actively

being developed, such as ZC88 [67] and TROX-1 [68].

ZC88 is a non-peptide N-type channel-specific inhibitor

that has no effect on L-type, R-type, or P/Q-type channels

[67]. In a model of chronic constriction injury, oral

administration of ZC88 leads to a dose-dependent reduc-

tion in mechanical hyperalgesia, while having no effect on

normal mice in the acute thermal pain model. However,

ZC88 combined with morphine reduces the tolerance,

physical dependence, and withdrawal symptoms of mor-

phine with no effect on morphine-induced psychological

dependence in a conditioned place preference model [69].

Therefore, ZC88 is expected to be used as a drug for

neuropathic pain, either alone or in combination with

morphine.

TROX-1 has similar potency on the channels of the

Cav2 family, including Cav2.1, Cav2.2, and Cav2.3, under

depolarization conditions. However, under inflammatory

conditions, TROX-1 has no effect on mice with Cav2.2

gene deletion [68]. This indicates that TROX-1 plays a

major role in the inhibition of Cav2.2. Moreover, oral

administration of TROX-1 has been shown to significantly

increase the threshold of the paw withdrawal of rats with

SNL [70].

And by far, a series of designed piperazines has been

shown to have a significant inhibitory effect on N-type

channels. Z160, which can be administered orally, medi-

ates analgesia in several animal models of pain [71].

However, it failed Phase II clinical trials. As an important

target for pain therapy, N-type channels play an important

role in clinical applications and there is much work to do.

Blockers of L-type HVA Channels

Dihydropyridines are known to mainly act on L-type

channels. These drugs bind to the pore of the a1 subunit,

which is S5 or S6 in domains III and IV [72]. Nicardipine

has been shown to reduce pain behavior in an SNL model

[73]. However, the dihydropyridine Ca2? blockers have

considerable cardiovascular side-effects, so identification

of novel specific blockers of L-type channels to minimize

the cardiovascular side-effects of dihydropyridines and

maximize their effects in neurons is a key imperative. A

new structure-activity relationship has been reported for

the new pyrimidine-2,4,6-triones. The most selective

candidate is BPN-4689 (also referred to as Cp8). Based

on the results of fluorescent imaging plate reader assays,

the selectivity of Cp8 for Cav1.3 is 600 times greater than

that for Cav1.2 [74]. However, in whole-cell patch clamp

recordings, Cp8 has been shown to cause a significant time-

dependent change in the transient expression of L-type

channels in tsA201 cells, characterized by a decrease in the

time-course of activation, inactivation, and inactivation,

very similar to the activity of activators in L-type channels

[75]. Therefore, the effect of Cp8 is related to the

experimental conditions, and under some conditions, it

may even activate L-type channels.

In addition to these small molecules, the conotoxin

TxVII has been shown to inhibit L-type channels. Inter-

estingly, TxVII inhibits dihydropyridine-sensitive currents

in lymphocyte RPeD1 neurons, but does not inhibit these

currents in PC12 cells, suggesting that TxVII has cell-

123

Q. Li et al.: HVA Ca2? Channel in the Afferent Pain Pathway 1079



subtype selectivity. However, there is currently no research

on which cell subtype that may be involved in the

regulation of pain signaling is specifically affected by

TxVII [76].

In general, L-type channels may play an important role

in the post-synaptic process during pain transmission, but

there is still a long way to go for the clinical use of L-type

channel blockers in pain management.

Blockers of R-type and P/Q-type HVA Channels

When R-type channels are specifically blocked by SNX-

482, neuralgia is significantly inhibited. At the same time,

SNX-482 has been shown to attenuate formalin-induced

pain behavior, neurokinin 1 receptor (NK1R) internaliza-

tion, and c-Fos expression in the posterior horn of the

spinal cord. NK1R is an indicator of substance P and c-Fos

is a proto-oncogene that is expressed when neurons are

subjected to noxious stimulation [77]. In addition, electro-

physiological studies in the SNL model have shown that

SNX-482 mediates antinociceptive effects by regulating

neuronal activity in the dorsal horn of the spinal cord. At

the same time, SNX-482 has a weak effect on sham-

operated rats. This phenomenon also supports the results of

behavioral testing. SNX-482 has a significant inhibitory

effect on nociceptive C-fibers and Ad-fibers, in contrast to

non-noxious Ab-fibers [78].

P/Q-type channels can be blocked by x-agatoxin IVA,

which suggests that these channels may be another target

for pain treatment. The x-agatoxin IVA is effective in the

treatment of pain in knee arthritis [79]. It combines with

the channel to change its activation voltage to a positive

potential, which is not achievable under normal physio-

logical conditions, and it suppresses P/Q-type channels by

raising the voltage-gated energy barrier rather than phys-

ically occupying the conduction pore. Therefore, IVA does

not change the permeability of the channels, but only

works by raising the voltage level required for channel

activation [80]. In the tail-flick and tail-pressure tests,

intrathecal injection of IVA shows dose-dependent inhibi-

tion in the range 0.33 pmol–33 pmol/mouse. At the same

time, IVA administered in combination with morphine

enhances the effect of morphine at subthreshold doses. This

suggests that co-administration of P/Q-type channel

inhibitors with morphine can help reduce the dose of

morphine and minimize the side-effects [81]. P/Q-type

channels play an important part in the pain afferent

pathway, so their clinical significance cannot be

underestimated.

Tx3-3 is a novel peptide toxin extracted from the venom

of the Brazilian armed spider, Phoneutria nigriventer. It

blocks the action of P/Q-type and R-type channels, and is a

state-dependent blocker. Tx3-3 has been shown to have

transient anti-nociceptive effects in noxious pain tests

(such as the tail-flick test) and long-lasting anti-nociceptive

effects in neuropathic pain models. However, Tx3-3 has no

effect on inflammatory pain. It is worth noting that the anti-

nociceptive effects of Tx3-3 only occur in the case of

noxious stimuli such as thermal nociception and mechan-

ical pain. At the same time, it does not alter mechanical

sensitivity unless there is a secondary injury. No side-

effects have been reported, which may be related to its

state-dependent properties. This implies a better safety

profile of Tx3-3. It holds promise as a novel therapeutic

agent for the control of neuropathic pain [82].

Future Prospects

HVA channels are widely present in the pain afferent

pathway, including the DRG, spinal cord, and even the

brain. In various pain models, the activity of HVA channels

of different subtypes increases to varying degrees on

exposure to noxious stimuli. Owing to their important role

in the release of neurotransmitters and the structure and

plasticity of synapses, HVA channels are undoubtedly an

indispensable part of the pain transmission. Therefore,

HVA channels are also considered to be important

therapeutic targets in pain management. However, since

these channels are also present in other tissues (such as the

cardiovascular system and skeletal muscle) and participate

in many other physiological events, HVA channel blockers

inevitably have side-effects. To date, only pregabalin and

gabapentin have been used as first-line medications for

pain management. Among the specific HVA channel

blockers, Ziconotide has also been used in clinical settings.

However, its side-effects and intrathecal mode of admin-

istration are significant limitations to its wider use. Teams

of researchers are currently working to reduce the side-

effects of HVA channel blockers. The strategies are

broadly divided into increasing the specificity of the

blocker and exploring state-dependent blockers. In theory,

state-dependent blockers can prevent the blockade of Ca2?

ion channels in cells outside of the pain pathway. At the

same time, in order to increase the specificity of the

blockers, researchers are working to investigate those that

target specific splices of HVA channels, but is a huge

challenge. Based on this, a substantial number of drugs

have been developed. Peptide toxins isolated from preda-

tory species such as cone snails are examples of a large

class.

The venoms from various predatory species such as

fishing mollusks, scorpions, snakes, and arachnids contain

large amounts of toxins, including HVA channel blockers.

These blockers act primarily by blocking the physical

occupancy of the pores and preventing activation gating.
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The x-conotoxins GIVA, MVIIA, and SNX-482 belong to

this class of peptide toxins, which have a high specificity

for different subtypes of HVA channels. However, since

they do not easily cross the blood-brain barrier, most are

delivered by intrathecal injection and cannot be adminis-

tered systemically. This also limits their clinical applica-

tion. In response to their shortcomings, numerous

researchers have improved their structure to allow for oral

administration and to minimize side-effects. Potentially,

tethered MVIIA can target specific cells through viral

targeting [83]. Although safety concerns continue to

persist, the use of peptide toxins may be a promising

approach to pain therapies.

Due to the low efficacy or side-effects, the current

treatment effects of pain therapies are still not satisfactory.

How to use opioids is a problem for every pain physician.

At present, opioid abuse in the United States and its

catastrophic consequences, as well as the weak evidence

base for their use in chronic pain, demonstrates how

difficult it is to ‘‘hijack’’ endogenous opioids without harm

[84]. With regard to cannabis-based analgesia, there seems

to be a gap between public beliefs and existing medical

evidence [85]. Although current treatments are not satis-

factory, considering the important role of HVA channel

subtypes in neurotransmitter release, neuronal excitability,

and neurogenic inflammation, HVA channels are still

considered to be important targets for pain management.

The development of HVA subtype blockers contributes to

the development of pain treatment and understanding the

role of HVA subtypes in order to achieve the goal of

improving the efficacy and safety of drugs for the treatment

of pain.

Conclusions

HVA channels are closely associated with pain. Upon

exposure to noxious stimuli, different subtypes of HVA

channel produce different degrees of change in current and

expression, thereby triggering a series of physiological

processes that eventually produce pain sensation. Among

these, the changes in N-type and R-type channels in the

process of pain transmission are more clear, while those in

the P/Q-type and L-type channels are still not clear. Given

its important role in pain transmission, the HVA channel is

considered to be potential therapeutic target for pain

management. A number of blockers of HVA channels have

been developed or are undergoing clinical trials. Unfortu-

nately, progress in the development of novel HVA channel

inhibitors has been slow due to low efficacy and/or side-

effects. However, it is still too early to abandon HVA

channels as a target for pain management. Increasing the

selectivity of HVA channel blockers and the development

of state-dependent drugs are expected to enhance their

efficacy and reduce side-effects. In conclusion, it is

indisputable that the HVA channel is an important target

for pain therapies. Through the unremitting efforts of

researchers, HVA channel blockers may become an

important means of clinical pain treatment.
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