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Abstract. Despite the wealth of information on voltage-
gated calcium channels, little is known about low
voltage-activated, T-type channels. The ability of the
antihypertensive drug mibefradil to selectively block
T-type channels has generated much interest in their
structure, physiology and pharmacology. This review

covers the cloning of a new family of calcium channels,
their putative structure, the electrophysiological evi-
dence that demonstrated that these complementary
DNAs encoded low voltage-activated, T-type channels,
the tissue expression of these genes, and concludes with
a discussion of their possible physiological roles.
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Introduction

Early classification schemes separated calcium channels
into two broad classes: low voltage-activated (LVA)
channels, which open after small depolarizations of a
well-polarized membrane (— 80 mV), and high voltage-
activated (HVA) channels, which require larger depo-
larizations. Much is already known about the subunit
structure of HVA channels, and there are several re-
views on the subject [1-3]. Biochemical, molecular
cloning and coexpression studies have established that
there are six o1 subunits of HVA channels, an «24d, a y
and four f subunits. Recent molecular cloning studies
have identified a seventh «1 gene, which appears to
encode a retinal-specific L-type channel, as well as two
new genes for «20 (220-2, «26-3; [4]) and three for y
(y-2 [5], y-3 [6], y-4 L. L. Cribbs and E. Perez-Reyes,
unpublished observations). Mutations in many of these
genes have been linked to human diseases and mouse
models of epilepsy [5, 7, 8]. Since no combination of

these subunits produced a T-type channel, efforts con-
tinued to clone additional members of the Ca?* chan-
nel family.

Cloning of three members of the T-type Ca** channel
family

Two excellent methods for cloning related genes are
slow stringency hybridization and polymerase chain re-
action (PCR). However, despite considerable effort
these methods were not successful in cloning T-type
channels. A new method for cloning genes is to search
the GenBank, which contains all the known genes, plus
many genomic and complementary DNA (cDNA) se-
quences. This in silico cloning or bioinformatic ap-
proach was used to clone the first member of the
potassium channel family that contains two pore do-
mains [9]. One way to screen the GenBank is to perform
a homology search using the BLAST sequence align-
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ment program [10], and search for genes that have a
conserved motif, such as a pore loop. This approach led
to the identification of two novel sequences from the
Caenorhabditis elegans genome [11] that appeared to
encode calcium channels (on cosmids C54d2 and C27f2)
[12].

A different strategy is to search the GenBank using a
text-based search. For example, many interesting se-
quences can be identified by searching for entries that
contain the terms ‘calcium’, ‘channel’ and ‘similar’. This
led to the identification of the human clone H06096,
which turned out to be a fragment of «1G [13]. This
clone had been isolated by the LLNL Consortium as
part of an effort to identify all messenger RNAs (mR-
NAs), or expressed sequence tagged (EST) genes [14].
The Consortium sequences a part of an EST, compares
that to the known genes, submits the sequence to the
GenBank along with a comment on which gene it is
most similar to, then makes the clone available. Se-
quencing of H06096 (LLNL clone ID no. 44039; Gen-
Bank no. AF029228) strongly suggested that it was part
of a novel Ca®>* channel gene. BLAST searches of the
GenBank revealed that H06096 was related to the C.
elegans sequence found on cosmid C54d2. It was then
used to screen rat brain and human heart cDNA li-
braries, eventually isolating full-length cDNAs for both
o« 1G, H and 1[13, 15, 16]. Similar approaches have been
used in a number of laboratories, leading to the cloning
of the human o 1H [17], mouse «1G [18], rat «1G [19],
and human «1G and « 11 [20]. The sequences of these
three genes are homologous to the HVA channels, but
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Figure 1. Dendrogram illustrating the Ca?* channel subfamilies.
The full-length sequence of each o1 subunit was first reduced to
just the membrane-spanning regions, which produced a file con-
taining 350 amino acids. These files were then aligned using
WDNASIS software (Hitachi, San Bruno, CA, USA) based on
the CLUSTAL algorithm [88]. Adapted from Lee et al. [21].
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clearly form a new subfamily (fig. 1). The other two
subfamilies include the L-type family («1S, C, D and F)
and the non-L-type, HVA family («1A, B and E). The
C. elegans genome contains one representative of each
subfamily, indicating that these genes evolved a long
time ago.

A mammalian homolog of the C. elegans C27f2 se-
quence was also cloned [21]. This cDNA encoded a
protein that has considerable sequence identity to
sodium and calcium channels. Unfortunately, it has not
been possible to measure any channel activity from this
clone in either oocytes or transfected HEK-293 cells
[21].

Voltage-gated calcium channels are part of a superfam-
ily that includes the highly related sodium channels and
more distantly related potassium channels [22]. Due to
this sequence identity, it is likely that their three-dimen-
sional structures are also similar. Recently the structure
of a potassium channel was solved by X-ray analysis
[23]. This KcsA K™ channel is composed of two
transmembrane o helices separated by a pore loop (fig.
2). There are many K* channels that are predicted to
have this structure, such as the family of inward rec-
tifiers. Voltage-gated K+ channels also contain highly
similar sequences, but in addition they appear to have
evolved four new transmembrane segments (S1-S4).
Notably the S4 segment contains positively charged
residues in every third position and acts as the voltage
sensor that couples membrane depolarization to chan-
nel gating. Four of these « subunits are required to
form a functional K * channel [24]. In contrast, voltage-
gated calcium and sodium channels are much larger
proteins that contain four of these repeats. It is likely
that they arose from voltage-gated K * channels by two
rounds of gene duplication [25]. Although the sequences
of this ion channel superfamily can be aligned [22], the
level of homology is in fact quite low. Many of the
amino acid substitutions are conservative; hydrophobic
residues such as leucine are often replaced by other
hydrophobic residues such as isoleucine, valine or
phenylalanine. Therefore, the hydropathy plot of a typ-
ical voltage-gated K * channel is nearly identical to one
of the repeats of a Ca®>* channel (fig. 2A). Ton channels
are often represented by snake diagrams (fig. 2B), where
the protein is shown to snake its way through the
membrane in a linear fashion, and the o helices are
shown as boxes. This type of diagram overemphasizes
the membrane-spanning regions. In fact, less than one-
sixth of the protein is embedded in lipid. To illustrate
this point each amino acid is represented with a circle
(bottom right panel of fig. 2B). Clearly the bulk of the
protein is in the cytoplasm, and the only significant
portion that is predicted to be extracellular is the loop
between the S5 segment and the pore loop in repeat 1.
In general, all voltage-gated Ca®>* and Na* channels
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Figure 2. Predicted structure of ion channels. (4) Hydropathy plots of the KcsA and Shaker potassium channels, and repeat II1 of
o 1G. The hydropathy index varies 3 to — 1. Letters above the plots indicate the relative position of each transmembrane segment
(S1-S6) and pore loop (P). The S4 voltage sensors in most Ca®>* and Na™ channels are not very hydrophobic, so they are difficult
to see in these plots. (B) Snake diagrams illustrating the transmembrane segments as though looking into the plane of the lipid bilayer
(grey box). The S4 voltage sensor is hatched. The T-type channel (o 1H) is illustrated with every amino acid replaced with a circle, and
the relative position of each of the repeats is shown by the roman numerals. (C) Possible arrangement of the transmembrane segments
in an individual repeat. This view is though looking down on the channel from outside the cell. (D) Arrangement of the four repeats
with the pore loops shown to angle towards the center of the pore. (E) Stylized view of the channel from the side. The channel is shown
in the open position. Closing of the channel may occur by closing of the internal channel walls.

are similar, with large linkers joining repeats I-II and
II-TIT and much smaller III-IV linkers. The sequence
of these linkers is poorly conserved. These linkers are
used in HVA channels as a point of contact for a wide
variety of regulatory proteins. For example, the I-1I
linker binds both the Ca?* channel f and the G protein
[ subunit; the II-IIT linker of the skeletal muscle L-
type channel interacts directly with the sarcoplasmic
Ca?™* release channel, whereas this linker in «1A and B
interacts with synaptic vesicle machinery; and the car-
boxy terminus has been implicated in Ca?~*-dependent
inactivation of o 1C channels (reviewed in [3]). Although

the role of these linkers in T-type channels is unknown,
one hypothesis is that they may serve as inactivation
gates, as shown for the Na* channel III-1V linker [26].
Models have been developed for the three-dimensional
structure of voltage-gated Na™ channels [27, 28] and
K+ channels [29], but not Ca®>* channels. The models
of K* channels have been meticulously updated with
the reams of site-directed mutagenesis studies per-
formed on cloned channels, and agree quite well with
the solved structure. The S1-S3 segments are thought
to form the outside of the channel, whereas the channel
walls are lined by S5 and S6 segments (fig. 2C). The S4
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segment lies in the center of the repeat in a gating pore.
It is envisaged to slide up upon depolarization, leading
to channel opening, then down upon repolarization to
close the channels [29]. The movement of these charges
produces the gating current that preceded the ionic
current. The four repeats are arranged in a clockwise
fashion (fig. 2D). This arrangement is predicted by
studies on the dihydropyridine binding site, which in-
cludes amino acids in IIISS, IIIS6 and IVS6 [30]. The
pore loops are thought to project to the middle of the
channel, forming a selectivity filter near the outer
mouth of the channel (fig. 2E). The pore loops are
particularly well conserved within an ion channel class,
and even between each of the four repeats. Within each
pore loop of HVA Ca?* channels there is a glutamate
residue located at the same position, leading to the
shorthand notation EEEE. Site-directed mutagenesis of
these glutamates has shown that they are the key deter-
minants of a Ca?* binding site that is crucial for
selectivity [31-33]. In Na ™ channels these residues are
DEKA, and mutation of these residues to DEEE results
in channels that are Ca?*-permeable [34]. In T-type
channels these residues are EEDD, indicating that the
overall charge is conserved, but suggesting that binding
of Ca®>* may be different. Indeed, studies on native T
channels demonstrated that there were important differ-
ences in selectivity between LVA and HVA channels
[35, 36].

Electrophysiological properties of the cloned T-type
channels

Studies on native Ca®* channels established the follow-
ing criteria for distinguishing T-type channels from high
voltage-activated channels such as N- and L-type: their
activation at lower voltages (threshold of — 70 vs. — 40
mYV), inactivation at lower voltages, their transient ki-
netics (inactivation 7 of ~ 20 ms), which produces a
distinctive pattern of criss-crossing traces during a cur-
rent-voltage (I-V) protocol, slower deactivation leading
to a prominent tail current after a depolarizing pulse,
smaller single channel conductance in isotonic Ba?*
(~ 8 vs. 13-25 pS), similar conductance in Ca2 ™, resis-
tance to rundown, sensitivity to micromolar Ni** and
insensitivity to various calcium channel blockers such as
dihydropyridines and Conus toxins [37—42]. These crite-
ria establish the properties that a cloned channel must
fulfill to be called a T-type channel. Two common
expression systems used to characterize cloned ion
channels are Xenopus laevis oocytes and the mammalian
cell line HEK-293. For oocyte experiments eggs are
injected with 1-30 ng of in vitro synthesized comple-
mentary RNA (cRNA), then recorded currents 4-8
days later using the two-microelectrode voltage clamp.
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Using this system, the currents induced by injection of
o« 1G were characterized [13]. It was demonstrated that
«1G channels were activated at low voltages, inacti-
vated rapidly producing criss-crossing kinetics, inacti-
vated at negative potentials, had slow deactivation and
a small single channel conductance in Ba?*. These
currents were compared with those produced by «1E,
which had been proposed to be a member of the LVA
family based on its inactivation at negative potentials
and sensitivity to Ni** [43]. In contrast to «1G, «1E
channels required much stronger depolarizations to
open (30 mV) and inactivate (20 mV). Another major
difference was the position of the reversal potential,
which was 20 mV more positive for «1E, suggesting
differences in permeability.

Initial attempts to express o 1H in oocytes failed; how-
ever, large currents were readily obtained in transiently
transfected HEK-293 cells [15]. It was demonstrated
that «1H also produced channels that activated at low
voltages, had criss-crossing kinetics, inactivated at nega-
tive potentials, had slow tail currents and a small single
channel conductance in Ba?+ [15]. Addition of 5’ and 3’
untranslated sequences from Xenopus f-globin has al-
lowed expression of «1H in oocytes [J.-H. Lee, L. L.
Cribbs, E. Perez-Reyes, unpublished observations].
Therefore, as shown for K* channels, these sequences
can provide a big boost in expression [24]. The «1G
currents have also been characterized in HEK-293 cells
[16]. The currents carried by «1G and « 1H appear to be
nearly identical when recorded using Ba** as charge
carrier in either expression system [16]. However, their
kinetics differ when using Ca?* as the charge carrier,
with o« 1H activating and inactivating more slowly [44].
In contrast, expression of « 11 produced a channel with
drastically different kinetics (fig. 3A), especially when
expressed in oocytes [16]. Since there were no reports of
such a slowly activating LVA current, it was feared that
there might be a mutation in the clone, as had occurred
in the cloning of the rat II Na* channel [45]. Therefore,
the full-length construct was resequenced. No striking
differences were found in the sequence of the rat o1l
sequence when compared with either of the other cloned
T channels, or with a partial human genomic sequence
of a1 (GenBank no. AL008716). Surprisingly the o 11
currents activated and inactivated five times faster in
HEK-293 cells than observed in oocytes. These findings
suggest that HEK-293 cells may express an auxiliary
subunit of T channels that regulates kinetics. Support
for this hypothesis comes from studies on HVA chan-
nels showing that f subunits can have a dramatic effect
on kinetics [46] and the voltage-dependence of HVA
channel gating [47]. However, the putative LVA subunit
appears not to affect the voltage dependence, since the
I-V curves obtained in oocytes were nearly identical to
those obtained in HEK-293 cells [16]. Preliminary re-
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sults suggest that the known S subunits do little to «1G
currents, whereas coexpression with «2J leads to an
increased number of channels at the surface membrane
in COS cells [48], but not in HEK-293 cells [49]. Despite
the slowness of the kinetics, 11 currents still display the
classic criss-crossing pattern during an I-V protocol.
They also activate and inactivate over a similar voltage
range as native T-type currents. The single channel
conductance (11 pS) was significantly larger than that
observed with «1G or H (5-7 pS), and approaches the
value obtained for «1E [50]. There was also a promi-
nent subconductance state (4 pS), as had been observed
previously for native T-type channels [51, 52]. Stably
transfected cell lines of «1G, H and I have been gener-
ated, which allowed comparative studies of their bio-
physical properties using either 10 mM Ba?* as charge
carrier [16] (fig. 3) or more physiologically relevant
solutions containing 1.25 mM Ca?* [44]. All three
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channels activated and inactivated over a similar range,
and plots of the activation curve and the steady-state
inactivation (5 s prepulse) curves indicated the existence
of a window current (fig. 3C). The window current is a
range where channels can activate, but never fully inac-
tivate. These window currents occurred near the resting
membrane potential of many cells, suggesting that T-
type channels can play a role in maintaining basal
concentrations of Ca?*.

Tissue localization of «1G, H and I

Northern blot analysis of human mRNA indicates that
«1G, H and I are all abundantly expressed in brain [13,
15, 16]. Heart expresses both «1G and H. We also
detected abundant expression of « 1H in kidney. Similar
results were obtained for « 1 H expression by Williams et
al. [17], except they also detected cross-reactive material

40 -20

Deactivation tau (ms)

-120

-100 -80 -60
Repolarization Potential (mV)

Figure 3. Electrophysiological recordings of cloned T-type Ca?* channels. (4) Traces obtained during pulses to — 20 mV for HEK-293
cells transfected with either «1G, H or I. The first 100 ms of the traces are shown. The currents have been scaled, but were roughly
1 nA at peak. (B) Normalized current-voltage relationships for «1G (triangles), «1H (inverted triangles), «1I (circles) and «1E
(squares). The data from individual cells was normalized to the peak current for that cell, then averaged. Alternatively, activation curves
can be represented by transforming the data to conductance using the constant field equation. (C) The inactivation of « 11 channels was
determined using 5-s prepulses, then plotted with the activation curve. The overlap region centered at — 55 mV represents the window
current region. Data were obtained with 10 mM Ba?* as charge carrier at room temperature. (D) Deactivation kinetics of all four

channels (same symbols as in B). Adapted from Lee et al. [16].
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Table 1. Distribution of «1G H and I mRNA in the rat brain.
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Brain region x1G olH o1l Brain region «1G olH o1l
Olfactory system Thalamus

olf. bulb + bt +++ principal rely +++ bt +

glomerular nuc.

olf. bulb granule ++++ ++++ ++++ intralaminar +++++ bt +

cells

Islands of Callega + +++++ +++++ geniculate ++ bt +
Basal forebrain reticular bt ++ +++

striatum bt ++ ++ lateral habenula ~ + + + bt +++

globus pallidus bt bt bt Midbrain and pons

subthalamic ++ + +++ periaqueductal g + + + bt

nucleus

bed nuc. stria +++++ ++ + tegmental nuclei  + + + bt +

term.

claustrum +++++ bt + raphe + + bt
Amygdala ++/+++  +/++ substantia nigra  + + bt
Cerebral cortex Cerebellum and

olive

layers II/I11 ++ bt/+ + granule-anterior + bt ++

layers IV +++ bt ++ granule-posterior  + + + + bt ++

layers V ++ ++ + Purkinje +++++ bt bt

layers V1 +++ bt + molecular + bt bt

piriform cortex +++ +++ +++/bt deep cerebellar n.  + bt bt
Hippocampus inferior olive +++++ bt ++

pyramidals ++/+++ +++/++++ ++/++++ Other

(CA1-3)

granule cells of ++ +4++++ + sup. cerv. gang. + bt bt

DG

polymorph of DG + + ++ ++ pineal gland + ++++ bt
Hypothalamus ++/+++  +H/++ + pituitary + +++ +
Medulla and spinal  bt/+ + + bt/+ bt/+ sensory ganglia + ++++ ++

cord

Adapted from Talley et al. (1999). + + + + +, highest levels of labeling; + + + +, very high, + + +, high; + +, moderate; +, low;

bt, below threshold detection.

in pancreas, skeletal muscle, lung and placenta. Perhaps
this distribution in peripheral tissues is due to expres-
sion of o 1H in smooth muscle. Transcripts of « 11 were
only detected in brain [16], where they have a wide
distribution (table 1). The distribution of these mRNAs
in rat brain has also been examined in detail [53]. The
probes were 33-bp oligonucleotides based on sequence
of the I-II loop, which is poorly conserved among the
three genes, reducing the possibility of cross-reactivity.
Somewhat surprisingly, there was evidence for T-chan-
nel expression throughout the brain. For example, mes-
sages for all three channels could be detected in all the
layers of the cerebral cortex, not just layer V as sug-
gested from electrophysiological recordings [54]. Other
brain regions that expressed message for all three chan-
nels included the olfactory bulb and hippocampus
(table 1). Many brain regions expressed only two T
channels. However, « 1G was rarely expressed with o« 1H
alone; rather, they both took turns expressing with o 11.
For example, «1G and I were coexpressed in the cere-
bellum, lateral habenula and inferior olive, whereas
o1H and I were coexpressed in the striatum and the
thalamic reticular nucleus. Interestingly, currents that

inactivate as slowly as «1I have been recorded from
neurons isolated from the lateral habenula, thalamus
and reticular nucleus [55-57].

Although antibodies for all three channels have not
been developed, there have been antibodies raised
against the I-II loop of «1G. This antibody was used
to map the distribution of the «1G protein in rat brain
[58]. In general there was good agreement between the
mRNA and protein distribution, although there were a
few regions where there was either a stronger or weaker
signal than expected from the message levels. Im-
munoreactivity was detected on both the soma and
dendrites. Strong immunoreactivity was detected in the
following brain regions: cerebellum, hypoglossal and
trigeminal nuclei, inferior olive, lateral, medullary and
rostroventrolateral reticular nuclei, nucleus prepositus,
external cuneate nucleus, raphe nuclei, inferior col-
liculus and throughout the cerebral cortex.

Possible physiological roles of T-type channels

One of the first physiological roles proposed for low
voltage-activated channels was as a pacemaker current.
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Ca’* entry itself leads to depolarization of the mem-
brane, which can then activate other voltage-gated
channels. However, the membrane must be depolar-
ized by some other ionic current before T channels
can open; therefore they are just one of many pace-
maker currents. A similar pacemaker role was demon-
strated for T-type channels in the heart [59].
Inhibition of the T-type current with NiCl, slowed the
late phase of diastolic depolarization, resulting in a
negative chronotropic effect [59-61]. The early phase
of diastolic depolarization is mediated by the current
called I, (reviewed in [62]). In higher mammals such
as rats, dogs and cats, low voltage-activated currents
have been found in atrial myocytes, sino-atrial nodal
cells, latent atrial pacemaker cells and in Purkinje
fibers [59, 60, 63, 64]. In these mammals only L-type
currents are detected in adult ventricular myocytes
(reviewed in [42]); however, T-type currents have been
recorded in myocytes isolated from a pressure-over-
load model of cardiac hypertrophy [65].

A similar pacemaker role has been described in neu-
rons, where T-type channels produce the low
threshold Ca’* spike that is crowned by a burst of
Na*-dependent action potentials [66—72]. Thalamic
neurons alternate between at least two modes of activ-
ity, burst and tonic firing, which correlate with their
resting membrane potential. During tonic firing the
membrane is depolarized to around — 50 mV, and
action potentials are triggered by Na™ channels.
Burst firing occurs when the membrane potential is
depolarized from a typical resting membrane potential
(below — 70 mV), and is due to the sequential activa-
tion of T-type Ca®>* and Na* channels. The trigger
for this activity can be a small excitatory postsynaptic
potential (EPSP). If the resting membrane potential is
in the range where T-type channels can activate, then
burst firing can be triggered by inhibitory postsynaptic
potentials (IPSPs). This is due to the ability of T-type
channels to recover from inactivation during the
IPSP, then fire as the IPSP wears off. This type of
neuronal firing was originally termed postanodal exal-
tation in the 50s (see references cited in [73]) and is
now referred to as rebound burst firing. When the
inhibitory interneuron is interconnected with the neu-
ron that contains T channels, then this circuit is capa-
ble of generating stable oscillations and resonance.
Such circuits have been well described for the cortico-
thalamic loop (reviewed in [74]). These oscillations are
usually only observed during sleep, producing a spike-
wave or sleep spindle in the electroencephalogram
(EEG). Similar EEG patterns are observed during ab-
sence epileptic seizures [75, 76], and in some animal
models of epilepsy [77]. The ability of antiepileptic
drugs to block T-type channels in vitro led to the
hypothesis that some forms of epilepsy may be caused

Three for T

by overactive T-type channels [78], but see [79]. This
hypothesis is supported by the finding of increased
T-channel activity in a rat model of absence epilepsy
[80].

The slow deactivation kinetics of T-type channels (fig.
3D) should allow for large fluxes of Ca?* during the
repolarization phase of an action potential. This could
lead directly to an afterdepolarizing potential [72], or
it could couple to Ca?>*-dependent K+ channels, pro-
ducing afterhyperpolarizations [66]. Evidence for this
coupling was provided by studies where T-type chan-
nels were blocked either pharmacologically [81] or
with antisense depletion [82].

Due to their activation so close to the resting mem-
brane potential of most cells, and the existence of a
window current, T-type channels can also play a role
in maintaining intracellular Ca>* concentrations. This
may be particularly important in nonexcitable cells, or
cells that have slowly developing depolarizations. Hor-
mone secretions from both adrenal glomerulosa and
fasciculata cells have been shown to rely on T-type
Ca?* channels [83, 84]. T-type currents have been de-
tected in a wide variety of secretory cells and smooth
muscle myocytes [42]. Smooth muscle myocytes also
express L-type currents. Block of smooth muscle L-
type Ca?™ channels leads to a lowering of blood pres-
sure, and is the proposed mechanism of action of
many clinically relevant drugs. Mibefradil was a novel
antihypertensive drug that blocked T-type channels at
clinically relevant concentrations (0.2 pM), whereas
block of L-type channels occurred at 15-fold higher
concentrations [42]. These results suggested that T-
type channels may play an important role in setting
vascular tone. Another interesting property of
mibefradil was its ability to block smooth muscle pro-
liferation [85]. T-type channel expression is tightly
coupled to the cell cycle [86]. These results suggest
that Ca’* influx through T-type channels may be an
important determinant of cell proliferation, and that
selective T-type antagonists may be useful in prevent-
ing restenosis after balloon angioplasty. Unfortunately
mibefradil was withdrawn from the market due to its
inhibition of cytochrome P-450, which is a key en-
zyme in the metabolism of many drugs [87]. In con-
clusion, mibefradil provides support for the concept
that block of T-type channels will be clinically useful.
Cloning and expression of these channels provides an
assay for the development of new classes of calcium
channel blockers.
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