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Preface

It has been 30 years since the initial characterization of T-type channel current by

Armstrong and Matteson (1985) and 15 years since the molecular cloning of the

three subtypes of the T-type Ca2+ channel by Perez-Reyes et al., Cribbs et al., and

Lee et al. (1998, 1999). In the last decade much has been learned regarding the

biophysics, biochemistry, physiology, and pharmacology of these channels, with

information being gleaned from a wide range of studies varying from structure–

function relationships to therapeutic applications. In this book, recent advances in

T-type Ca2+ channel research are reviewed, with a special emphasis on the patho-

logical implications of the channels and the potential role of channel antagonists in

clinical medicine.

Part 1 provides a relatively detailed introduction to the T-type Ca2+ channels,

with a focus on the biophysical properties of the channels, their regulation by

intercellular and intracellular signaling pathways, and current attempts to develop

more selective antagonists of the channel. In Chap. 1, Drs. Senatore and Spafford

review key properties of the channels and summarize their role in cellular pro-

cesses, such as excitation–secretion coupling and cell cycle control. In Chap. 2, the

regulation of the T-type Ca2+ channels by a host of modulators, including glucose,

cytokines, hormones, neurohumoral agents, metals, ATP, transcription factors, and

common signaling pathways is discussed by Drs. Li and Wu. In Chap. 3, a fairly

comprehensive review of recent and past T-type Ca2+ channel antagonists and their

potential clinical value has been written by Drs. Kawazu and Hashimoto.

Part 2 reviews new information gleaned on the physiological functions of the T-

type Ca2+ channels and their role in various clinical conditions. In Chap. 4, Drs.

Warnier and coworkers review the role of various T-type Ca2+ channel subtypes in

the differentiation of neuroendocrine cells and their role in excitation–secretion

coupling. The possibility that the T-type Ca2+ channels might play a role in

neuroendocrine tumors is also discussed. Chapter 5 focuses on the role of T-type

Ca2+ channels in the development of cardiac hypertrophy and heart failure. Drs.

Schaffer and Jong discuss the controversy surrounding the regulation of cardiac

hypertrophy by T-type Ca2+ channels and the possibility that Cav3.1 and Cav3.2

might exert opposite actions on the development of heart failure. The topic of

Chap. 6 concerns one of the initially described “physiological functions” of the T-

type Ca2+ channels, namely, their contribution to diastolic depolarization.

Dr. Schaffer also discusses recent data implicating T-type Ca2+ channels in the
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toxicity of Ca2+ overload related to electrical remodeling and ischemia–reperfusion

injury. In Chap. 7, Drs. Chen and Parker review the convincing evidence that

T-type Ca2+ channels play a central role in the development of absence seizures.

It is anticipated that T-type Ca2+ channel antagonists will play a central role in the

treatment of this condition. In Chap. 8, Drs. Pottle and Gray review the role of

T-type Ca2+ channels in the regulation of cell cycling and proliferation. They

introduce the novel concept that T-type Ca2+ channel antagonists might halt cell

cycling near the G1/S checkpoint, rendering the cells more susceptible to S phase-

specific chemotherapy. At the present time, this idea is being advanced to a phase Ib

study in patients with recurrent high-grade glioma, a trial conducted in conjunction

with the National Cancer Institute. In Chap. 9, Dr. Keyser discusses the mechanism

by which T-type Ca2+ channels influence pain. The possibility that T-type Ca2+

channel antagonists might diminish both the sensation of pain and the progression

of diseases, such as diabetic neuropathy, is discussed. In Chap. 10, the complex

relationship between hyperglycemia, T-type Ca2+ channel activity, and insulin

secretion is discussed. Dr. Li suggests that the T-type Ca2+ channels might provide

a new target for the treatment of type 2 diabetes mellitus.

Skeptics maintain that potential adverse side effects of the T-type Ca2+ channel

blockers will hamper wide acceptance of these therapeutic agents. They point out

that the T-type Ca2+ channels are broadly distributed in a variety of human tissues,

but in particular in vital organs, such as heart and thalamic neurons, where they

exert important functions. However, at least three subtypes of the T-type Ca2+

channels are present in humans, where they serve different functions. Some of these

subtype-specific actions are discussed in Part 2. It is likely that the development of

subtype-specific antagonists will improve the efficacy while diminishing the toxic-

ity of the newly developed antagonists.

The T-type Ca2+ channels, like all voltage-gated Ca2+ channels, conduct extra-

cellular Ca2+ into the cytosol. Nevertheless, T-type Ca2+ channels, unlike the L-

type Ca2+ channels, only carry a “transient and tiny” current. Yet, irregular expres-

sion of T-type Ca2+ channels has been implicated in a number of disease conditions,

including cardiac hypertrophy (Chap. 5), ischemia–reperfusion injury (Chap. 6),

absence seizures (Chap. 7), tumor cell proliferation (Chap. 8), and

hyperinsulinemia (Chap. 10). Thus, there is an adequate therapeutic index window

for T-type Ca2+ channel blockers to suppress pathological conditions while

retaining the physiological function of the channels in normal tissue. In concluding

remarks, Drs. Senatore and Spafford in Chap. 1 state that “new T-type channel

drugs on the horizon have potential for disease treatment. The newer and more

specific drugs will also contribute to a clearer understanding of how T-type

channels function in normal cellular physiology, as well as in pathological

conditions.” We feel that the future of the T-type Ca2+ channel is bright.

Mobile, AL Stephen W. Schaffer
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Part 1

General Properties of T-Type Ca2+ Channels



Physiology and Pathology of Voltage-
Gated T-Type Calcium Channels 1
Adriano Senatore and J. David Spafford

Abstract

T-type channels are low voltage-activated members of the calcium channel

family that also includes the high voltage-activated Cav1 and Cav2 channels.

T-type channels open with only minimal depolarization or in response to hyper-

polarization of the cell membrane and are associated with regulating excitability

and pacemaking at subthreshold voltages. Interestingly, increasing evidence

suggests that the subthreshold properties of T-type channels are exploited for

other cellular processes including low-threshold synaptic vesicle release

(excitation-secretion coupling), myocyte contraction and tone (excitation-

contraction coupling), and cell cycle control. T-type channels are implicated in

several pathologies including epilepsy, autism, sleep disturbances, pain, hyper-

tension, and cancer. With the advent of novel blockers selective for T-type

channels, their important contributions to normal cellular/organismal physiol-

ogy, as well as to pathology, are becoming clearer.

1.1 Structural Features of T-Type Channels

T-type channels are members of a family of inward-permeating cation channels that

includes voltage-gated sodium (Nav) and calcium (Cav) channels. These channel

types are made up of a single polypeptide bearing four homologous domains, each

with six transmembrane alpha-helices homologous to those of the single subunit of

a tetrameric voltage-gated potassium channel (segments S1–S6; Fig. 1.1).

Segments S1–S4 make up the voltage sensor module of each domain (Fig. 1.1),
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and together these endow channels with the ability to sense changes in voltage

across the membrane to regulate opening/closing of the pore (Catterall 2010). The

four pore modules consist of extracellular loops between transmembrane S5 and S6

helices that project one of four key amino acids into the pore to make up the

“selectivity filter” motif (Fig. 1.1), a structure that largely governs what types of

ions are allowed to pass through.

Cav channels exploit the high-affinity interaction between Ca2+ and negatively

charged oxygen atoms in solution (Clapham 2007), by projecting an asymmetrical

ring of carboxyl-bearing glutamate/aspartate residues into the pore, with selectivity

filter motifs of “EEEE” for the HVA Cav1 and Cav2 channels and “EEDD” for

T-type/Cav3 channels (Talavera and Nilius 2006). The resulting high-affinity bind-

ing site for calcium repels Na+ ions from the pore at low concentrations of Ca2+,

rendering the channels calcium-selective (Yang et al. 1993; Cheng et al. 2010). In

contrast, Nav channels harbor a mix of negative (i.e., aspartate, glutamate), positive

(lysine), and neutral (alanine) amino acids to make up a “DEKA” motif in

vertebrates. Models of calcium and sodium ion selectivity have been derived

from the X-ray coordinates of tetrameric channels, including Kv channels and

prokaryotic Nav channels (Doyle et al. 1998; Long et al. 2007; Payandeh

et al. 2011), but these are symmetrical channels with selectivity filter residues

that are positioned along a plane perpendicular to the permeation pathway, which

Fig. 1.1 Membrane topology of T-type calcium channels. T-type (or Cav3 type) calcium

channels share the general structural features of four-domain voltage-gated channels including

sodium channels (Nav) and high voltage-activated calcium channels (i.e., Cav1 and Cav2 types).

These channels are thought to have evolved via tandem duplication of a prokaryotic tetrameric

voltage-gated channel gene, to produce a single large channel protein with four homologous

domains (I–IV). Each domain contains six transmembrane segments/helices (S1–S6), with S1–

S4 making up the voltage sensor module of each domain and S5 to S6 making up the pore module.

S4 helices contain a series of positively charged lysine and arginine residues critical for voltage

sensitivity. Distinguishing features for T-type channels include a selectivity filter of EEDD,

contributed by four carboxyl-bearing residues (two glutamates and two aspartates) that project

from the S5–S6 pore loops into the narrowest part of the pore to form a high-affinity binding site

for Ca2+ (as compared to EEEE for Cav1 and Cav2 channels and DEKA for Nav channels), and a

gating brake structure on the cytosolic side of domain I S6, a helix-loop-helix motif that plays a

critical role in T-type channel gating. The high-affinity binding site for block of Cav3.2 by Ni
2+ and

endogenous cation Zn2+ is largely attributed to an extracellular histidine residue located in the

domain I S3–S4 loop (His191)

4 A. Senatore and J.D. Spafford



is expected to be different relative to the asymmetrical 4-domain Cav and Nav
channels.

T-type channels appear to possess more ambiguous ion selectivity profiles when

compared to the more highly selective pores of Cav and Nav channels. Cav1 and

Cav2 calcium channels pass almost exclusively calcium ions (>99.9 %) while

excluding sodium ions, where this calcium can also serve as a cell messenger in

converting electrical information (i.e., cellular excitability) into biochemical infor-

mation (Clapham 2007) (i.e., structural changes in proteins, cell signaling) with

roles such as in excitation-transcription, -secretion, and -contraction coupling. High

levels of intracellular Ca2+ are toxic and can form precipitates in cells, so Na+ as the

main membrane depolarizing cation is better suited for purely electrogenic

functions. Indeed, voltage-gated Na+ channels (Nav) that primarily shape the action

potential spike bear highly sodium-selective pores that exclude Ca2+ ions almost

completely (<0.1 %).

T-type channels have a more variable ion selectivity, where 20–25 % of

permeating ions are Na+ instead of Ca2+ for vertebrate Cav3.1 and Cav3.2 channels

(Shcheglovitov et al. 2007). This Na+ conductance is as high as 40 % of the total

current for vertebrate Cav3.3 channels (Shcheglovitov et al. 2007). Invertebrate

T-type channels have even greater sodium permeability, and in a subset of

invertebrates (i.e., protostome such as mollusks, nematodes, and insects), alterna-

tive splicing in the domain II turret has evolved to alter Na+ permeation from 50 %

of the total current (mutually exclusive exon 12b; Fig. 1.1) to greater than 95 %

(exon 12a Senatore et al. 2014). In the snail, the highly Na+-permeant T-type

isoforms expressed exclusively in the heart where they serve in lieu of absent Nav
channels for generating the main depolarizing Na+ current for heart

rhythmogenesis. The variability of the sodium permeability (20–95 %) in T-type

channels suggests a flexibility in T-type channels in their capacity to serve the

electrogenic roles of sodium channels or to contribute to Ca2+-dependent intracel-

lular processes.

T-type channels are also distinguished from other 4-domain calcium and sodium

channels in not appearing to require accessory subunits for expression and function.

Auxiliary beta subunits associate with a rigid alpha-helix that projects into the

cytosol from the domain I, segment S6 transmembrane helix of Cav1 and Cav2

channels (termed that alpha-interaction domain or AID). T-type channels instead

bear a helix-loop-helix structure in the analogous AID region, termed the “gating

brake,” which functions as an internal regulator for channel gating similar to how

the β subunit regulates Cav1 and Cav2 channels (Perez-Reyes 2010). Mutations in

the gating brake can cause excessive activity at hyperpolarized potentials (hence the

“brake”), which in human Cav3.2 is genetically associated with childhood absence

epilepsy Arias-Olguı́n et al. 2008).

1 Physiology and Pathology of Voltage-Gated T-Type Calcium Channels 5



1.2 T-Type Channels Are Optimized for Regulating Cellular
Excitability

A major functional distinction between T-type channels and Cav1/Cav2 channels is

their differing voltages of operation. Whereas Cav1 and Cav2 channels, in general,

require much more potent depolarization to become activated, T-type channels can

respond to only slight membrane potential changes. Thus, neurons and other cell

types with abundant expression of T-type channels use them to regulate the overall

excitability of the membrane, and T-type channels generally increase excitability.

Paradoxically, however, T-type channels have a propensity to physically and/or

functionally interact with their hyperpolarizing rivals, K+ channels, leading to more

complex contributions for T-type channels in regulating excitability. Mammalian

Cav3.2 and Cav3.3 have been shown to directly couple to A-type (Kv4) potassium

channels in cerebellar granule cells (Anderson et al. 2010), exerting a ~10 mV

depolarizing shift in Kv4 steady-state inactivation. This interaction causes more

A-type channels to be available for activation, effectively boosting membrane

hyperpolarization and attenuating excitability. In substantia nigra dopaminergic

(DA) neurons, T-type channels functionally associate with Ca2+-sensitive small

conductance K+ channels (i.e., SK channels), where they increase SK channel

inactivation to reduce K+-conductance involved in action potential after-

hyperpolarization, significantly altering the excitability and firing properties of

the neurons (Wolfart and Roeper 2002). This apparent role for T-type channels as

“regulators” of K+ channels can also be reversed, as documented in prostate cancer

cells where large conductance K+ channels (i.e., BK channels) set the membrane

potential to �40 mV, which is in the voltage range for constitutive calcium influx

through the Cav3.2 T-type channel via what is termed a “window current”

(Gackière et al. 2013).

Window currents are an interesting steady-state phenomenon for T-type

channels, where within a small range of fixed voltages near the foot of the channel

activation curve (Fig. 1.2), a small subset of the total T-type channel population is

not inactivated and is thus able to conduct a small but constitutive inward current

(Perez-Reyes 2003; Dreyfus et al. 2010; Senatore et al. 2012). Ca2+ window

currents through T-type channels have been implicated in various cellular processes

including cell division (and abnormal cell division in cancer) (Lory et al. 2006;

Senatore et al. 2012; Gackière et al. 2013), as well as depolarizing the resting

membrane potential (Dreyfus et al. 2010).

It is interesting that the same overlap between channel activation and inactiva-

tion that creates the window current also underlies another important function of

T-type channels, post-inhibitory rebound (PIR) excitation. Here, membrane hyper-

polarization via synaptic inhibition can drop the membrane potential enough to

relieve inactivation of T-type channels, recruiting a large pool of available T-type

channels to produce a robust post-inhibitory response (Perez-Reyes 2003). Thus,

T-type channels can be activated by both depolarization, as noted above, but also

hyperpolarization. One classical example of this occurs in the thalamus, where

thalamocortical neurons depend on T-type channels for generating post-inhibitory

6 A. Senatore and J.D. Spafford



“low-threshold calcium spikes” that project bursts of action potentials to the cortex

to gate sensory information during non-REM sleep (Lee et al. 2004; Anderson

et al. 2005; Crunelli et al. 2006). Similarly, Purkinje cell inhibitory input to deep

cerebellar nuclear neurons (DCNs) recruits T-type channels for PIR excitation to

produce high-frequency Na+-dependent action potentials that form the main output

of the cerebellum to other parts of the brain (Boehme et al. 2011).

1.3 Pharmacology of T-Type Channels

Our understanding of the functional roles for Cav1 and Cav2 channels have

benefited greatly from the availability of potent and selective channel blockers

(e.g., dihydropyridines for Cav1 channels and venom peptides such as ω-Agatoxin
IVA and ω-Conotoxin for Cav2.1 and Cav2.2, respectively). Specific contributions

of T-type channels have been difficult to assess because there has been a lack of

specific blockers that will specifically block T-type channels or discriminate

between the different vertebrate T-type channel subtypes (i.e., Cav3.1, Cav3.2,

and Cav3.3). Ni
2+ has classically been considered a T-type channel blocker, but

only T-type currents generated by Cav3.2 channels are particularly sensitive (Kang

et al. 2007). Mibefradil, used for treatment of angina and hypertension, was the only

commercially available medicine marketed for its T-type channel blocking ability,

Fig. 1.2 Steady-state voltage properties of T-type channels. T-type channels operate in a sub-

threshold voltage range, with an overlap between steady-state activation and steady-state inacti-

vation (black curves) producing a voltage range where a subset of T-type channels are

constitutively active (i.e., the “window current,” indicated in red). The overlap between T-type

channels activation and inactivation also allows T-type channels to become activated not only by

small depolarizations from rest (green arrow) but also by hyperpolarizing inputs that relieve

inactivation allowing T-type channels to contribute to post-inhibitory rebound excitation (PIR;

purple arrow). Alterations to the steady-state properties of T-type channels can have profound

impacts on excitability. For example, knockout of PLCβ4 in thalamic neurons leads to a

depolarizing shift in channel steady-state inactivation and a hyperpolarizing shift in channel

activation (blue curves and arrows), allowing T-type channels to operate in a voltage range

where they generally don’t

1 Physiology and Pathology of Voltage-Gated T-Type Calcium Channels 7



but its negative side effects have precluded it as a viable medicine. Subsequently

mibefradil, like other first generation T-type channel drugs, was found to not be

selective for T-type channels and blocks other channel types such as sodium and

other calcium channels. Newer T-type-specific blockers (e.g., TTA-P2/TTA-A2;

NNC 55-0396; Z944; efonidipine) show greater blocking affinity for T-type

channels yet still do not discriminate between mammalian subtypes (Cav3.1,

Cav3.2, and Cav3.3).

1.4 Roles in Secretion and Contraction

A potential role for T-type channels in regulating secretion and exocytosis was

suggested over 20 years ago in synaptic transmission between interneurons that

regulate the leech heartbeat (Angstadt and Calabrese 1989). Since then, potential

T-type channel involvement in mediating exocytosis has been implicated in several

vertebrate tissues including retinal bipolar cells, granule cells of the olfactory bulb,

hippocampal interneurons, nociceptive neurons, cortical neurons, and neuroendo-

crine cells (Carbone et al. 2006; Weiss et al. 2013; Weiss and Zamponi 2013). It has

been hard to prove a direct role for T-type channels in secretion, because T-type

channels can indirectly operate by depolarizing the membrane to activate high

voltage-activated calcium channels that normally mediate secretion (Carbone

et al. 2006; Escoffier et al. 2007). Cav3.2 channels in brain neurons and in neuroen-

docrine cells do bind to specific presynaptic SNARE proteins essential for vesicular

release of transmitter, and this interaction is suggestive of a direct involvement of

T-type channels in low-threshold exocytosis (Weiss et al. 2012). Similarly, a role

for T-type channels in myocyte contraction and tone has long been postulated in

both vertebrate and invertebrates (Yeoman et al. 1999; Ferron et al. 2002; Shtonda

and Avery 2005; Ono and Iijima 2010), but a direct role has been debated (Cribbs

2006). The use of newer T-type channel blockers (TTA-P2; NNC 55-0396;

efonidipine) has provided more concrete evidence that T-type channels participate

in regulating pacemaker activity in contractile tissue such as vascular smooth

muscle (Chen et al. 2003; Jensen and Holstein-Rathlou 2009; Cazade et al. 2013;

Harraz et al. 2013), the uterus (Lee et al. 2009; Young et al. 1993), the bladder (Sui

et al. 2009), and the urinary tract (Hurtado et al. 2014). T-type channels are also

believed to play a prominent role in coupling membrane excitation to calcium-

induced calcium release (CICR) for contraction in the mammalian embryonic heart,

a configuration that is lost throughout development as cardiomyocytes develop

transverse tubules that position L-type Cav1.2 channels in close proximity to Ca2+-

sensitive ryanodine receptors for CICR (Vassort et al. 2006; Ono and Iijima 2010).
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1.5 Cell Division and Cancer

The window current of T-type channels provides a tonic depolarization and a

steady-state flow of Ca2+ into the cytosol. Both the normal cell cycle and apoptosis

have calcium-dependent checkpoints (Roderick and Cook 2008; Taylor

et al. 2008b), and here T-type channels and specifically the trickle of calcium

through window currents have been suggested as players in cell proliferation and

growth under both normal conditions and cancer (Taylor et al. 2008a; Oguri

et al. 2010; Li et al. 2011; Gackière et al. 2013). T-type channel expression spikes

during G1 and S phases of the cell cycle in cultured smooth muscle cells (Taylor

et al. 2008b), and a similar upregulation has been documented in various forms of

cancer (Lory et al. 2006; Taylor et al. 2008b). For instance, the functional coupling

of Cav3.2 T-type calcium channels and Ca2+-sensitive BK K+ channels appear to

promote cellular proliferation in prostate cancer (Gackière et al. 2013). But notably,

the contribution of T-type channels to cellular proliferation and various forms of

cancer is inconsistent, and in some cases T-type channels appear to prevent

proliferation (Toyota et al. 1999; Ueki et al. 2000; Shen et al. 2002; Diaz-Lezama

et al. 2010). A working hypothesis is that the coupling of T-type channels to

different cellular signaling pathways can be variable in different cell types, stages

of development, and disease states, and these different configurations change

qualitatively and quantitatively the contribution of T-type channels (Senatore

et al. 2012).

1.6 Hypertension and Cardiac Hypertrophy

Recent findings indicated that T-type channels, at least in part, contribute to

vascular tone. A recent study revealed that endogenous vasodilator nitric oxide

(NO) attenuates T-type channel currents in rat cerebral arteries through a protein

kinase G/guanylyl cyclase pathway, leading to a decrease in arterial myogenic tone

(Harraz et al. 2013). A similar finding has been made in mice, where the endoge-

nous epoxyeicosatrienoic acid 5,6-EET was found to selectively block Cav3.2 T-

type calcium currents in mesenteric arteries to promote vasodilation (Cazade

et al. 2013). T-type channels have also been implicated in cardiac hypertrophy of

the mammalian heart. T-type channel expression drops dramatically during devel-

opment in mammals (Ono and Iijima 2010) [and invertebrates (Senatore and

Spafford 2012)], but both Cav3.1 and Cav3.2 become re-expressed during cardiac

hypertrophy (Ono and Iijima 2010; Vassort et al. 2006; Cribbs 2010), where it

seems that the two channel isotypes exert opposing effects: whereas Cav3.2

contributes to cardiac hypertrophy by activating the pro-hypertrophic calcineurin/

NFAT pathway (Chiang et al. 2009), Cav3.1 antagonizes hypertrophy by opposing

this same pathway (Nakayama et al. 2009).
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1.7 Sleep Disturbances, Epilepsy, and Autism Spectrum
Disorders

One of the most enriched regions for T-type channel expression is the thalamus

(Talley et al. 1999; McRory et al. 2001), which plays a fundamental role in

relaying/gating somatosensory information to the cortex and regulating the state

of wakefulness, alertness, and sleep. Thalamic neurons can have multiple modes of

excitability, and these modes are each intimately associated with the different states

of consciousness. During non-REM sleep, thalamocortical neurons receive inhibi-

tory hyperpolarizing inputs from GABAergic reticular thalamic nuclei neurons,

de-inactivating T-type channels to produce post-inhibitory rebound excitation and a

mode of excitability with characteristic low-threshold calcium spikes that gate

sensory information from the cortex (Lee et al. 2004; Anderson et al. 2005; Crunelli

et al. 2006). Knockout and targeted deletion of thalamic Cav3.1 in mice produces

significant disturbances to non-REM sleep (Anderson et al. 2005). More recent

studies, exploiting next-generation T-type blockers TTA-A2 and Z944, have called

into question the role of T-type channels in sleep (Uebele et al. 2009; Kraus

et al. 2010; Tringham et al. 2012), but it should be noted that these blockers are

nonselective between the three mammalian Cav3 channel isotypes, which might

confound results in vivo.

There is a comorbidity between sleep and epilepsy, and individuals stricken with

various forms of epilepsy also tend to experience sleep pathologies (Manni and

Terzaghi 2010). Conversely, sleep and sleep disturbances are known to trigger

seizures (Parrino et al. 2012). The most likely convergence of sleep and epilepsy is

in the thalamus where T-type channels facilitate sleep spindle waves and are the

focal point of absence epileptic seizures that manifest as a “spike-wave discharge”

of synchronous oscillatory activity measurable on electroencephalograms (EEGs).

T-type channels are upregulated in the thalamus of rat and mouse models of

absence epilepsy (Talley et al. 2000; Zhang et al. 2002; Broicher et al. 2008),

which, given their role in boosting excitability, fits within a model where they

contribute to the thalamic spike-wave discharge during absence epilepsy. Genetic

screens have found associations between several missense polymorphisms of

Cav3.2 and childhood absence epilepsy in humans (Liang et al. 2006, 2007);

in vitro, these mutations significantly alter the channels’ properties toward hyper-

excitability (Vitko et al. 2005, 2007). A similar association study for human Cav3.1,

however, failed to show any significant changes in channel properties (Singh

et al. 2007). Knocking out Cav3.1 in mice results in resistance to drug-induced

seizures, while overexpression of Cav3.1 can induce the recurrence of absence

epileptic discharges (Ernst et al. 2009).

There is also a link between epilepsy and autism spectrum disorders (ASDs),

heritable developmental disorders characterized by deficits in communication,

social skills, and the prevalence of repetitive behaviors (Schmunk and Gargus

2013). The comorbidity is strong with 26 % of children with ASD aged 13 and

older also having epilepsy (Viscidi et al. 2013). Unfortunately, few consistent

genetic markers have been identified for ASD; however molecular determinants
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for aberrant calcium handling and neuronal hyperexcitability have emerged as

commonalities (Schmunk and Gargus 2013). All three human Cav3 channel

isoforms have been implicated in ASD which is consistent with their involvement

in boosting excitability as occurs in epilepsy (Splawski et al. 2006; Strom

et al. 2010; Lu et al. 2012).

1.8 Neuropathic Pain

Cav3.1 and Cav3.2 channels have a broad, overlapping expression in the central and

peripheral nervous systems as well as various non-neuronal cell types including

neuroendocrine cells, sperm, myocytes, and bone (Iftinca 2011). Cav3.2 channels

are uniquely expressed in abundance in nociceptive dorsal root ganglion neurons

(DRG) of the peripheral nervous system, where they play an important role in

boosting synaptic transmission between DRG neurons and spinal cord interneurons

that project to the thalamus (Zamponi et al. 2009). Cav3.2 channel gene transcrip-

tion and membrane expression are upregulated in animal models of neuropathic

pain and diabetic neuropathy (Jagodic et al. 2007, 2008; Wen et al. 2010). Cav3.2

knockout (Choi et al. 2007), as well as antisense knockdown (Bourinet et al. 2005;

Marger et al. 2011) and pharmacological disruption (Marger et al. 2011; Matsunami

et al. 2011) in the peripheral nervous system, all significantly attenuate pain

consistent with a role for Cav3.2 in peripheral pain processing (Choi et al. 2007).

Interestingly, the contribution of Cav3.2 to pain processing can be antagonistically

modulated by endogenous cation Zn2+ and by redox modulation. Zn2+, using the

same high-affinity binding site for Ni2+ specific for Cav3.2 (histidine 191 in domain

I S3-S4 linker (Kang et al. 2006, 2007); Fig. 1.1), effectively blocks Cav3.2 currents

to attenuate pain, but introduction of endogenous reducing agent L-cysteine, which

is expected to alter disulfide bonds on the extracellular surface of the channel,

lowers Zn2+ binding affinity and effectively increases Cav3.2 channel activity and

pain sensitivity (Nelson et al. 2007).

The role of T-type channels in pain processing appears to be reversed in the

thalamus. T-type channels promote thalamic low-threshold spikes that shut down

cortical somatosensory processing (including peripheral neuropathy) during

non-REM sleep. During wakefulness, thalamocortical neurons are depolarized

beyond the range of T-type channel activity, and they exhibit tonic firing toward

the cortex with frequencies that reflect the intensity of incoming sensory inputs

(Jones 2010). Thalamocortical neurons in turn receive feedback from glutamatergic

cortical neurons, entraining them into the tonic firing mode (Jones 2010). Interest-

ingly, disrupting corticothalamic metabotropic glutamate receptor signaling via

knockout of phospholipase Cβ4 (PLCβ4) amplifies thalamocortical L-type and

T-type channel currents and promotes low-threshold spikes during wakefulness,

leading to attenuated pain sensitivity (Cheong et al. 2008). Here, the ability of

T-type channels to contribute to excitability in a voltage range where they are

normally inactivated is attributed to a depolarizing shift in their steady-state

inactivation and a higher propensity to activate at negative potentials (Fig. 1.2)
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caused by reduced activity of PLCβ4 downstream effector protein kinase C, a

modulator of T-type channel function (Cheong et al. 2008).

Conclusions

It was in 1975 that Susumu Hagiwara discovered the T-type channel current,

distinguished as the leftward hump on a current-voltage curve in the voltage

clamp of starfish eggs. More than two decades later, the first T-type channel

genes were identified. Since then, progress has been slow in identifying the

complete range of T-type channel roles because of an absence of selective

blockers, a weak animal phenotype in single T-type channel gene knockout

animals, and an inability to separate T-type channel currents from the many

other subthreshold cation currents that are often found in the same cells. It has

been increasingly clear that T-type channels are more than just contributors to

pacemaker rhythms in the brain and heart, with other potential roles such as in

low-threshold exocytosis, myocyte contraction and tone, and cell cycle control

and development. New T-type channel drugs on the horizon have potential for

disease treatment including epilepsy, autism, sleep disturbances, pain, hyperten-

sion, and cancer. The newer and more specific drugs will also contribute to a

clearer understanding of how T-type channels function in normal cellular physi-

ology, as well as in pathological conditions.
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Regulation of T-Type Ca2+ Channels by
Intercellular and Intracellular Signals 2
Ming Li and Songwei Wu

Abstract

T-type Ca2+ channels play many important physiological functions in different

tissues; this makes the channels targets for extracellular and intracellular regu-

lation. T-type Ca2+ channels in many non-excitable cells provide an essential

mechanism for Ca2+ entry at voltages near the resting membrane potential,

which revises the homeostasis of the intracellular Ca2+ concentration to promote

cell cycling and cell duplication. Consistent with this function, many of the

extracellular signals stimulate the expression of T-type Ca2+ channels. The

intracellular signaling pathways regulating the T-type Ca2+ channels are fre-

quently observed in excitable cells. In these cases, the role of T-type Ca2+

current is to modify threshold and the shape of repetitive firing of action

potentials. Therefore, intracellular signaling pathways can either up- or

downregulate T-type Ca2+ channels. The regulation of the α1H isoform of the

T-type Ca2+ channels is frequently located on the intracellular loop between

domains II and III.

2.1 Introduction

T-type Ca2+ channels are expressed throughout the body, including in nervous

tissue, heart, kidney, smooth muscle, sperm, and endocrine glands. These channels

have been implicated in diverse processes, including neuronal firing, hormone
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secretion, smooth muscle contraction, myoblast fusion, and fertilization (Perez-

Reyes 2003). Moreover, a noteworthy phenomenon of T-type Ca2+ channels that

distinguish them from other voltage-gated Ca2+ channels is that they are commonly

expressed in tissues undergoing proliferation. For example, T-type Ca2+ channels

are generally expressed in fetal and neonatal heart, lung, and kidney (Wang

et al. 1991; Gomez et al. 1994; Monteil et al. 2000), but they are downregulated

and disappear in adult animals (Beam and Knudson 1988; Richard et al. 1992;

Gomez et al. 1994; Sen and Smith 1994). Another example is that T-type Ca2+

channels have been found in malignant tumor tissues but not in their corresponding

normal epithelia (Taylor et al. 2008b). Overexpression of the T-type Ca2+ channel

doubles the proliferation rate of astrocytoma and neuroblastoma cells that already

express the channels. Antisense oligonucleotides directed against mRNA encoding

these channels reduce the proliferation rate but have no effect in cancer cells

lacking channel expression (Panner et al. 2005).

T-type Ca2+ channels perform various functions in many types of cells, tissues,

and organs and play a general role in cell proliferation. Therefore, they must be

regulated vigorously by many intercellular and intracellular signals involved in

both expression and activity. This chapter will review the regulation of T-type Ca2+

channels by some of the most important signal molecules, hormones, and intracel-

lular signaling pathways.

2.2 Intercellular Signals

2.2.1 Glucose

Diseases related to fuel metabolism, including diabetes mellitus, obesity, hypertri-

glyceridemia, and hyperinsulinemia, all involve anomalies in plasma glucose

regulation. Current data show that T-type Ca2+ channel expression is upregulated

by high concentrations of glucose.

Infants develop hypertrophic cardiomyopathy in approximately 30 % of diabetic

pregnancies. It has been found that the average T-type Ca2+ current density

increases significantly in primary culture neonatal cardiac myocytes treated with

25 mM glucose for 48 h when compared to those treated with 5 mM glucose

(Li et al. 2005). High-glucose treatment also causes higher cardiomyocyte Ca2+

influx in response to 50 mM KCl, an effect attenuated by nickel. Real-time PCR

studies demonstrated that mRNA levels of both α1G and α1H T-type Ca2+ channels

are elevated after high-glucose treatment. High-glucose also significantly increases

ventricular cell proliferation, as well as the proportion of cells in S-phase of the cell

cycle; both effects are reversed by nickel and mibefradil. These results indicate that

high glucose causes a rise in [Ca2+]i in neonatal cardiac myocytes by a mechanism

related to the regulation of T-type Ca2+ channel gene expression.

In rat pancreatic insulin-secreting β-cells, T-type Ca2+ current density and

mRNA (α1G and α1H) levels increase markedly after exposure to 11.1 mM glucose

compared with 3.7 mM glucose treatment for 48 h (Keyser et al. 2014). In rat
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pancreatic islet cells chronically treated with high concentrations of glucose, [Ca2+]i
increased more than twofold, an effect which can be significantly inhibited by

mibefradil (1 μM). Neither the L-type Ca2+ channel blocker nifedipine nor the Na+–

Ca2+ exchanger blocker benzamil exerted the same effect (Zhang et al. 2000a).

2.2.2 Cytokines

Inflammatory cytokines interferin-γ (IFN-γ), interleukin-1 (IL-1β), and tumor

necrosis factor-α (TNF-α) play vital roles in many pathological processes, includ-

ing the death of pancreatic β-cells in type 1 diabetes mellitus (Hamaguchi and

Leiter 1990; Rbinovitch et al. 1994; Iwahashi et al. 1996; Dunger et al. 1997).

In mouse pancreatic islet cells, 48-h treatment with cytokines (300 U/ml INF-γ,
25 U/ml IL-1β) induced an expression of T-type Ca2+ channel currents (Wang

et al. 1999). This current was present in 48 % of cytokine-treated cells. No such

current was observed when cells were treated with either IL-β or IFN-γ alone or in

non-treated cells. In contrast, the same cytokine cocktail failed to induce T-type Ca2+

channel current in a glucagon-secreting cell line α-TC1. Treatment of cytokines

(IL-1β, INF-α, and 100 U/ml TNF-α) in mouse immortal β-cells, β-TC, or NIT cells

(a β-cell line derived from NOD type 1 diabetic mouse model) also induced an

augmentation of [Ca2+]i and apoptotic cell death. However, neither alternation in

basal [Ca2+]i nor apoptotic cell death was observed in α-TC1 cells treated with the

same cytokine cocktail. For the β-cells, this cytokine-induced apoptotic death can

be blocked by concomitant incubation with T-type Ca2+ channel blockers, but not

the L-type Ca2+ channel blocker nifedipine (Wang et al. 1999). This indicates that

T-type Ca2+ channels play a critical role in switching β-cell status from living to

death upon cytokine treatment.

Since cytokines are especially important in modulating the balance between

humoral and cell-based immune responses as well as cell growth, maturation, and

death, more research is needed to understand the role of T-type Ca2+ channels in

cytokine-induced cell responses in a variety of diseases, including cancer.

Functional expression of T-type Ca2+ channels is developmentally regulated in

chick nodose neurons (Pachuau and Martin-Caraballo 2007). Culturing E7 nodose

neurons for 48 h with heart extract induces the expression of T-type Ca2+ channels

with no significant effect on high-voltage-activated Ca2+ currents. Various

hematopoietic cytokines, including ciliary neurotrophic factor (CNTF) and leuke-

mia inhibitory factor (LIF), mimic the stimulatory effect of heart extract on T-type

Ca2+ channel expression. A heterogeneous expression study showed that disruption

of the Golgi apparatus with brefeldin A inhibited the stimulatory effect of LIF on

Cav3.2 (α1H) T-type Ca2+ channels, suggesting that protein trafficking regulates the
functional expression of T-type Ca2+ channels (Dey et al. 2011).

Macrophage migration inhibitory factor (MIF) downregulates T-type Ca2+ cur-

rent in atrial-derived HL-1 cells (Rao et al. 2013). The inhibitory effect of MIF is

mediated by reducing the transcription of α1G and α1H, as well as shifting the

activation curve toward depolarizing potentials. The mechanism of this inhibitory
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effect may involve activation of Src family tyrosine kinase since genistein and PP1

both significantly restore the level of T-type Ca2+ channel transcription and current

amplitude (Rao et al. 2013).

2.2.3 Hormones

2.2.3.1 Testosterone
The general role of T-type Ca2+ channels in regulating cell proliferation makes

these proteins especially interesting in controlling tumor growth. Indeed, T-type

Ca2+ channels have been reported to play a vital role in the progress of many types

of tumors (Taylor et al. 2008b). Since the growth of some tumors is hormone driven

or associated, it is important to disclose the effect of hormones on the regulation of

T-type Ca2+ channels.

Androgens (testosterone and dihydrotestosterone) stimulate prostate cancer cells

to grow. Lowering androgen levels or blocking their effects often promotes prostate

cancer shrinkage or causes slower growth. Human prostate cancer cells express

T-type Ca2+channels [Gray et al. 2004; Gackière et al. 2008). Blockade of these

channels decreases prostate cancer cell proliferation (Haverstick et al. 2000).

The regulation of T-type Ca2+ channels by testosterone has been studied in

neonatal rat cardiomyocytes (Michels et al. 2006). Testosterone pretreatment sig-

nificantly increases whole-cell T-type Ca2+ channel current density and accelerates

cellular beating rate. The increase in T-type Ca2+ channel current is related to the

upregulation of both α1G and α1H subunits and an elevation in the opening

probability of the channels. In contrast, acute application of testosterone at high

concentrations decreases T-type Ca2+ channel current (Michels et al. 2006).

2.2.3.2 Estrogen
Estrogens play an important role in the regulation of growth, differentiation, and

function in a wide array of target tissues, including breast and ovarian cancers

(Taylor et al. 2008a; Li et al. 2011; Pottle et al. 2013). In both cases, selective

inhibition of T-type Ca2+ channels by siRNA targeting of α1G and α1H subunits

significantly inhibits cancer cell proliferation.

The effects of estrogen (17β-estradiol) on calcium current density were exam-

ined in GH3 anterior pituitary cells (Ritchie 1993). Chronic treatment of these cells

with estrogen induced a four- to fivefold increase in T-type Ca2+ current, whereas in

the same experiments estrogen had no effect on the regulation of high-voltage-

activated Ca2+ current. No change was observed in the voltage dependence or the

time course of activation, nor in inactivation or deactivation of the current. The

change in the size of T-type Ca2+ current was associated with an increase in the

number of functional proteins on the cytoplasmic membrane, which was blocked by

the protein synthesis inhibitor cycloheximide.

Like testosterone, estrogen downregulates the actions of the T-type Ca2+ chan-

nel. In cardiomyocytes, estrogen treatment for 24 h caused an estrogen receptor-

independent downregulation of the peak current of the T-type Ca2+ channel (Marni
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et al. 2009). Estrogen also suppressed mRNA expression of α1H but not α1G. The
inhibitory effect of estrogen has been linked to cytoplasmic ERK-1/2, since

PD-98059 abolishes the effects of estrogen on T-type Ca2+ currents.

The exact reason for these dual effects of testosterone and estrogen on the

regulation of T-type Ca2+ channels is unclear. One explanation is that long-term

treatment with these hormones helps establish an intracellular calcium environment

that is beneficial for cell growth or proliferation. However, the changes in the

excitability of cardiomyocytes may be an “unwanted” effect, which could be

reduced by inhibiting the T-type Ca2+ channel via different pathways.

2.2.3.3 Aldosterone/Angiotensin II
The aldosterone/angiotensin system plays a critical role in regulating body blood

pressure. T-type Ca2+ channels also play an important role in blood pressure

regulation, but what effect does the aldosterone/angiotensin system have on the

regulation of T-type Ca2+ channels?

In adrenal H295R cells, aldosterone treatment selectively increases T-type Ca2+

current density without affecting L-type Ca2+ channel current. This upregulation

involves a 40 % increase in α1H messenger level in response to aldosterone

treatment; however, α1G is insensitive to the treatment (Rossier et al. 2003). In

rat neonatal cardiomyocytes, aldosterone increases α1H expression but decreases

α1G expression (Rossier et al. 2003). Aldosterone also increases α1H expression in

prostatic LNCaP cells (Rossier et al. 2003).

The secretion of aldosterone by adrenal glomerulosa cells is stimulated by

angiotensin II, a process involving an increase in T-type Ca2+ current (Cohen

et al. 1988). Angiotensin II stimulates α1G and α1H expression in cardiomyocytes

through a signaling pathway involving extracellular signal-regulated kinase (ERK)

1/2 and p38 mitogen-activated protein kinase (MAPK) phosphorylation (Ferron

et al. 2003; Morishima et al. 2009). The increase in T-type Ca2+ current density by

angiotensin II observed in cardiomyocytes may play a role in the pathogenesis of

Ca2+ overload and arrhythmias seen in cardiac pathology.

2.2.3.4 IGF-I
The effect of insulin like growth factor-I (IGF-I) on the regulation of T-type Ca2+

channels has been examined in pulmonary artery smooth muscle cells (PASMCs).

IGF-I upregulates α1G mRNA via a phosphatidylinositol 3-kinase/Akt signaling

pathway (Plueanu and Cribbs 2011). The expression of the T-type Ca2+ channels

plays a critical role in elevating [Ca2+]i, which in turn leads to cell cycle initiation

and proliferation of PASMCs. Knocking down α1G expression by RNA interfer-

ence inhibits the expression and activation of cyclin D, which is necessary for cell

cycle progression.

The proliferation of PASMCs is a key factor in the pathogenesis of diseases that

involve vessel remodeling. IGF-I is produced both in vascular endothelial cells and

smooth muscle cells. The effect of IGF-I in regulating the T-type Ca2+ channel

suggests that regulation of these channels may play a critical role in the develop-

ment of pathological conditions in the heart and vascular system. The definite
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function of T-type Ca2+ channels in controlling IGF-I-induced cell proliferation in

PASMCs may also be present in the mechanism of tumor cell proliferation.

2.2.4 Anandamide

Endocannabinoids serve as intercellular “lipid messengers,” signaling molecules

that are released from one cell and activate cannabinoid receptors CB1/CB2 present

on nearby cells. It has been reported that anandamide at submicromolar

concentrations directly inhibits α1G, α1H, and α1I T-type Ca2+ channels exoge-

nously expressed in HEK 293 cells, as well as native T-type Ca2+ current of

NG108-15 cells (Chemin et al. 2001). The inhibitory effect of anandamide is

blocked by the anandamide membrane transport inhibitor AM404, suggesting that

anandamide acts on the intracellular domains of the T-type Ca2+ channel. The

mechanism of inhibition was also revealed: Anandamide binds and stabilizes

T-type Ca2+ channels in their inactive state and reduces their activity. In CB1 and

CB2 neurons, the probable function of anandamide is to modulate the excitability of

the cells. Interestingly, anandamide has been shown to inhibit human breast cancer

cell proliferation (De Petrocellis et al. 1998). This effect can also be explained by

direct inhibition of the T-type Ca2+ channels of breast cancer cells.

Endogenous anandamide has a very short half-life, due to its action on the

enzyme fatty acid amide hydrolase (FAAH), which breaks it down into free

arachidonic acid and ethanolamine. Arachidonic acid, like anandamide, also

attenuates T-type Ca2+ current. The application of 10 μM arachidonic acid causes

a slow, time-dependent reduction in α1H Ca2+ current of HEK 293 cells

(Zhang et al. 2000b). Arachidonic acid may exert its vasodilation effect in part by

reducing calcium influx mediated by T-type Ca2+ channels in vascular smooth

muscle cells.

Metabolites of arachidonic acid, epoxyeicosatrienoic acids (EETs), also potently

inhibit T-type Ca2+ channels (Cazade et al. 2013). A P450 epoxygenase product,

5,6-EET, inhibits CaV3.1 (α1G), CaV3.2 (α1H), and CaV3.3 (α1H) channels hetero-
geneously expressed in tsA-201 cells with an IC50 of 0.54 μM.

2.2.5 Nitric Oxide/Nitrous Oxide

Nitric oxide (NO) is an important cell-signaling molecule involved in many physi-

ological and pathological processes. It is a powerful vasodilator with a short half-

life of a few seconds in the blood. In human cavernosal smooth muscle cells, NO

mediates an immediate decrease in [Ca2+]i, which is responsible for muscle relaxa-

tion and vasodilation (Lue 2000). This pathway (presented as pathway 1 in Fig. 2.1)

involves the opening of K+ channels, which in turn causes membrane hyperpolari-

zation and the closing of L-type Ca2+ channels. Moreover, NO mediates a delayed

increase in [Ca2+]i as reflected in pathway 2 of Fig. 2.1. This resulted from an

increase in the expression of T-type (α1G) Ca2+ channels (Zeng et al. 2005). In
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cavernosal smooth muscle cells, the second pathway is blocked by the selective

T-type Ca2+ channel blocker NNC 55-0396. Pretreatment of NO does not alter

mRNA levels of L-type Ca2+ channels, suggesting that NO elevates [Ca2+]i via an

induction of T-type Ca2+ channel expression (Zeng et al. 2005). Physiologically, the

upregulation of T-type Ca2+ channel and consequent elevation of [Ca2+]i
contributes to the development of insensitivity to phosphodiesterase type

5 (PDE5) inhibitors. This mechanism may also be involved in NO-stimulated

smooth muscle cell proliferation (Ignarro et al. 2001).

The acute effect of NO-cGMP-PKG signaling on T-type Ca2+ currents has been

examined in the rat cerebral arterial smooth muscle cells (Harraz et al. 2014). NO

donors or activators of protein kinase G suppress T-type Ca2+ current measured by

patch clamp. However, the subtypes of T-type Ca2+ channels involved in this

downregulation are yet to be identified.

The effect of nitrous oxide (N2O) on the level of T-type Ca2+ current has been

examined in rat neurons. At subanesthetic concentrations, N2O blocks T-type Ca2+

current without affecting high-voltage activated Ca2+ current (Todorovic

et al. 2001). Interestingly, N2O also selectively blocks α1H but not the α1G subtype

T-type Ca2+ channels, which are heterogeneously expressed in HEK 293 cells.

Blockade of the T-type Ca2+ current may contribute to the anesthetic and/or

analgesic effects of N2O.

2.2.6 Zinc

Released from the presynaptic vesicles of glutamatergic neurons, zinc differentially

regulates the three T-channel subtypes. In the submicromolar range (~0.8 μM), zinc

inhibits the Cav3.2 (α1H) isoform of the T-type Ca2+ channels, but inhibition of the
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Fig. 2.1 A scheme showing T-type Ca2+ channels with NO-cGMP pathway in HCSMC.

NO-induced transient decrease in [Ca2+]i by opening K+ channels and closing L-type Ca2+

channels and maintains Ca2+ homeostasis by increased expression of T-channels via upregulating

mRNA transcription, a delayed effect of NO-cGMP-induced cG-PK activation
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Cav3.1 (α1G) or Cav3.3 (α1I) isoforms requires a 100- to 200-fold increase in zinc

concentration (Traboulsie et al. 2007). Zinc also causes a slow deactivation of the

tail current of the T-type Ca2+ channel (Traboulsie et al. 2007). The reducing agent

L-cysteine was reported to restore T-type Ca2+ current by chelation of free zinc ions

(Nelson et al. 2007a). The inhibitory effect of zinc on the T-type Ca2+ channel has

been pinpointed to the extracellular histidine (His191) residue localized in the S3–

S4 segment of domain I of the Cav3.2 (α1H) T-type Ca2+ channel (Nelson

et al. 2007b). Residue His191 is also the binding site for nickel, a broadly known

pharmacological blocker of the T-type Ca2+ channel (Kang et al. 2006). Ascorbate

also interacts with His191 to inhibit the T-type Ca2+ channel via metal-catalyzed

oxidation (Nelson et al. 2007a).

2.3 Intracellular Signals

2.3.1 Heterotrimeric G-Protein

Malfunction of the GPCR (G-protein-coupled receptor) signaling pathways is

involved in many health problems, including diabetes, blindness, allergies, depres-

sion, cardiovascular defects, and certain forms of cancer. It is estimated that about

30 % of the modern drugs’ cellular targets are GPCRs (Bosch and Siderovski 2013).

The most G-protein-regulated T-type Ca2+ channel isoform is Cav3.2 (α1H). This
type of isoform can be directly inhibited by the β2γ2 subunit dimer of G-proteins in

response to dopamine D1 stimulation without a change in channel voltage depen-

dency (Wolfe et al. 2003; DePuy et al. 2006). The channel-regulating site that

interacts with β2γ2 subunits of the G-protein is located on the intracellular loop

between domain II and III (DePuy et al. 2006). In contrast, a study involving

corticotropin-releasing factor receptor 1 (CRFR1) inhibits T-type Ca2+ channels,

demonstrating that the β2γ2 subunits exert an inhibitory effect on the α1H T-type

Ca2+ channel, probably by stabilizing the channels in the inactive state (Tao

et al. 2008).

Activation of the muscarinic M1 receptor has a strong inhibitory effect on

Cav3.3 (α1I) T-type Ca2+ currents but has either no effect or a moderate stimulating

effect on peak current amplitude of Cav3.1 (α1G) and Cav3.2 (α1H) (Hildebrand
et al. 2007). In contrast to the CRFR1 pathway, the M1 receptor-mediated inhibi-

tion of the Cav3.3 (α1I) T-type Ca2+ channels occurs through Gαq/11 (Hildebrand
et al. 2007).

2.3.2 Rho-Associated Kinase

The regulation of T-type Ca2+channels by Rho-associated kinase (ROCK) has been

investigated in HEK cells expressing transfected isoforms of the channels. Activa-

tion of ROCK via the endogenous ligand lysophosphatidic acid (LPA) diminishes

26 M. Li and S. Wu

http://en.wikipedia.org/wiki/Diabetes
http://en.wikipedia.org/wiki/Cancer


peak currents of rat Cav3.1 (α1G) and Cav3.3 (α1I) T-type Ca2+channels without

affecting the voltage dependence of activation and inactivation (Iftinca et al. 2007).

LPA also reduces peak current of Cav3.2 (α1H) as well as shifts the activation and

inactivation curves in a more positive direction. Site-directed mutagenesis of the

α1G subunit reveals that the ROCK-mediated effects involve two distinct phos-

phorylation consensus sites in the intracellular loop between domain II and III of

the subunit (Iftinca et al. 2007).

The effects of LPA on native T-type Ca2+ current are cell type dependent; in Y79

retinoblastoma and in lateral habenular neurons, activation of LPA causes a reduc-

tion in native T-type Ca2+ current, whereas in dorsal root ganglion neurons, it

potentiates native α1H current. The mechanism underlying this upregulation is

unclear but may involve a positive shift in voltage-dependent channel activation

(Iftinca et al. 2007).

2.3.3 Protein Kinase C

Studies of protein kinase C (PKC)-dependent regulation of T-type Ca2+ channels

have generated rather complicated results. The activation of PKC downregulates

T-type Ca2+ current in rat DRG neurons (Schroeder et al. 1990), canine Purkinje

cells (Tseng and Boyden 1991), NIH-3T3 fibroblast cells (Pemberton et al. 2000),

and GH3 cells (Marchetti and Brown 1988). However, PKC potentiates T-type Ca2+

current in both neonatal rat ventricular myocytes (Furukawa et al. 1992) and of α1H
T-type Ca2+ channels reconstituted in Xenopus oocytes (Park et al. 2006). The

current of recombinant Cav3.2 (α1H) subunits of the T-type Ca2+ channel is

reversibly inhibited by active neurokinin 1 (NK1) receptors when both proteins

are transiently expressed in HEK293 cells. This inhibition was blocked by a

selective inhibitor of PKC, bisindolylmaleimide I (Rangel et al. 2010).

The precise mechanism underlying the differential modulation of T-type Ca2+

channel activity by PKC is unclear. Some of the discrepancy can be attributed to the

concentration difference of the PKC activator used in the experiments. For exam-

ple, in reconstituted Xenopus oocytes, 200 nM PMA enhances α1H T-type Ca2+

current amplitude whereas 10 and 100 nM PMA inhibits the current (Park

et al. 2003).

A multiplicity of functions has been ascribed to PKC, which is regulated by two

of the major second messengers of cells (diacylglycerol and Ca2+). Recurring

themes are that PKC is involved in a variety of intracellular functions, including

receptor desensitization, transcription regulation and cell growth, learning, and

memory. From the multiplicity of functions of PKC, we can ascertain that its

effects are cell type specific. It is understandable that the regulatory effect of

PKC on T-type Ca2+ channels may also be different depending on the preparations.

For example, effects of PKC on different isoforms of T-type Ca2+ channels can vary

(Shan et al. 2013).
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2.3.4 ATP

In thalamocortical neurons, intracellular perfusion of ATP potentiates T-type Ca2+

current (Leresche et al. 2004). This potentiation was prevented if the pipette

solution lacks ATP and becomes irreversible if ATP is replaced by the

nonhydrolyzable analog ATPγS. This result suggests that the potentiating effect

of ATP on the amplitude of T-type Ca2+ current is likely phosphorylation

dependent.

Paradoxically, phosphorylation also stabilizes the channel inactivation kinetics,

which results in a reduction in current amplitude. Hence, phosphorylation generates

two opposite effects on T-type Ca2+ current in these neurons. The net effect is time

dependent: After transient hyperpolarization, the de-inactivation and potentiation

effects dominate resulting in maximal current. After more prolonged hyperpolari-

zation, the phosphorylation and inactivation effects are dominant, resulting in

greater inhibition of T-type Ca2+ current. Therefore, the ATP/phosphorylation

pathway fine-tunes T-type Ca2+ channel activity and thus neuronal excitability.

2.3.5 cAMP and Protein Kinase A

T-type Ca2+ channels are weakly expressed or virtually absent in adult rat chromaf-

fin cells; however, intense T-type Ca2+ channel current appears after application of

pCPT-cAMP in serum-free culture media for 3–5 days (Novara et al. 2004). A

similar effect is obtained when replacing cAMP with forskolin, 1-methyl-3-

isobutylxanthine (IBMX), or isoprenaline. In contrast, these treatments have no

effect on current density of the high-voltage-activated Ca2+ channels. The action of

cAMP is prevented by the protein synthesis inhibitor anisomycin, suggesting that

the effect involves the synthesis of T-type Ca2+ channels. Channel recruitment is

not blocked by H89 or Rp-cAMP but is mimicked by the selective cAMP-activated

guanine nucleotide exchange factors for Ras-like GTPases (Epac) agonist, 8CPT-

2Me-cAMP, suggesting the existence of a prominent Epac-dependent T-type Ca2+

channel recruitment mechanism in response to β-adrenergic stimulation.

The cAMP-Epac signaling pathway is also involved in the upregulation of

T-type Ca2+ channels in rat chromaffin cells during chronic hypoxia. Exposure of

chromaffin cells to 3 % O2 for 12–18 h causes comparable expression of α1H T-type

Ca2+ current, which plays a role in low-voltage exocytosis (Carabelli et al. 2007).

Protein kinase A (PKA) upregulates the activity of Cav3.2 (α1H) T-type channels
reconstituted in Xenopus oocytes. The application of forskolin increases Cav3.2

(α1H) channel activity and negatively shifts the steady-state inactivation curve. The
chimeric channels constructed by replacing the cytoplasmic intracellular loops with

corresponding segments of the Nav1.4 Na+ channel (which are insensitive to PKA)

loses their sensitivity to PKA, indicating that the II–III loop contains structural

element(s) critical to PKA stimulation (Kim et al. 2006).

PKA downregulates the T-type Ca2+ channels in rat cerebral arterial smooth

muscle cells. In one study, PKA modulators, db-cAMP, forskolin or isoproterenol,
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suppress α1H T-type Ca2+ current (Harraz and Welsh 2013). This inhibition is

associated with a hyperpolarizing shift in steady-state inactivation. It has been

suggested that vasodilatory signaling cascades inhibit T-type Ca2+ channels via

PKA activation, thereby reducing Ca2+ influx and regulating cerebral circulation.

PKA also plays a permissive role in G-protein-mediated T-type Ca2+ channel

regulation. As discussed previously, activation of GPCR inhibits α1H T-type Ca2+

channel activity by Gβ2γ dimer (Wolfe et al. 2003). This inhibition requires

phosphorylation of Ser1107 on the II–III loop of the channel pore protein. Gβ2γ
dimers released upon receptor activation also require PKA activity for their inhibi-

tory actions. Since dopamine inhibition of Cav3.2 (α1H) whole-cell current is

precluded by blocking PKA catalytic activity, PKA serves as a molecular switch

that allows Gβ2γ dimers to regulate Cav3.2 (α1H) channels (Hu et al. 2009).

2.3.6 Ca2+ and Ca2+/Calmodulin-Dependent Kinase II

Intracellular free calcium itself directly regulates T-type Ca2+ channel activity. The

“high” [Ca2+]i potentiates T-type Ca2+ current, as indicated by the increase in

current at �20 mV and lower voltages, as well as the tail current measured in

pancreatic β-cells (Huang et al. 2004). The voltage-dependent activation curve of

T-type Ca2+ channel current is shifted ~11 mV to negative potentials after “high”

Ca2+ perfusion.

Ca2+/Calmodulin-dependent kinase II (CaMKII) forms a signaling complex with

α1H T-type Ca2+ channels, directly interacting with the intracellular loop

connecting domains II and III of the channel pore (Welsby et al. 2003; Yao

et al. 2006). Activation of the kinase leads to phosphorylation of Ser1198 in the

II–III loop and causes a hyperpolarizing shift of α1H T-type Ca2+ channel activation

kinetics both in intact cells in situ and in cells of the native adrenal zona

glomerulosa stimulated by angiotensin II in vivo. Thus, α1H channels use tethered

CaMKII as a Ca2+ sensor to dynamically regulate channel activity and Ca2+ entry in

angiotensin II-targeting cells.

2.3.7 Tyrosine Kinase

The effect of tyrosine kinase on T-type Ca2+ channel activity has been studied using

the Cav3.2 (α1H) isoform reconstituted in Xenopus oocytes (Sun-Un et al. 2008).

Cav3.2 (α1H) channel activity is reduced by 25 % in response to phenylarsine oxide

(tyrosine phosphatase inhibitor), whereas it is augmented by 19 % in response to

Tyr A47 or herbimycin A (tyrosine kinase inhibitors). However, other biophysical

properties of Cav3.2 (α1H) current are not significantly changed by the drugs. These
results imply that Cav3.2 (α1H) T-type Ca2+ channel activity is increased by

activation of tyrosine phosphatases, but decreased by activation of the tyrosine

kinases.
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Cultured chicken nodose neurons exhibit increased T-type Ca2+ channel expres-

sion in response to CNTF (Pachuau and Martin-Caraballo 2007). This expression is

not affected by inhibition of protein synthesis, suggesting the involvement of

posttranslational regulation (Pachuau and Martin-Caraballo 2007). The expression

of T-type Ca2+ channels was blocked by the Janus tyrosine kinase (JAK) inhibitor

P6 or the extracellular signal-regulated kinase (ERK) inhibitor U0126 (Trimarchi

et al. 2009). However, inhibition of STAT3 with static has no effect on T-type Ca2+

channel expression. This suggests that CNTF-evoked stimulation of T-type Ca2+

channel expression requires JAK-dependent ERK signaling.

2.3.8 Transcription Factors

Changes in T-type Ca2+ channel expression have been observed during organ

development, as well as under various pathological states. However, little is

known about the transcriptional regulation of T-type Ca2+ channel gene expression.

In humans, the genes coding α1H and α1G are located on chromosomes 16 and

17, respectively. Two 5’-flanking regions of cloned α1G (Toyota et al. 1999) lack

TATA and CAAT boxes, a characteristic commonly shared by so-called

housekeeping genes. These two previously described alternative promoters have

been used to generate short (differentiated cell) or long (undifferentiated cell)

transcripts (Bertolesi et al. 2003). Furthermore, this gene is subjected to extensive

alternative splicing (11 sites) including two alternative promoters, as well as two

alternative polyadenylation sites (Latour et al. 2004; Emerick et al. 2006).

Cacna1g encoding α1G T-type Ca2+ channel protein is a large gene that contains

38 exons and several potential transcription factor binding motifs (Perez-Reyes

2003). A study using the mouse neuroblastoma NIE-115 cell line characterized a 5’

upstream region of Cacna1g and found that this region possesses a TATA-less and

high-GC content minimal promoter that includes two potential transcription start

sites and four binding sites for the transcription factor Sp1 (González-Ramı́rez

et al. 2014). Overexpression of Sp1 enhances promoter activity of Cacna1g
(González-Ramı́rez et al. 2014). Sp1 is an ubiquitously expressed zinc finger-

containing DNA binding protein that can target gene products, including factors

involved in the cell cycle, angiogenesis, apoptosis, and regulation such as proto-

oncogenes and tumor suppressors (Suske 1999; Wuerstra 2008; Li and Davie 2010).

This may account for the general role of T-type Ca2+ channels in cell proliferation.

Overexpression of a cardiac-specific transcription factor Csx/Nkx2.5 markedly

increases expression of Cav3.2 (α1H) T-type Ca2+ channels in neonatal rat hearts

(Wang et al. 2007). In contrast, expression of Csx/Nkx2.5 downregulates L-type

Ca2+ channels (Cav1.3) expression. In the same study, transcription factor GATA4

was found to exert no effect on T-type Ca2+ channel expression. The inactivation of

Csx/Nks2.5 is also involved in the effects of estrogen on α1H, but not α1G, T-type
Ca2+ channels in cardiomyocytes (Marni et al. 2009).
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Conclusions

T-type Ca2+ channels can be regulated at both the transcriptional and posttrans-

lational level. Transcriptional regulation is likely related to cell proliferation or

apoptosis, processes mostly involving upregulation of T-type Ca2+ channel

expression. This observation indicates that T-type Ca2+ channels in many

non-excitable cells provide an essential mechanism of Ca2+ entry, which revises

the homeostasis of intracellular Ca2+ concentration to promote cell cycling and

cell duplication. For instance, increased expression of T-type Ca2+ channels seen

in embryonic and neonatal tissues reflects changes that help facilitate cell

proliferation. The specific electrophysiological characteristics of the T-type

Ca2+ channels, such as window current at low membrane potentials and slow

decaying tail currents, likely provide unique modes for Ca2+ entry at resting

membrane potentials.

The posttranslational regulations of T-type Ca2+ channels are frequently

observed in excitable cells. In these cases, the role of T-type Ca2+ currents is

to modify threshold and the shape of action potentials. Therefore, intracellular

signaling pathways can either up- or downregulate T-type Ca2+ channels. Many

intracellular signaling pathways exert their regulatory effects specifically on the

intracellular loop between domains II and III of the α1H isoform of the T-type

Ca2+ channels. This phenomenon suggests that α1H plays a vital role in

modifying the excitability of neurons and myocytes whereas α1G is preferen-

tially involved in regulating basal [Ca2+]i in proliferating cells.
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Abstract

The activation of the channel alters the occurrence and severity of many

diseases, including hypertension, arrhythmias, pain, epilepsy, and cancer. There-

fore, pharmaceutical companies have been trying to develop a selective blocker

of the T-type Ca2+ channels. Several T-type Ca2+ channel blockers exist, includ-

ing mibefradil, dihydropyridine derivatives, and antiepilepsy agents. This group

of drugs is moderately selective for the T-type Ca2+ channels, with some of them

also involved in untoward drug–drug interactions. T-type Ca2+ channel blockers

under clinical development include mibefradil and Z-944, which inhibit all

T-type Ca2+ channel subtypes, human Cav3.1, Cav3.2, and Cav3.3, with an

IC50 value ranging from 50 to 160 nM. T-type calcium channel blockers

presently in preclinical research include A-1048400, TTA-A2, TTA-P2,

KST-5468, KYS05090, 2-(1-alkylpiperidin-4-yl)-N-[(1R)-1-(4-fluorophenyl)-
2-methylpropyl] acetamide derivatives, R(�)-efonidipine, N-[[1-[2-(tert-butyl-
carbamoylamino)ethyl]-4-(hydroxymethyl)-4-piperidyl]methyl]-3,5-dichloro-

benzamide, and mibefradil derivatives. The new group of drugs exhibit high

potency and high selectivity for the T-type Ca2+ channels, thereby possessing

promising potential futures.
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3.1 Introduction

The T-type calcium channel (TCC) is a low-voltage-activated Ca2+ channel that

plays a crucial role in the regulation of cellular excitability, cell cleavage, and

muscle contraction. The activation of the channel is reportedly related to the

occurrence and maintenance of some diseases, such as hypertension, arrhythmias,

pain, epilepsy, and cancer. Therefore, pharmaceutical companies have been trying

to develop a selective blocker of the TCC. The first launched T-type calcium

channel blocker was “mibefradil,” which was approved for the treatment of hyper-

tension and angina. Unfortunately, this drug was withdrawn due to interactions with

other drugs. However, some researchers have revealed that TCC blockade with

mibefradil is effective in several different animal models, not only against cardio-

vascular diseases but also for the treatment of cancer, pain, epilepsy, etc. Therefore,

the TCC is expected to be a fascinating target for a wide range of diseases. In this

chapter, we will discuss the characteristics and development status of existing and

newly developed TCC antagonists.

3.2 Existing T-Type Calcium Channel Blockers

3.2.1 Mibefradil

Mibefradil (the structure is shown in Fig. 3.1a), which was developed by

F. Hoffmann-La Roche Ltd. (Basel, Switzerland), was launched as a drug

exhibiting moderately selective TCC inhibitory activity. The drug was approved

for hypertension and chronic angina pectoris in 1996 but was voluntarily withdrawn

from the market in 1998 because of the potential risk for rhabdomyolysis, renal

failure, and bradycardia when given concomitantly with other drugs (Paoletti

et al. 2002). Prueksaritanont et al. (1999) showed that this drug is a potential

mechanism-based inactivator of CYP3A4. However, as a single agent, it was well

tolerated compared to other antihypertensive drugs (Kobrin et al. 1997). In addition,

end-organ damage, such as myocardial hypertrophy, was prevented by mibefradil

administration (Schmitt et al. 1995). These results suggest that a TCC blocker can

be a safe, more effective treatment of hypertension. Even after withdrawal,

mibefradil has been used as an effective tool for TCC researchers. The results

from the studies using mibefradil suggest that TCC plays a pathophysiological role

a b c

Fig. 3.1 Chemical structures of the first reported TCC blockers, mibefradil (a), and

dihydropyridine derivatives with TCC blockade: efonidipine (b) and benidipine (c)
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in a wide range of diseases other than cardiovascular diseases, including cancer,

pain, and epilepsy.

3.2.2 Dihydropyridine Derivatives

Some dihydropyridine derivatives reportedly block not only L-type but also T-type

calcium channels. These blockers, including efonidipine (developed by Nissan

Chemical Industries, LTD., Tokyo, Japan, Fig. 3.1b) and benidipine (developed

by Kyowa-Hakko CO, Machida, Japan, Fig. 3.1c), have different pharmacological

characteristics from standard calcium channel antagonists.

Masumiya et al. (1998) reported that efonidipine at high concentrations (~1 μM)

inhibits TCC current in ventricular myocytes and produces an increase in cycle

length accompanied by prolongation of phase 4 depolarization. Efonidipine also

inhibits heart rate elevation with favorable effects on the autonomic nervous system

in mild to moderate essential hypertensive patients (Harada et al. 2003). These

results suggest that efonidipine may exert a protective influence on the heart. This

drug also exhibits renal protective activity. Eight-week treatment of efonidipine

markedly prevents the increase in proteinuria in partially nephrectomized sponta-

neously hypertensive rats, whereas nifedipine does not affect proteinuria in a

similar setting (Fujiwara et al. 1998). This beneficial effect is possibly mediated

through afferent arteriolar dilation and a decrease in glomerular capillary pressure

(Honda et al. 2001; Nakamura et al. 2002). In addition, the dihydropyridine

derivatives exhibiting TCC blockade inhibit aldosterone synthesis and production

in a human aldosterone cell line (Imagawa et al. 2006; Isaka et al. 2009) and

decrease plasma aldosterone levels in humans (Okayama et al. 2006). These effects

support the prominence of dual L- and T-type calcium channel blockers relative to

L-type calcium channel selective blockers in protecting against cardiovascular and

renal dysfunction.

3.2.3 Antiepilepsy Agents

Some of the conventional antiepileptic drugs, such as ethosuximide, phenytoin,

valproate sodium, and zonisamide (Fig. 3.2a–d), reportedly inhibit TCC (Suzuki

et al. 1992; Todorovic and Lingle 1998). The TCC appears to play a crucial role in

the regulation of neuronal firing and low-amplitude voltage oscillations. The

current has also been implicated in seizure susceptibility and initiation (Huguenard

and Prince 1994; Tsakiridou et al. 1995). More recently, eslicarbazepine acetate

(Fig. 3.2e) was accepted by FDA for use as once-daily adjunctive therapy in the

treatment of partial-onset epileptic seizure in patients 18 years and older. This

compound reportedly blocks both sodium channels and TCC (Brady et al. 2011;

Hebeisen et al. 2011). The TCC blocking effects of these agents are not particularly

potent even when applied at higher concentrations. Moreover, these drugs have

broad pharmacological activity. The clinical contribution of TCC blockade in the
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treatment of seizures should be investigated using more specific and potent TCC

antagonists.

3.3 T-Type Calcium Channel Blockers Under Clinical
Development

3.3.1 Mibefradil (Redevelopment)

T-type calcium channels play a direct role in regulating calcium concentration,

especially in non-excitable tissues, including some cancerous cells (Lory

et al. 2006). Therefore, TCC blockade may lead to aberrant cell growth and

tumor progression. Recently, sequential administration of a TCC blocker with the

aim of synchronizing cells at the G1/S checkpoint of the cell cycle before the

administration of chemotherapy (Interlaced Therapy™) has been reported by Tau

Therapeutics LLC (Charlottesville, USA). Using the interlaced approach, the com-

bination of mibefradil and temozolomide was found to be more effective than either

single agent against brain tumor (glioblastoma multiforme) cells from D-54 MG

and 43 MG xenograft mice. The increased benefits of combined therapy in the

treatment of tumors of D-54 MG and 43 MG mice in comparison to temozolomide

therapy resulted in life extension of an additional 150 days and 8.9 days, respec-

tively (Keir et al. 2013). Tau Therapeutics has completed a phase I study of a

repurposed drug, mibefradil, in normal healthy volunteers. A phase Ib study in

patients with recurrent high-grade glioma is being conducted in conjunction with

the National Cancer Institute. Tau Therapeutics has also been developing its

proprietary lead compound, TLL-1177, which at the present time is in the preclini-

cal testing stage.

3.3.2 Z-944

Z-944 (Fig. 3.3a) is a state-dependent TCC blocker developed by Zalicus

Pharmaceuticals Ltd. (Vancouver, Canada). Under conditions that produce 30 %

channel inactivation, Z-944 inhibits all TCC subtypes, human Cav3.1, Cav3.2, and

Cav3.3, with IC50 values of 50–160 nM (Tringham et al. 2012). In the closed state

of the channel, the compound blocks human Cav3.1, Cav3.2, and Cav3.3 with IC50

a b c d e

Fig. 3.2 Structures of antiepilepsy drugs with TCC inhibition, ethosuximide (a), phenytoin (b),
valproate sodium (c), zonisamide (d), and eslicarbazepine (e)
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values ranging from 130 to 540 nM, which are 2.5- to 4-fold lower than those for the

inactivated state. These effects of Z-944 on inactivated TCC currents are 70 times

more potent than those seen for channel blockade (IC50¼ 11 μM). Z-944 signifi-

cantly reduces time spent in seizure and at the highest dose (30 mg/kg), almost

completely suppresses the onset of seizures e (85–90 %) in the Genetic Absent

Epilepsy Rats from Strasbourg (GAERS) model. Based on the duration and the

cycle frequency of spike-and-wave discharges in the GAERS model, Z-944 acts via

a different mechanism in the thalamocortical circuitry than do the two first-line

clinical drugs, ethosuximide and valproate.

Z-944 has been selected for progression into phase I human studies to assess its

safety, exposure, and efficacy. According to the press release from Zalicus, the

company plans to conduct a phase Ib study using a state-of-the-art experimental

clinical model utilizing laser-evoked potential to provide an efficient and objective

assessment of the activity of Z-944 against induced neuropathic pain.

3.4 T-Type Calcium Channel Blockers Under Preclinical
Research

3.4.1 A-1048400

A-1048400 (Fig. 3.3b) is a diphenyl lactam variant developed by Abbott

Laboratories (Abbott Park, USA) that blocks T-type and N-type calcium channel

currents in whole-cell patch clamp recordings of HEK293 cells overexpressing

human Cav3.2 and Cav2.2, respectively (Scott et al. 2012). In the closed state,

A-1048400 blocks TCC current with an IC50¼ 2.6 μM and N-type calcium channel

(NCC) current with an IC50¼ 1.4 μM. In the inactivated state, this compound
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Fig. 3.3 Chemical structures of novel TCC blockers; Z-944 (a), A-1048400 (b), TTA-A2 (c), and
TTA-P2 (d)
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blocks TCC current with an IC50¼ 2.6 μM and N-type calcium channel (NCC)

current with IC50¼ 1.4 μM. This compound also blocks native TCC and NCC

currents in rat dorsal root ganglion neurons (IC50¼ 3.0 μM and 1.4 μM, respec-

tively). On the other hand, this compound is less effective in altering L-type

calcium channel (LCC) current (EC50¼ 28 μM).

A-1048400 is shown to be effective in several kinds of pain models. Oral

administration of A-1048400 (28 mg/kg) reverses tactical allodynia in a model of

capsaicin-induced secondary hypersensitivity (Scott et al. 2012). A-1048400 also

attenuates mechanical allodynia with an ED50¼ 38 mg/kg, p.o. in the complete

Freunds’ adjuvant-induced inflammation pain model. Furthermore, this compound

attenuates mechanical allodynia caused by spinal nerve ligation and chronic con-

striction injury of the sciatic nerve (ED50¼ 15 mg/kg, p.o. and 53 mg/kg, p.o.,

respectively). However, A-108400 did not show significant untoward actions

against hemodynamic parameters, such as mean arterial pressure, heart rate, and

left ventricular contractility. In addition, the compound did not decrease balance or

motor performance at doses up to 300 mg/kg, p.o. Therefore, A-1048400 appears to

exhibit robust antinociception with minimum effects on cardiovascular and psy-

chomotor functions.

3.4.2 TTA-A2, TTA-P2

TTA-A2 (Fig. 3.3c) is a state-dependent TCC blocker developed by Merck

Research Laboratories (West Point, USA, Uebele et al. 2009). In whole-cell patch

recordings of human Cav3.2 expressed in HEK293 cells, TTA-A2 inhibited TCC

currents with EC50¼ 8.99 nM and 22.6 μM at holding potentials of �75 mV and

�110 mV, respectively (Francois et al. 2013). The compound showed a 3.3-fold

selectivity for Cav3.2 compared to Cav3.1 (EC50¼ 30 nM and 100.6 nM for Cav3.2

and Cav3.1 at a holding potential of �75 mV, respectively). TTA-A2 also blocked

native low-voltage-activated Ca2+ current with an EC50¼ 22.7 nM at a holding

potential of �75 V in medium-sized dissociated mouse dorsal root ganglion

neurons, but did not block high-voltage-activated Ca2+ current. In addition,

TTA-A2 increased action potential thresholds of dorsal root ganglion neurons

from wild-type mice that express TCC, but did not change the action potential

thresholds of neurons from Cav3.2 knockout mice.

TTA-A2 increases acute thermal and mechanical sensitivity in wild-type mice,

but not in Cav3.2 knockout mice. TTA-A2 also attenuates hypersensitivity in an

irritable bowel syndrome model induced by butyrate treatment, demonstrating its

therapeutic potential for the treatment of pathological pain (Francois et al. 2013). In

addition, TTA-A2 reportedly inhibits native TCC currents in brain slice recordings

from the dorsal lateral geniculate nucleus and the subthalamic nucleus, suggesting

that this compound may have a sleep-inducing effect (Kraus et al. 2010). Finally,

TTA-A2 suppresses the state of wakefulness and promotes slow-wave sleep in

wild-type mice but not in mice lacking both Cav3.1 and Cav3.3.
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Another TCC blocker reported by Merck is TTA-P2 (Fig. 3.3d), a

4-aminomethyl-4-fluoropiperidine derivative (Choe et al. 2011). This compound

blocks TCC at a holding potential of �90 mV in dorsal root ganglion cells acutely

dissociated from rats. On the other hand, TTA-P2 has little effect on high-voltage-

activated Ca2+ currents, human recombinant Cav2.3 current, and voltage-gated

sodium currents. TTA-P2 (7.5 mg/kg, i.p.) also significantly reduces pain responses

in the first and second phases of the formalin test. Moreover, TTA-P2 (10 mg/kg, i.

p.) completely reverses thermal hyperalgesia in streptozotocin-induced diabetic

animals. On the other hand, this compound (7.5 mg/kg, i.p.) does not change

sensorimotor activity.

3.4.3 KST-5468

KST-5468 (Fig. 3.4a) is a TCC blocker developed by Seoul National University

(Seoul, Republic of Korea) to exert antinociceptive effects in several animal pain

models (Lee et al. 2010). In the hot plate test, peritoneal administration of

KST-5468 (10 mg/kg) significantly increases the withdrawal latency of noxious

thermal stimuli. This compound also significantly decreases pain responses in the

first and second phases of the formalin test. Moreover, KST-5468 significantly

attenuates mechanical hypersensitivity in two types of neuropathic pain models

induced by chronic constriction injury or spared nerve injury. Using immunohis-

tochemistry, expression of two well-known pain-related molecular markers, c-Fos

and calcitonin gene-related peptide (CGRP), and phosphorylated extracellular

signal-related kinase (p-ERK) were found to be decreased in the laminae I–II layers

a b

c d

e f

Fig. 3.4 Chemical structures of novel TCC blockers; KST-5468 (a), compound 31a (b),
KYS05090 (c), compound 4f (d), compound 21 (e), and NNC 55-0396 (f)
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of the ipsilateral L4–L5 spinal dorsal horn of KST-5468-treated mice. Taken

together, KST-5468 may be an effective antinociceptive agent for treatment of

inflammatory and neuropathic pain.

The research team from Seoul National University and the Korean Institute of

Science and Technology (Seoul, Republic of Korea) introduced several types of

TCC blockers. One of their lead compounds (compound 31a, Fig. 3.4b) is a

4-piperidinecarboxylate and 4-piperidine cyanide derivative that inhibits Cav3.1

current with an IC50¼ 7.31 μM (Woo et al. 2011). Oral administration of this

compound (100 mg/kg) inhibits mechanical allodynia in the spinal nerve ligation

model of neuropathic pain.

3.4.4 KYS05090

Kyung Hee University (Seoul, Republic of Korea) reported that their

3,4-dihydroquinazoline derivative, KYS05090 (Fig. 3.4c), is a selective TCC

blocker that decreases tumor size 49 % compared with vehicle when administered

intravenously (2 mg/kg) to A549 xenograft mice (Jung et al. 2010). In addition,

administration of this drug (1 or 5 mg/kg, five times a week; p.o.) to A549 xenograft

mice exhibits good oral bioavailability and more potent antitumor activity than

paclitaxel (10 mg/kg, twice a week; i.p.) (Kang et al. 2012). The university has

optimized an efficient scale-up procedure for large production of this compound

and has prepared ca. 100 g of KYS05090 for further preclinical trials.

3.4.4.1 2-(1-Alkylpiperidin-4-yl)-N-[(1R)-1-(4-Fluorophenyl)-2-
Methylpropyl] Acetamide Derivatives

Astellas Pharma Inc. (Tokyo, Japan) have synthesized and evaluated a series of

2-(1-alkylpiperidin-4-yl)-N-[(1R)-1-(4-fluorophenyl)-2-methylpropyl] acetamide

derivatives that exhibit TCC selective blockade (Watanuki et al. 2012). One of

the derivatives, N-[(1R)-1-(4-fluorophenyl)-2-methylpropyl]-2-(1-{2-

[2-(2-methoxyethoxy) phenyl] ethyl}-piperidin-4-yl) acetamide (compound 4f,

Fig. 3.4d), exhibits equipotent TCC current inhibition (IC50¼ 0.18 μM) to

mibefradil (IC50¼ 0.12 μM). However, this compound shows poor inhibitory

activity against L-type calcium current (IC50¼ 38 μM), with the IC50 being tenfold

less potent than that of mibefradil (IC50¼ 3.2 μM). When administrated orally (3 or

10 mg/kg) to spontaneously hypertensive rats, the compound exerts an antihyper-

tensive effect (10–40 % decrease in mean blood pressure) without associated reflex

tachycardia. In contrast, mibefradil exhibits a slight increase in heart rate (12 %)

due to insufficient TCC selectivity. Thus, TCC selective blockers appear to be novel

antihypertensive drugs that lack adverse effects, such as tachycardia induced by

traditional L-type calcium channel blockers.
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3.4.5 R(�)-Efonidipine

A dihydropyridine derivative, efonidipine, is a racemic compound, with the R(�)-

enantiomer (R(�)-efonidipine) exhibiting a TCC selective profile but weak, poor

L-type calcium channel inhibitory activity. Furukawa et al. (2004) reported that the

IC50 for R(�)-efonidipine blockade of the L-type calcium channels (>1,000 μM)

was more than 100-fold larger than that of the T-type calcium channel (~1 μM) at a

holding potential of �100 mV Xenopus oocytes and BHK cells expressing T-type

calcium channels. In guinea pig ventricular myocytes, R(�)-efonidipine exhibits

concentration-dependent blockade of TCC current with 85 % inhibition seen at

1 μM, but no effect on L-type calcium current and Ca2+ transients of

cardiomyocytes and contractile force of papillary muscle (Tanaka et al. 2004). In

partially nephrectomized spontaneously hypertensive rats, this compound signifi-

cantly reduced proteinuria, blunted the increase in tubulointerstitial fibrosis, and

suppressed renal expression of alpha-smooth muscle actin and vinectin without

affecting blood pressure (Sugano et al. 2008). More recently, Hu et al. (2012)

reported that R(�)-efonidipine attenuates angiotensin II-mediated reductions in

renal medullary blood flow in rats, an action that may protect against ischemic

renal injury in the renal medullary region.

3.4.5.1 N-[[1-[2-(Tert-Butylcarbamoylamino)Ethyl]-4-(Hydroxymethyl)-
4-Piperidyl]Methyl]-3,5-Dichloro-Benzamide

Recently, AstraZeneca R&D CVGI iMed (Molndal, Sweden) introduced several

novel, selective, and peripherally restricted TCC blockers (Giordanetto et al. 2013).

They designed the compounds by focusing on minimizing exposure to the central

nerve system and improving their pharmacokinetic properties while maintaining

adequate potency and selectivity. The lead compound for in vivo profiling (com-

pound 21, Fig. 3.4e) blocks human Cav3.2 current with an IC50¼ 0.6–1.2 μM. The

compound showed highly selective TCC blockade in comparison to other ion

channels (cardiac relevant ion channels (hERG, Nav1.5, HCN4, IKs, Kv4.3)

IC50> 33 μM and Cav1.2 (LCC) IC50> 31.6 μM). Compound 21 reduces heart

rate during the infusion in a concentration-dependent fashion (~20 % decrease at

the plasma concentration of 0.57 μM). Giordanetto et al (2013) concluded that

compound 21 could be a good candidate for a proof-of-concept study in dogs to

verify the cardioprotective role of Cav3.2 blockade in the treatment of atrial

fibrillation.

3.4.6 Mibefradil Derivatives

The most important adverse property leading to mibefradil withdrawal has been

drug-drug interactions. Thus, some companies tried to develop mibefradil analogs

showing less cytochrome P450 inhibition. NNC 55-0396 (Fig. 3.4f) is a mibefradil

derivative that retains potent in vitro TCC antagonist efficacy with less cytochrome

P450 inhibition than mibefradil. This compound blocks recombinant TCC (Cav3.1)
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in HEK293 cells (IC50¼ ~7 μM), whereas 100 μMNNC 55-0396 has no detectable

effect on high-voltage-activated channels (Huang et al. 2004). Li et al. (2011)

reported the compound slowed ovarian cancer development in nude mice. Concert

Pharmaceuticals Inc. (Lexington, USA) reported that the deuterium-enriched

analogs of mibefradil, C-10296, and C-10302 exhibit a reduced propensity for

CYP3A4-mediated drug-drug interactions according to in vitro assays using

human liver microsomes. Furthermore, these deuterated analogs inhibited

CYP3A4-mediated atorvastatin hydroxylation less than mibefradil.

Conclusions

Preclinical studies suggest that T-type calcium channels may play a critical role

in the pathogenesis of certain diseases, including pain, cancer, and epilepsy.

However, selective TCC blockers have not been available for clinical

applications. Many pharmaceutical companies and bioventures are trying to

develop novel TCC compounds with high selectivity. Some companies have

undertaken some human clinical trials. In the near future, the utility of TCC

blockers should be elucidated.
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Abstract

Neuroendocrine cells release their secretory products into the extracellular

environment via a calcium-dependent pathway. These particular cells share

common morphological and molecular features, such as the expression of

specific biomarkers, neurite outgrowth and dense-core secretory granules. In

order to elucidate the signalling pathways leading from undifferentiated to

differentiated neuroendocrine cells, the role of voltage-dependent calcium

channels and central actors in excitation–secretion coupling has been compre-

hensively investigated. T-type calcium channels, comprising of three different

molecular isoforms, appear to be one of the important calcium channel families

involved in the neuroendocrine differentiation process. They also may partici-

pate in the development of neuroendocrine tumours.

4.1 Introduction

Neuroendocrine (NE) cells produce and release (neuro)hormones, neuropeptides or

monoamines in the extracellular milieu using a regulated pathway in response to a

specific stimulus. The NE system includes specific organs, where cells are

organized into secreting tissues (adrenals or pituitary, for instance), and a diffuse

system, where endocrine cells are scattered in an apparently disorganized pattern

among non-secretory cells. This diffuse NE system (DNES) was originally

identified in organs, such as the lung and the gut. NE cells include both neuron-
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like cells and endocrine cells that are all characterized by common morphological

and molecular features, like the expression of specific markers such as

neuropeptides, granins, neuritic extension or dense-core secretory granules. During

their development, NE cells follow a differentiation pathway which, if faulty, may

participate in the development of NE tumours (NET). It is therefore of particular

importance to decipher the mechanisms involved in NE differentiation that are

required to generate neurohormone-releasing cells.

4.2 Features of NE Cells and NE Differentiation

From a historical point of view, the concept of NE cells derives from the seminal

works of Heidenhain, Kulchitsky, Masson and Hamperl in the late nineteenth

century and the early twentieth century. Their studies demonstrated, from the

ability of cells to be stained by silver salts (argentaffinity or argyrophily), the

existence of dispersed hormone-secreting cells in non-endocrine tissues such as

the intestine (for a review, see DeLellis 2001). Using histological techniques,

Feyrter and Froelich (Feyrter 1938; Froelich 1949) identified the existence of

many clear cells (Hellen Zellen) throughout the body and noticeably in the gut,

leading to the concept of DNES. In 1944, miscellaneous sites were identified in the

prostate, where they are dispersed in the normal epithelium, representing only about

0.5–2 % of the total cell population (Pretl 1944). Anton Pearse then defined NE

cells as cells sharing the common ability to uptake and decarboxylate amine

precursors, to convert these precursors into biogenic amines and neurotransmitters.

From this property, Pearse (1968) coined the term APUD system (amine precursor

uptake and decarboxylation). NE cells were all initially thought to originate only

from neuroectoderm (neural crest) and were thus also termed paraneurons (Fujita

et al. 1980). However, subsequent studies showed that some of them did not derive

from the neural crest. These include pancreatic endocrine cells (Le Douarin 1988)

or gastrointestinal enterochromaffin cells (Andrew 1974), which originate from

endodermal tissue.

NE cells are usually characterized by various functional, morphological and

molecular features [for a review, see Day and Salzet (2002)]. An NE cell is

characterized in electron microscopy by the presence of electrodense secretory

granules containing peptidergic and aminergic neurohormones. NE cells possess

the capability to rapidly release their neurohormones or neurotransmitters in

response to specific stimuli, such as other hormones. In this context, the acquisition

of cell excitability, characterized by action potentials and voltage-dependent ion

channels, is an important step towards the acquisition of a regulated secretory

pathway. Morphologically, the acquisition of an NE phenotype is usually

accompanied by the lengthening of neuritic extensions. NE cells therefore share

many features with neurons, but do not have specialized nerve terminals or axons.

From a molecular point of view, NE cells express specific proteins that may also be

expressed by neurons or even by non-neuronal cells. Among these, NE markers are

the members of the granin family, chromogranins A and B (CgA and CgB) and

secretogranins II, III and VII. These acidic soluble proteins are stored with
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neuropeptides and neurotransmitters in dense-core vesicles. Other markers of NE

differentiation are the enzymes prohormone convertases PC1/3 and PC2, which

process various protein precursors, including granins, into functional hormones

(Seidah 2011). Like granins and neuropeptides, prohormone convertases are stored

in dense-core vesicles where they exert their proteolytic activity. These enzymes

have therefore been considered as good markers of the NE phenotype or differenti-

ation (Bergeron et al. 2000). These common markers, along with others (neuron-

specific enolase (NSE), synaptophysin, S100), are used in pathology to identify NE

tumours.

4.3 Activation of NE Differentiation

4.3.1 Cell Models

NE differentiation leads to cell phenotypes sharing characteristic features of both

developing neurons (neurite extension, neuronal markers, synaptic-like vesicles)

and endocrine cells (secretory granules, neurohormones). Therefore, NE differenti-

ation has been investigated using various cell models.

One of the most studied cell models for NE differentiation is the PC12 cell line,

which is a valuable model for neurosecretion studies (Westerink and Ewing 2008).

Like normal chromaffin cells, PC12 cells synthesize and release monoamines such

as dopamine and noradrenaline, in a calcium-regulated manner. Upon stimulation

for several days with nerve growth factor (NGF), PC12 cells differentiate into

neuronal-like cells (Greene and Tischler 1976). Morphological differentiation

characterized by neuritic extension is associated with reduced or halted prolifera-

tion and with increased tyrosine hydroxylase activity. Pituitary adenylate cyclase-

activating polypeptide (PACAP) also leads to NE differentiation characterized by

similar features (for a review, see Ravni et al. (2006)). Furthermore, NE differenti-

ation can be induced in these cells by dexamethasone, a potent synthetic glucocor-

ticoid, which induces the overexpression of tyrosine hydroxylase, leading to a

chromaffin phenotype, potentiating calcium-dependent exocytosis through an

increase in vesicle content and calcium channel coupling to release sites

(Elhamdani et al. 2000).

The LNCaP prostate cancer cell line is also a model of choice for studying NE

differentiation. The first study showing LNCaP cell differentiation towards an NE

phenotype demonstrated that permeant analogues of cyclic AMP (cAMP) could

promote neurite extension and the expression of NE markers, CgA, NSE and S100

protein (Bang et al. 1994). As in PC12 cells, NE differentiation was associated in

LNCaP cells with an enhanced survival and a lower proliferation rate. NE differen-

tiation was later shown to be induced in LNCaP cells by the depletion of steroid

(Shen et al. 1997; Yuan et al. 2006) or by the addition of interleukin (IL)-1, IL-2 or

IL-6 (Diaz et al. 1998; Mori et al. 1999) to the culture medium. Various

neuropeptides, such as vasoactive intestinal peptide (VIP) (Collado et al. 2004,

2005; Gutierrez-Canas et al. 2005), PACAP (Farini et al. 2003), melatonin (Sainz
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et al. 2005) or adrenomedullin (Berenguer et al. 2008), also promote NE differenti-

ation of LNCaP cells.

LNCaP and PC12 cells thus share many common features that make them

valuable and easy-to-use cell models for studying NE differentiation. Nonetheless,

they are each characterized by specific differentiation patterns. For example, NGF,

which is a good inducer of NE differentiation in PC12 cells, does not promote a

neuronal phenotype in prostate cancer cells (Angelsen et al. 1998).

In addition to these two cell lines, a number of other cell models have been used

to study an important aspect of neuronal differentiation, i.e. neuritogenesis, notably

neuroblastoma cell lines, retinoblastoma cell lines, embryonic stem cells or neurons

(Tojima et al. 2000; Kushmerick et al. 2001; Hirooka et al. 2002).

4.3.2 Signalling Pathways

This topic falls beyond the purpose of this review. Therefore, only the main

signalling pathways common to LNCaP and PC12 cells will be rapidly described

here. Some of the pathways leading to NE differentiation are depicted in Fig. 4.1.

In both cell lines, the activation of a cAMP-dependent pathway is clearly shown

to induce a neuronal phenotype. In LNCaP cells, the induction of a neuronal

phenotype by stimuli raising the cytosolic cAMP concentration clearly depends

on cAMP-dependent protein kinase (PKA) (Cox et al. 2000). The cAMP-dependent

pathway was later shown to involve the activation of mitogen-activated protein

kinase/extracellular signal-regulated kinase (MAPK/ERK) pathway (Deeble

et al. 2001), which then phosphorylates downstream targets like the cAMP-

responsive element-binding protein (CREB) (Farini et al. 2003). The activation of

the ERK1/2 pathway by heparin-binding epidermal growth factor-like growth

factor (HB-EGF) also induces NE differentiation of LNCaP cells (Kim

et al. 2002). In PC12 cells, it has been shown that specific stimulation of EPAC

(exchange proteins activated by cAMP) promotes neuritogenesis, whereas specific

PKA activation leads to the ERK1/2 pathway and cell proliferation (Kiermayer

et al. 2005). On the other hand, PACAP stimulates neurite outgrowth via ERK

activation (Lazarovici et al. 1998) and the NF-κB pathway (Manecka et al. 2013). In

addition, the activation by androgen removal of the PI3K–Akt–mTOR pathway

may be essential to induce NE differentiation in LNCaP cells (Wu and Huang

2007), as is the case for neuritogenesis-induced NGF in PC12 cells (Jeon

et al. 2010).

4.4 Alterations in Calcium Homeostasis

In addition to the signalling pathways described above, calcium ion has been

proposed as a key messenger involved in NE differentiation. In LNCaP cells, it

has been shown that VIP, a neuropeptide inducing the expression of NE markers,

such as NSE and CgA (Collado et al. 2004; Gutierrez-Canas et al. 2005), also
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rapidly increases cytosolic calcium levels, c-Fos, proto-oncogenes and VEGF

mRNA expression. This is associated with VEGF secretion and neurite lengthen-

ing. All these effects were shown to be antagonized by chelating intracellular

calcium using BAPTA–AM (Collado et al. 2005), which therefore clearly

demonstrates that NE differentiation is a calcium-dependent process. It has also

been shown in the same cells that NE differentiation, induced by either steroid

depletion or cytosolic cAMP elevation, is associated with a profound alteration of

calcium homeostasis (Vanoverberghe et al. 2004). Indeed, NE differentiation is

associated with reduced endoplasmic reticulum calcium-store content, which is

attributed to decreased calreticulin (a calcium-binding/storage protein) expression

and SERCA2b-calcium ATPase (Vanoverberghe et al. 2004). In addition, this has

Fig. 4.1 Overview of the transduction pathways leading to NE differentiation in LNCaP cells. NE

differentiation can be induced in LNCaP cells by peptides activating G protein-coupled receptors

(GPCR) (PACAP, VIP, bombesin), tyrosine kinase receptors (NGF, IGF-1, IL-1, IL-6) or andro-

gen depletion through increased expression of receptor protein-tyrosine phosphatase alpha

(RPTPα) (Zhang et al. 2003). PKA–ERK–CREB (Cox et al. 2000), PI3K–Akt–mTOR (Wu and

Huang 2007) and PI3K/Etk/Stat3 pathways activate NE differentiation characterized by the

features described below [for a review, see Yuan et al. (2007)]. Phosphorylation of RhoA by

PKA leads to its inactivation, to Rho kinase (Rock) inhibition and to neurite extension (Jones and

Palmer 2012). Calcium entry through Cav3.2 channels may increase cytosolic calcium concentra-

tion, thus leading to activation of CaM kinase II and further activation of Src, leading to gene

expression. CaM kinase II stimulation may also promote the cytoskeleton reorganization neces-

sary for morphological differentiation

4 Role of T-Type Calcium Channels in Neuroendocrine Differentiation 55



been correlated with smaller capacitative calcium entry (Vanden Abeele et al. 2003;

Vanoverberghe et al. 2004, 2012; Flourakis et al. 2010) and to an increased resting

cytosolic calcium concentration (Mariot et al. 2002; Monet et al. 2010).

In PC12 cells, NE differentiation is also associated with cytosolic calcium

increases upon the application of the stimulus. For instance, PACAP promotes an

elevation of the intracellular calcium concentration, which is an essential step

towards the acquisition of the NE phenotype. Selenoprotein T (SelT), a

selenocysteine, is an essential player in this calcium-dependent differentiation. Its

expression is enhanced by PACAP (Grumolato et al. 2008), and this requires

calcium entry. In addition, SelT is involved in calcium homeostasis since its

overexpression increases the intracellular calcium concentration, whereas its

knockdown reduces PACAP-induced calcium signals ( Grumolato et al. 2008).

4.5 Expression of Voltage-Dependent Calcium Channels

Since NE cells are characterized by electrical excitability, voltage-dependent cal-

cium channels have been considered as putative actors of the NE differentiation

process. Voltage-dependent calcium channels are classified, based on their bio-

physical and pharmacological properties, as low-voltage-activated calcium

channels (LVA or T-type calcium channels) and high-voltage-activated calcium

channels (HVA or L-, N-, P-/Q-, R-type calcium channels). On a molecular basis,

ten different α1 pore subunits have been identified that present voltage-dependent

calcium channel properties (Catterall 2011): Cav1.1, Cav1.2, Cav1.3, Cav1.4

(L-type channels), Cav2.1 (P/Q channels), Cav2.2 (N type), Cav2.3 (R type) and

Cav3.1, Cav3.2 and Cav3.3 (T-type channels).

Regarding the expression levels of voltage-dependent calcium channels, their

involvement in neuronal or NE differentiation has been investigated in various cell

models displaying the initial steps of differentiation. LVA calcium channels have

thus been shown, along with HVA calcium channels, to be differentially regulated

during NE or neuronal differentiation. It has been shown in the literature that in

many neuronal models, T-type calcium channels are expressed in the early stages of

development and may participate in the differentiation process (Holliday and

Spitzer 1990; Gu and Spitzer 1993). The involvement of calcium channels, notably

T-type calcium channels, in neuronal development has been reviewed thoroughly

elsewhere (Lory et al. 2006).

4.5.1 Neuroblastoma Cell Lines

In the neuroblastoma X glioma hybrid NG108-15 cell line, it was shown from

electrophysiological experiments and pharmacological evidence (Lukyanetz 1998)

that only T-type calcium channels are expressed in the undifferentiated state.

Moreover, neuronal differentiation induced by prostaglandin and isobutylmethyl-

xanthine (IBMX) is accompanied by an overexpression of T-type calcium channels
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and the neo-expression of other voltage-dependent calcium channels (L-, N-,

Q-type channels). These results led to the hypothesis that T-type calcium channels

may be some of the channels involved in triggering neuronal differentiation (see

below). SN56 cells, another hybrid cell line resulting from the fusion of neuroblas-

toma cells and septal neurons, express voltage-dependent calcium channels upon

neuronal differentiation. In their undifferentiated state, SN56 cells mostly express

T-type calcium channels (Kushmerick et al. 2001). Based on their kinetics and their

pharmacological sensitivity to nickel, the authors suggested that T-type calcium

currents were carried by Cav3.2 pore subunits. Upon differentiation induced by

serum deprivation and cAMP, an increase in T-type calcium currents was observed

within 2–4 days, together with a de novo expression of L-, N-, P-/Q- and R-type

HVA calcium channels (Kushmerick et al. 2001). As in NG108-15 cells, it is

therefore hypothesized that differentiation is dependent on T-type calcium channel

activity in SN56 cells.

In another human neuroblastoma cell line B2(2)-M17, neuronal differentiation

(evidenced by an increased expression of NSE, α7-Ach nicotinic receptor and

SNAP-25) induced by retinoic acid leads to increased voltage-dependent calcium

entry upon KCl depolarization (Andres et al. 2013). Based on pharmacological

demonstrations, this was mainly attributed to N and P/Q channels together with a

slight participation of T-type calcium channels.

4.5.2 Retinoblastoma Cells

In the human retinoblastoma Y-79 cell line, where both Cav3.1 and Cav3.2 are

expressed in undifferentiated cells, there is an important reduction in mRNA levels

for both channels, along with a diminution of T-type calcium current in cells

undergoing neuronal differentiation (Hirooka et al. 2002). Downregulation of

Cav3.1 T-type channel activity and expression was further demonstrated to be

due to a reduced activity of the promoters controlling its transcriptional expression

(Bertolesi et al. 2003). A more recent study analysing modifications in alternative

splicing showed that there is a considerable change in Cav3.1 splice variants

occurring during neuronal differentiation (Bertolesi et al. 2006). Nevertheless,

knocking down the expression of Cav3.1 failed to alter differentiation kinetics or

neurite formation. These results led the authors to suggest that Cav3.1 and Cav3.2

channels are not involved in the differentiation process itself but that the alterations

in splice variant-specific expression may be relevant for establishing a mature

differentiated state (Hirooka et al. 2002).

4.5.3 Embryonic Stem Cells

In embryonic stem (ES) cells, neuronal differentiation promotes electrical

excitability and is associated with maturation of voltage-dependent calcium

channels (Arnhold et al. 2000). This differentiation can be induced by various
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neuropeptides, including VIP or PACAP. Both peptides stimulate neurite

outgrowth and NSE overexpression after 4–8 days of treatment (Cazillis

et al. 2004). This is associated with an enhancement of T-type calcium currents

(Chafai et al. 2011) correlated with a stronger expression of Cav3.3 protein as

observed in Western blot experiments.

4.5.4 NE Cell Lines

It has been shown in PC12 cells that NE differentiation is accompanied by

increased expression of both LVA (Garber et al. 1989) and HVA calcium channels

(Shitaka et al. 1996; Sherwood et al. 1997). Chronic application of various agents

that induce NE differentiation, such as NGF or dexamethasone, leads to an increase

in both the proportion of cells expressing LVA calcium currents and the average

LVA calcium current density (Garber et al. 1989). NE differentiation induced by

PACAP or NGF is associated with increased density of voltage-dependent calcium

currents, both of the LVA and the HVA types (Grumolato et al. 2003).

In the NE pituitary lactosomatotrope GH3 cell line, further differentiation

towards a lactotrope phenotype may be induced by treatment with NGF for several

days. While a short treatment with NGF only upregulates HVA calcium channels, a

sustained NGF action (1–5 days), occurring through a p75 receptor, leads to

upregulated prolactin mRNA and protein levels and to a delayed increase in

T-type calcium currents (Lopez-Dominguez et al. 2006). These T-type calcium

currents are possibly carried by Cav3.1 and/or Cav3.3 channels since they are the

only LVA subunits expressed in GH3 cells (Mudado et al. 2004).

In the LNCaP prostate cancer cell line, previously shown to differentiate follow-

ing cAMP stimuli (Bang et al. 1994), it was demonstrated that 3–4 days after the

onset of NE differentiation, there was an increase in the magnitude of voltage-

dependent calcium currents. This calcium current displayed all the characteristics

of T-type calcium channels (Mariot et al. 2002). Indeed, it was characterized by a

fast and voltage-dependent inactivation and a slow deactivation as well as being

inhibited by low concentrations of NiCl2, mibefradil, flunarizine and kurtoxin. The

increase in T-type calcium current took longer to occur than the lengthening of

neuritic extension which developed within a few hours of the early steps of

differentiation. It was demonstrated by quantitative RT-PCR that the enhancement

of T-type calcium currents depends on an overexpression of Cav3.2 channels. A

particular feature of LNCaP cells is that Cav3.2 calcium channels are the only

voltage-dependent calcium channels expressed in both undifferentiated and

differentiated conditions. Cav3.2 overexpression was associated with an increase

in resting cytosolic calcium concentration, antagonized by T-type calcium channel

inhibitors (Mariot et al. 2002). It was shown that T-type calcium channels, due to

their combined inactivation and activation properties, participate in basal calcium

entry at a resting membrane potential of 40 mV in LNCaP prostate cells (Gackiere

et al. 2006).
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4.6 Role of T-Type Calcium Channels in NE Differentiation

There has been some debate concerning the positive or adverse effects of intracel-

lular calcium and voltage-dependent calcium channels on neuritic extension. While

some published studies show no role for voltage-dependent calcium channels in

neurite extension induced by NGF (Lichvarova et al. 2012), most publications

report a stimulation of neurite outgrowth by increased cytosolic calcium levels

due to calcium entry through several channels.

Indeed, in many cell models, calcium is necessary for neurite outgrowth. For

instance, it has recently been shown in PC12 cells that PACAP is able to induce

neuritogenesis through a NF-κB pathway. The authors demonstrated that PACAP-

induced NE differentiation occurs through the activation of a calcium-dependent

ERK1/2 MAP kinase pathway and the recruitment of cRel and p52 subunits of

NF-κB, leading to neuritogenesis and cell survival (Manecka et al. 2013). In that

study, neuritogenesis and cRel recruitment are both inhibited by non-specific

inhibitors of plasma membrane calcium channels and intracellular calcium

channels responsible for endoplasmic reticulum calcium release. In PC12 cells,

calcium homeostasis perturbation, for example, induced by knocking down the

expression of plasma membrane Ca2+-ATPase (PMCA 2 and 3), leads to alterations

in the process of morphological differentiation characterized by neuritic extension

(Boczek et al. 2012).

T-type calcium channels have thus been investigated as putative key players of

the differentiation process since, as described above, they are frequently expressed

in either the early or late stages of NE/neuronal differentiation.

4.6.1 Role in the Expression of Molecular NE Markers

To our knowledge, it has never been demonstrated that T-type calcium channel

activity or expression promotes the expression of molecular NE markers such as

chromogranins or NSE. We show here (Fig. 4.2a and b—personal observations)

that overexpressing Cav3.2 T-type calcium channels in LNCaP cells induces

increased expression of NSE and CgA. In addition, NE differentiation induced by

activating the PKA pathway (using a combined treatment with permeant cyclic

AMP analogues and IBMX) leads to elevated NSE expression which is antagonized

by siRNA against Cav3.2 (Fig. 4.2b). This shows that Cav3.2 channel expression is

not only increased during NE differentiation process but also that it plays a central

role in some aspects of the differentiation process.

4.6.2 Role in Neuritic Extension

The role of T-type calcium channels in neurite formation has been investigated in

embryonic neural progenitor cells (Louhivuori et al. 2013). From the inhibition of

calcium signals induced mainly by T-type channel inhibitors (mibefradil,
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NNC-550396), it was concluded in this study that T-type calcium channels are

expressed during the early stages of neuronal differentiation (1 day). However,

during the differentiation process, there is an increase in the density of HVA

channels compared to LVA channels, such that at differentiation day 20, calcium

signals are totally inhibited by nifedipine. The authors showed that inhibitors of

LVA channels significantly decrease the number of active migrating neuron-like

cells and neurite extensions, thereby demonstrating their involvement in

neuritogenesis.

Early reports on neuroblastoma cells demonstrated that the expression of T-type

currents always precedes neurite extension, thus suggesting that calcium entry

through T-type calcium channels may participate in morphological neuronal dif-

ferentiation (Silver and Bolsover 1991).

NSE

CgA

LNCaP LNCaP AI LNCaP-α1H C1

LN
Ca

P
LN

Ca
P 

AI
LN

Ca
P-

α1
H 

C1
LN

Ca
P-

α1
H 

C6
LN

Ca
P 

siC
tl

LN
Ca

P 
siC

tl A
I

LN
Ca

P 
si-

α1
H

LN
Ca

P 
si-

α1
H 

AI

55 kDa

40 kDa

55 kDa

40 kDa

NSE

βactine

a

b

Fig. 4.2 Cav3.2 channels enhance the expression of NE markers in LNCaP. (a) Immunofluores-

cence studies using NSE and CgA-specific antibodies (dilution 1/50e, DAKO, France) on LNCaP

cells. The cells were treated with a permeant analogue of cyclic AMP (dibutyryl cyclic AMP,

1 mM) and isobutylmethylxanthine (IBMX, 100 μM) for 4 days to induce NE differentiation

(LNCaP-AI). NSE and CgA staining (in green) were increased by the activation of the PKA

pathway or the overexpression of Cav3.2 channels (LNCaP-α1H C1). Nuclei are stained in blue
using DAPI. (b) Western blot experiments performed on LNCaP-Ctl, LNCaP-AI, LNCaP-α1H
(2 clones: C1 and C6) and the same cells with siRNA treatment. Cells were transfected overnight

with control siRNA (siCtl 50 nM) or siRNA targeting Cav3.2 (siα1H 50 nM—see Gackiere

et al. (2008) for siRNA sequences). The cells were harvested 4 days after transfection, and a

Western blot experiment was performed using the same antibody as the immunofluorescence

studies (except for β-actin, dilution 1/2000e, Sigma)
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In the NG108-15 cell line, it was shown that cAMP-induced neuronal differenti-

ation, characterized by neurite formation and an overexpression of L-type calcium

channels, is dependent on T-type calcium channels activity. Indeed, the inhibition

of T-type calcium channels using NiCl2 or the downregulation of the Cav3.2 pore

subunit led to a decrease in the number of cells with neurite, but did not change the

average neurite length (Chemin et al. 2002). In addition, Cav3.2 T-type calcium

channels were necessary players in HVA calcium channel expression during neu-

ronal differentiation. This led the authors to propose that Cav3.2 T-type calcium

channels are an early actor in the neuronal differentiation process.

In prostate cancer LNCaP cells, neurite formation induced by cAMP is faster

(occurring in few hours) than Cav3.2 overexpression (occurring in few days), which

suggests that Cav3.2 overexpression may only be a consequence of the differentia-

tion process. However, there is significant expression of Cav3.2 channels and

T-type calcium current, in the undifferentiated state which could be responsible

for the morphological differentiation process. We have indeed shown that neurite

elongation during NE differentiation is dependent on Cav3.2 calcium channels

since their inhibition by low NiCl2 concentrations reduces the average neurite

length without hampering neurite formation. Therefore, if neurite formation is not

dependent on Cav3.2 channels, their lengthening is modulated by T-type calcium

channel activity (Mariot et al. 2002).

4.6.3 Role in Hormone or Neurohormone Secretion

The central role of cytosolic calcium in the regulated pathway of secretion (and

therefore in hormones, neurohormones and neurotransmitter release) has been

demonstrated in many endocrine, NE or neuronal cells. The role of HVA channels

in regulated exocytosis has been known for a long time, but attention has been paid

more recently to LVA channels, and their role in calcium-dependent secretion or

neurotransmission has now been documented (Carbone et al. 2006).

Anterior NE pituitary cells express both LVA and HVA calcium channels

(Lewis et al. 1988), and although HVA channels regulate hormone secretion,

pharmacological experiments on perifused rat pituitaries have demonstrated that

T-type calcium channels also participate in the secretion of hypophyseal hormones

like thyrotropin, in response to hypothalamic neuropeptides (Roussel et al. 1992).

In addition, in NE pituitary cells, the expression of Cav3.1 is raised, whereas the

expression of Cav3.2 and Cav3.3 is reduced in mice treated with 17ß-estradiol. This

regulation of T-type calcium channel mRNA expression could be an important

mechanism involved in the 17ß-estradiol regulation of pituitary secretion (Bosch

et al. 2009). A convincing link has been demonstrated for L-type calcium channels

and exocytosis in many NE cell models. However, it has been shown in various NE

cells, including rat pituitary melanotropes, that T-type calcium channels are as

efficient as L-type channels in promoting exocytosis. In these cells, calcium ions

“couple with equal strength to exocytosis regardless of the channel type involved”

(Mansvelder and Kits 2000).

4 Role of T-Type Calcium Channels in Neuroendocrine Differentiation 61



In prostate NE LNCaP cells, we have shown that membrane depolarization, due

to a stimulation of T-type calcium current, induces calcium-dependent exocytosis,

as measured with FM1-43 dye. In addition, we showed that prostatic acid phospha-

tase (PAP) secretion is calcium-dependent in prostate cells and that this secretion is

potentiated by NE differentiation. Furthermore, PAP secretion is reduced by low

concentrations of NiCl2, flunarizine or kurtoxin and by siRNAs targeting Cav3.2

channels. Cav3.2 expression and activity are therefore responsible for PAP secre-

tion in NE prostate cancer cells (Gackiere et al. 2008).

In adult chromaffin cells, the expression of LVA channels is weak, and HVA

channels control to a large extent voltage-dependent calcium influx and thereby

catecholamine secretion (Artalejo et al. 1994). However, the expression of LVA

channels is more extensive in embryonic chromaffin cells (Bournaud et al. 2001)

than in adult cells. It therefore seems that during development, chromaffin cells lose

the capacity to express LVA channels, which are progressively replaced by HVA

channels. In adult cells, the Cav3.2 isoform is weakly expressed but is upregulated

either by a treatment that increases cytosolic cAMP concentration (Novara

et al. 2004) or by chronic hypoxia (Carabelli et al. 2007b). This cAMP effect was

demonstrated to be mediated by a PKA-independent signalling pathway through the

cAMP-receptor protein Epac (cAMP–guanine nucleotide exchange factor (cAMP–

GEF)) (Novara et al. 2004). In addition, newly formed Cav3.2 channels are as

efficient as HVA channels in promoting low-threshold exocytosis and the release of

catecholamine (Giancippoli et al. 2006; Carabelli et al. 2007a, b). In mouse

chromaffin cells in situ, short-term exposure to PACAP stimulates T-type calcium

channel activity through a PKC-dependent recruitment of Cav3.2 channels to the

plasma membrane (Hill et al. 2011). Cav3.2 channels may therefore be responsible

for catecholamine secretion in acute stress situations.

It has thus been widely shown that LVA calcium channels control secretion and

neurotransmission. This has been discussed in a recent review (Weiss and Zamponi

2013). However, the mechanisms involved in that function have as yet remained

unclear. To promote a fast release of neuropeptides or neurotransmitters, HVA

channels, for their part, are localized in close vicinity of the vesicle-release machin-

ery. It has been demonstrated that this co-localization is achieved using a specific

interaction between HVA channels (Cav2.1 and Cav2.2) and SNARE proteins

(syntaxin-1, SNAP-25 and synaptotagmin-1), through an interaction site called a

synprint. It has recently been shown that although T-type calcium channels lack this

synprint interaction site, they closely associate with syntaxin-1A in central neurons

(Weiss et al. 2012). This association between syntaxin-1A and Cav3.2 was also

demonstrated in the same study to be essential for low-threshold exocytosis in

chromaffin cells.

62 M. Warnier et al.



4.7 How Do T-Type Calcium Channels Mediate NE
Differentiation? Putative Signalling Mechanisms

The downstream events after calcium entry through T-type calcium channels in the

context of NE differentiation have been rarely studied. Since T-type calcium

channels have been shown to be involved in secretion, it has been investigated

whether their role in the induction of an NE phenotype could be related to the

secretion of growth factors. As shown by one study (Chemin et al. 2004),

neuritogenesis could be induced in NG108-15 cells using the conditioned media

from Cav3.2 expressing NG108-15 cells. When the expression of Cav3.2 channels

was knocked down with siRNAs, conditioned media from these siRNA-treated

cells did not induce neurite outgrowth in NG108-15 cells, thus showing the

involvement of T-type channels in a paracrine loop promoting neurite formation.

However, the nature of the factors secreted by NG108-15 cells in response to T-type

channels activity has not been elucidated.

In addition, T-type calcium channels may promote NE or neuronal differentia-

tion through a stimulation of gene expression. It has been shown in NG108-15 cells

that T-type calcium channels are responsible for the induction by hydrogen sul-

phide (NaHS) of a neuronal phenotype, characterized by the overexpression of

L-type calcium channels and neuritogenesis (Nagasawa et al. 2009). This was

essentially demonstrated using T-type calcium channel inhibitors, such as

mibefradil or zinc chloride in a range of concentrations more specifically inhibiting

Cav3.2 channels. In the same cell line, it was later demonstrated that NaHS

promotes neuritic extension through a phosphorylation of Src kinase (Tarui

et al. 2010). Indeed, PP2, a specific inhibitor of Src, antagonized the development

of neurites induced by NaHS, while only reducing the ones activated by permeant

cAMP. In addition, Src phosphorylation by NaHS was significantly reduced by

inhibitors of T-type calcium channels, mibefradil or ascorbate, showing that T-type

calcium channels are upstream of Src in the pathway leading to a neuronal pheno-

type. It was shown in this study that Src phosphorylation is independent of CaM

Kinase II. Another study demonstrated that depolarization-induced calcium entry

promotes NE differentiation of PC12 cells. This NE differentiation, characterized

by neurite formation, GAP-43 and synapsin I overexpression, requires the activa-

tion of phospholipase D2–ErK–CREB pathway and Src phosphorylation by CaM

Kinase II (Banno et al. 2008). Such a pathway is similar to the one demonstrated in

hippocampal neurons, where NCAM (neural cell adhesion molecules)-induced

neurite formation is dependent on the T-type calcium channel (Kiryushko

et al. 2006). In these cells, homophilic NCAM interaction, which promotes neurite

formation, leads to an increase in cytosolic calcium via T-type calcium channels,

together with L-type and non-selective cation channels, and to the activation of an

Src-dependent pathway, both events being necessary for the induction of

differentiation.
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4.8 Other Calcium Channels

Though T-type calcium channels are indeed involved in neuronal and NE differen-

tiation as previously exemplified, other calcium channels are part of that process. In

PC12 cells, L-type calcium channel stimulation, through 5-HT3 receptor activation

by serotonin, has been shown to potentiate NGF-induced neurite outgrowth

(Homma et al. 2006), due to increased intracellular calcium concentration. Simi-

larly, lysophosphatidylcholine promotes neurite outgrowth in an L-type channel-

dependent manner (Nakashima et al. 2003). In the same cells, NGF-induced neurite

outgrowth is correlated with changes in the expression pattern of TRPC (transient

receptor potential canonical) channels, TRPC1 being overexpressed and TRPC5

downregulated (Kumar et al. 2012). Furthermore, TRPC1 stimulates neurite

outgrowth, whereas TRPC5 inhibits it (Heo et al. 2012; Kumar et al. 2012). A

similar inhibitory action of TRPC5 was observed in hippocampal neurons, where

the overexpression of dominant negative TRPC5 channels increases neurite length

(Greka et al. 2003). In LNCaP prostate cancer cells, NE differentiation is associated

not only with an upregulation of Cav3.2 (Mariot et al. 2002) but also with TRPV2

(TRP vanilloid) overexpression (Monet et al. 2010) and with a downregulation of

Orai1 (Flourakis et al. 2010; Vanoverberghe et al. 2012). Overall, calcium homeo-

stasis is therefore deeply altered by treatments that induce NE differentiation,

leading to an increase in basal cytosolic concentration, reduced calcium-store

content and reduced capacitative calcium entry.

4.9 NE Differentiation in Cancer Progression: Perspectives
on the General Involvement of T-Type Calcium Channels

NE tumours may arise from the proliferation of NE cells. These tumours develop in

almost all tissues, including those where NE cells may not be present (DeLellis

2001). It must, however, be noted that the digestive system is the most frequent site

of development of NE tumours (66 %) followed by the respiratory tract (31 %)

(Gustafsson et al. 2008). NET, although slow growing, are often diagnosed after the

tumour has metastasized and thus may entail a poor prognosis. Some tissues or

organs may also be the site for the development of carcinoma that displays NE cell

foci, which has led to the notion of cancers with NE differentiation. This is the case

for prostate cancer, which is frequently characterized by NE differentiation

(Abrahamsson 1999; Hansson and Abrahamsson 2003). In prostate cancer, NE

differentiation is usually correlated with a poor prognosis (Sagnak et al. 2011),

probably due to the fact that NE cells are androgeno-insensitive (Huang et al. 2006)

and may thus participate in the androgen-independent growth of prostate cancer. In

addition, these cells are resistant to apoptosis (Vanoverberghe et al. 2004) and

secrete numerous factors that may increase cell proliferation in their vicinity. In

some forms of prostate carcinoma, NE cells are the main component of the tumours.

These small-cell prostate carcinomas (SCPCa) are very aggressive forms of pros-

tate cancer, where NE cells exhibit tumorigenic and highly proliferative activities
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(Oesterling et al. 1992; Yao et al. 2006). As shown recently, SCPCa cells may arise

from NE carcinoma cells from a p53-inactivating mutation, a mutation conferring

proliferative properties (Chen et al. 2012).

As reported in a number of cancers (for a review, see Panner and Wurster 2006),

T-type calcium channels may participate in tumour growth. Their role in cell

proliferation may be due to the fact that enhanced expression of T-type calcium

channels (Cav3.1, Cav3.2 or Cav3.3) leads to increased secretion of tumorigenic

factors by NE cells. As we have previously shown, PAP synthesis and release are

enhanced by Cav3.2 channels in LNCaP cells (Gackiere et al. 2008). In addition,

the secreted form of PAP may play an important role in the development of prostate

tumour metastasis. Indeed, PAP expression is increased in prostate bone metastasis,

and PAP may participate in the osteoblastic phase of the metastasis development

(Kirschenbaum et al. 2011). Moreover, we have shown that the expression of

Cav3.2 channels is correlated with the expression of serotonin (Gackiere

et al. 2008), a neurotransmitter stimulating the proliferation and migration of

prostate cancer cell lines (Dizeyi et al. 2011). Furthermore, we have shown that

Cav3.2 expression correlates with CgA expression (Gackiere et al. 2008). The

circulating level of CgA, an NE marker, is frequently increased in the advanced

stages of the diseases. It has been demonstrated in prostate cancer cell lines that

CgA accelerates cell proliferation and reduces cell apoptosis, thereby suggesting a

role for CgA in prostate cancer development (Gong et al. 2007). Altogether, this

suggests that Cav3.2 channels in NE prostate cancer cells may promote calcium

entry, which in turn induces the secretion of mitogenic or tumorigenic factors. In

addition, we have observed that Cav3.2 channels in prostate cancer LNCaP cells

favour cell growth, even in NE cells, since their overexpression, which increases

NSE expression, also accelerates cell proliferation. In contrast, downregulation of

Cav3.2, which reduces NSE expression, or its blockade with various inhibitors,

slows cell proliferation (Gackiere et al. 2013). This is in agreement with many

articles showing the participation of T-type calcium channels in various aspects of

cell growth, including cell proliferation or cell apoptosis [for a review, see Panner

and Wurster (2006) or Lory et al. (2006)]. Since NE cells of the prostate may

proliferate rapidly in some forms of prostate carcinomas (SCPCa), it will be of great

interest to assess whether Cav3.2 channels, involved in both proliferation and NE

differentiation, in combination with a p53 inactivation, are indeed involved in the

development of SCPCa.

Concluding Remarks

LVA calcium channels have frequently been shown to be overexpressed during

NE differentiation as well as being involved in the development of an NE

phenotype characterized by morphological (neurite extension) and molecular

(NSE or CgA markers) features. Moreover, T-type calcium channels, along with

other calcium channels, participate in the secretion of paracrine or endocrine

factors, which in turn may promote the differentiation or the proliferation of

target cells. In the context of NE tumours, most of the data available rely on cell

line studies. It is of particular importance in the near future to carry out major
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studies on tissue arrays, in order to correlate the stage of the disease with the

expression of the different T-type calcium channel isoforms.
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Regulation of Cardiac Hypertrophy by
T-Type Ca2+ Channel 5
Stephen W. Schaffer and Chian Ju Jong

Abstract

Congestive heart failure is a terminal condition whose progression is determined

by both cardiomyocyte and ventricular remodeling. Among the pathways

contributing to remodeling are the calcium-dependent calcineurin–NFAT and

CREB hypertrophic pathways. While the T-type Ca2+ channel and the transient

receptor potential anion channel superfamily assume central roles in initiation of

cardiac hypertrophy involving the calcineurin–NFAT pathway, the T-type Ca2+

channel appears to regulate the calcineurin–NFAT hypertrophic pathway. The

T-type Ca2+ channel also modulates the development of pathological hypertro-

phy via the CREB hypertrophic pathway.

5.1 Physiological Roles of Myocardial Ca2+ Channels

The recognition that stimulation of Purkinje fibers leads to a rapid increase in

membrane potential associated with the influx of Na+ ions followed by a plateau

in membrane potential, a phase dominated by the slow influx of Ca2+ ions (referred

to as Isi or slow inward current), was an important breakthrough in the area of

excitation–contraction coupling (Reuter 1967). It is now known that in normal adult

ventricular cardiomyocyte, Isi is synonymous with ICa,L, the large and long-lasting

Ca2+ current associated with activation of L-type Ca2+ channels (Nowycky

et al. 1985). Hence, the L-type Ca2+ channel is largely responsible for filling the

sarcoplasmic reticular Ca2+ stores and triggering Ca2+-induced Ca2+ release from

the sarcoplasmic reticulum, key events in excitation–contraction (EC) coupling.

Because of species differences in the structure of the sarcoplasmic reticulum, the
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importance of sarcoplasmic reticular Ca2+ handling differs, with the frog heart

largely lacking the sarcoplasmic reticular Ca2+ release mechanism while the rat

heart being highly dependent on Ca2+-induced Ca2+ release for contractile function

(Bers 2001). The L-type Ca2+ channel, which is encoded by two different genes

(Cav1.2 and Cav1.3) in the heart, is also required for normal heart development, as

inactivation of the Cav1.2 gene leads to embryonic lethality (Xu et al. 2003).

However, elevations in ICa,L flux by overexpression of the L-type Ca2+ channel

lead to Ca2+ overload, which in turn produces a phenotype with reduced contractile

function and elevated cellular necrosis (Jaleel et al. 2008).

Atrial myocytes, Purkinje cells, embryonic and fetal cardiomyocytes, and dis-

eased cardiomyocytes contain a second type of voltage-dependent Ca2+ channel,

termed the T-type Ca2+ channel. The expression of the T-type Ca2+ channel is

virtually absent in most adult cardiomyocytes, although the guinea pig heart

contains significant levels of the T-type Ca2+ channel and the T-type Ca2+ channel

is reexpressed in the hypertrophied heart, suggesting that the channel is part of the

fetal gene program that emerges during the hypertrophic process. The T-type Ca2+

channel derived its name from two characteristic features of the current, “tiny and

transient.” Because ICa,T is both tiny and transient by virtue of its rapid inactivation,

it is incapable of being a major trigger of sarcoplasmic reticular Ca2+ release in the

heart. Moreover, ICa,T is less efficient at triggering Ca2+-induced Ca2+ release than

ICa,L because the T-type Ca
2+ channels are located on the surface of the sarcolemma

while the L-type Ca2+ channels are found within the T-tubules in close proximity to

the ryanodine release channels (Sipido et al. 1998; Jaleel et al. 2008). Consequently,

T-type Ca2+ channel-dependent EC coupling is less effective, resulting in delayed

onset of cell shortening, slower rates of shortening and relaxation, lower peak

shortening, and longer time to peak shortening relative to L-type Ca2+ channel-

dependent EC coupling (Zhou and January 1998). However, several lines of

evidence support at least some role for T-type Ca2+ channels in EC coupling.

First, Sipido et al. (1998) showed that Ca2+ release was greater in guinea pig

ventricular myocytes in the presence of both ICa,T and ICa,L than at holding voltages

allowing only ICa,L. Second, based on the inhibitory actions of nifedipine, Kitchens

et al. (2003) concluded that ICa,T is an important source of trigger Ca2+ in chick

embryo cardiomyocytes. Indeed, the amplitude of Ca2+ transients is more depen-

dent on the T-type Ca2+ channel in the neonatal rat heart while the L-type Ca2+

channel assumes a central role in Ca2+ cycling in the adult heart (Escobar

et al. 2004). Third, T-type Ca2+ channel antagonists depress contractile function

in guinea pig cardiac myocytes, which express both T-type and L-type Ca2+

channels (Hoischen et al. 1998). Fourth, overexpression of the T-type Ca2+ channel

gene Cav3.1, which significantly elevates ICa,T, also increases the amplitude of the

Ca2+ transient and contractile performance (Nakayama et al. 2009).

Two distinct genes, Cav3.1 (α1G) and Cav3.2 (α1H), code for T-type Ca2+

channels in myocardial ventricles (Cribbs et al. 1998; Monteil et al. 2000). Based

on its hydropathy profile, the Cav3.1 subunit of the T-type Ca
2+ channel consists of

24 transmembrane segments arranged in four domains of six transmembrane

segments each (Talavera and Nilius 2006). The intracellular part of the channel is

formed by segment 6 while the P loops make up the extracellular section of the
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channel. Segment 4 of each transmembrane domain is positively charged and

confers sensitivity to membrane potential changes while Ca2+ selectivity and

activation kinetics are determined by two glutamate residues found in domains I

and II and two aspartate residues found in domains III and IV (Talavera et al. 2001;

Perez-Reyes 2003; Talavera and Nilius 2006). Overexpression of Cav3.1 in mice

elevates Ca2+ influx, sarcoplasmic reticular Ca2+ loading, and contractile function,

implying that stimulation of ICa,T increases the availability of Ca2+ for contraction.

However, the change in Cav3.1 content is associated with changes in the content of

other Ca2+ regulatory proteins, including the L-type Ca2+ channel, SERCA2a, and

phospholamban. Thus, the improvement in contractile function in the Cav3.1-

overloaded heart could be attributed to changes in one or more of the other Ca2+

regulatory proteins rather than an increase in ICa,T.

5.2 T-Type Ca2+ Channel Involvement in Myocardial
Hypertrophy and Heart Failure

Heart failure is defined as the final clinical presentation of a variety of cardiovas-

cular diseases, ranging from coronary artery disease, hypertension, valvular heart

disease, myocarditis, and alcoholic cardiomyopathy. The initial event in each of

these cardiovascular diseases is a reduction in cardiac output. In response to

impaired contractile function, the heart undergoes an adaptation that initially

increases cardiac size and improves contractile function. Key events involved in

the adaptation process are elevations in the blood levels of norepinephrine and

members of the renin–angiotensin II–aldosterone system. These neurohumoral

factors initiate a complex series of events that lead to ventricular remodeling and

cardiomyocyte death; the development of cardiac hypertrophy is an important facet

of ventricular remodeling (Scheuer 1999). The development of both receptor-

stimulated and pressure overload-induced pathological hypertrophy involves angio-

tensin II and norepinephrine signaling. Pathological hypertrophy contrasts with

physiological hypertrophy, which is mediated by growth factors, volume loading,

and aerobic exercise training that proceeds through Akt and mammalian target of

rapamycin (mTOR) (Kurdi and Booz 2011).

5.2.1 Initiation of Hypertrophy by Angiotensin II
and Norepinephrine

Molkentin et al. (1998) and Onohara et al. (2006) proposed a signaling pathway

(calcineurin–NFAT pathway) for the development of myocardial hypertrophy

initiated by the Gαq protein-coupled receptors, a group that includes the receptors

for both norepinephrine (α1-adrenergic receptor) and angiotensin II (AT1 receptor)

(Fig. 5.1). Activation of the G protein-coupled receptors leads to the activation of

phospholipase C, an enzyme that catalyzes the generation of diacylglycerol and

1,4,5-triphosphate (IP3). IP3 interacts with its receptor to elevate [Ca2+]i while
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diacylglycerol increases [Ca2+]i by stimulation of TRPC3 and TRPC6, members of

the transient receptor potential (TRP) cation channel superfamily (Nilius

et al. 2007; Eder and Mokentin 2011). The increase in [Ca2+]i occurs upon stimula-

tion of the L-type Ca2+ channel by the TRPC proteins (Onohara et al. 2006). The

calcineurin–NFAT arm of the pathway lies downstream from the TRPC and L-type

Ca2+ channels (Onohara et al. 2006). Although activation of the TRPC proteins is
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Fig. 5.1 Scheme of the calcineurin–NFAT and CREB hypertrophic pathways. The calcineurin–

NFAT hypertrophic pathway is initiated by the interaction of angiotensin II (Ang II) and norepi-

nephrine with their respective Gαq receptors, which leads to the generation of diacylglycerol

(DAG), a stimulator of the TRPC (transient receptor potential C) family. Activation of the

TRPC3/TRPC6 dimer complex is coupled to the activation of the L-type Ca2+ channel, leading

to enhanced Ca2+ influx. The resulting increase in [Ca2+]i leads to the formation of Ca2�

calmodulin, which in turn activates the protein phosphatase calcineurin. Calcineurin catalyzes

the dephosphorylation of NFAT (nuclear factor of activated T cells), which is translocated to the

nucleus where it promotes transcription, a step in the process of pathological hypertrophy. The

calcineurin–NFAT pathway is inhibited by a pathway initiated by aldosterone-mediated

upregulation of Cav3.1. As a component of the T-type Ca2+ channel, Cav3.1 increases the Ca2+

pool that activates nitric oxide synthase 3, an enzyme that catalyzes the formation of nitric oxide

(NO). Nitric oxide activates guanylate cyclase (GC), which catalyzes the formation of cGMP,

which in turn activates PKGI (cGMP-dependent protein kinase I). The protein kinase mediates an

anti-hypertrophic response by inhibiting the TRPC3/TRPC6 complex. Cav3.1 also promotes an

alternate anti-hypertrophic pathway involving Ca2+-dependent activation of protein phosphatase

2A. The phosphatase catalyzes the dephosphorylation of CREB (cAMP-responsible element

binding protein), which diminishes transcription and the development of pathological hypertrophy
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required for angiotensin II-mediated cardiomyocyte hypertrophy, other sources of

cytosolic Ca2+ may contribute to the hypertrophic process. Irrespective of the

source of Ca2+, the rise in [Ca2+]i increases the amount of Ca2+ bound to calmodulin

in the cytosol. In its Ca2+–calmodulin form, calmodulin can stimulate the protein

phosphatase calcineurin. Upon activation, calcineurin catalyzes the dephosphory-

lation of NFAT (nuclear factor of activated T cells), which is then translocated to

the nucleus where it enhances protein synthesis. Because NFAT3 null mice are

resistant to hypertrophic development, it has been proposed that stimulation of the

calcineurin–NFAT pathway is a key event in the development of myocardial

hypertrophy (Wilkins et al. 2002).

The TRPC family of cation channels has attracted considerable interest because

the activation of TRPC3 and TRPC6 is required for angiotensin II-induced NFAT

activation and subsequent development of pathological hypertrophy (Onohara

et al. 2006). However, many other members of the TRP family (TRPC1, TRPC4,

TRPC5, TRPC7, TRPV2, and TRPM4) have been implicated in myocardial hyper-

trophy and the pathogenesis of heart failure (Nishida and Kurose 2008). TRPC1

appears to be a component of stretch-activated cation channels, which are involved

in stretch-induced cardiomyocyte hypertrophy (Maroto et al. 2005; Ohba

et al. 2007). Downregulation of TRPC1 renders mouse hearts resistant to pressure

overload- and angiotensin II-induced cardiac hypertrophy and contractile dysfunc-

tion, effects associated with diminished calcineurin–NFAT signaling (Seth

et al. 2009). It has also been suggested that TRPC1 might contribute to the leakage

of Ca2+ from the sarcoplasmic reticulum (Berbey et al. 2009). TRPC3 is

upregulated by activation of Ca2+-sensing receptors (Feng et al. 2011). Bush

et al. (2006) found that overexpression of TRPC3 in the neonatal cardiomyocyte

increases cell size and promotes the upregulation of fetal genes through stimulation

of calcineurin–NFAT signaling. Poteser et al. (2011) showed that Ca2+ permeation

through the TRPC3 channel is required for the activation of the calcineurin–NFAT

pathway. The coupling between TRPC3 and the calcineurin–NFAT pathway is

dependent on PKC-mediated regulation of TRPC3 (Poteser et al. 2011). It has also

been proposed that overexpression of TRPC3 leads to sustained elevations in [Ca2+]i
derived from store-operated Ca2+ channels. The excessive increase in [Ca2+]i causes

the death of some cardiomyocytes via apoptosis (Feng et al. 2011) and the devel-

opment of a cardiomyopathy characterized by elevations in store-operated Ca2+

channels and cardiac hypertrophy (Nakayama et al. 2006). Like TRPC1, both

TRPC4 and TRPC5 are associated with store-operated Ca2+ current that is regulated

by IP3 receptors (Venkatachalam et al. 2003; Eder and Mokentin 2011).

Downregulation of TRPC4 diminishes Ca2+ influx and the development of patho-

logical cardiac hypertrophy while overexpression of TRPC4 increases β1-adrener-
gic receptor-mediated activation of NFAT (Wu et al. 2010). Interestingly, TRPC3

and TRPC4 co-assemble to generate a redox-sensitive cation channel in endothelial

cells (Poteser et al. 2006). Inhibition of both TRPC3 and TRPC4 completely abolish

transverse aortic constriction-associated Ca2+ entry (Wu et al. 2010). TRPC5

mRNA and protein expression are elevated in the human failing heart (Bush

et al. 2006). It has been suggested that TRPC5 plays a role in dilated
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cardiomyopathy rather than the development of cardiac hypertrophy (Nishida and

Kurose 2008). TRPC6 is an inwardly and outwardly rectifying channel that exhibits

low basal activity. TRPC6 shares considerable homology with TRPC3 and TRPC7,

accounting for similar modes of regulation by diacylglycerol and protein kinase C

(Venkatachalam et al. 2003). All three family members can associate to form

heterotrimer or heterodimer complexes, with the TRPC3/6 channel implicated in

angiotensin II-mediated elevations in Ca2+ influx and subsequent activation of the

calcineurin–NFAT signaling pathway (Onohara et al. 2006). Overexpression of

TRPC6 has been shown to increase cation current, stimulate the translocation of

NFAT from the cytosol to the nucleus, and cause cardiac hypertrophy (Kuwahara

et al. 2006; Onohara et al. 2006). Among the genes implicated in the actions of

NFAT are BNP, β-MHC, RCAN, and TRPC6, with β-MHC expression acting to

reduce contractile function, BNP representing a return to myocardial fetal expres-

sion, and both RCAN and TRPC6 acting to amplify calcineurin–NFAT signaling

(Kuwahara et al. 2006). Kuwahara et al. (2006) found that robust TRPC6

overexpression leads to the development of a severe cardiomyopathy that can be

fatal while mild overexpression of TRPC6 does not directly lead to cardiac hyper-

trophy but does sensitize the heart to the effects of pressure overload. Satoh

et al. (2007) reported that overexpression of TRPC7 leads to apoptosis although

their conclusions have been challenged by the work of Nishida and Kurose (2008).

The major regulators of the TRPC family in the heart are the neurohumoral factors

and pressure overload (Richard et al. 1998; Muth et al. 1999; Brette et al. 2006;

Nakayama et al. 2006; Wu et al. 2010; Chen et al. 2011; Gao et al. 2012;

Makarewich et al. 2012). Based on mRNA analyses, the expression profile of the

TRPC family is TRPC1>TRPC4>TRPC6>TRPC5�TRPC7 (Friedrich

et al. 2012).

5.3 Potential Role of T-Type Ca2+ Channels in Development
of Pathological Hypertrophy

Because the calcineurin–NFAT pathway contributes to the development of patho-

logical hypertrophy, the source of Ca2+ for calcineurin activation has been an area

of considerable interest and debate. One of the observations that has dramatically

altered the perception of intracellular Ca2+ as a second messenger was the realiza-

tion that intracellular Ca2+ exists as distinct Ca2+ pools and that each specialized

pool serves as a regulator of a specific signaling protein, including calcineurin,

protein kinase C, and Ca2+ calmodulin-dependent protein kinase II (CaMKII)

(Balijepalli et al. 2006; Wu et al. 2006). In agreement with this notion, Jaleel

et al. (2008) advanced the view that the local Ca2+ pool fed by the T-type Ca2+

channel differs from that of the L-type Ca2+ channel, raising the possibility that the

two Ca2+ pools must serve different functions. While the L-type Ca2+ channel plays

a central role in excitation–contraction coupling and in the activation of the

calcineurin–NFAT pathway, the T-type Ca2+ channel must serve another function.

This concept assumes that the L-type Ca2+ channel and members of the TRP
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(transient receptor potential) channels are coupled, a viewpoint supported by data

showing that (1) nifedipine not only inhibits the L-type Ca2+ channel but also TRP

channel 3-induced activation of the calcineurin–NFAT pathway, (2) reduced levels

of TRP channel 3 are associated with diminished L-type Ca2+ current and

calcineurin–NFAT signaling, and (3) both nitrendipine (L-type Ca2+ channel

antagonist) and SK&F96365 (receptor activated cation channel antagonist) block

angiotensin II-mediated NFAT activation (Onohara et al. 2006; Gao et al. 2012).

Although the T-type Ca2+ channel is not directly associated with the local Ca2+

pool involved in the activation of the calcineurin–NFAT pathway, some

investigators feel that the T-type Ca2+ channel might contribute somewhat to the

development of cardiac hypertrophy (Takebayshi et al. 2006; Horiba et al. 2008;

Chiang et al. 2009), an idea propelled by the observation that T-type Ca2+ channels

are reexpressed in both hypertrophied hearts and cardiomyocytes treated with

hypertrophic stimulants (Martinez et al. 1999; Huang et al. 2000; Ferron

et al. 2003; Izumi et al. 2003; Bkaily et al. 2005; Morishima et al. 2009).

Takebayshi et al. (2006) also reported an increase in Cav3.1 and Cav3.2 mRNA in

hypertrophied right ventricles of monocrotaline-treated hearts.

Five lines of evidence support a role for the T-type Ca2+ channel in the

development of pathological hypertrophy. First, Chiang et al. (2009) found that

Cav3.2
�/�, but not Cav3.1

�/�, mice are resistant to pressure overload-induced

hypertrophy. The possibility that Cav3.2 might contribute to the Ca2+ pool

regulating calcineurin activity was proposed. Second, neonatal cardiomyocytes

isolated from Cav3.2
�/� mice do not develop hypertrophy in response to angioten-

sin II. Third, NFAT–luciferase reported activity does not respond to pressure

overload in the Cav3.2
�/� mouse, suggesting that Cav3.2 is involved in the devel-

opment of hypertrophy through the calcineurin–NFAT hypertrophic pathway.

Fourth, T-type Ca2+ channel inhibitors (kurtoxin and mibefradil) reduce the degree

of ventricular remodeling more than nifedipine (Takebayshi et al. 2006; Horiba

et al. 2008; Jaleel et al. 2008) although this finding is inconsistent with a study by

Gao et al. (2012), who found that 10 μM nifedipine is more effective than 50 μM
Ni2+ in preventing either Ca2+-induced or TRP-mediated NFAT nuclear transloca-

tion and cardiomyocyte hypertrophy. Fifth, treatment with T-type Ca2+ channel

antagonists has been shown to limit myocardial damage in several animal models of

heart failure (Sandmann et al. 1998, 1999, 2001; Villame et al. 2001).

Human studies examining the effect of T-type Ca2+ channel antagonists on the

development of heart failure have been equivocal. Hoglund et al. (1998) found that

mibefradil (50–100 mg) treatment diminishes left ventricular hypertrophy and

blood pressure in a group of 66 mild-to-moderate hypertensive patients. On the

other hand, mibefradil (50–100 mg/day) therapy exerts no apparent benefit relative

to morbidity and mortality in the MACH-1 study of 2,590 patients suffering from

moderate-to-severe congestive heart failure (Levine et al. 2000). However, these

studies, while clinically relevant, provide limited information on the effect of the

T-type Ca2+ channels, as mibefradil is no longer considered a specific T-type Ca2+
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channel antagonist and is associated with both drug–drug interactions and untoward

side effects.

In contrast to evidence supporting a role for the T-type Ca2+ channel in the

development of pathological hypertrophy, there are several studies concluding that

the T-type Ca2+ channel may antagonize cardiac hypertrophy rather than promote

it. According to Nakayama et al. (2009), the Ca2+ pool fed by Cav3.1 induces nitric

oxide synthase 3, whose activation generates cGMP and promotes cGMP-

dependent protein kinase I (PKGI), which mediates an anti-hypertrophic response

(Fig. 5.1) (Cappola et al. 2003; Ichinose et al. 2004). In their study, overexpression

of Cav3.1 significantly increased Ca
2+ cycling and elevated contractile function, but

the transgenic mice were resistant to cardiac hypertrophy mediated by pressure

overload (transverse aortic constriction), isoproterenol infusion, and exercise.

Moreover, Cav3.1
�/� mice showed enhanced susceptibility to hypertrophic stimu-

lation (isoproterenol infusion and swimming exercise), an effect reversed following

restoration of Cav3.1 content. Based on the finding that nitric oxide synthase

3 coprecipitates with Cav3.1 after pressure overload and that PKGI activity is

elevated more in Cav3.1-overexpressed hearts than control hearts following pres-

sure overload, it was concluded that Cav3.1 provides Ca2+ for a local pool that

activates nitric oxide synthase 3 to mediate an anti-hypertrophic effect through

cGMP and PKGI (Nakayama et al. 2009). In further support of the anti-

hypertrophic hypothesis, Kinoshita et al. (2010) found that the anti-hypertrophic

effect of guanylyl cyclase A can be traced to the inhibition of TRPC6. Moreover,

cardiac atrial natriuretic peptide mediates its anti-hypertrophic actions through

PKGI and its target, regulator of G protein signaling 2 (Klaiber et al. 2010).

Another mechanism advanced to explain the antihypertensive activity of the

T-type Ca2+ channel maintains that aldosterone-mediated induction of Cav3.1

increases ICa,T (Ferron et al. 2011). The elevation in the size of a T-type Ca2+

channel-dependent intracellular Ca2+ pool results in the activation of protein

phosphatase 2A and to a lesser extent protein phosphatase 1. The activation of

protein phosphatase 2A promotes the dephosphorylation of CREB (cAMP-

responsive element binding protein), thereby inactivating the transcription factor

and limiting the degree of cardiomyocyte hypertrophy.

Conclusions

The mammalian heart contains two major voltage-dependent Ca2+ channels, the

L-type and the T-type. ICa,L is relatively large and of fairly long duration, in

contrast to the ICa,T, which is transient and tiny. They also are located in different

regions of the cell, which has led to the notion that they must serve different

physiological functions. The L-type Ca2+ channel is recognized for its central

role in excitation–contraction coupling and in the development of pathological

hypertrophy. It has been proposed that the T-type Ca2+ channel contributes to

excitation–contraction coupling in the immature heart, but in the adult heart its

contribution is limited even when overexpressed. Using similar logic, the T-type

Ca2+ channel likely plays a minor role in the development of pathological

hypertrophy, with the L-type Ca2+ channel and the TRPC proteins serving as
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the major sources of Ca2+ for the activation of the calcineurin–NFAT pathway.

Therefore, two key questions remain to be answered: (1) what is the physiologi-

cal function of the T-type Ca2+ channel in the heart and (2) does the T-type Ca2+

channel alter the condition of the diseased heart? The present review discusses a

novel hypothesis for the T-type Ca2+ channel, implicating it in the regulation of

hypertrophy. According to one scheme, the T-type Ca2+ channel provides Ca2+

for the activation of nitric oxide synthase 3, which in turn exerts anti-

hypertrophic actions through inhibition of the TRPC proteins. In the other

scheme, the anti-hypertrophic effect of the T-type Ca2+ channel involves Ca2+-

dependent activation of protein phosphatase 2A, which dephosphorylates CREB

to disrupt its pro-growth properties. Although the concept that the T-type Ca2+

channel provides Ca2+ to a pool that exerts anti-hypertrophic activity is contro-

versial, new studies examining the actions of the T-type Ca2+ channel on the

hypertrophic process are warranted. Moreover, the possibility that Cav3.1 and

Cav3.2 might exert opposite actions on the hypertrophic process deserves further

consideration.
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Role of T-Type Ca2+ Channels
in the Development of Arrhythmias
and Ischemia–Reperfusion Injury

6

Stephen W. Schaffer

Abstract

The T-type Ca2+ channels are both abundant in pacemaker cells and activated at

low thresholds, properties important for involvement in diastolic depolarization.

Although T-type Ca2+ current is tiny, bradycardia is induced by blocking the

current with inhibitors or by genetic manipulation, supporting the view that the

T-type Ca2+ channels play a role in the regulation of the pacemaker. Besides

regulating pacemaker current, the T-type Ca2+ channels have been implicated in

electrical remodeling and ischemia–reperfusion injury, events involving Ca2+

overload.

6.1 Ionic Currents Involved in Diastolic Depolarization

Pacemaker cells located in the sinoatrial (SA) node enable the heart to beat

spontaneously at a fixed rate, which can vary from 295 in the mouse to 190 in the

rabbit (Cho et al. 2003). Sinoatrial tissue contains primary and secondary pace-

maker cells, with the primary pacemaker cells exhibiting significantly higher rates

of maximal upstroke velocity (Verheick et al. 2001). The maximal upstroke veloc-

ity of the mouse cell is also higher than that of the rat and rabbit, perhaps because of

differences in the content of primary pacemaker cells. These pacemaker cells

generate periodic action potentials that propagate through the established

myocardial conductance system to trigger contractions upon reaching ventricular

cardiomyocytes. Several ionic currents contribute to the slow diastolic depolariza-

tion of the pacemaker potential, although the importance of each current still

remains unclear. Historically, three ionic mechanisms for the underlying basis of
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pacemaking have received the most attention. (1) Brown (1982) introduced the “IK–

decay hypothesis,” which maintains that the rate of diastolic depolarization is

primarily determined by the decay in IK and an inward background current (Ib).

However, the IK–decay hypothesis was subsequently challenged by DiFrancesco

(1993), who found that Ib is an outward directed current rather than the inward

directed current expected of transport processes involved in diastolic depolariza-

tion. Interestingly, more recently an inward directed sustained current (Ist) has been

identified in spontaneously beating SA node cells that has been implicated in

automaticity (Mitsuiye et al. 2000). (2) DiFrancesco et al. (1991) proposed that a

hyperpolarization-activated inward current, termed If or funny current, plays a

primary role in diastolic depolarization. The funny current is carried by both Na+

and K+ ions and is usually activated at threshold potentials of around �40 to

�50 mV (Baruscotti et al. 2005; DiFrancesco 2006). The activation curve of If is

modulated by the autonomic system, with β-adrenergic agonists shifting the activa-
tion curve to more positive voltages and acetylcholine having the opposite effect.

The primary component responsible for the If current of the SA node consists of one

or more of the HCN (hyperpolarization-activated cyclic nucleotide- gated) channel

family members. HCN1 has the fastest activation kinetics and appears to be the

dominant isoform of rabbit SA node (Moroni et al. 2001) while HCN4 has the

slowest activation kinetic and serves an important function in diastolic depolariza-

tion, not only because it is regulated by cAMP. Interestingly, a large number of the

SA nodes of HCN4 knockout mice are quiescent (Baruscotti et al. 2010). HCN2 is

present at low to moderate levels in the SA node, raising questions regarding its

importance (Baruscotti et al. 2010). (3) The third hypothesis, which is based on the

work of Hagiwara et al. (1988), postulates a key role for a slow inward Ca2+ current

(Isi) in SA nodal automaticity. This current consists of both ICa,L and ICa,T currents,

which represent the current derived from the L-type Ca2+ channel and the T-type

Ca2+ channel, respectively (Mangoni et al. 2006a). Based on the effect of nifedi-

pine, which blocks ICa,L, Verheijck et al. (1999) concluded that flux of Ca
2+ through

the L-type Ca2+ channel contributes to diastolic depolarization. There is also

evidence supporting a role for ICa,T in diastolic depolarization, which is a major

focus of the present review article.

6.2 Role of L-Type Ca2+ Channel in Action Potential Upstroke
and Diastolic Depolarization

The dominant inward current of the action potential upstroke of the SA node cells is

ICa,L (Dokos et al. 1996). Inhibition of the L-type Ca2+ channel to block ICa,L also

prevents spontaneous action potentials. A secondary increase in ICa,L is responsible

for phase 2 of the action potential, which is terminated by repolarization (phase 3),

which is mediated by delayed rectifier K+ current.

The most abundant Ca2+ channel subunit in the heart is Cav1.2, whose mRNA

content is 10–100 times that for Cav2.3, Cav3.1, and Cav3.2 (Larsen et al. 2002).

Because of its abundance in the ventricle, Cav1.2 appears to play a dominant role in

providing Ca2+ for cardiac contraction, the likely reason its deletion results in death
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(Seisenberger et al. 2000; Cho et al. 2003). In mouse SA node, Cav1.2 is also the

major component of the L-type Ca2+ channel although its role in pacemaking

remains to be established. Although expression of the Cav1.3 subunit is weak in

the SA node (Bohn et al. 2000), deletion of Cav1.3 gives rise to sinus bradycardia

with prolonged PR interval but no fatal phenotype (Platzer et al. 2000; Zhang

et al. 2002). Moreover, Cav1.3 null mice are associated with sinoatrial arrhythmias

as well as impaired atrioventricular conduction that includes atrioventricular block

(Mangoni et al. 2006a). These findings support the view that, while Cav1.3 is widely

known for its central role in excitation–contraction coupling, it also plays a central

role in determining basal heart rate. Interestingly, activation of ICa,L in SA nodal

cells of Cav1.3
�/� mice is shifted to more depolarizing potentials, suggesting that

Cav1.3 Ca
2+ channels might contribute to the later phase of diastolic depolarization

while Cav1.2 does not contribute to the depolarization phase (Zhang et al. 2002).

These findings are consistent with the observation that inhibition of the L-type Ca2+

channel causes bradycardia (Mangoni et al. 2006a). A characteristic feature of the

SA node pacemaker is its dependence on Ca2+ calmodulin-dependent protein kinase

II (CaMKII) activity, an effect attributed to the activation of L-type Ca2+ channels

(Vinogradova et al. 2000). Moreover, the negative chronotropic effect of vagal

stimulation appears to involve hyperpolarization of the maximum diastolic poten-

tial (a IK effect), inhibition of If, and muscarinic control of ICa,L (Zara et al. 1996).

However, Cav1.3 and Cav3.1 mRNA expressions are elevated in Cav2.3
�/� mice,

indicating that complex interactions exist between the different subunits of L-type

and T-type Ca2+ channels.

6.3 Role of T-Type Ca2+ Channel in Diastolic Depolarization

The threshold of the T-type Ca2+ channel of SA nodal cells is �60 mV, and the

maximal activation voltage varies from �40 mV to �10 mV (Cho et al. 2003; Ono

and Iijima 2005). Thus, not only are T-type Ca2+ channels abundant in the SA node,

but they are activated at low thresholds (�50 mV) in contrast to the higher threshold

(�30 mV) of the L-type Ca2+ channel, making them supposedly ideal for diastolic

depolarization, which commonly ranges from �65 to �40 mV (Mangoni

et al. 2006a). However, the T-type Ca2+ channel begins inactivation at �90 mV

and is fully inactivated by �40 mV (Ono and Iijima 2005). Hence, ICa,T has been

called the “tiny and transient” current, which prevents it from carrying much inward

current to affect pacemaker depolarization.

A key question that remains unanswered is the physiological function of the

T-type Ca2+ channel. After all, there are more T-type Ca2+ channels in the SA node

than in any other cardiac cell type. In their pioneer study, Hagiwara et al. (1988)

found that treatment of beating SA nodal cells with either Ni2+, a specific inhibitor

of the T-type Ca2+ channel, or an agent that promotes the release of Ca2+ from the

sarcoplasmic reticulum during the systolic phase of the Ca2+ cycle induces brady-

cardia, an effect attributed to reduced rates of pacemaker depolarization. Ono and

Iijima (2005) have suggested that Ni2+ may suppress Ca2+ sparks, which ordinarily
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contribute to pacemaker potential by activating an inward Na+/Ca2+ exchange

current. This view was further supported by the observations that other T-type

Ca2+ channel antagonists, mibefradil and R(-)efonidipine, also suppress the later

phase of pacemaker depolarization, with suppression greatest in animals with the

highest density of T-type Ca2+ channels (Masumiya et al. 1998; Tanaka et al. 2008).

Cav3.1
�/� mice lack ICa,T in SA node cells, a change that results in slower rates

of pacemaker activity caused by a reduction in the diastolic depolarization slope

(Mangoni et al. 2006b). The prolongation of SA node recovery also appears related

to diminished T-type Ca2+ channel activity. However, maximum diastolic potential,

action potential duration, and amplitude and threshold were largely unchanged in

Cav3.1
�/� mice.

6.4 T-Type Ca2+ Channels in AV Nodal, Purkinje, and Bundle
of His Cells

Both T- and L-type Ca2+ channels are present in atrioventricular (AV) nodal cells.

Mangoni and coworkers (Mangoni et al. 2006b; Marger et al. 2011) found that

Cav1.3
�/� mice exhibit a severe reduction in AV nodal conductance, accompanied

by severe disruption of diastolic depolarization, characterized by subthreshold

membrane potential oscillations without spontaneous automaticity. Interestingly,

pacemaking could not be restored with isoproterenol in Cav1.3
�/� mice; thus,

Cav1.3 is required for normal AV nodal conduction and is indispensible to diastolic

depolarization, as pacemaker activity in Cav1.3
�/� mice is completely silent under

normal physiological conditions (Platzer et al. 2000; Zhang et al. 2002; Marger

et al. 2011). A role for the T-type Ca2+ channel in AV conductance has also been

proposed, as AV conduction slows in Cav3.1
�/� mice but not in Cav3.2

�/� mice

(Mangoni et al. 2006b). Moreover, maximal rates of diastolic depolarization are not

attainable in Cav3.1
�/� mice, indicating that Cav3.1 plays a role in setting maximal

pacing rates (Marger et al. 2011). In canine Purkinje fibers, the mRNA for Cav1.2 is

~100-fold more abundant than that for either Cav3.1 or Cav3.3, with only Cav3.2

present in high levels, suggesting that the T-type Ca2+ channel only plays a minor

role in the action potential of the cell type (Rosati et al. 2007).

6.5 Role of L-Type and T-Type Ca2+ Channels in Atrial
Remodeling

Atrial fibrillation is a common arrhythmia among the elderly that tends to become

persistent over time. Wijffels et al. (1995) found that episodes of atrial fibrillation

induce electrical remodeling of the atria that prolongs the period of atrial fibrillation

(atrial fibrillation begets atrial fibrillation). A prominent feature of electrical

remodeling induced by rapid stimulation is shortening of action potential duration

secondary to the downregulation of the α1C subunit of the L-type Ca2+ channel

(Yang et al. 2005). However, in human atrial fibrillation, the decrease in L-type Ca2+
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channel activity is associated with a downregulation of all channel subunits, with

the greatest decline detected in the α2 δ subunit (Grammer et al. 2001). The

resulting decline in ICa,L protects the myocyte against Ca2+ overload, which is

considered the trigger for development of atrial remodeling. Inhibition of the

L-type Ca2+ channel was found to cause modest to no protection against atrial

remodeling while the combination of an L- type and T-type Ca2+ channel antagonist

was found in several studies to be more effective in preventing atrial pacing-

mediated electrical remodeling than treatment with the L-type type Ca2+ channel

antagonist (Fareh et al. 2001; Ohashi et al. 2004). T-type Ca2+ channel inhibition

has also been shown to prevent sudden arrhythmic death in patients with chronic

heart failure (Kinoshita et al. 2009). However, a recent study challenged the utility

of T-type Ca2+ channel blockade in preventing atrial fibrillation-related

remodeling, as the more selective T-type Ca2+ channel antagonist AZ9112 was

incapable of preventing atrial fibrillation-mediated remodeling (Kato et al. 2014).

6.6 Role of L-Type and T-Type Ca2+ Channels in Ischemic
Injury

Calcium overload is a major cause of ischemia–reperfusion injury. During an

ischemic insult, elevations in the intracellular concentration of metabolic

intermediates, such as lactate, coupled with enhanced hydrolysis of ATP lead to

the accumulation of [H+]i. The resulting decrease in pHi serves as the driving force

behind cellular extrusion of H+ in exchange for Na+ via the Na+/H+ exchanger. The

hydrolysis of ATP and subsequent decline in ATP content has another adverse

effect, namely, diminished Na+–K+ ATPase activity, which is associated with an

elevation in [Na+]i. The depolarization of the plasma membrane, coupled with the

increase in [Na+]i, stimulates reverse flux through the Na+/Ca2+ exchanger resulting

in an increase in [Ca2+]i. Upon reperfusion, the combination of enhanced Na+

uptake via the Na+/H+ exchanger coupled to Ca2+ influx via the Na+/Ca2+

exchanger leads to intracellular Ca2+ overload. Although a significant increase in

[Ca2+]i can activate several potentially damaging enzymes, such as the protease,

calpain (Sandmann et al. 2002), and the hydrolase, phospholipase A2, the most

injurious action of Ca2+ overload is severe mitochondrial disruption. The uptake of

Ca2+ by the mitochondria can trigger the mitochondrial permeability transition to

initiate apoptosis (Murphy and Steenbergen 2008).

One of the major causes of mortality during an ischemia–reperfusion insult is the

development of ventricular arrhythmias. These arrhythmias are caused by several

characteristic changes in the action potential of the cardiomyocyte. First, inhibition

of the Na+–K+ ATPase, the increase in outward directed KATP current, and a

reduction in [K+]i lead to a partial depolarization of the resting membrane potential

(Akar and Akar 2007), which alters excitability rendering the cardiomyocyte more

susceptible to ectopic beats. The elevation of sympathetic activity also increases the

risk of ectopic beats by accelerating further depolarization of the cardiomyocyte. It

also diminishes the number of active Na+ channels, which lowers Vmax and
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decreases conduction velocity of the impulse generated upon stimulation, rendering

the weakened impulses more susceptible to conduction block. Second, impulse

conduction is also adversely affected by the reduction in conduction through

impaired gap junctions (Akar and Akar 2007). Third, the decline in pHi during

the ischemic phase of the insult inhibits several ion channels, including both T-type

and L-type Ca2+ channels (Delise and Satin 2000). However, a more dominant

effect is the stimulation of Ca2+ influx via the combined actions of the Na+/H+ and

the Na+/Ca2+ exchangers, events enhanced by acidosis. Ca2+ overload is a major

cause of arrhythmias, including action potential alternans, a common arrhythmia of

the ischemic heart. It can also facilitate the transition from ventricular tachycardia

to ventricular fibrillation (Akar and Akar 2007). Fourth, oxidative stress rises in the

ischemic heart, but to a much greater degree in the ischemia-reperfused heart

(Murphy and Steenbergen 2008). Among other actions, ROS can increase calcium

oscillations (Coetzee and Opie 1987). Fifth, catecholamines promote Ca2+ overload

in the ischemia-reperfused heart by stimulating Ca2+ uptake via the L-type Ca2+

channel, an effect likely responsible for the antiarrhythmic actions of the

β-adrenergic blockers (Lubbe et al. 1992).
It is widely recognized that the L-type Ca2+channel inhibitor, verapamil,

prevents the development of arrhythmias during an ischemia–reperfusion insult

(Opie et al. 1998). However, the L-type Ca2+channel antagonists also depress

contractile function, suppress AV nodal conduction, and cause severe hypotension

(Curtis and Walker 1986; Muller et al. 1998). The most intriguing evidence that the

T-type Ca2+channel might play a role in post-myocardial infarction injury is based

on the reported effects of mibefradil. Using a pig model of acute myocardial

ischemia, Muller et al. (1998) studied the effect of mibefradil therapy on the

condition of the ischemia-reperfused heart (administered as a bolus of 1 mg/kg

body wt 30 min prior to coronary artery ligation and as an infusion of 2 mg/kg/

h during the 20 min period of ischemia and during the 25 min reperfusion phase of

the insult). They found that mibefradil suppresses ventricular arrhythmias and

ventricular fibrillation threshold without diminishing contractile function. The

possibility that T-type Ca2+channel blockade could slow heart rate and thereby

limit Ca2+-induced arrhythmias was proposed although the dose of mibefradil used

does not reduce heart rate. It was also suggested that mibefradil might improve

blood flow to the ischemic zone, as it did to the nonischemic zone. The possibility

that mibefradil might selectively inhibit L-type Ca2+ channels in depolarized tissue

was also mentioned by the authors.

In contrast to the study of Muller et al. (1998), Farkas et al. (1999) found

mibefradil only exhibited antiarrhythmic activity at a high dosage (600 nM) in

the isolated perfused rat heart subject to a regional ischemic insult. Moreover,

mibefradil caused a similar degree of AV block and coronary vasodilation as

verapamil, suggesting that the antiarrhythmic effect of mibefradil was mediated

by its weak action on the L-type Ca2+channel. Yet in a related isolated heart study,

Arh and Budihna (2000) found that mibefradil was more effective than the L-type

Ca2+channel antagonist, nitrendipine, in diminishing the number of arrhythmic

events and lactate dehydrogenase release, a sign of myocardial damage. The
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same group subsequently found that mibefradil (0.1 μM) was more effective than

verapamil (0.1 μM) in preventing ischemia–reperfusion-mediated ventricular fibril-

lation and in improving recovery of contractile function in the reperfused guinea

pig heart. The differences between the mibefradil-treated groups and the verapamil-

treated groups were amplified in guinea pigs suffering from acute rental failure, a

condition associated with more sustained bouts of ischemia–reperfusion-mediated

ventricular fibrillation and contractile failure than the normal guinea pig heart

subjected to an ischemia–reperfusion insult (Kuhar et al. 2004). Thus, in a species

(guinea pigs) with an abundant number of T-type Ca2+channels, inhibition of the

T-type and L-type Ca2+channels with mibefradil is more effective at reducing

ischemia–reperfusion injury than inhibition of only the L-type Ca2+channel with

the antagonist verapamil. According to Mocanu et al. (1999), mibefradil

preconditions the isolated rat heart, an effect abolished by glibenclamide suggesting

that the L-type and T-type Ca2+channel blocker may protect the ischemia-

reperfused heart by opening the KATP channel. In agreement with the study of

Mocanu et al. (1999), Pastukh et al. (2005) found that preconditioning of the

neonatal cardiomyocyte with high glucose medium is prevented by angiotensin

II, an effect blocked by the T-type Ca2+channel antagonist, mibefradil, and a Na+/

H+ exchange antagonist. Thus, elevations in [Ca2+]i by any number of sources,

including those from the L-type Ca2+ channel, not only worsen ischemia–reperfu-

sion injury but also antagonize preconditioning. Mozaffari et al. (2006) also found

that mibefradil (0.3 μM) specifically attenuates the extension of infarct size

mediated by elevations in afterload pressure from 80 to 160 cm H2O while

improving recovery of contractile function and attenuating the increase in

end-diastolic pressure of the perfused rat heart. By comparison, the reduction in

infarct size by L-type Ca2+channel blockade (diltiazem, 10 μM) was associated

with a decrease in contractile function in both the nonischemic and reperfused

heart.

Although most studies have reported a beneficial effect of mibefradil against

ischemia–reperfusion injury, its limited selectivity has clouded the role of the

T-type Ca2+ channel in the improvement of tissue damage. This limitation is

overcome in mouse lines that overexpress or downregulate subunits of the T-type

Ca2+channel, Cav3.1 and Cav3.2. Using this approach, Quang et al. (2011) found no

difference in infarct size between either Cav3.1 and Cav3.1
�/� or Cav3.2 and

Cav3.2
�/� measured 4 weeks after occlusion of the left anterior descending coro-

nary artery. However, the method used to measure infarct size in their study did not

employ the standard method of determining infarct size, area at risk. Rather, the

infarct size data merely indicated that the area at risk was identical in the two

experimental groups. Hence, the major conclusion of the study is that Cav3.1 plays

a role in postischemic ventricular remodeling while Cav3.2 is without any effect on

remodeling. Pastukh et al. (2010) also observed that downregulation of the Cav3.1

T-type Ca2+ channel attenuated energy deficiency-mediated Ca2+ accumulation and

cell death in neonatal cardiomyocytes incubated with medium containing metabolic

inhibitors (deoxyglucose and the electron transport chain inhibitor amobarbital).
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The authors proposed that the Cav3.1 T-type Ca
2+ channel plays a role in ischemia–

reperfusion injury.

Conclusions

Traditionally, three mechanisms were thought to contribute to pacemaker cur-

rent: IK decay, If, and ICa. Calcium current is derived from both the L-type and

T-type Ca2+ channels, with the Cav1.3 and Cav3.1 subunits playing the most

important roles in diastolic depolarization. Several studies have concluded that

both the L-type and T-type Ca2+ channels play a role in atria fibrillation-induced

atrial remodeling, as antagonists blocking both types of Ca2+ channels are more

effective than those that just block the L-type Ca2+ channel. However, a recent

study using a more specific T-type Ca2+ channel antagonist (AZ9112) challenges

this notion, raising the need for further studies.

Calcium overload is an important mechanism of ischemia–reperfusion injury,

including the development of ventricular arrhythmias. Several mechanisms

contribute to the accumulation of excessive levels of intracellular Ca2+ during

an ischemia–reperfusion insult, including the Na+/Ca2+ exchanger, the L-type

Ca2+ channel, and the T-type Ca2+ channel. Interest in the use of T-type Ca2+

channel antagonists arose because the L-type Ca2+ channel antagonists, while

effective at diminishing tissue injury and the development of ventricular

arrhythmias, also decrease contractile function, in contrast to T-type Ca2+

channel antagonists that can benefit the ischemia-reperfused heart without

decreasing contractile function. The T-type Ca2+ channel antagonist, mibefradil,

has the added benefit of protecting the heart by preconditioning it. The major

T-type Ca2+ channel subunit implicated in ischemia–reperfusion injury is

Cav3.1, although further studies examining the contribution of Cav3.2 are

warranted. Because Ca2+ overload is a major cause of myocardial damage during

both the ischemic and reperfusion phases of an ischemia–reperfusion insult,

clarification of the contribution of the T-type Ca2+ channel in promoting ische-

mic and reperfusion damage has important clinical implications. It is attractive

to consider that selective T-type Ca2+ channel antagonists might serve an

important role in diminishing Ca2+-mediated cardiac injury while preventing

the loss of contractile function.
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Link Between Absence Seizures and T-Type
Calcium Channels 7
Yucai Chen and W. Davis Parker

Abstract

An animal model of human absence epilepsy containing a G to C mutation of the

Cav3.2 T-type Ca2+ channel gene (Cacna1h) ties together the gene mutation,

increased T-type Ca2+ channel activity and the epileptic phenotype. Mice lacking

a related gene (Cacna1a) also show enhanced T-type Ca2+ current and increased

susceptibility to absence seizures. On the other hand, mutations that decrease

T-type Ca2+ channel activity in thalamocortical relay neurons display no spike–

wave discharges associated with absence seizures. These animal models are

supported by genetic studies showing defects in T-type Ca2+ channel function in

humans suffering from epilepsy. Thus, in both human and animal studies, T-type

Ca2+ channel antagonists show promise in the treatment of absence seizures.

7.1 Introduction

Epilepsy is a disorder of the brain characterized by an enduring predisposition to

generate epileptic seizure and by the neurobiological, cognitive, psychological, and

social consequences of this condition (Fisher et al. 2005). An epileptic seizure is

defined as a transient symptom of abnormal excessive or synchronous neuronal

activity in the brain (Fisher et al. 2005). Absence seizures are ascribed to a brief,

sudden lapse of consciousness and are considered one of the more common

epileptic seizures. Impairment of consciousness and EEG generalized spike–slow

wave discharges (SWDs) are two essential characteristics of absence seizure

(Panayiotopoulos et al. 1989).

The neurons in the reticular thalamic nucleus (RT), thalamic relay neurons

(thalamocortical (TC) neurons), and neocortical pyramidal cells comprise a circuit
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that participates in the formation of sleep. An alteration in this circuitry is believed

to be involved in the mechanism of spindles and spike–wave discharges (SWD) and

absence seizures (Steriade 1974; Steriade and Contreras 1995; Futatsugi and

Riviello 1998; Timofeev et al. 1998; Fuentealba and Steriade 2005; Pinault and

O’Brien 2005). Studies have shown that thalamocortical circuits govern the rhythm

of cortical excitation by the thalamus and underlie normal physiologic patterns such

as those that occur during sleep. The thalamic relay neurons can activate the cortical

pyramidal neurons either in a tonic mode, which occurs during wakefulness and

rapid-eye-movement (REM) sleep, or in a burst mode, which occurs during

non-REM sleep (Steriade et al. 1993). The burst mode is created by T-type calcium

channels, which allow for low-threshold depolarization that generates bursts of

action potential when voltage-gated sodium channels are generated (Perez-Reyes

et al. 1998). The character of tonic or burst firing in the thalamocortical circuit is

primarily controlled by input from the thalamic reticular neurons, which hyperpo-

larize the relay neurons, allowing them to fire in bursts (Chang and Lowenstein

2003). In the normal awake state, the thalamic relay neurons fire in the tonic mode,

and thalamocortical projections transfer sensory information to the cortex in a

nonrhythmic manner. However, in absence seizures, the abnormal circuit causes

rhythmic activation of the cortex during wakefulness and results in SWD and

clinical manifestations of impairment of consciousness (Kostopoulos 2001).

Three different T-type calcium channels express T-type currents: alpha 1G

(Cacna1g, Cav3.1), alpha 1H (Cacna1h, Cav3.2), and alpha 1I (Cacna1i, Cav3.3)
(Cribbs et al. 1998; Perez-Reyes et al. 1998, 1999; Lee et al. 1999; Perez-Reyes

2003). Considerable data suggest that abnormal T-type current may be the primary

culprit in the formation of absence seizures: (1) mutations of the human and mouse

Cacna1a calcium channel gene, mutations of the Cacna1a’s ancillary genes, and

knockout of the Cacna1a initiate a complex absence-associated epileptic condition

that is associated with an ataxia phenotype. In these mutated mice, elevated

neuronal low-voltage-activated T-type calcium currents influence thalamocortical

network activity and contribute to the generation of cortical spike–wave discharges

(SWDs) associated with absence seizures (Zhang et al. 2002, 2004; Ernst

et al. 2009). (2) Genetic absence epileptic rats from Strasbourg (GAERS), which

present with recurrent generalized nonconvulsive seizures characterized by bilat-

eral and synchronous spike–wave discharges (SWDs) and accompanied with

behavioral arrest and staring (Marescaux and Vergnes 1995), exhibit elevated

thalamic T-type current and increased cacna1g and Cacna1h mRNA expression

(Tsakiridou et al. 1995; Talley et al. 2000). More recently, data have shown that a

Cav3.2 T-type calcium channel point mutation mediates splice-variant-specific

effects on function, and the mutation correlates directly with the epileptic pheno-

type in the GAERS animal model (Powell et al. 2009). (3) Overexpression of

Cacna1g in mice results in spike–wave discharges and pure absence seizures

(Ernst et al. 2009), while mice lacking Cacna1g T-type calcium channels exhibit

no burst firings in thalamic relay neurons and are resistant to absence seizures (Kim

et al. 2001; Song et al. 2004). (4) Gain-of-function polymorphisms in the human

Cacna1h gene prevail in patients with absence seizures (Chen et al. 2003a;
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Khosravani et al. 2004, 2005; Lu et al. 2005; Vitko et al. 2005; Peloquin et al. 2006;

Heron et al. 2007). Moreover, functional polymorphisms in the CACNA1G gene

have been also detected in a related juvenile absence syndrome (Singh et al. 2007).

(5) Full antagonism of a T-type calcium channel can inhibit absence seizures and

reduce the duration and cycle frequency of SWD (Barton et al. 2005; Tringham

et al. 2012).

7.2 Low-Threshold Calcium Current from T-Type Calcium
Channels Gene Is Involved in the Formation of Absence
Seizures

The major characterizations of T-type channels include low-voltage thresholds for

activation and inactivation, fast inactivation, and small single channel conductance

in isotonic Ba2+ (Perez-Reyes et al. 1999). In neurons, calcium influx through

T-type calcium channels triggers low-threshold spikes, which in turn activates a

burst of action potentials mediated by sodium channels (burst firing). Burst firing is

thought to play an important role in the synchronized activity of the thalamus

observed in absence epilepsy (Perez-Reyes 2003).

7.2.1 Calcium-Dependent Burst Firing, Driven by T-Type Calcium
Currents, Is Necessary for the Genesis of Spike–Wave
Discharge of Absence Seizures

Cortical neurons directly innervate reticular and thalamocortical neurons, whereas

the reticular neurons (RT) provide GABAergic projections onto each other and onto

thalamocortical neurons, which in turn synapse onto neocortical neurons. The

thalamus receives most sensory input; the primary source of excitatory synapses

projecting to the thalamus is from the cortex (Liu et al. 1995; Erisir et al. 1997a, b;

Khosravani and Zamponi 2006). Both neocortical and thalamocortical cells have

excitatory projections back to reticular neurons. The activity of the circuit is further

regulated via thalamic local circuits and neocortical interneurons (Steriade

et al. 1993). The circuit containing the reticular thalamic nucleus (RT), thalamic

relay neurons, and neocortical pyramidal cells has been implicated in the formation

of sleep spindles and spike–wave discharges and is involved in the mechanism of

absence epilepsy (Futatsugi and Riviello 1998). Thalamic neurons fire in two

different modes, burst or tonic (Steriade et al. 1993; Ramcharan et al. 2000;

Sherman 2001). The state of the neurons determines the mode of firing:

inhibition-induced hyperpolarization leads to burst firing, while excitation-

mediated depolarization leads to tonic firing (Steriade et al. 1993). T-type calcium

channels underlie burst firings (Cain and Snutch 2013). The entry of calcium ions

through T-type calcium channels leads to the depolarization of the membrane,

allowing T-type current to generate low-threshold spikes (LTS) that trigger bursts

of sodium-dependent action potentials (Perez-Reyes 2003; Cain and Snutch 2010).
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However, T-type calcium channels remain inactive when the membrane potential is

in its resting state. The channels must first recover from inactivation by membrane

hyperpolarization below the resting potential. They then can be activated by small

depolarizations driven by hyperpolarization-activated current (IH currents). When

activated, T-type channels produce low-threshold calcium currents which induce

rebound excitation above threshold that in turn triggers the generation of a burst of

action potentials. Therefore, inhibitory inputs are essential for burst firings by

neurons, which play a central role in the pathogenesis of absence epilepsy

(McCormick and Bal 1997; Perez-Reyes 2003).

RT neurons are regarded as pacemakers of spindles and play a central role in

spindle oscillations involved in early sleep (Steriade et al. 1985, 1986, 1987;

Fuentealba and Steriade 2005). They are also thought to inhibit thalamocortical

neurons during cortically generated spike–wave (absence) seizures, which may

explain the obliteration of input from external stimuli and unconsciousness during

epileptic fits (Fuentealba and Steriade 2005). More recent data have shown that an

alteration in the firing properties of thalamocortical relay (TC) nuclei, caused by a

disruption of a Cacna1g single gene in mice, is sufficient to induce absence seizures

(Kim et al. 2001; Song et al. 2004; Ernst et al. 2009).

7.2.2 Absence Seizure Animal Model GAERS Has Alternative
Alpha1 H Transcripts and Selectively Increases T-Current
in RT Neurons

In genetic absence epileptic rats from Strasbourg (GAERS), 100 % of the rats

present with recurrent generalized nonconvulsive seizures characterized by bilat-

eral and synchronous spike–wave discharges (SWD) accompanied by behavioral

arrest, staring, and sometimes twitching of the vibrissae. Spontaneous SWD (7–11

cps) start and end abruptly on a normal background EEG at a mean frequency of 1.5

per minute. In GAERS, drugs effective against absence seizures in humans suppress

the SWD in a dose-dependent manner, whereas drugs specific for convulsive or

focal seizures are ineffective (Marescaux and Vergnes 1995). The many similarities

between GARES and human absence seizures support using this type of genetic

rodent model, as it likely plays an important role in understanding the causes of

human absence seizures. Early research showed that T-type current is selectively

increased in the RT neurons of GAERS (Tsakiridou et al. 1995). A further study

using a quantitative in situ hybridization technique demonstrated a significant,

albeit small, elevation in T-type calcium channel mRNA (alpha 1G and alpha

1H) in the thalamus of GAERS (Talley et al. 2000). Moreover, a mutation of

alpha 1H gene in GAERS was discovered, which correlates with the number and

frequency of seizures in progeny of an F1 intercross. This mutation, R1584P, is

located in a portion of the III–IV linker region in Cav3.2 at Exon24. There are two

major thalamic Cacna1h splice variants in GAERS, either with or without Exon25

introduced into the splice. The variants act “epistatically” and require the presence

of Exon25 to produce significantly fast recovery from channel inactivation and
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great charge transference during high-frequency bursts. Of particular interest is that

the ratio of Cav3.2 (+25 Exon) mRNA to Cav3.2 (�25 Exon) mRNA is greater in

the thalamus of GAERS animals compared with non-epileptic controls, which

suggests that the relative proportion of Cav3.2 (+25) to Cav3.2 (�25) is subject

to transcriptional regulation (Powell et al. 2009).

7.2.3 The Absence Seizures Associated with Mutations of Cacna1a,
and Cacna1a’s Ancillary Calcium Channel Subunits in Mice
Are the Results of Indirect Potentiating T-Type Calcium
Current

The Cacna1a gene encodes the transmembrane pore-forming subunit of the P-/Q-

type or CaV2.1 voltage-gated calcium channel, which are the principal channels

supporting neurotransmitter release in the mammalian central nervous system

(Westenbroek et al. 1995). Cacna1a genes are profoundly expressed in the cell

bodies and dendrites of cerebellar Purkinje and granule cells (Westenbroek

et al. 1995). Dominant mutations in Cacna1a are associated with episodic ataxia

type 2, familial hemiplegic migraine type 1, and spinocerebellar ataxia type 6, and

7 % have absence epilepsy (Rajakulendran et al. 2010, 2012). Several spontane-

ously occurring homozygous mouse mutants of Cacna1a are good research models

of human absence epilepsy, having provided information on tottering, leaner,

rocker, rolling Nagoya, lethargic, ducky, and stargazer (Fletcher et al. 1996; Bur-

gess and Noebels 1999a, b; Fletcher and Frankel 1999). These strains exhibit

episodes of motor arrest with spike–wave EEG similar to that seen in human

absence epilepsy but also show cerebellar degeneration, ataxia, and dystonia. It

has been observed that a 45 % increase in peak current densities of T-type calcium

channel currents is evoked at �50 mV from �110 mV in tottering (Cav2.1/alpha

1A subunit), lethargic (β4 subunit), and stargazer (γ4 subunit) mice compared with

wild type. The half-maximal voltages for steady-state inactivation of T-type cal-

cium channel currents were shifted in a depolarized direction by 7.5–13.5 mV in

these three mutants (Zhang et al. 2002); these data demonstrate that a mutation in

Cacna1a or in its regulatory subunit genes increases intrinsic membrane excitability

in thalamic neurons by potentiating T-type calcium channel currents. Another

example of Cacan1a mutations that correlate with absence seizure comes from

the Cacna1a knockout mice. Mice with a null mutation of Cacna1a (alpha1A�/�)

are susceptible to absence seizures characterized by typical spike–wave discharges

(SWDs) and behavioral arrests. Isolated thalamocortical relay (TC) neurons from

these knockout mice show increased T-type calcium currents in vitro (Song

et al. 2004).
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7.2.4 Mice with Genetically Modified T-Type Calcium Channels
Show Aberrant t-Current Implicated in the Genesis
of Absence Seizures

7.2.4.1 Cav3.1 Genetically Modified Mice
Mice with a null mutation of the alpha 1G subunit of the T-type calcium channel

lack the ability to generate burst mode action potentials but show the normal pattern

of tonic mode firing. The thalamus in these alpha 1G-deficient mice is specifically

resistant to the generation of spike–wave discharges in response to GABA

(B) receptor activation (Kim et al. 2001). Therefore, alpha 1G T-type calcium

channels are thought to play a critical role in the genesis of absence seizures in

the thalamocortical pathway by modulation of the intrinsic firing pattern (Kim

et al. 2001). This idea was further supported by Cacna1a (�) and Cacna1g (�)

double mutation mice, which demonstrate that generation of SWDs in mutant

Cacna1a is suppressed by the deletion of the Cacna1g gene. Cross-breeding alpha

1A�/�mice with mice harboring a null mutation of alpha 1G show a complete loss

of T-type calcium current in TC neurons and display no SWDs. Similar results were

obtained using double-mutant mice harboring the alpha 1G mutation plus another

mutation such as lethargic (beta4(lh/lh)), tottering (alpha1A(tg/tg)), or stargazer

(gamma2(stg/stg) (Song et al. 2004). More importantly, two BAC transgenic

murine lines which overexpress the Cacna1g gene induce pure absence epilepsy

through genetic enhancement of the thalamocortical network (Ernst et al. 2009).

7.2.4.2 Knockout of Cav3.2
In Cav3.2 knockout (KO) mice, the burst of RT neurons has a lower spike

frequency and less prominent acceleration-deceleration change. In contrast,

ventroposterior neurons (VP) of Cav3.2 KO mice showed a higher ratio of bursts

and a higher discharge rate within a burst than those of the wild-type (WT) control.

In addition, the long-lasting tonic episodes in RT neurons of the Cav3.2 KO have

less stereotypic regularity than episodes in their WT counterparts (Liao et al. 2011).

Another example of cacna1h gene’s implication in epileptogenesis originated from

the observation of the pilocarpine model of epilepsy. According to one report, there

is a transient and selective upregulation of Cav3.2 subunits at the mRNA and

protein levels after pilocarpine-induced status epilepticus. These functional

changes are absent in mice lacking Cav3.2 subunits. Essentially, the development

of neuropathological hallmarks of chronic epilepsy, such as subfield-specific neu-

ron loss in hippocampal formation and mossy fiber sprouting, is almost completely

absent in Cav3.2 knockout mice (Becker et al. 2008).

7.2.4.3 Knockout of Cav3.3
There are two T-type calcium channel genes expressed in the nucleus reticularis

thalami (RT), Cav3.2 and Cav3.3, with the Cav3.3 protein being more abundantly

expressed. In the transgenic CaV3.3�/� murine line, the absence of Cav3.3

channels in RT cells prevented oscillatory bursting in the low-frequency (4–
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10 Hz) range but spared tonic discharge. In contrast, adjacent TC neurons

expressing Cav3.1 channels retain low-threshold bursts (Astori et al. 2011).

7.2.5 Antiseizure Drugs and T-Type Calcium Channel

T-type calcium channels play an important role in the generation and maintenance

of SWDs in absence seizures. Decreasing the functions of alpha 1G, alpha 1H, and

alpha 1I through the use of antiepileptic drugs may play a role in reducing absence

seizures by decreasing excitability in thalamic circuits and the ability to recruit

network oscillatory activity in thalamic and thalamocortical circuits. Ethosuximide

(ETX), a known antiepileptic drug effective in the treatment of generalized absence

seizures, was shown to block T-type calcium channels in thalamic relay neurons

(Leresche et al. 1998; Barton et al. 2005; Broicher et al. 2007). A new study

identified two T-type calcium channel blockers, Z941 and Z944, with attenuated

burst firing of thalamic reticular nucleus neurons in GAERS. Z941 and Z944

suppress absence seizures by 85–90 % and reduce both the duration and the cycle

frequency of SWDs in GAERS. It has been suggested that Z941 and Z944 likely

target the predominant neural circuitry involved in SWDs by inhibiting the

ictogenic properties of the cortical neurons, as well as by disrupting the resonant

circuitry of the thalamocortical and RT neurons (Tringham et al. 2012). The ability

of the T-type calcium channel antagonists to inhibit absence seizures and reduce the

duration and cycle frequency of spike–wave discharges also suggests that T-type

current generated by T-type calcium channels is a key component in the formation

of absence seizures.

7.3 Genetics of Absence Seizure

Twin studies have provided convincing evidence implicating genetic influences in

the development of absence seizures. The concordance for the presence of child-

hood absence epilepsy is 70–85 % and 33 % in monozygotic twins and first-degree

relatives, respectively (Crunelli and Leresche 2002). Therefore, idiopathic epilepsy

is regarded as primarily genetic but may be polygenic, with different variant alleles

working together to contribute to the symptoms of epilepsy (Mulley et al. 2005).

Over the past decade, a number of genes have been associated with rare monogenic

and idiopathic epilepsies that have relatively simple inheritance. These studies

revealed the importance of ion channel genes in epilepsy, but these mutations

occur only in rare monogenic epilepsy syndrome (Lu andWang 2009) and therefore

may not be applicable to common seizures. The complex genetics of idiopathic

epilepsy, which involves multiple alleles working together, means that the tradi-

tional method of seeking pathological genes through genetic linkage may not be a

good strategy in this type of disease. Direct sequencing of candidate genes for rare

functional variants based, focusing on selected mechanisms to identify the suscep-

tibility genes of absence seizure, is a better option (Lowenstein and Messing 2007).
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Patients with childhood absence epilepsy (CAE) have the following specific

characteristics: (1) onset in childhood, which may remit in the adult; (2) brief

absence seizures (~4–20 s) that occur frequently, sometimes hundreds per day,

characterized by 3 Hz spike wave on their EEG; (3) the symptoms of CAE can be

activated by hyperventilation or light stimulation; (4) it is genetically predisposed,

with a 16–45 % positive family history; (5) T-type calcium channel blockers, which

attenuate thalamic burst firing and suppress absence seizures, are very effective

drugs in treating patients with CAE; and (6) no abnormal radiological finding, and

patients are otherwise neurologically normal (Porter 1993; Crunelli and Leresche

2002). These unique characteristics of CAE suggest that there are some genes that

correlate with the maintenance of thalamocortical synchronization and both cogni-

tive and brain development may be improperly expressed. The gene’s expression

may be increased in the early developmental stage of the brain but decrease or

become silent in the adult. Environmental factors may also affect gene expression.

Research information indicates that the circuit neurons of the reticular thalamic

nucleus (RT), thalamic relay cells, and neocortical pyramidal cells comprise a

circuit implicated in the formation of sleep spindles and spike–wave discharges

and the mechanisms of absence epilepsy. Therefore, factors that interfere with this

circuit may lead to absence seizures. The mice of alpha (1G)-deficient thalamus are

specifically resistant to the generation of spike–wave discharges in response to

GABA (B) receptor activation (Kim et al. 2001). On the other hand, transgenic

murine lines overexpressing the Cacna1g gene induce pure absence epilepsy

through genetic enhancement of the thalamocortical network (Ernst et al. 2009).

One can infer from these findings that pure absence seizures in human beings, such

as typical CAE, may originate from enhanced T-type current due to mutations or

alternative transcripts of the three T-type calcium channel genes. The identification

of T-type variants implicated in common complex epilepsy provides an important

step for us in understanding this complex genetic disease.

7.3.1 CACNA1H Is a Susceptibility Gene of Idiopathic Epilepsy

7.3.1.1 Variants of CACNA1H Gene Detected in Patients with CAE
We have conducted direct sequencing of exons 3–35 and the exon–intron

boundaries of the Cacna1h gene in 118 patients with CAE of Han ethnicity

recruited from Northern China. Sixty-eight variations have been detected in the

Cacna1h gene, and, among the variations identified, 12 were missense mutations

and found in only 14 of the 118 patients in a heterozygous state but none in the

230 unrelated controls. The identified missense mutations occurred in highly

conserved residues of the T-type calcium channel gene. These mutations were

further introduced into human Cav3.2 cDNA and transfected into HEK-293 cells

for whole-cell patch-clamp recordings. Computer simulations predicted that some

mutations favor burst firings. More experimental evidence revealed that many

mutant channels are activated in response to small voltage changes, an alteration

in the rate of recovery of channels from their inactivated state, or an increase in the
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surface expression of the channels (Chen et al. 2003a; Khosravani et al. 2004, 2005;

Lu et al. 2005; Vitko et al. 2005; Peloquin et al. 2006).

7.3.1.2 Variants Detected in Other Types of Idiopathic Epilepsy
Research results from Heron et al. (2007) further support the original concept that

the Cacna1h gene is a susceptibility gene in absence seizure, which is also

associated with an extended spectrum of idiopathic generalized epilepsies in the

Caucasian population. In their study, 240 epilepsy patients and 95 control subjects

were tested. More than 100 variants were detected, including 19 novel variants

involving amino acid changes in subjects with phenotypes including childhood

absence seizures, juvenile absence seizures, juvenile myoclonic, and myoclonic

astatic epilepsies, as well as febrile seizures and temporal lobe epilepsy. Electro-

physiological analysis of 11 variants showed that 9 had altered channel properties,

generally in ways that should increase calcium current (Heron et al. 2007).

7.3.1.3 Variations in CACNA1G and CACNA1I in Patients with CAE
To evaluate the CACNA1G (alpha 1G) gene’s contribution to the pathological

mechanism of common children absence epilepsy, we also sequenced all of the

exons in the CACNA1G gene in 48 patients within a Chinese population with CAE

but failed to find a link between alpha 1G and human absence epilepsy (Chen

et al. 2003b). However, a recent report described several putative functional

variants of the CACNA1G gene in patients with idiopathic generalized epilepsy

(IGE). The Ala570Val variant was found in one of 123 IGE patients but was not

observed in a pool of 360 healthy controls. The Ala1089Ser substitution segregated

into three juvenile myoclonic epilepsy (JME) affected members of a two-generation

Japanese family and in one healthy control. In addition, an Asp980Asn substitution

was found in two JME patients and three control individuals (Singh et al. 2007). To

date, no report has shown a link between patients with idiopathic epilepsy and

mutations of CACNA1I (Wang et al. 2006).

7.4 Alternative Transcripts of Cacna1h Gene May Be Major
Factors Implicated in the Formation of Complex Absence
Seizures

Of the three T-type calcium channels, alpha 1G subunits are the predominant source

of T-type channels in thalamocortical relay (TC) nuclei; 1H and 1I subunits are

localized to the thalamic reticular nucleus (RT), and all three forms are found in

distinct but overlapping layers of the neocortex (Talley et al. 1999). The character-

istic of age-dependent remission in 70 % of the patients with CAE suggests that

gene dynamic expression is involved in the mechanism of CAE. Evidence has

shown that subtle modifications in T-type channel gating have profound

consequences for synaptically evoked firing dynamics in native neurons (Tscherter

et al. 2011). All three T-type calcium channel genes have multiple transcripts, and

these isoforms likely have different biophysical properties, accounting for the
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complex genetic characteristics of absence seizure. For example, both alpha 1H

(Cav3.2) and alpha 1I (Cav3.3) transcripts are expressed in RT neurons; it has been

established that Cav3.3-mediated currents generate bursts that are most closely

correlated with typical RT bursts (Cain and Snutch 2010). However, Cav3.2

channels are also expressed in RT an observation consistent with the presence of

Cav3.2-like currents in these neurons. The fast activation kinetics and the lower

threshold of activation of the Cav3.2 channels may play a critical role in the

initiation of bursts as well as the appearance of important physiological

contributions that become apparent during a series of multiple bursts (Cain and

Snutch 2010). Individuals may have diverse T-type calcium isoforms; if some of

these unique isoforms increase T-type current, they may facilitate aberrant cortical

synchronization and possibly initiate absence seizures. Therefore, the inherited

complexity of multiple variants of the T-type calcium gene may be expressed

through different T-type calcium channel genes to initiate CAE development.

The Cacna1h gene (Cav3.2) is located on chromosome 16p13.3 and expressed in

the thalamic reticular nucleus. It is often alternatively spliced and generates a

family of variant transcripts. Results on the website of National Center for Biotech-

nology Information (NCBI)’s AceView, which analyzed 115 GenBank accessions

from 104 alpha 1H cDNA clones, illustrate that the human CACNA1H gene

contains 38 distinct introns. Transcription produces 10 different mRNAs, 7 alterna-

tively spliced variants, and 3 unspliced forms. There are 3 probable alternative

promoters, 2 non-overlapping alternative last exons, and 2 validated alternative

polyadenylation sites. The mRNAs appear to differ by truncation at the 50 and 30

ends, the presence or absence of a cassette exon, and overlapping exons with

different boundaries. Structural changes created by missense mutations may differ-

entially affect the activity of alternative gene products, whereas missense, silent,

and noncoding mutations may alter developmental regulation of splice-variant

expression. Zhang’s research (Zhang et al. 2002, 2004) illustrates that the Cacan1h

gene is alternatively spliced at 12–14 sites and is capable of generating both

functional and nonfunctional transcripts. Biophysical profiles of different alterna-

tive Cav3.2 forms reveal variations in kinetics and steady-state gating parameters,

most likely related to altered membrane firing. Zhang et al. (2002, 2004) further

examined mutations of Cacna1h gene, such as C456S, D1463N, and A1765A,

which appear to be unique in Chinese CAE patients but elicit minimal or no

changes in CaV3.2 function, in relationship to candidate exonic splicing enhancer

sequences. These missense and silent mutations appear to create or change the

regulatory specificity of exonic splicing enhancer sequences that control splicing

regulation. The Cacna1h gene is highly variable. According to our data (Chen

et al. 2003a) and analysis of NCBI SNP data, the average SNP density of exons

in the Cacna1h gene is almost 1 SNP for every 48 base pairs. The average SNP

density of introns in the Cacna1h gene is almost one SNP for every 64 base pairs. It

is 40 times higher in exons and 20 times higher in introns than the average genomic

density. Many of the SNP’s allele frequency rates are above 10 %. A low/high SNP

frequency rate involves a complicated profile, where everyone can have their

personal unique SNP variant system. Variants of the Cacna1h gene may destroy,
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create, or alter the regulatory specificity of predicted exonic splicing enhancer

sequences that control splicing regulation. For example, the GAERS animal

model, which contains a point mutation of the Cacna1h gene (R1584P), contain

splice-variant-specific effects, requiring the presence of Exon25 to produce signifi-

cantly faster recovery from channel inactivation and enhanced charge transference

during high-frequency bursts (Powell et al. 2009). More research is required to

clarify how variants of the Cacna1h gene affect its transcripts and how these

alternative transcripts relate to the expression of CAE.

One of the main precipitating factors provoking CAE seizures is hyperventila-

tion. As a result, carbon dioxide levels decrease in the blood, which causes the

body’s pH to become more alkaline. Interestingly, reducing agents such as

dithiothreitol (DTT) selectively enhance native T-type current in reticular thalamic

(RT) neurons and recombinant Cav3.2 (alpha 1H) current, but not native and

recombinant Cav3.1 (alpha 1G) and Cav3.3 (alpha 1I)-based currents. Research

shows that only Cav3.2 is unregulated by reducing agents and that reducing agents

increase burst firing of RT neurons in wild-type rats and mice, but not Cav3.2

knockout mice; it also revealed an important role for the Cav3.2 isoform in thalamic

signaling (Joksovic et al. 2006). More work is required to identify a possible

connection between hyperventilation and transient elevation in T-type current,

such as alpha 1H’s T-type current in the future.

Conclusions and Future Directions

Absence seizures delineate bilaterally synchronous burst firing of an ensemble of

reciprocally connected neuronal populations located in the thalamus and neo-

cortex. Extensive research has demonstrated that both thalamic and cortical

circuits participate in spike–wave activity. The concept that the thalamocortical

circuit can become a widespread 3 Hz oscillator that disrupts either thalamic or

cortical portions of the circuit, thereby contributing to seizures, is widely

accepted by scientists. Evidence of a link between T-type calcium channel

genes and absence seizures has also received considerable support since the

introduction of absence seizure animal research models or examination of

variations in T-type calcium channel genes in patients with epilepsy. Abnormal

components, by enhancing this T-type current-associated circuit, may initiate

absence seizures. Mutations of the Cacna1a gene and its ancillary calcium

current occur in patients and mice with complex phenotypes. However,

overexpression of Cacna1g using a transgenic mouse model results in spike–

wave discharges and “pure” absence seizures. This suggests that increasing

some alternative transcripts of T-type calcium channel genes may be enough

to initiate pure type absence seizure. Extensive alternative splice isoform

profiling of humans containing Cacna1h, Cacna1g, and Cacna1i genes

demonstrates highly diversified T-type channel mRNA transcript populations

with distinct electrophysiology properties (Cain and Snutch 2010). The genetic

complexity of CAE may arise from different genes or one gene with differential

alleles that work together to lead to abnormal enhancement of T-type current. As

our data illustrate, the Cacna1h gene has a high degree of variation in each
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individual. Variants of this T-type calcium channel genes may alter channel gate

character, increase gene expression levels, or create expressive alternative

transcripts. These complexities result in elevations in T-type current, which in

turn enhances the bursting activity of thalamic neurons, thereby increasing the

ability to recruit network oscillatory actions in the thalamocortical circuits and

initiate absence seizures. In the near future, more work is required on the

relationship between variants and alternative transcripts in the role of absence

seizure. The characteristic remission of absence seizures with age suggests that

gene expression is involved in the mechanism of CAE. Valuable information can

be gleaned from research examining the dynamic epigenetic process of T-type

calcium channels.
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Regulation of T-Type Ca2+ Channels
in Cancer Cell Cycle 8
Jonathan E. Pottle and Lloyd S. Gray

Abstract

Calcium signaling plays an important role in the regulation of cell cycling. Cells

passing from G1 to S require both extracellular calcium and functional plasma

membrane calcium channels in order to activate various downstream enzymes,

such as ribonucleotide reductase, thymidine kinase, thymidylate synthase, and

DNA polymerase. Fast proliferating cancer cells contain higher levels of basal

[Ca2+]i than normal epithelial cells. Indeed, in order to compensate for the

increased requirement for Ca2+ during periods of high rates of cell proliferation,

cancer cells frequently express more T-type Ca2+ channels to provide an extra

source for Ca2+ influx. Thus, blockade of T-type Ca2+ channels in cancer cells

can synchronize the pace of cell cycling. Using such an “interlaced” therapeutic

approach could enhance the effectiveness of chemotherapy. For example, if

T-type Ca2+ channel blockers stopped proliferating cells near the G1/S check-

point of the cell cycle, then at the cessation of calcium channel blocker treatment

a relatively large population of tumor cells would enter S phase and be suscepti-

ble to S phase-specific chemotherapy.

8.1 Calcium and Cell Proliferation

Calcium is one of the most essential and ubiquitous signal transduction elements in

eukaryotic cellular functions, including action potentials, secretion, and motility

(Ferrante and Triggle 1990; Zamponi and Snutch 1998; Zhuang et al. 2000; Jones
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1998). Precise control of intracellular calcium levels is also crucial in cell cycle

progression and regulation (Ciapa et al. 1994; reviewed in Capiod 2011). Indeed,

unchecked increases in intracellular calcium or dysfunctional calcium signaling can

start a series of events that end in cell death (Choi 1987). Therefore, exquisite

regulation of calcium signaling is vital to ensure cell growth and survival. Proper

stimulation can lead to increases in cytosolic calcium into the micromolar concen-

tration range via intracellular calcium store release through ryanodine receptors

(RyR) and/or inositol trisphosphate receptors (IP3R) and calcium influx through

plasma membrane voltage- and/or ligand-gated calcium channels. Calcium flows

into the cytosol down the large electrochemical gradient established between the

extracellular medium (1.3–2 mM) and the cytosol (<100 nM).

Calcium signaling plays an important role in the regulation of cell cycling. The

cell cycle is descriptively divided into four sequential phases: G1, S, G2, and

M. The S phase is characterized by DNA synthesis, while mitosis is the defining

event of M phase. The transitions from G1 to S and G2 to M are characterized by

restriction points through which a cell must pass to continue proliferation. If a cell is

not of the proper disposition to pass through the G1/S checkpoint, it exits the cell

cycle into a G0 phase and either differentiates or otherwise terminates. Passage

through the restriction points requires a number of signals, such as appropriate

calcium levels. For instance, introduction of exogenous calcium initiates mitosis in

fertilized eggs (Trump and Berezesky 1995). Transitions from G1 to S and G2 to M

were observed to be preceded by transient increases in cytosolic calcium concen-

tration, phenomena that are dependent on physiological extracellular calcium

concentrations (Steinhardt and Alderton 1988). Cells passing from G1 to S require

extracellular calcium and functional plasma membrane calcium channels in order to

activate various downstream enzymes, such as ribonucleotide reductase, thymidine

kinase, thymidylate synthase, and DNA polymerase. Microtubule rearrangement

and microfilament contraction, crucial to progression to M phase and mitosis, are

dependent on enzymes that are activated by “calcium flashes.” Progression through

the cell cycle in fertilized eggs has been blocked with calcium chelators (Zucker

and Steinhardt 1978). G0/G1 cell cycle arrest has been induced in growth factor-

induced human umbilical arterial endothelial cells via application of various cal-

cium channel blockers (Zeitler et al. 1997). Immediate early genes such as c-fos,
which induce cells in G0 to reenter the active cell cycle, have been associated with

calcium signaling; activation of these genes is a hallmark of rapidly proliferating

cells.

Given appropriate conditions, cells can “commit suicide” through a genetically

programmed process called apoptosis. Apoptosis aids in the development of organs

and the maintenance of healthy cell populations. Calcium signaling is crucial to the

initiation and progression of apoptosis through a calcium surge and interaction with

the nuclear membrane calcium-activated endonuclease, an enzyme that fragments

chromatin. Calcium has other important roles in cell proliferation via more indirect

signaling, involving signal transduction pathways such as protein kinase C,

G-proteins, m-calpain, various MAP kinases, calmodulin, and phospholipase A2

(Ariyoshi et al. 1998; Akagi et al. 1999). An example of this is seen in the action of

phospholipase C. A rise in intracellular calcium concentration activates
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phospholipase C, which then catalyzes the hydrolysis of membrane inositol-

containing lipids to produce IP3 and diacylglycerol. A downstream messenger in

signaling cascades descending from G-protein or tyrosine kinase-linked membrane

receptors (Berridge 1993), IP3 binds to IP3R in the endoplasmic reticulum mem-

brane to induce release of calcium from the ER lumen into the cytosol. This

calcium-induced calcium release can be amplified and can support further signaling

to trigger events such as DNA synthesis and cell division (Lechleiter and Clapham

1992).

There are many membrane-associated molecules that are responsive to free

calcium ions, e.g., members of the phospholipase C superfamily (Meldrum

et al. 1991), copines (Creutz et al. 1998), and protein kinase Cα (Micol

et al. 1999), to name but a few. Many calcium signals involve calcium-sensor

proteins. Calmodulin is an important calcium-binding adapter protein that functions

as a calcium concentration monitor during the cell cycle. Calmodulin was

expressed at high levels during DNA synthesis and mitosis, and administration of

antibodies for calmodulin prevented DNA synthesis (Reddy et al. 1992). The

extracellular calcium ion concentration sensing receptor (CaR) and the calcium-

binding regulatory protein calbindin, which is related to calmodulin, both function

in calcium sensing mechanisms. CaR participates in sensing and reacting to

fluctuations in extracellular calcium concentration; increased extracellular calcium

concentration leads to CaR interacting with phospholipase C via G-proteins,

resulting in the formation of IP3 and diacylglycerol (Kifor et al. 1997). Calbindin

regulates the increase in intracellular calcium caused by ER store release. Calbindin

has also been shown to interact with L-type calcium channels in pancreatic beta

cells (Parkash et al. 2002). CaR/calbindin co-localization in MCF-7 breast cancer

cells has been observed (Parkash et al. 2004). MCF-7 cell metastasis has been

promoted by increased parathyroid hormone-related protein (PTHrP), which is

stimulated by activated CaR (Sanders et al. 2000). Additionally, increased intracel-

lular calcium concentration regulated cancer cell transendothelial migration in an

in vitro model (Lewalle et al. 1998). These examples illustrate the importance and

diversity of calcium signaling in cell growth.

Cancer cells demonstrate altered calcium signaling during proliferation

(Whitfield 1992). Normal liver cells require millimolar extracellular calcium

concentrations in order to successfully synthesize DNA and proceed through the

cell cycle, while cancerous liver cells are able to maintain the molecular effectors of

chromosomal replication and spontaneously proliferate even in largely calcium-

deficient extracellular fluid. These liver cancer cells are also unresponsive to other

usual controllers of proliferation, such as TGF-β, and can even produce their own

growth factors that reduce the need for extracellular calcium (Whitfield 1992).

Tumor suppressor-deficient colon carcinomas have been shown to display widely

deviant calcium signaling pathways and insensitivity to normal calcium-dependent

restrictions, thanks to overexpression of calcium-binding signal proteins (Kifor

et al. 1997). Liver cancer cells have been demonstrated to overproduce calmodulin

(Whitfield 1992), a multifunctional calcium-binding effector that can stimulate

proliferation [e.g., in mouse fibroblasts (Rasmussen and Means 1989)]. Human
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myeloid leukemia cells release calmodulin into the extracellular fluid, where it

spurs DNA synthesis and cell proliferation (Whitfield 1992). Cancer cells have also

been found to produce macrophage-derived growth factor (Yin et al. 2006) and

calcium-binding parvalbumin protein oncomodulin, which can stimulate DNA

replication (Whitfield 1992). Oncomodulin normally participates in development

(Whitfield 1992) and axon regeneration (Yin et al. 2006), but the gene is activated

in cancers of the liver, colon, and skin (Whitfield 1992). Examination of primary

human liver tumors revealed that high-grade tumors lack E-cadherin expression,

while lower grade carcinomas and normal tissues retain expression (Shimoyama

and Hirohashi 1991). E-cadherin is a calcium-binding cell adhesion molecule, and

loss of its expression allows high-grade malignant cells to migrate out from the

tumor site, and indeed the higher grade carcinomas demonstrate looser cell–cell

connections. Such cells with dysfunctional calcium signaling cannot be terminated

via typically effective calcium signals. We found that MCF-7 breast cancer cells

maintain a basal calcium concentration higher than that of non-tumor MCF-10A

cells (Fig. 8.1). The roles of calcium and downstream effectors in cancer cell cycle

progression must be better understood if a better picture of cancer cell biology is to

be painted.

8.2 T-Type Calcium Channels in Cell Proliferation

The role of low-voltage-activated T-type calcium channels in cell proliferation has

been established, though the mechanistic details remain largely elusive. T-type

calcium current was observed in primary cultured rat aortic smooth muscle cells

during the G1 and S phases of the cell cycle but was found to be significantly

reduced or altogether absent in other cell cycle phases (Kuga et al. 1996; Guo

et al. 1998; Wang et al. 2002; Li et al. 2005). Proliferating cells express T-type

calcium channels at a density higher than that of other calcium channels (Kuga

et al. 1996). Evidence indicates that T-type calcium channels are commonly found

in the rapidly growing cells of developing organs, while they are largely absent in

cells that are not proliferating and normal epithelial cells, outside of pathological

Fig. 8.1 Basal calcium

concentration in MCF-7 and

MCF-10A. The tumorigenic

MCF-7 cell line was found to

have significantly higher

basal calcium concentration

than that found in the

non-tumorigenic MCF-10A

cell line (Pottle et al. 2013)
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cell growth. The proliferation of human pulmonary artery myocytes is reported to

be regulated by T-type calcium channels (Rodman et al. 2005). Richard

et al. (1992) found that T-type calcium current was detected in cultured smooth

muscle cells during proliferation, but that current decreased as the cell monolayers

approached confluence or cells contacted one another. Wolfe et al. (2003) found

that the membrane-bound G-protein-coupled receptor β-γ subunit, specifically the

β2-γ2 combination, plays a role in inhibiting T-type calcium current carried by α1H
channels; however, they found no role for β-γ in the regulation of T-type calcium

channel membrane expression and no effects on the current flowing through α1G
channels. Expression of T-type calcium channel mRNA was found to be stimulated

by angiotensin II, through an angiotensin receptor 1-activated MEK1/2-mediated

pathway, in isolated newborn rat cardiomyocytes (Ferron et al. 2003). The mitogen-

activated growth pathways mediated by protein kinases such as MEK1/2 are diverse

and involve massive amounts of cross talk and integration with other signaling

pathways, so it is not surprising that such mechanisms might be involved in the

expression of proliferation-regulating T-type calcium channels. T-type calcium

channels are also present in vascular endothelial cells, where they regulate endo-

thelial cell intracellular calcium concentration and cell migration via an angiotensin

II-dependent pathway involving the AT1 receptor (Martini et al. 2010). The

relationship between T-type calcium channels and the renin–angiotensin system

should prove to be a complex one.

Freshly dissociated neonatal rat ventricular myocytes possess T-type calcium

currents while they are proliferating, but those currents disappear in cells cultured

for longer than 3 days (Gomez et al. 1994). Mouse preadipocytes express T-type

calcium channels, mostly of the α1G isoform, prior to differentiation; the T-type

calcium channel blocker mibefradil and its derivative NNC-55-0396 inhibit prolif-

eration, while NNC-55-0396 and siRNA targeting α1G mRNA prevent cell cycle

entry and progression (Oguri et al. 2010). The α1H isoform has been found to be

integral to the proliferation of glomerular mesangial cells, which aberrantly prolif-

erate in diseases such as glomerulosclerosis (Mulgrew et al. 2009). Pulmonary

arterial smooth muscle cells that have been stimulated to grow with IGF-1 have

been observed to display upregulated α1G expression that is related to cyclin D

activation (Pluteanu and Cribbs 2011). Zinc transporter-1, a molecule that protects

cells from zinc toxicity, increases α1G and α1H currents as well as ERK phosphor-

ylation (Mor et al. 2012).

T-type calcium channels are but one element in a complex signaling system

controlling proliferation, among other cellular functions. As befits their status as

current conduits, T-type calcium channels are found at high expression levels in the

dendrites of many neurons. Hildebrand et al. (2009) found that α1G T-type calcium

channels co-localize with and are potentiated by the metabotropic glutamate recep-

tor mGluR1, a participant in synaptic signaling. mGluR1 is a G-protein-coupled

receptor, a superfamily of proteins that includes several members that can influence

cell proliferation. The possibility that T-type calcium channels act in concert with

other such molecules to control cell growth is enticing. In a possible counterexam-

ple to the general findings described above, illustrating the complexity of calcium
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signaling, T-type calcium channel blockers were shown to have protective effects

on neurons that express T-type calcium channels, although the dominant isoform

present (α1H) apparently is not the relevant target (Wildburger et al. 2009).

8.3 T-Type Calcium Channels in Cancer Cell Proliferation

The importance of calcium to cancer growth has a number of supporting factors.

Breast cancers are known to deposit calcium in mammary ducts; such deposits are

diagnostically useful features that can be detected radiographically during mam-

mographic screenings (Galkin et al. 1977). Bone is a trophic site for breast cancer

metastasis (Percival et al. 1985), and bone resorption makes abundant extracellular

calcium available (Silver et al. 1998). However, cancer cells often are not as

sensitive to low extracellular calcium concentration as normal cells are, and they

do not respond to calcium signals that should trigger differentiation or apoptosis

(Whitfield 1992). Cancer cells may employ aberrant calcium influx and manage-

ment mechanisms in order to have enough calcium ions available temporally and

spatially to facilitate their speedy proliferation without allowing intracellular cal-

cium concentration to rise to apoptosis-inducing levels. A cell expressing T-type

calcium channels would have an extra pathway for calcium ion entry into the

cytosol from the extracellular fluid and so might be expected to have a slightly

elevated intracellular calcium concentration at rest, via mechanisms such as win-

dow current.

Tumor cells generally have a larger degree of glucose utilization than normal

cells, as it is necessary to fuel cancerous growth. Movement of glucose from the

extracellular fluid into a cell is facilitated by membrane proteins called glucose

transporters. Various glucose transporters (GLUTs), usually GLUTs appropriate to

a given tumor’s tissue of origin, have been found to be overexpressed in cancer cells

and thus facilitate increased glucose consumption (reviewed in Smith 1999; Medina

and Owen 2002). The glucose transporter GLUT12 was characterized in MCF-7

cells (Rogers et al. 2002) and has been found in prostate carcinoma cell lines

(Chandler et al. 2003). High glucose has been found to increase T-type calcium

channel mRNA and protein expression in pancreatic β-cells (Keyser et al. 2014). A
compelling avenue of investigation would be to examine the relationship between

glucose and T-type calcium expression in cancer cells. Complete growth medium

for MCF-7 cells includes insulin, as specified by ATCC, and GLUT12 has been

shown to be an insulin-responsive glucose transporter in muscle (Stuart et al. 2009).

Perhaps an examination of the effects of removal of insulin from the growth

medium on T-type calcium channel expression in cancer cells would yield interest-

ing results.

If T-type calcium channels play an important role in pathological cell prolifera-

tion, normal cells must have mechanisms to control the expression of T-type

calcium channel mRNA and protein. These channels have been found to participate

in such abnormal conditions as hyperglycemia-induced rat cardiomyocyte prolifer-

ation (Li et al. 2005), cardiomyopathic hamster heart (Bkaily et al. 1997; Villame
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et al. 2001), hypertrophied adult feline left ventricular myocytes (Nuss and Houser

1993), rat neointimal formation after vascular injury (Schmitt et al. 1995), and

hypoxia-induced catecholamine release by rat carotid body chemoreceptors

(Cáceres et al. 2009). Also, uncontrolled expression of the mRNA and subsequently

functional protein channels could lead to tumor initiation and progression. The

mRNA coding for T-type calcium channels was found in biopsied human breast

cancer tissue; pathological examination of the tumor from which the specimens

were taken led to a diagnosis of the tumor as malignant with estrogen receptor

expression (Taylor et al. 2008b). Tumor cell expression of T-type calcium channels

has been reported in a wide array of tumor types (Leuranguer et al. 1998; Wyatt

et al. 1998; Assandri et al. 1999; Toyota et al. 1999; Zhuang et al. 2000;

Lesouhaitier et al. 2001; Bertolesi et al. 2002; Hirooka et al. 2002; Mariot

et al. 2002; Wang et al. 2002; Del Toro et al. 2003; Harkins et al. 2003; Gray

et al. 2004; Huang et al. 2004a; Latour et al. 2004; Panner et al. 2005; Lu

et al. 2008).

T-type calcium channel current can be blocked with various agents, such as

mibefradil and pimozide (Mehrke et al. 1994; Enyeart et al. 1994). Both of these

agents exert other effects: mibefradil also blocks L-type calcium channels (Mehrke

et al. 1994; Protas and Robinson 2000; Wu et al. 2000), and pimozide blocks

potassium currents (Kang et al. 2001). Some colon cancers have been shown to

express L-type calcium channels (Wang et al. 2000), but these high-voltage-

activated channels were found to promote apoptosis rather than proliferation

(Zawadzki et al. 2008). Lu et al. (2008) found that the mibefradil-induced

upregulation of p21 in T8 esophageal cancer cells is dependent on p53. Expression

of p21 is largely regulated by the activity of p53, possibly the most prolific tumor

suppressor in human cells; however, p53-independent p21 modulation occurs in

MCF-7 cells (e.g., Han et al. 2012). A search for more selective blockers is under

way. Huang et al. (2004b) described NNC-55-0396, a mibefradil derivative that

was found to resist hydrolysis and not be transformed into a metabolite with L-type

calcium channel inhibiting activities. Other blockers with high specificity for

T-type calcium channels are being developed and analyzed (e.g., Gu et al. 2010).

Panner et al. (2005) found that the proliferation rates of U87-MG astrocytoma cells

and N1E-115 neuroblastoma cells are both reduced by mibefradil; the proliferation

rates of these cell lines doubled by overexpressing T-type calcium channels. These

investigators also successfully decreased growth in intracranial tumors that express

T-type calcium channels, a phenomenon not seen in cancer cells lacking such

expression.

The roles of T-type calcium channels and their blockers in cancer cell viability

and proliferation are not without controversy. Using breast cancer as an example,

Bertolesi et al. (2002) demonstrated that mibefradil can inhibit the growth of

MCF-7 cells in vitro, an observation that held true in some retinoblastoma cells;

those investigators also found that mibefradil can cause necrotic cell death in

retinoblastoma cells, though no similar experiments were described for MCF-7

cells. Such a phenomenon could confound any results that are due to the function of

T-type calcium channels. If T-type calcium channels are to be considered a specific
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therapeutic target in breast cancer treatment, general toxicity is a side effect to be

minimized in any potential drug. We found that NNC-55-0396 and T-type calcium

channel knockdown via siRNA inhibit the growth of MCF-7 cells without increas-

ing cell death via apoptosis (Taylor et al. 2008a; Pottle et al. 2013). Ohkubo and

Yamazaki (2012), however, reported functional differences between α1G and α1H
in MCF-7 cell survival and growth. Those authors found that α1H has little

influence on MCF-7 cell viability and proliferation. Further, they observed that

overexpression of α1G actually decreased proliferation via induction of apoptosis,

while pharmacological blockade with the tarantula toxin ProTx-1 (an inhibitor that

is reportedly selective for α1G over α1H) promoted proliferation and α1G knock-

down reduced cyclophosphamide-induced apoptosis. Correspondingly, those

authors observed α1G expression in the plasma membrane of cells with apoptotic

morphology; α1H expression was observed mainly in healthy cells and displayed

limited overlap with α1G expression. The results of these studies are certainly

caused for scrutiny, though they may not be as directly in opposition as a first glance

would suggest. The findings of Taylor et al. (2008a) reported both α1G and α1H
expression in proliferating MCF-7 cells, while Ohkubo and Yamazaki (2012) found

little overlap in isoform expression, and α1G was observed mainly in apparently

apoptotic cells. The cause of this discrepancy is unclear, though cancer cells are

often characterized by unstable genomes. Calcium signaling as it relates to cell

survival is a matter of balance: too much intracellular calcium or too little can lead

to cell death. Differing levels of expression will yield differing results; perhaps

overexpression relative to “normal” MCF-7 cell α1G expression level is enough to

trigger apoptosis, while baseline expression is beneficial. Cyclophosphamide

induces apoptosis by interfering with DNA synthesis. A reduction in proliferation,

especially halting cell cycle progression at the calcium-sensitive G1/S checkpoint,

would indeed reduce the effects of an apoptosis-inducing alkylating agent such as

cyclophosphamide. The differences in isoforms may be a key factor in the

differences among these studies’ results. Some experiments (Bertolesi et al. 2002;

Taylor et al. 2008a; Pottle et al. 2013) did not discriminate between α1G and α1H in

blockade or knockdown experiments, and the complexities of the relevant signaling

mechanisms may mean that the effects of targeting both isoforms are not simply the

additive result of the effects of targeting each isoform individually. Ohkubo and

Yamazaki (2012) reported distinct differences in cell cycle-related gene expression

profiles resulting from knockdown of α1G and α1H, indicating that the two

isoforms exert different effects on intracellular processes. The potential for inter-

action and cross talk of signaling pathways modulated by α1G and α1H is implied.

While no single dysfunctional channel is likely to serve as the sole culprit for any

broad swath of cancers (Santoni et al. 2012), the functional role for T-type calcium

channels in cancer cell survival and growth requires more investigation.

T-type calcium channels have also been implicated in intracranial tumors and

prostate cancer. The human astrocytoma cell line U87-MG and neuroblastoma cell

line N1E-115 both display mibefradil-sensitive proliferation. Furthermore,

overexpression of T-type calcium channels doubled the proliferation rate of these

cells, while antisense oligonucleotides directed against T-type calcium channel
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mRNA reduced the proliferation rate in intracranial tumor cells by 45 % but had no

effect in cancer cells that lack T-type calcium channel expression (Panner

et al. 2005). Other researchers have found that mibefradil’s effects on U87 cell

proliferation may be independent of T-type or L-type calcium channels (Zhang

et al. 2012). The human prostate cancer epithelial cell line LNCaP was found to

overexpress α1H T-type calcium channel mRNA and current. As with the intracra-

nial tumor lines, overexpression of T-type calcium channels resulted in increased

proliferation, and antisense oligonucleotides reduced proliferation in these cells.

The channels also play a role in LNCaP intracellular calcium regulation (Mariot

et al. 2002; Wang et al. 2002). T-type calcium channels may also have a functional

role in esophageal carcinoma cell proliferation, as evidenced by their sensitivity to

channel inhibition (Lu et al. 2008). Both α1H and α1G have been found at

abnormally high expression levels in human retinoblastoma cells, human breast

cancer cells, and rat glioma cells (Bertolesi et al. 2002; Lu et al. 2008), while the

gene coding for the α1H subunit is expressed in several breast cancer cell lines, e.g.,

estrogen receptor-positive MCF-7 and triple negative MDA-MB-231 (Asaga

et al. 2006). Li et al. (2011) found that blockade of T-type calcium channels with

mibefradil or NNC-55-0396 and specific knockdown of expression with siRNA

targeting α1G and α1H suppressed proliferation in two ovarian cancer cell lines,

with an increase in cells in the G0/G1 phase of the cell cycle. The inhibitor

NNC-55-0396 also decreased ovarian cancer formation in nude mice. These results

suggest the possibility that T-type calcium channel blockers may have some

beneficial effect in the oncology clinic.

8.4 Targeting T-Type Calcium Channels in Oncology

Chemotherapy is a common cancer treatment modality that generally relies on the

susceptibility of proliferating cells to irreversible DNA damage or alteration. An

issue that relates to susceptibility to chemotherapy is that of intratumoral DNA

heterogeneity. Cells within a tumor grow at different rates, and cell cycle stage can

vary throughout the tumor at any given time. For instance, the proportion of tumor

cells in S phase in breast cancer samples has been found to vary between 2 and 32 %

(Siitonen et al. 1993; Bergers et al. 1996); similar analysis in ovarian cancer

samples found a range of 0-28 % (Kaern et al. 1994). An alternating or “interlaced”

therapeutic approach could make chemotherapy more effective: if T-type calcium

channel blockers stop proliferating cells near the G1/S checkpoint of the cell cycle,

then at the cessation of channel blocker treatment, there will be a relatively large

population of tumor cells entering S phase and progressing through the cell cycle. If

a phase-specific chemotherapy—one that works in S phase, in this thought experi-

ment—is then given, there will be a larger proportion of tumor cells that are

susceptible to the chemotherapy than in a control heterogeneous tumor cell popula-

tion. This may also allow for less chemotherapy used in any individual treatment

session, because a smaller amount of the drug can kill a larger percentage of the

tumor than would be the case in a naturally heterogeneous tumor. The use of such
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cell cycle synchronization in conjunction with chemotherapy is hardly a new idea.

The use of cytostatic agents to synchronize tumor cells in order to make chemo-

therapy more effective has a long history in research. Agents as diverse as hydroxy-

urea (Volm and Wayss 1975) and microbial iron chelators (Bergeron and Ingeno

1987) have been investigated in combination with chemotherapy. Some cancers

such as breast, ovarian, and prostate are responsive to hormones due to the

characteristics of their tissues of origin. As such, treatments that disrupt hormone

signaling are often employed to treat these cancers. Tamoxifen, an estrogen recep-

tor antagonist, can be used to cause G1 arrest in breast cancer cells (Osborne

et al. 1983). However, hormones such as estrogens have such varied and pro-

nounced effects in the human body that the inhibition or manipulation of hormone

signaling can result in numerous side effects of varying severity, including

increased bone fracture due to bone loss (reviewed in Body 2011), arthralgias

(reviewed in Gaillard and Stearns 2011), vision effects (reviewed in Eisner and

Luoh 2011), and heart disease and stroke (reviewed in Chlebowski et al. 2006).

T-type calcium channel blockers have shown promise when used as an adjuvant

modality to chemotherapy. Keir et al. (2013) demonstrated that mibefradil induces

cell cycle synchronization near the G1/S checkpoint in glioblastoma cells. Further,

mibefradil increased the efficacy of chemotherapy in mouse glioblastoma xenograft

models. The calcium channel blocker also sensitized otherwise resistant tumors to

temozolomide, underlining the importance of T-type calcium channels and intra-

cellular calcium regulation in the growth of a type of cancer that often has poor

prognosis. We obtained similar results in breast cancer cells (Taylor et al. 2008a;

Pottle et al. 2013). The specific T-type calcium channel blocker NNC-55-0296 and

siRNA targeting α1G and α1H mRNA both inhibited MCF-7 and MDA-MB-231

breast cancer cell growth (Taylor et al. 2008a). A treatment regimen consisting of

sequentially alternating NNC-55-0396 and chemotherapy—termed “interlaced

therapy” (Fig. 8.2)—proved more effective than chemotherapy alone at killing

MCF-7 cells in vitro (Taylor et al. 2008a), and interlaced therapy utilizing

mibefradil and chemotherapy more effectively reduced MCF-7 tumor xenograft

size than chemotherapy alone in a nude mouse model (Pottle et al. 2013). The side

effects of specifically inhibiting T-type calcium channels in a patient likely would

be less detrimental to the quality of life than agents affecting hormonal signaling,

for example. However, such potential side effects—activation of T-type calcium

channels is involved in nitrous-oxide’s mediation of pain signaling, for instance

(Kim et al. 2009; Orestes et al. 2011)—do demand further investigation.

The efficacy of T-type calcium channel blockers in increasing the effectiveness

of cancer therapies is not limited to chemotherapy. Valerie et al. (2013) investigated

using T-type calcium channel inhibition in conjunction with radiation therapy.

Mibefradil reduced the viability and clonogenic potential of radiation therapy-

resistant glioblastoma cells compared to radiation treatment alone, and the blocker

also induced apoptosis through caspase activation. Mibefradil increased the sus-

ceptibility of the resistant cells to ionizing radiation. Similar results were found for

siRNA targeting T-type calcium channel mRNA, while specific inhibition of L-type

calcium channels (a side effect of mibefradil) produced practically no effect.
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The results discussed above emphasize the crucial role of T-type calcium

channels in the viability and proliferation of cancer cells, a role that may be

exploited to increase the efficacy and reduce the side effects of cancer treatment.

Inhibiting the growth of cancer cells with T-type calcium channel blockers can

reduce tumor regrowth between chemotherapy or radiation therapy doses.

Potentiating chemotherapy or radiation therapy can allow oncologists to use

lower dosages, reducing the side effects experienced by the patient. More effica-

cious treatment can lead to shorter treatment schedules, realizing physical, emo-

tional, and economic benefits.

References

Akagi K, Nagao T, Urushidani T (1999) Correlation between Ca(2+) oscillation and cell prolifera-

tion via CCK(B)/gastrin receptor. Biochim Biophys Acta 1452:243–253

Ariyoshi H, Okahara K, Sakon M, Kambayashi J, Kawashima S, Kawasaki T, Monden M (1998)

Possible involvement of m-calpain in vascular smooth muscle cell proliferation. Arterioscler

Thromb Vasc Biol 18:493–498

Asaga S, Ueda M, Jinno H, Kikuchi K, Itano O, Ikeda T, Kitajima M (2006) Identification of a new

breast cancer-related gene by restriction landmark genomic scanning. Anticancer Res 26:35–42

Assandri R, Egger M, Gassmann M, Niggli E, Bauer C, Forster I, Gorlach A (1999) Erythropoeitin

modulates intracellular calcium in a human neuroblastoma cell line. J Physiol 516:343–352

Bergeron RJ, Ingeno MJ (1987) Microbial iron chelator-induced cell cycle synchronization in

L1210 cells: potential in combination chemotherapy. Cancer Res 47:6010–6016

Bergers E, van Diest PJ, Baak JP (1996) Tumor heterogeneity of DNA cell cycle variables in

breast cancer measured by flow cytometry. J Clin Pathol 49:931–7

Step 1
Administer T-type calcium
channel drug to stop and
synchronize cells at the
G1/S checkpoint

Step 2
Withdraw T-type calcium channel
drug, releasing bolus of cells into
the S phase.Then administer S phase
standard of care chemotherapy to kill
large grouping of cells.

Fig. 8.2 A scheme of interlaced therapy. A regimen of alternating cytostatic and cytotoxic

treatments can synchronize cancer cells in the cell cycle and improve the efficacy of chemotherapy

8 Regulation of T-Type Ca2+ Channels in Cancer Cell Cycle 123



Berridge MJ (1993) Inositol triphosphate and calcium signaling. Nature 361:315–325

Bertolesi GE, Shi C, Elbaum L, Jollimore C, Rozenberg BS, Kelly MEM (2002) The Ca2+ channel

antagonists mibefradil and pimozide inhibit cell growth via different cytotoxic mechanisms.

Mol Pharmacol 62:210–219

Bkaily G, Sculptoreanu A, Jacques D, Jasmin G (1997) Increases of T-type Ca2+ current in heart

cells of the cardiomyopathic hamster. Mol Cell Biochem 176:199–204

Body JJ (2011) Increased fracture rate in women with breast cancer: a review of the hidden risk.

BMC Cancer 11:384
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T-Type Calcium Channels and Management
of Pain 9
Brian M. Keyser

Abstract

T-type Ca2+ channels exhibit small, transient currents that are relatively insensi-

tive to dihydropyridines and exhibit “window current” in the physiological range

for voltage. A role for T-type Ca2+ channels in nociceptor sensitization was

reported in 2001, an effect confirmed in studies using Cav3.1 and Cav3.2

knockout animals. The Cav3.2 channel is involved in both central and peripheral

termini of primary afferent neurons and is now considered an important player in

the processing of pain. The analgesic effect of T-type calcium channels has been

tested in different pain models. In addition to neuropathic pain reduction, the

inhibition of T-type calcium channels is efficacious in formalin injection into the

hind paw, which models an acute inflammatory pain. T-type Ca2+ channel

blockers also produce a dose-dependent reduction in IBS-induced pain in a rat

model of irritable bowel syndrome (IBS). T-type Ca2+ channel antagonists

present obvious advantages over opioid analgesics; they directly act on the

cytoplasmic membrane of neurons and most likely from the extracellular side.

Therefore their antinociceptive effect may not cause profound drug tolerance

and dependence.

9.1 Introduction

Voltage-activated calcium channels are a family of calcium channels that are

activated by changes in the electrical potential of the cell membrane and are

composed of six transmembrane spanning domains, with the fourth transmembrane

domain acting as the voltage sensor. These channels are found in a multitude of
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cells, including the neurons, heart, brain, muscle, and pancreatic β-cells, where they
allow calcium entry into the cell. Although these channels only remain activate for

a short duration following depolarization of the cell, they play a key role in

regulating [Ca2+]i.

The nomenclature of these calcium channels has been reclassified based on their

amino acid sequences and the homology with other calcium channels. The major

families of calcium channels are designated Cav1, Cav2, and Cav3. The members of

Cav1 are as follows (with the old nomenclature in parenthesis): Cav1.1 (α1S),
Cav1.2 (α1C), Cav1.3 (α1D), and Cav1.4 (α1F). The other two families contain

three members, each designated as Cav2.1 (α1A), Cav2.2 (α1B), Cav2.3 (α1E),
Cav3.1 (α1G), Cav3.2 (α1H), and Cav3.3 (α1I). All the channels in each family

share common elements, such as all the channels in the Cav1 family are important in

the excitation-contraction coupling in the skeletal, cardiac, and smooth muscle; the

Cav2 family can all be antagonized by various toxins, whereas the Cav3 family

contains all of the low-voltage-activated calcium channels.

The Cav3 family of voltage-activated calcium channels contains all of the low-

voltage-activated calcium channels. These channels can be found in the heart,

kidney, nervous tissue, brain, smooth muscle, sperm, and many endocrine tissues.

All of the low-voltage-activated calcium channels have common features that set

them apart from the other high-voltage-activated calcium channels (Cav1 and 2).

They are characterized by small, transient currents, relative insensitivity to

dihydropyridines and the presence of a “window current” at the physiological

range for voltages. Window current is a phenomenon in which the activation and

inactivation curves overlap and a small number of channels remain in a persistently

open state. This window current has been shown to be a mechanism for calcium

entry into the cell, which triggers hormone release by the heart, kidney, and

neuroendocrine tissues (Yang and Berggren 2006; Belardetti and Zamponi 2008;

Marcantoni et al. 2008). T-type calcium channels have been proposed to play a role

in pathophysiological processes, including pain (Iftinca 2011) and diabetic neurop-

athy (Calcutt 2013).

9.2 T-Type Calcium Channel in Nociception

The involvement of T-type Ca2+ channels in nociceptor sensitization was first

reported in 2001 (Todorovic et al. 2001) and has been confirmed in studies using

Cav3.1and Cav3.2 knockout animals (Shin et al. 2008). The Cav3.2 channel, which

is involved in both central and peripheral termini of primary afferent neurons

(Maeda et al. 2009; Jacus et al. 2012; Weiss et al. 2012), is now thought to play

an important role in the processing of pain (Sekiguchi and Kawabata 2013).

The regulation of Cav3.2 channels has been thoroughly investigated in excitable

cells for the last 10 years (Huc et al. 2009). Many of the intracellular second

messenger pathways exert their regulatory effects on the intracellular loop between

domains II and III (loops II–III). The messengers of these pathways include Gβγ,
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GTPase, PKA, PKC, and CaMKII; the extracellular signals exert their effect

directly on loops III–IV of domain I as shown in Fig. 9.1.

In addition to roles in processing pain in the periphery, Cav3.2 activation in the

CNS (paraventricular thalamus) has been shown to contribute to acid-induced

chronic hyperalgesia (Chen et al. 2010). The Cav3.2 T-type Ca2+ channel is also

involved in nociception and tactile reticular thalamic neuronal burst firing (Liao

et al. 2011).

The inhibition of these channels has provided more evidence for the important

role of T-type calcium channels in nociception. Using antisense oligodeoxynu-

cleotides against the whole T-type calcium channel family, one minimizes noxious

stimuli-mediated nociception in healthy and mononeuropathic rats (Bourinet

et al. 2005). Moreover, the T-type calcium channel antagonist, mibefradil, was

found to provide peripheral thermal analgesia and mechanical nociception in rats

(Todorovic et al. 2001, 2002). Another T-type calcium channel antagonist,

ethosuximide, was able to produce similar results in thermal and mechanical

models of pain (Dogrul et al. 2003; Flatters and Bennett 2004).

9.3 T-Type Calcium Channels in Pain Models

T-type calcium channels appear to play a more important role in neuropathic pain

than nociception. The expression of these channels and current density are

upregulated in models of chronic constrictive injury (CCI) (Jagodic et al. 2008;

Gbg Ser1107 (permissive)

CaMKII Ser1198

ROCK

PKC
PKA

Cav3.2

Znic His191
Nickel His191
L-cysteine
Ascorbate

Fig. 9.1 The scheme shows

the major intracellular and

extracellular regulatory sites

of Cav3.2 T-type Ca2+

channels
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Takahashi et al. 2010). When these channels are inhibited both pharmacologically

and at the molecular level, there is a significant reduction in pain (Flatters and

Bennett 2004; Sekiguchi and Kawabata 2013; Jarvis et al. 2014). These papers

mainly examine the role of Cav3.2 in neuropathic pain; however, both Cav3.1 and

Cav3.3 have been implicated in this process. Cav3.1-defective mice attenuate pain

after L5 spinal nerve ligation, whereas the mRNA of Cav3.3 is upregulated in a rat

model of chronic compression of dorsal root ganglion (DRG) neurons

(Na et al. 2008; Wen et al. 2010; Yue et al. 2013). The antagonism of these channels

with either mibefradil or 3,5-dichloro-N-[1-(2,2-dimethyl-tetrahydro-pyran-4-

ylmethyl)-4-fluoro-piperidin-4-ylmethyl]-benzamide (TTA-P2) is also able to alle-

viate the pain (Yue et al. 2013; Choe et al. 2011).

In addition to neuropathic pain reduction, inhibition of T-type calcium channels

is also efficacious in formalin injection into the hind paw, which models an acute

inflammatory pain. After formalin is injected two phases are observed: the first

phase is short (~10 min), followed by a brief (~5 min) period of quiescence, after

which the second phase of hind limb shaking and licking lasts for an additional

50 min (National Research Council 2009). The response to both of these phases is

reduced upon treatment with new T-type calcium channel antagonists and in

experiments using Cav3.2 knockout mice (Choi et al. 2007; Kam et al. 2010; Lee

et al. 2010; Choe et al. 2011).

Irritable bowel syndrome (IBS) is a gastrointestinal (GI) disorder in which

recurrent digestive symptoms develop without overt pathology. IBS causes signifi-

cant abdominal pain although presently there is no treatment for this pain. Recent

evidence has shown that Cav3.2 is involved in the pain associated with IBS in vivo

(Marger et al. 2011). The use of TTA-A2 (structurally similar to TTA-P2) in a rat

model of IBS was shown to produce a dose-dependent reduction in IBS-induced

pain (Francois et al. 2013). These preliminary results show the possible use of

T-type calcium channel inhibitors in reducing IBS-induced pain.

9.4 Dual Use of T-Type Calcium Channels in Diseases

In medicine today, it is desirable to use one drug which can affect multiple

symptoms of a disorder, a so-called magic bullet. The discovery of drugs that

serve as magic bullets promotes patient compliance and therefore increases treat-

ment success (Atreja et al. 2005). Since T-type calcium channels are involved in the

pathogenesis of multiple diseases (i.e., cancer and type 2 diabetes mellitus) and in

the pain associated with those diseases, antagonists of these channels may offer a

unique target for achieving the desired outcome.

The Cav3.2 channels appear to play an important role in the pain associated with

diabetic neuropathy (Jagodic et al. 2007; Messinger et al. 2009; Calcutt 2013;

Khomula et al. 2013). The use of either mibefradil at clinically relevant doses or

the appropriate antisense oligonucleotide alleviates heat, cold, and mechanical

hypersensitivity in streptozotocin (STZ)-injected rats (Messinger et al. 2009;

Obradovic et al. 2014). These results have been replicated in another model of
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type 2 diabetes mellitus, the leptin-deficient (ob/ob) mouse, showing the impor-

tance of T-type calcium channels in diabetic neuropathy (Latham et al. 2009).

These channels are also involved in type 2 diabetes mellitus, as the antagonism of

these channels both in vitro and in vivo improves insulin secretion (Keyser

et al. 2014). Therefore, the use of an antagonist of T-type calcium channels could

treat both diabetic neuropathic pain and the symptoms of type 2 diabetes mellitus.

The incidence of pain with the use of anticancer drugs is 64 % and is detected

during all phases of cancer (early and metastatic) (Ripamonti et al. 2011). The

management of this pain, for which there is presently no treatment, could provide

relief to these patients and increase their well-being. The use of various T-type

calcium channel antagonists has shown to reduce the pain induced by paclitaxel or

vincristine (Okubo et al. 2011; Flatters and Bennett 2004). These channels are

upregulated during the fast replication phase of cancer cells; antagonism of these

channels inhibits cell proliferation (Taylor et al. 2008a, b; Li et al. 2011; Ohkubo

and Yamazaki 2012; Gray et al. 2013). The inhibition of this channel in vivo

showed reduction in transplanted tumor size in mice (Pottle et al. 2013). In addition

to being effective when applied as the sole treatment, antagonists also enhance the

anticancer effects of conventional radio- and chemotherapy (Pottle et al. 2013;

Dziegielewska et al. 2014). These results suggest that the use of T-type calcium

channel antagonists in the management of pain also exhibits beneficial effects

against the disease itself.

Conclusions

Inadequate treatment of pain is widespread throughout surgical wards, intensive

care units, accident and emergency departments, in general practice, and in the

management of all forms of chronic pain, including cancer pain and end of life

care (Rupp and Delaney 2004; Smith and Toonen 2007). Current management of

chronic and severe pain mainly relies on the use of opioid analgesics, which

produce a wide spectrum of unwanted side effects, including respiratory depres-

sion, nausea, vomiting, dizziness, mental clouding, dysphoria, pruritus, consti-

pation, increased pressure in the biliary tract, urinary retention, and hypotension.

Furthermore, opioids tend to induce drug dependence and tolerance, effects that

involve receptor downregulation and second messenger compensation (Bie

et al. 2005; Pradhan et al. 2010).

In contrast, T-type Ca2+ channel antagonists present obvious advantages over

opioids; they directly act on the cytoplasmic membrane of neurons, presumably

from the extracellular side. Therefore, their antinociceptive effect is unlikely to

cause profound drug tolerance and dependence. One of the nonselective T-type

Ca2+ channel blockers, mibefradil, was once on the market for treatment of

hypertension, and clinical reports found that it was well tolerated (Brogden and

Markham 1997). The most adverse events were either related to the vasodilatory

action of the drug (Brogden and Markham 1997). Therefore T-type Ca2+

channels, specifically the Cav3.2 isoform, are promising targets for future treat-

ment of pain. More attention should focus on the development of more selective

and efficacious T-type Ca2+ channel antagonists.
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Role of T-Type Ca2+ Channels in Basal
Insulin Release 10
Ming Li

Abstract

Increases in plasma glucose concentration enhance the expression and activity of

T-type Ca2+ channels in insulin-secreting pancreatic β-cells. The resulting ele-

vation in T-type Ca2+ channel activity results in an elevation in the basal [Ca2+]i
of β-cells. High [Ca2+]i in turn causes the internalization of L-type Ca2+ channels
from cytoplasmic membrane, which contributes to glucose toxicity in β-cells.
Increased activity of T-type Ca2+ channels, along with elevated [Ca2+]i,

promotes low threshold exocytosis of insulin under non-stimulus conditions.

Emptying immediately releasable secretory granules and internalization of

L-type Ca2+ channels result in defective first phase of glucose-induced insulin

secretion from the β-cells. Consequently, this defect in glucose-induced insulin

secretion augments the plasma glucose concentration and slows glucose uptake

by peripheral tissues. The overall effect of the glucose-T-type Ca2+ channel

interaction is enhanced basal insulin levels but decreased glucose-induced insu-

lin secretion. Thus, the T-type Ca2+ channel overexpression mechanism could

play a role in the development of hyperinsulinemia and insulin resistance, which

occurs during the early phase of type 2 diabetes mellitus.

10.1 Introduction

Opposed to high voltage-activated Ca2+ channels, the expression of T-type Ca2+

channels in pancreatic β-cells is upregulated by high concentrations of glucose.

What are the physiological consequences of upregulated T-type Ca2+ channels in

β-cells? Do these changes result in elevations in intracellular calcium ([Ca2+]i) and
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in spontaneous electrical activity of the cells? Do these changes have an impact on

insulin release by β-cells, even under non-stimulatory conditions? Could the change

in basal insulin release play a role in the development of insulin resistance? Finally,

could T-type Ca2+ channels represent new targets for treatment of type 2 diabetes

mellitus?

Recent research has yielded interesting results which may help answer these

questions. The data support the hypothesis that T-type Ca2+ channels are involved

in the process of insulin release under non-stimulatory conditions.

10.2 T-Type Ca2+ Channels Are Upregulated by Chronic High
Glucose

Misler et al. (1992b) conclusively demonstrated that human pancreatic β-cells
express T-type Ca2+ channels. In their experiment, they recorded a large voltage-

dependent Ca2+ current that peaked at �35 mV and became inactive at �50 mV.

This current could be distinguished from high voltage-activated Ca2+ current by its

insensibility to Bay K8644. Prior to the classical 1992 study, similar types of

current were reported using mice (Hopkins et al. 1991) and rat (Ashcroft

et al. 1990; Sala and Matteson 1990) pancreatic β-cells. Although the existence of

T-type Ca2+ currents was commonly accepted, the function of the current in insulin

release had generated a conundrum, especially in comparison with the well-

established pivotal function of L-type Ca2+ channels in glucose-stimulated insulin

secretion (Misler et al. 1992a). The difficulty came partially from the fact that the

appearance and size of this type of Ca2+ current had been inconsistent, depending

on cell types and experimental conditions. Indeed, in many whole-cell recordings,

this current was either minimal or absent. How can a channel have an important

biological function if it is not regularly expressed?

In order to answer this question, we need to ask another question, which is: How

is the expression of T-type Ca2+ channels regulated by high concentrations of

glucose? To date there have been three T-type Ca2+ channel genes identified: α1G
(Cav3.1) (Perez-Reyes et al. 1998), α1H (Cav3.2) (Cribbs et al. 1998), and α1I
(Cav3.3) (Lee et al. 1999). α1G has been re-cloned from rat insulin secretion cells

(Zhuang et al. 2000), and the mRNA of α1G and α1H has been detected in rat islets

(Yang and Berggren 2005; Keyser et al. 2014). In contrast to the downregulation of

L-type Ca2+ channel expression and activity in diabetic rat pancreatic β-cells
(Iwashima et al. 1993; Roe et al. 1996), T-type Ca2+ current density and mRNA

(α1G and α1H) levels increased markedly after exposure to 11.1 mM glucose for

48 h (Zhang et al. 2000; Keyser et al. 2014). These results are consistent with T-type

Ca2+ channel regulation in neonatal cardiomyocytes, in which the T-type Ca2+

current density also increased significantly after chronic high glucose treatment

(Li et al. 2005). Therefore, chronic high glucose increases both messenger expres-

sion and electrical current of T-type Ca2+ channels.

T-type Ca2+ channels assume a more important physiological and/or pathologi-

cal role in pancreatic β-cells when plasma glucose levels are elevated. More

specifically, the results suggest that under hyperglycemic conditions, the threshold
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of the action potential spikes decreases and the frequency of the spikes increases in

these cells. We also suggest that the basal level of [Ca2+]i increases in these cells.

10.3 T-Type Ca2+ Currents Enhance Excitability of Pancreatic
b-Cells

A double-pulse protocol of current-clamp recording in a rat insulin-secreting cell

line, INS-1, was employed to determine the contribution of T-type Ca2+ channels in

the modulation of electrical activity and in stimulus-secretion coupling

(Bhattacharjee et al. 1997). In this protocol, the electrical activity generated by

two separated positive current pulses was compared with or without a negative

current injection immediately before the second pulse (Fig. 10.1). The negative

current hyperpolarized the membrane and lead to the recovery of inactive T-type

Ca2+ channels. The results showed that activation of T-type Ca2+ channels lowers

the threshold of the action potential (represented by the decreased latency of the

first spike, Fig. 10.1b). When the threshold was lowered, the frequency of the action

potentials increased. This result was abolished by administration of nickel chloride,

T-type Ca2+ channel blocker. Moreover, application of a high-frequency stimulus

caused a greater change in membrane capacitance (ΔCm) than the application of a

low-frequency stimulus, suggesting a higher exocytotic secretion. Nickel chloride
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also exhibited a dose-dependent inhibition in glucose-induced insulin release, as

measured by radioimmunoassay.

Typical electrical activity of pancreatic β-cells is a series of glucose-induced

action potential bursts, which are synchronized with the oscillation of [Ca2+]i (Cook

et al. 1991; Chiavaroli et al. 1991; Gilon and Henquin 1992; Bergsten et al. 1994).

Similarly, the oscillation of insulin release is also synchronized with the changes in

[Ca2+]i (Gilon and Henquin 1995). Under non-stimulatory conditions (3.3 mM

glucose), rat pancreatic islet cells and a β-cell line also showed spontaneous spikes

of [Ca2+]i in a stochastic and low-frequency manner (author’s unpublished obser-

vation). Similar phenomena were seen in pituitary cells and neuroblastoma cells, in

which the spontaneous [Ca2+]i spikes were correlated with hormone secretion

(Chiavaroli et al. 1992; Gilon et al. 1993). These [Ca2+]i spikes (and probable

electrical spikes) may result from activation of low threshold T-type Ca2+ channels.

Indeed, activation of T-type Ca2+ channels directly triggers synaptic neurotrans-

mitter release at rest (Weiss et al. 2012; Weiss and Zamponi 2013). This newly

identified CaV3.2/syntaxin-1A signaling pathway may also be involved in the

mechanism of T-type Ca2+ channel-mediated regulation of basal insulin release.

10.4 T-Type Ca2+ Currents Modify Basal [Ca2+]i of Pancreatic
b-Cells

Like most mammalian cells, pancreatic β-cells maintain a low level of [Ca2+]i under

non-stimulatory conditions. The values of basal [Ca2+]i in these cells range from

60 to 80 nM (Longo et al. 1991; Gilon and Henquin 1992; Misler et al. 1992b;

Bergsten et al. 1994). In contrast, the average value of [Ca2+]i that stimulates

glucose-induced insulin release ranges from less than 200 nM to 600 nM

(Gilon et al. 1993, Gilon and Henquin 1995; Chow et al. 1995). These values are

significantly lower than those responsible for neurotransmitter release (10 μM)

(Schneggenburger and Neher 2000).

However, it is important to note that in the above studies, the average [Ca2+]i in

β-cells does not take into account the local distribution of Ca2+ and thus does not

represent the true value of [Ca2+]i that initiates insulin release. In fact, by activating

voltage-gated Ca2+ channels, high glucose induces a rise of [Ca2+]i to a concentra-

tion of 8–10 μM directly beneath the cytoplasmic membrane (Soria et al. 2010).

Steady-state [Ca2+]i in rat pancreatic islet cells, which are chronically treated

with a high concentration of glucose (11.1 mM), increases more than twofold, an

effect that is significantly inhibited by either mibefradil (1 μM) (Keyser et al. 2014)

or siRNA against the α1G and α1H subunits of the T-type Ca2+ channel (Keyser

et al. 2014). Similarly, chronic high glucose (33.3 mM) treatment causes a threefold

increase of basal [Ca2+]i in INS-1 cells (Taylor et al. 2005). The co-incubation of

the cells with the T-type Ca2+ channel antagonist, NNC 55-0396 (4 μM), largely

prevents this effect. Considering the incomplete inhibition of T-type Ca2+ channels

by these channel blockers at the dosages utilized, the contribution from T-type Ca2+

current to the increase in basal [Ca2+]i should be in the range of 100–200 nM.
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10.5 T-Type Ca2+ Channels Sustain a Small Current Near
the Resting Potential of b-Cells

At low voltages, T-type Ca2+ channels can sustain a small current. This phenome-

non is known as “window current” (Cohen et al. 1988; Tsien et al. 1998; Crunelli

et al. 2005) and is carried by a small population of channels that are not completely

inactivated. Biophysically speaking, this current is the result of a voltage overlap

between the activation curve and the steady-state inactivation curve at certain

membrane potentials. Window current allows the T-type Ca2+ channels to regulate

Ca2+ homeostasis under non-stimulatory conditions (Bean and McDonough 1998).

Indeed, T-type Ca2+ channels are responsible for the sustained increases in [Ca2+]i
induced by angiotensin II (Buisson et al. 1992), endothelin (Furukawa et al. 1992),

and platelet-derived growth factor (Wang et al. 1993). The most direct evidence of

T-type Ca2+ channel-mediated Ca2+ window current is from a study conducted with

HEK293 cells expressing the T-type isoform α1G, which exhibits a window current

that peaks at �48 mV (Chemin et al. 2000). The T-type Ca2+ channel window

current can be demonstrated as a sustained test pulse-elicited current (Monteil

et al. 2000). For instance, a two-second sustained Ca2+ current of approximately

10 pA was recorded at �55 mV in a rat islet cell (Keyser et al. 2014).

Under resting conditions (~3 mM glucose), human β-cells hold their membrane

potentials at approximately �60 mV (Falke et al. 1989; Misler et al. 1992a), which

is similar to the value measured in rodent β-cells (Meissner and Schmelz 1974;

Meissner and Presissler 1980; Falke et al. 1989; Gilon and Henquin 1992). The

resting membrane potential of individual cells can deviate from this value,

depending on the activities of K+ and other channels (Ullrich et al. 1996). At

membrane potentials near �60 mV, no other voltage-gated Ca2+ current, with the

exception of T-type Ca2+ channel window current, allows Ca2+ inflow. This feature

of the T-type Ca2+ channel may become more significant when channel expression

is upregulated, because upregulated window current will elevate basal [Ca2+]i in

pancreatic β-cells.

10.6 Changes in Basal [Ca2+]i Regulate Trafficking of L-Type
Ca2+ Channels On/Off Cytoplasmic Membrane

If changes in basal [Ca2+]i are far below the level required for stimulating insulin

release by glucose, does it have any physiological role in glucose-stimulated insulin

secretion?

Yes, the levels of resting [Ca2+]i determine how β-cells respond to glucose

stimulus. During high glucose stimulation, the level of [Ca2+]i is negatively

associated with the level of basal [Ca2+]i prior to the stimulus (Huang

et al. 2004). When cells are perfused with 11.1 mM glucose, a continual increase

in [Ca2+]i ensues as glucose is metabolized. The Ca2+ influx resulting from high

glucose perfusion was calculated as the peak value of [Ca2+]i subtracted by the

value of basal [Ca2+]i measured under the pre-stimulatory conditions (3.3 mM
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glucose). As demonstrated by linear regression, the higher the pre-stimulus basal

[Ca2+]i, the smaller the Ca2+ influx induced by glucose. Hence there exists a direct

inverse relationship between basal [Ca2+]i and glucose-stimulated Ca2+ influx

(Fig. 10.2).

The reason underlying the reduction in Ca2+ influx in the presence of high basal

levels of [Ca2+]i is due to changes in the availability of L-type Ca2+ channels. By

employing a combination of whole-cell patch clamp recordings with intracellular

perfusion techniques, the effect of [Ca2+]i on the size of the L-type Ca
2+ current can

be determined (Huang et al. 2004). The replacement of a low [Ca2+] (0 nM) solution

by a “high” [Ca2+] (284 nM) through intracellular perfusion resulted in a reduction

in the L-type Ca2+ current. By comparison, the replacement of a “high” [Ca2+]

solution by a low [Ca2+] solution resulted in an increase in the L-type Ca2+ current

(Fig. 10.3a, b). This effect was attenuated by drugs that interfere with the cytoskel-

eton, indicating that a channel trafficking process was involved. Furthermore,

immunofluorescent labeling of the α1D subunit of L-type Ca2+ channels revealed

by deconvolution microscopy an increase in the cytoplasmic distribution of the

channels under a high [Ca2+]i condition (Huang et al. 2004).

Therefore, elevations in the basal [Ca2+]i of β-cells induce an internalization of

L-type Ca2+ channels from the cytoplasmic membrane and reduce the amount of

Ca2+ influx in response to membrane depolarization. This channel internalization

mechanism may explain, at least in part, the adverse effect of glucose toxicity on

β-cell function.

10.7 Biophysical Kinetics of L- and T-Type Ca2+ Channels Are
Altered by Changes in Basal [Ca2+]i

In addition to its impact on the trafficking of L-type Ca2+ channels, “high” [Ca2+]i
(284 nM) also changes the kinetics of both the L-type and the T-type Ca2+ channels

(Huang et al. 2004). As shown in Fig. 10.3c, d, “high” [Ca2+]i mediates a shift

toward negative voltages in both the activation of inactivation curves of the L-type

Ca2+ current.
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However, the activation curve shift seen in Fig. 10.3c is inconclusive since it is

presumably masked by a change in the amplitude of the T-type Ca2+ channel

current. The “high” [Ca2+]i potentiates the T-type Ca2+ current, as indicated by

the increase in current at�20 mV and lower. The increase in T-type Ca2+ current in

the presence of “high” [Ca2+]i is further confirmed by measuring the slow

deactivating tail current at �80 mV after stepping up to �30 mV for 10 ms

(Fig. 10.3e). The voltage-dependent activation of the T-type Ca2+ channel current

was shifted ~11 mV to more negative potentials by a perfusion with medium

containing 284 nM Ca2+ (Fig. 10.3f).

In summary, an increase in β-cell basal [Ca2+]i not only internalizes the L-type

Ca2+ channels from the plasma membrane, but also potentiates the amplitude of the

T-type Ca2+ channel currents. The enhanced T-type Ca2+ currents will, in turn,

cause further rising of basal [Ca2+]i. Hence, the T-type Ca2+ channel and basal

[Ca2+]i together form a positive feedback loop that can be initiated by an increase in

plasma glucose concentration.

The net effect of the upregulation of the T-type Ca2+ channel on glucose-

stimulated insulin release is difficult to evaluate. On the one hand, it facilitates

the general electrical activity of β-cells, thereby promoting insulin release. On the

other hand, it causes an elevation in basal [Ca2+]i, which internalizes and inactivates

L-type Ca2+ channels, thereby inhibiting insulin release. Nevertheless, Fig. 10.2

shows that the inhibitory effect is more dominant after chronic high glucose

exposure.

10.8 Changes in Basal [Ca2+]i Regulate Basal Insulin Release

In response to glucose stimulus, human pancreatic β-cells release insulin via a

two-phase process (Porte 1991; Daniel et al. 1999). The early phase of insulin

release represents exocytosis of secretory granules in the immediately releasable

pool, while the second phase represents exocytosis of the secretory granules that are

docked to the cytoplasmic membrane but are not ready for exocytosis (Straub and

Sharp 2002). There is also a difference in the signaling pathways that regulate the

two phases of insulin release. The early phase is signaled by a KATP channel-

dependent mechanism and the second phase is signaled by a KATP channel-

independent mechanism, which acts in synergy with the KATP channel-dependent

mechanism (Straub and Sharp 2002). Clinical observations show that the major

defect of glucose-stimulated insulin release in type II diabetes mellitus is the

absence or deficiency of the early phase (Seltzer et al. 1967; Straub and Sharp

2002; Trombetta et al. 2013).

Theoretically, the increase in T-type Ca2+ channel activity in β-cells has a double
impact on the early phase of glucose-stimulated insulin release. The first effect

results in a reduction in L-type Ca2+ channels, which conduct Ca2+ and trigger

exocytosis of insulin granules. This is due to progressive internalization of L-type

Ca2+ channels associated with elevated basal [Ca2+]i as described above. As a

result, the β-cells that overexpress T-type Ca2+ channels show deficient [Ca2+]i-
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Fig. 10.3 Reversible regulation of L-type Ca2+ current amplitude by [Ca2+]i. (a) L-type currents
recorded before and after an intracellular perfusion of the solution contained 284 nM free Ca2+

inhibits the L-type Ca2+ currents. (b) Open circles represent a change in [Ca2+] from 284 to 0 nM,

triangles represent a change from 0 to 132 nM, and filled circles represent a change from 0 to

284 nM. (c) and (d) The I/V relationship and inactivation obtained after changing [Ca2+] from

0 (open circles) to 284 nM ( filled circles). (e) Slow tail currents measured at �80 mV under the
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mediated responses to glucose stimulus (Fig. 10.2) as well as reduced stimulus-

mediated insulin release. This is similar to the defect in insulin release seen in

glucose toxicity. The second impact is a reduction in insulin granules in the

immediate releasable pool. As elaborated above, pancreatic β-cells exhibit sponta-
neous, large [Ca2+]i spikes in the resting state. These [Ca

2+]i spikes contribute to the

promotion of basal insulin release. Increasing the activity of low threshold T-type

Ca2+ channels may increase the frequency of the spontaneous [Ca2+]i spikes,

resulting in premature release of insulin from the immediately releasable granule

pool in the absence of glucose stimulation. Therefore, upregulation of T-type Ca2+

channels in β-cells may result in both diminished Ca2+ influx through L-type Ca2+

channels and premature insulin release, effects that would account for the type

2 diabetic defect in glucose-stimulated insulin release. Since the upregulation of

T-type Ca2+ channels in β-cells can be stimulated by chronic high glucose exposure,

the relationship between glucose stimulus, T-type Ca2+ channel activity, and

glucose-stimulated insulin release in β-cells can be explained as a positive feedback
loop as shown in Fig. 10.4. This positive feedback mechanism may also be involved

in β-cell glucose toxicity. Indeed, T-type Ca2+ channel antagonists profoundly

reduce basal insulin release in cultured islet cells (Keyser et al. 2014) and in

β-cells of leptin receptor knockout (db�/db�) diabetic mice (Lu et al. 2014).

10.9 The T-Type Ca2+ Channel Upregulation Hypothesis
of Insulin Resistance

A number of epidemiological studies have demonstrated that insulin resistance

exists in the prediabetic state (Weir and Leahy 1994; Dabelea and Hamman 2004;

Reaven 2005). During the prediabetic period, pancreatic β-cells produce increas-

ingly more insulin in order to compensate for the development of insulin resistance

(Pfeifer et al. 1981).

The production of insulin is inversely proportional to insulin sensitivity (Kahn

et al. 1993). The reverse may also be true; insulin sensitivity decreases as the level

of circulating insulin rises. In the prediabetic condition, glucose levels fluctuate.

The fluctuation of high plasma glucose concentration induced by other concurrent

regulatory factors [e.g., inflammatory cytokines (Wang et al. 1999), hypoxia con-

dition (Caravelli et al. 2007), nitric oxide stimulation (Zeng et al. 2005), hormones

(Cohen et al. 1988; Ritchie 1993; Michels et al. 2006; Rossier et al. 2003), and

genetic predisposition (Lu et al. 2014)] causes increased pancreatic β-cell T-type
Ca2+ channel expression, which in turn leads to an elevation in basal [Ca2+]i and an

increase in basal insulin release (hyperinsulinemia). Chronic hyperinsulinemia may

contribute to the initiation and progression of insulin resistance.

�

Fig. 10.3 (continued) 0 and 284 nM [Ca2+]i conditions. (f) A negative-shift of voltage-dependent

activation of the T-type Ca2+ tail currents under 0 (open circles) and 284 nM ( filled circles) [Ca2+]i
conditions
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Conclusions and Further Research
Since the first characterization of T-type channel currents by Armstrong and

Matteson (Armstrong and Matteson 1985), the unique biophysical kinetics of

these channels have caused scientists to speculate on the most probable

function of the channels, which were facilitation of pacemaker potentials of

neurons and cardiomyocytes. However, new data reveals that T-type Ca2+

channels may also play an important role in regulating [Ca2+]i homeostasis of

a wide range of cells, including excitable and non-excitable tissues. The role

of T-type Ca2+ channels in regulating basal [Ca2+]i and basal insulin release

in pancreatic β-cells indicates that these channels may also affect the devel-

opment of type 2 diabetes mellitus and could serve as a new target for

antidiabetic therapy.

It has been hypothesized for several years that reducing basal insulin

release alleviates insulin resistance (Turner et al. 1979). Exogenous insulin

treatment has successfully reversed insulin resistance in humans with early

onset diabetes mellitus (Scarlett et al. 1982). A trial comparing early insulin

therapy to KATP channel inhibition in type 2 diabetic patients showed a

significant reduction in A1C, as well as improved endogenous insulin secre-

tion (Alvarsson et al. 2003). The treatment of prediabetic patients with T-type

Ca2+ channels antagonists may correct early disturbances in insulin secretion,

thereby preventing or delaying the onset of type 2 diabetes mellitus. Although

no human study has been done, initial light has been shed from rodent

experiments. Long-term treatment with the T-type Ca2+ channel blocker,

mibefradil, both prevented and reversed the development of hyperinsulinemia

in an insulin-resistant and hypertensive rat model (Verma et al. 1997) and

reversed hyperinsulinemia while normalizing glycemic status in diabetic

db�/db� mice (Lu et al. 2014). Considering that most current hypoglycemic

(continued)
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Fig. 10.4 Positive feedback of T-type Ca2+ channel activity and plasma glucose concentration.

High plasma glucose increases T-type Ca2+ channel activity and basal [Ca2+]i; elevated [Ca2+]i
reduces L-type Ca2+ channel availability and promotes spontaneous insulin release, resulting in

diminished glucose-stimulated insulin release; low insulin release causes high plasma glucose
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agents do not reverse the advance of type 2 diabetes mellitus, the search for

drugs to prevent the onset of the disease is warranted. T-type Ca2+ channel

blockers are promising candidates belonging to this category and deserve

further investigation at the basic and translational level.
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