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Low-Voltage-Activated (“T-Type”) Calcium
Channels in Review

Anne Marie R. Yunker! and Maureen W. McEnery?3#°

The past 5 years has witnessed an advance in our understanding of alphgBd)(CGdphalH
(Ca,3.2), and alphall (G&.3), the pore-forming subunits of T-type or low-voltage-activated
calcium channels (LVAs). LVAs differ in their localization and molecular, biophysical, and biochemi-

cal properties, but all conduct a transient calcium current in a variety of cells. T-type currents mediate
a number of physiological functions in developing and mature cells, and are implicated in neural
and cardiovascular diseases. Hampered by a lack of selective antagonists, characterization of T-type
channels has come from recombinant channel studies and use of pharmacological and electrophysio-
logical methods to isolate endogenous T-type currents. The surprising heterogeneity in T-type currents
likely results from differences in LVA molecular composition, temporal and spatial localization, and
association with modulatory molecules. A fundamental knowledge of LVA biochemical properties,
including the molecular composition of endogenous LVAs and spatial and temporal characterization
of protein expression, is necessary to elucidate mechanisms for regulation of expression and function
in normal and diseased cells.

KEY WORDS: t-type; review; alphalG (G&.1); alphalH (CgB.2); alphall (Cg3.3); development; epilepsy;
cardiac; vascular.

INTRODUCTION inactivation at more negative membrane potentials than
other known channels. In contrast, the second channel
History of T-Type Currents (“channel 11”) was similar to previously characterized cal-

cium channels in adult tissues (Hagiwatal., 1975). Six
The study of low-voltage-activated (LVAS) voltage years later, Llimset al. published the firstin a series of de-

dependent calcium channels has a long and fascinatingtailed in vitro electrophysiological studies of inferior olive
history that impacts on many fields in neuroscience and (Jahnsen and Lla&s, 1982; Lli@s and Yarom, 1981a,b)
pharmacology. In 1975, Hagiwaed al. recorded two in- and thalamic nuclei (Jahnsen and 1481982, 1984a,b;
ward calcium currents from fertilized starfish eggs. The Llinas and Jahnsen, 1982) that correctly anticipated the
biophysical properties of one channel type (“channel I") function of an unusual mammalian inward calcium cur-
had a number of novel properties, including activation and rent similar to Hagiwara’s novel current. Recordings from

inferior olivary nuclei in brainstem slices revealed a com-

plex action potential waveform composed of a early fast
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and Yarom, 1981a). The presence of two distinct types of of both activation and inactivation, resulting in a charac-
calcium-dependent spikes led Ldis'and Yarom to pro- teristic crossing over pattern of currents in response to pro-
pose that two types of calcium channels with different gressively larger depolarization steps (Randall and Tsien,
kinetics and cellular localization mediated the low- and 1997; reviewed in Perez-Reyes, 1998).
high-threshold calcium spikes (LEs'and Yarom, 1981b). Also named 's,st” (Bean, 1985), “type I” (Hagiwara
Finally, they hypothesized that sequential activation of et al, 1975; Narahashet al, 1987), “low-threshold in-
specific ionic conductances resulted in sustained oscilla- activating (LTI)” (Kostyuket al., 1988), and “slowly de-
tory membrane potentials (Li&s and Yarom, 1981a,b). activating” currents (Armstrong and Matteson, 1985), T-
The elegant electrophysiological studies by Bbn~ type currents appear to underlie different physiological
et al. also demonstrated that low-threshold calcium processes than currents carried by other known voltage
currents were responsible for the generation of para- dependent calcium channels (VDCCSs). Unlike neuronal
doxical calcium-dependent spikes (“low-threshold P-/Q-type and N-type high-voltage-activated voltage de-
spikes” (LTS)) recorded when thalamic neurons were pendent calcium channels (HVAs), most neuronal T-type
hyperpolarized to levels more negative than rest. Prior currents do not appear directly coupled to neurotransmit-
to these landmark studies, intracellular recordings had terrelease (Katetal, 1992; Terriaret al., 1989; Stephens
revealed that thalamic neurons could generate bothetal, 2001; Pfriegeet al, 1992; but see Paet al,, 2001,
repetitive and burst-firing modes of action potentials which indicates that T-type channels mediate neurotrans-
through undefined ionic mechanisms (Anderstral., mitter release from retinal bipolar cells). T-type currents
1964). Llinas et al. demonstrated that depolarizations are recorded from cardiac myocytes from some species
of thalamic neurons positive te-60 mV resulted in (Bean, 1985; Hagiwarat al,, 1988; Niliuset al, 1985),
repetitive firing via sodium-dependent action potentials and gastrointestinal (Vivaudai al., 1988; Smirnoet al,,
(“tonic firing”). In contrast, depolarization of thalamic 1992a; Xionget al, 1993), bronchial (Janssen, 1997), vas-
cells from voltages more negative thaB5 mV produced cular (Akaikeet al, 1989a; Ganitkevich and Isenberg,
a short burst of sodium action potentials (“rebound burst 1991; Kugaet al., 1990), and uterine smooth muscle cells
firing”) resulting from activation of a rapidly inactivating  (Youngetal, 1993), although excitation—contraction cou-
calcium-dependent spike (LEs and Jahnsen, 1982). pling is mainly mediated by L-type high-voltage depen-
Furthermore, the novel calcium currents recorded by dent calcium currents.
Llinaset al. were proposed to serve as the ionic basis of
“postanodal exaltation” that had been described in a va-
riety of neurons, including spinal ganglia, motoneurons, Physiological Functions of T-Type Currents
and hippocampal neurons (Anderssal, 1964; Coombs

et al, 1959; Ito, 1957; Kandel and Spencer, 1961). Neuronal Functions
Cultures of dorsal root ganglion cells and cardiac my-
ocytes were useful model systems to characterize the bio- A number of functions have been attributed to

physical properties of the novel calcium currents that were T-type channels in neurons, as robust T-type currents
inactivated by strong membrane depolarizations. Theseare recorded from central and peripheral neurons.
currents were activated and inactivated (desensitized) byOne of the best known functions of T-type channels
unusually negative voltages positivetg0 mV (“LVAS”) is mediation of neuronal rebound burst firing. While
(Carbon and Lux, 1984a,b; reviewed in Huguenard, 1996). characterizing thalamic neurons, Andersdral. (1964)

The currents exhibited transient kinetics with rapid in- noted that relay neurons displayed postanodal exaltation
activation and relatively slow deactivation (“T-type”) after administration of endogenous or exogenous in-
(Nowycky et al, 1985) that gave rise to characteristic hibitory postsynaptic potentials (IPSPs). The underlying
tail currents after depolarizing test pulses (Matteson and low-threshold calcium-mediated depolarization and ac-
Armstrong, 1986). Furthermore, the responsible chan- companying sodium action potentials were suggested to
nels had small unitary conductances8(pS in isotonic be responsible for alpha rhythms (Anderstral., 1964;
barium chloride) and were insensitive to known organic Llinas and Jahnsen, 1982) and spindle waves (reviewed in
calcium channel antagonists (Carbone and Lux, 1984a;McCormic and Bal, 1997; Steriade and DesiggS, 1984).
Fedulovaet al, 1985; Nowyckyet al, 1985; Swandulla  Spindle waves are important in a number of processes
and Armstrong, 1988). These currents failed to exhibit including sleep (Crunellet al, 1989; Hernandez-Crus
metabolic rundown displayed by other calcium channels and Pape, 1989; Steriadst al, 1994; Suzuki and Ro-
(Carbone and Lux, 1984a; Hagiwaetal., 1975). Finally, gawski, 1989) and epilepsy (see below). During transition
T-type currents exhibited a distinctive voltage dependence from the awake state to drowsiness, thalamocortical
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relay cells are hyperpolarized because of decreasedin Purkinje neurons by-30% (Raman and Bean, 1999),
excitatory inputs. This hyperpolarization removes T-type suggesting modulation of T-type channels may be a
channels from the inactivated state (“deinactivation”), common mechanism for mediating neuronal excitability.
resulting in membrane depolarization and calcium spikes A final example of the importance of T-type chan-
(McCormick and Bal, 1997; Steriadet al, 1993a,b). nels in controlling membrane excitability occurs in tha-
If the membrane depolarizations are sufficiently large, lamic reticular cells. Opening of T-type channels results
opening of voltage-gated sodium channels results in in generation of a marked after-hyperpolarizing current
bursts of sodium action potentials (Bean and McDonough, conducted by apamin-sensitive calcium-activated potas-
1998). LTS have been recorded throughout the brain siumchannels (Avanzimital., 1993; Bal and McCormick,

in such diverse regions as cortical pyramidal neurons 1993). This potassium current can be sufficient to deinac-
(Giffin et al, 1991; Hamillet al, 1991), hippocampal tivate T-type channels, resulting in another low-threshold
interneurons (Fraser and MacVicar, 1991), thalamic relay calcium spike. Therefore, physiological interactions with

and reticular neurons (Jahnsen and &§n1984a,b), and
inferior olive cells (Jahnsen and LhAs; 1982; Llirs and

other gated ion channels coexpressed in the same cell with
T-type channels can result in rhythmic membrane oscil-

Yarom, 1981b, 1982), suggesting low-threshold spikes lations (reviewed in McCormick and Bal, 1997). More-

are important in normal neuronal processes.

T-type channels are hypothesized to underline
neuronal pacemaker activity and oscillations in neu-
ronal membrane potential, partial, partially due to the
biophysical properties of T-type channels that promote
regenerative low-threshold calcium spikes (reviewed
in Huguenard, 1996). Thalamic relay cells generate
rhythmic bursts of action potentials, resulting in 7-14 Hz
spindle activity during non-REM sleep detected by elec-

over, this functional coupling may occur spontaneously in
cell culture (Gu and Spitzer, 2001; Gutnick and Yarom,
1989). Taken together, these examples illustrate the impor-
tance of T-type channels in gating or controlling the activ-
ity of other voltage- and calcium-dependent ion channels
(Llinas and Yarom, 1981b; Whitet al, 1989; reviewed
in Huguenard, 1996).

Because of the biophysical properties of activation
and deactivation, T-type channels can also open in

troencephalograms (EEGSs) (“sleep spindles”) (Steriade response tdepolarizingmembrane potentials depending

and Llinas, 1988), and 0.5—4 Hz bursts of action potentials

(delta waves) (McCormick and Pape, 1990; Solt&ts.,,

2001). The cellular basis for this rhythm is due to both
the intrinsic biophysical properties of T-type channels,
and the physiological interaction of T-type currents
with a “hyperpolarization-activated” mixed sodium and
potassium slow inward currentlg”) (McCormick and

Huguenard, 1992; McCormick and Pape, 1990). This
later current normally contributes to resting membrane

potential, but is inactivated by membrane depolarization.

Following depolarization, inactivation of T-type chan-

on the resting membrane potential with respect to the
inactivation curve of T-type channels. For example,
depolarization of dorsal root ganglion neurons can
generate an after-depolarizing potential that triggers a
short burst of action potentials, potentially contributing
significantly to intracellular calcium levels (Whitg al,,
1989). Voltage-clamp experiments of dorsal root ganglion
neurons reveal that T-type current is the major source
for calcium entry during the repolarization phase of
brief action potentials (McCobb and Beam, 1991). In
experiments carried out several years later, data resulting

nels repolarizes the membrane, and a hyperpolarizingfrom genetic manipulation of T-type channel expression
overshoot occurs. This hyperpolarization deinactivates supported this conclusion. Antisense oligonucleotides

T-type channels and activatés (reviewed in Lithi and
McCormick, 1998; McCormick and Bal, 1997). Thg
current slowly brings the resting membrane potential
towards thel, equilibrium potential of approximately
—30 mV, resulting in reactivation of T-type channels and
a low-threshold calcium spike (reviewed in McCormick

against a conserved region found in alphalG, alphalH,
and alphall transcripts attenuated T-type current in
nodose ganglion neurons, and action potentials recorded
from these neurons had a faster repolarization phase
than cells transfected with a scrambled oligonucleotide
(Lambertet al., 1998). In contrast, overexpression of

and Bal, 1997), repeating the cycle. Therefore, the rate human alphalG in HEK-293 cells results in sustained

of repolarization of the membrane potential lgycurrent

is thought to control the rate of rhythmic oscillations (re-
viewed in Lithi and McCormick, 1998). T-type channels
are likely to control the rate of action potentials in brain

calcium influx during repolarization in response to action
potential waveforms (Monte#t al,, 200a). These results
imply that T-type currents control the action potential
shape and promote calcium entry during membrane

regions other than thalamus. For example, blockade of repolarization (Lambewtt al, 1998; McCobb and Beam,

T-type channels by mibefradil, a nonspecific T-type chan-

1991; Monteilet al,, 2000a), a mechanism that allows for

nel antagonist, slows the rate of action potential generation substantial calcium entry during short action potentials.
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T-type currents also may strengthen local synaptic VDCCs, and the resulting increased intracellular calcium
potentials and modulate synaptic efficacy. Both T-type is sufficient to trigger the sperm acrosome reaction. Cur-
currents and alphal LVA mRNA (discussed below) are rents recorded from spermatogenic cells display T-type
localized to dendrites in many brain regions, and depolar- channel activation and inactivation properties (Arnoult
izing dendritic synaptic potentials open T-type channels et al, 1996, 1997; Hagiwara and Kawa, 1984g\#no
(Magee and Johnston, 1995; Sutor and Zieglgansbergeret al, 1996), suggesting T-type channels are important
1987). Opening of these channels may permit a localized mediators of fertilization.

increase in intracellular dendritic calcium, thus permitting

integration of subthreshold synaptic inputs within a lo- Heterogeneity in Endogenous T-Type Currents

calized region (reviewed in Ghosh and Greenberg, 1995).

Finally, T-type currents may underlie after-deplorizing One of the first indications of VDCC diversity came
potentials that occur after single action potentials in from electrophysiological recordings of endogenous volt-
some neurons (Komatsu and Iwakiri, 1992; Wheteal,, age dependent calcium currents, as currents had unique
1989; Zhanget al, 1993b), and mediate input signal voltages of activation, inactivation, and deactivation and
amplification in some neurons (Williangs al,, 1997). kinetic profiles. Comparisons of biophysical properties
of calcium currents recorded either in the same neuron or
Nonneuronal Functions under similar recording conditions lead to the conclusion

that neurons conduct at least five major types of voltage

T-type channels have a number of functions in non- dependent calcium currents (Nowyclgt al, 1985;
neuronal tissues. The low voltage of activation of cardiac reviewed in Catterall, 2000; Randall, 1998). Similarly,
T-type channels permits substantial inward current during comparisons of T-type currents recorded from different
the late phase of diastole, potentially contributing to action neurons revealed an underlying heterogeneity in T-type
potential initiation in pacemaker cells. Small concentra- currents (Matteson and Armstrong, 1986). Although
tions of the nonspecific T-type channel antagonist nickel some of the heterogeneity was attributed to differences in
slow the beating rate of sinoatrial nodal and atrial pace- recording conditions, comparisons of channels recorded
maker cells without attenuating L-type currents (Hagiwara under the same conditions revealed biophysical differ-
et al, 1988; Zhou and Lipsius, 1994), supporting the hy- ences. For example, the membrane potential at which
pothesis that T-type channels underlie pacemaker activity. T-type current is half-activated (“},") varies among cell
T-type currents may be involved in smooth muscle con- types, although activation properties are recorded with the
traction, as vascular, bronchial, gastrointestinal, and uter- same conditions (Huguenaedlal., 1993; Huguenard and
ine smooth muscle cells express T-type currents (Akaike Prince, 1992). Neurons also differ markedly in their acti-
etal, 1989a; Friedman and Gutnick, 1987; Janssen, 1997;vation and inactivation kinetics and the voltage sensitivity
Xiong et al,, 1993; Younget al, 1993). Furthermore, se-  of inactivation of T-type currents (Huguenatal,, 1993;
cretions from pituitary (Matteson and Armstrong, 1986), Huguenard and Prince, 1992; reviewed in Huguenard,
pancreatic beta (Zhuargal., 2000), and adrenal zonafas- 1996). These observations lead to one of the first sug-

ciculata, chromaffin, and glomerulosa cells (Barettl., gestions for subtypes of T-type current(Ts),” a slowly
1991a; Coheret al, 1988; Enyearet al,, 1992; Mlinar inactivating T-type current, such as that found in thalamic
et al, 1993; Roussieet al, 1993; Schriert al, 2001) reticular inhibitory neurons, and (T),” a faster activating

requires T-type channel currents. However, this calcium- and inactivating T-type current, such as that recorded from
dependent secretion may depend not on a bolus of calciumthalamocortical relay cells (Huguenard and Prince, 1992).
resulting from membrane depolarization (as in synaptic The variations in the voltage dependent biophysical prop-
vesicle release), but on a steady influx of calcium near erties of activation, deactivation, and inactivation of T-type
resting membrane potential (Cohenal., 1988). currents have a profound impact in determining the rate

In addition to excitable and neuroendocrine cells, and length of calcium entry and the total amount of cal-
T-type channels may mediate steady calcium influx near cium, thus shaping each neuron’s physiological response
resting membrane potentials in nonexcitable cells such asto a given stimulus. Analysis of biophysical properties
fibroblasts (Cheet al,, 1988; Cohert al, 1988) through (such as inactivation kinetics) of other neurons including
the existence of a window current that occurs when chan- a dorsal root ganglion cell line (ND7-23) (Kobrinsky
nels are not fully inactivated (Perez-Reyssal,, 1999). etal, 1994), hippocampal CA3 pyramidal neurons (Avery
Althoughthereis alow probability of T-type channelopen- and Johnston, 1996), and laterodorsal thalamic nuclei
ing at these negative voltages, a strong driving force for (Tarasenket al, 1997) also suggested that different types
calcium may result in substantial calcium entry. Finally, of voltage dependent calcium channels underlie T-type
adhesion of sperm to the zona pellucida of oocytes openscurrents.
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The use of pharmacological antagonists also pro- pore-forming alphal subunit composed of four repeated
vided early evidence for multiple types of LVAs. T-type domains (I-1V) predicted to each contain six transmem-
currents recorded from different tissues such as aorta,brane segments (S1-S6) that were evolutionarily related
skeletal muscle, and brain had different rank-order sen- to both voltage-gated sodium and potassium channels.
sitivity to antagonism by cations and organic channel an- However, more traditional attempts to clone T-type chan-
tagonists (Akaiket al., 1989a,b; Satoht al, 1991; Taka- nels by homology-based low-stringency hybridization
hashi and Akaike, 1991; reviewed in Yunker, 2003), sug- and polymerase chain reaction screening techniques were
gesting that different channels could conduct current with unrequited. The Perez-Reyes group used a text-based
similar biophysical characteristics. Taken together, these search of partially sequenced cDNA fragments cloned
data provided compelling evidence for the presence of from normalized cDNA libraries (expressed sequence
marked heterogeneity within a single type of voltage de- tags, ESTs) to identify sequences with homology to

pendent calcium current. known alphal voltage dependent calcium channel
subunits. The initial identification and sequencing of an
Identification of Ca,3 Alphal Subunits EST (clone H06096; GenBank no. AF029228) with low

homology to a known alphal subunit proved to be critical,

In 1998, Perez-Reyest al. published the first in as this sequence had conserved structural motifs including
a series of studies that ultimately described the cloning a putative voltage sensor and a pore-forming (P) loop, but
of rat alphalG (Perez-Reyest al, 1998), alphalH low homology to other cloned voltage dependent calcium
(Cribbs et al, 1998), and alphall (Leet al, 1999), channels (Perez-Reyes al, 1998). When a fragment
thus providing the foundation for detailed functional and of this clone was used to screen a rat brain library, a
biochemical characterization of the family of molecules full-length cDNA for alphalG (GenBank no. AF027984)
that conduct T-type currents. Prior to cloning of alphalG, (Ca,T.1, Perez-Reyest al, 1998); Ca3.1, Ertelet al,
all known HVA VDCCs were minimally composed of a  2000)) (Table I) was obtained and found to be expressed

Table I. Summary of Low-Voltage-Activated Voltage Dependent Calcium Channel Complete mRNA Sequences to Date

Splice variant, species, tissue Predicted length of open reading frame
of origin GenBank No.  (in amino acids); chromosome location Ref.

AlphalG (Cg3.1) (cacnalg

3.1a2 rat brain AF027984 2254 Perez-Rewsl. (1998)
AF290212 2254 McRorgt al. (2001)

3.1bce, rat pancreas beta cells AF125161 2288 Zhatab(2000)

3.1ace, mouse cerebellum AJ012569 2295 11 Klugbeial (1999)

3.1a, human AF126966 2250 Monteilet al. (2000a)
AF134985 2171 Mittmamet al. (1999a)
AF190860 2250 17922 Criblet al. (2000)

3.1b, human AF126965 2243 Monteilet al. (2000a)
AF134986 2374 Mittmaet al. (1999a)

AlphalH (C&3.2) (cacnalh

3.2, rat brain AF290213 2359 McRoey al. (2001)

3.2, mouse NM021415 2365 17 Mittmaihal. (unpublished)

3.2, human brain AF051946 2353 16p13.3 Cribbal. (1998)
AF073931 2353 Williamet al. (1999)

alphall (Cg3.3) (cacnal)

3.3, rat brain AF086827 1835 Lext al. (1999)
AF290214 1834 McRorgt al. (2001)

3.3, mouse N/A

3.3, human brain AF129133 2016 22912.3-q13.2 Mittregal. (1999b)
AF211189 1981 Monteiét al. (2000b)

Gomoraet al. (2001)

aRefer to text for discussion of isoform nomenclature.

bSequences AF227744-AF227746 represent alphalG splice variants of the human “a” isoform (AF126966) that contain insert e (AF227744), insert f
(AF227746), or both e and f (AF227745) (Montetlal,, 2000a).

¢Sequences AF227747-AF227751 encode alphalG splice variants of the human “b” isoform resulting from an alternative 5’-splice donor site in exon
25 and acceptor site in exon 27 (AF126965) (Mongeial,, 2000a). Sequence AF134986 harbors, ¢, d, e, and f inserts (Migten1999a).

dNot available at this time.
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in organisms as diverse @selgansand human. Heterolo-  occurs in the predicted membrane-spanning segments
gous expression of the alphalG cDNA4anopu®ocytes (S1-S6) in each domain, including S4, the predicted
resulted in currents with similar biophysical properties to voltage sensor of activation. Common to both LVA and
those of previously reported endogenous T-type currentsHVA alphal subunits, the S4 region contains postively
(Perez-Reyest al, 1998), providing compelling evidence  charged amino acid residues every three or four residues
that the first subunit of the elusive LVA family had been that are thought to rotate in response to changes in the
identified. electric field, thus initiating conformational changes to
The original EST clone was also crucial to clone open the calcium pore (reviewed in Jones, 1998). The
alphalH (Cga3.2) (Table I), the second member of the T- pore-lining hydrophobic sequence (“P loop”) connecting
type family of VDCCs. When used to screen a human heart S5 to S6 in each of the four domains of an alphal subunit
cDNA library, expression of the resulting alphalH cDNA is postulated to come together to form the pore and se-
(GenBank no. AF051946, Cribles al., 1998) gaveriseto  lectivity filter of the VDCC (Lipkind and Fozzard, 2001,
barium currents with similar kinetics to both endogenous reviewed in Catterall, 2000; Heringt al., 2000). The
T-type currents and those currents recorded from oocytesselectivity of HVA channels for calcium depends on the
expressing recombinant alphalG (Perez-Regesl, presence of a ring of four negatively charged glutamate
1998). However, the predicted protein sequence was onlyresidues (“EEEE locus”) to provide high-affinity calcium
57% identical to alphalG and had a number of molecular binding (reviewed in Talaverat al., 2001). Generation of
differences when compared to alphalG, suggesting aasystematic set of mutations to the EEEE locus eliminates
novel second LVA family member. Subsequent screening high-affinity calcium binding (reviewed in Cibulsky and
of a rat brain library with a probe derived from a human Sather, 2000). This results suggests that each glutamate
EST clone homologous to alphalG (clone 50902; Gen- interacts differently with the permeating ions, possibly
Bank no. H19230) resulted in alphall (Ba3) cDNA indicating an asymmetrical arrangement of the four pore-
(GenBank no. AF086827) (Leet al., 1999). Heterol- forming regions of the channel (reviewed in Cibulsky
ogous expression of alphall yielded barium currents and Sather, 2000). In contrast to HVA alphal subunits,
with many characteristics of T-type channels, including aspartate replaces glutamate in the P loop of domains Ill
activation and inactivation at negative voltages, and slow and IV in alphalG, alphalH, and alphall (Critdisal,
deactivation upon hyperpolarization. However, the rate of 1998; Leeet al, 1999; Perez-Reye al, 1988). Interest-
inactivation was approximately 10-fold slower than cur- ingly glutamate in domain Il has the strongest influence
rents conducted by either alphalG or alphalH dependingon calcium selectivity in HVAs (Yangt al, 1993), and
on the expression system (Lekal,, 1999; McRoryet al,, mutation of aspartate to glutamate in domain Il of LVAs
2001). As the alphall sequence is homologous to both produces characteristic features usually observed in
alphalG and alphalH (Le=t al, 1999), these electro- HVAs (Talaveraet al,, 2001). Therefore, the presence of
physiological results suggested at least some observedaspartate residues substituted for glutamate in the P loop
heterogeneity observed in endogenous T-type currentsof domains Il and IV of LVAs maintains the ring of nega-
(Coulteret al, 1989a; Huguenard and McCormick, 1992; tive charges, but appears to alter properties of the current,
Huguennard and Prince, 1992) results from differences including ion selectivity and permeability of LVAs. This
in the molecular identity of the channel pore. may help to explain the observation of an equimolar ratio
of barium to calcium peak current for most LVA channels,
but a ratio of~2 for most HVA currents (Randall, 1998).

MOLECULAR STRUCTURE OF LVA ALPHA1 Finally, replacement of two glutamates in P loops of
(CAy3) SUBUNITS domain Il and IV with glutamine significantly alters
steady-state inactivation (Hockerma al, 1997). In
Molecular Analysis of Recombinant LVA Alphal contrast, replacement of aspartate residues with glutamate
(Ca,3) Subunit Sequences in alphalG modifies activation (Talavee al, 2001),
indicating multiple roles for this calcium channel locus.
Analysis of the predicted protein sequences and Although there is high sequence homology between

structure of alphalG, alphalH, and alphall reveals LVA and HVA alphal subunits in the transmembrane
similarities to alphal subunits of HVAs. Each LVA alphal regions, LVA alphal subunits are less than 60% identical
subunit is composed of four repeated domains (I-1V) to each other overall and less than 20% identical to HVA
that each contains six transmembrane segments (S1-S6)lphal subunits (Leet al, 1999). The regions of greatest
The greatest sequence identity both among LVA alphal diversity occur in the sequences that link transmembrane
subunits and between HVA and LVA alphal subunits segments within a domain and especially in intracellular
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loops that connect the domains (Crikdtsal,, 1998; Lee
et al, 1999; Perez-Reyest al, 1998). These regions
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an early evolutionary divergence between the two fami-
lies of voltage dependent calcium channels that may be

are of special interest, because a number of intracellularresponsible for coupling of different physiological pro-

molecules can interact with VDCCs to modulate their
activity (reviewed in Catterall, 2000). For example, LVA
alphal subunits lack a full alpha interacting domain (AID)

cesses to unique subfamilies of VDCCs. However, LVA
alphal subunits appear conserved throughout evolution,
consistent with the varied and crucial physiological func-

consensus sequence for binding intracellular beta VDCC tions ascribed to the T-type currents they mediate.

auxiliary subunits (QQ-E-D/EL-GY—WI—E; Walker
and DeWaard, 1998) in the |-Il intracellular loop (Cribbs
etal, 1998; Leect al, 1999; Pragnekt al, 1994; Perez-

Functional Evidence for Auxiliary Subunits

Reyestal, 1998; see below). Thus far, sequence analysis Associated With LVA Alphal (Ca,3) Subunits

of LVA alphal subunits has failed to reveal binding sites
for synaptic vesicles (“synprint site,” short feyraptic
protein interaction site (Rettigt al., 1996)) in the [I-I1I
loop of LVA alphal subunits, although such sites have
been identified in alphal subunits of both,Cand Ca2
subclasses of HVA (reviewed in Catterall, 2000). Finally,

Biochemical purification of HVA channels reveals
that calcium channels are composed of at least three
subunits in a postulated equal stoichiometry of one pore-
forming alphal to one auxiliary beta and one alpha2-delta
subunit (Curtis and Catterall, 1984; Hoselyal, 1987;

cloned alphalH, but not alphalG or alphall, contains a Liu et al, 1996; Martin-Moutotet al, 1995, 1996;

consensus site for G protein binding (QXXER) in the
I-Il intracellular loop (De Waarcet al, 1997; Herlitze

et al, 1997; Pageet al, 1997; Williamset al, 1999;
Zamponiet al, 1997). Beta-gamma G protein subunits
bind to the C- and N-termini of some HVA (Cart al,,
1999; Furukawat al., 1998; Paget al,, 1997; Qinet al,,
1997; Simen and Miller, 1998, 2000) to modulate channel
activity. Functional studies are needed to determine if G
proteins can bind to LVA alphal subunits to affect the
activity of T-type channels (see Yunker, 2003).

McEneryet al,, 1991; Witchert al,, 1993). Recently our

lab (Sharget al, 2001) and others (Kareg al,, 2001) have
demonstrated that a transmembrane gamma auxiliary
subunit is physically associated with at least some HVAs.
Whereas alphal subunits confer the channel pore and
electrophysiological and pharmacological properties,
auxiliary subunits can modulate intracellular trafficking,
assembly, and transmembrane incorporation of functional
channels (Bricet al, 1997; Chieret al,, 1995; reviewed

in McEneryet al, 1998a). Electrophysiological properties

Marked sequence differences are also observed insuch as activation and inactivation can also be affected

the N- and C-termini of alphalG, alphalH, and alphall
when compared to each other or to the HVA subfamily.
Although the functional significance is not yet known,

differences in splice variants of LVA alphal subunit car-
boxyl termini may be important in membrane targeting,
channel stability, and/or channel modulation. For exam-

ple, some HVA alphal subunits contain a second beta in-

teraction site in the carboxyl terminus (Birnbaureeal,,
1998; Tareilugtal, 1997; Walkeet al,, 1998). Therefore,

by association of alphal subunits with auxiliary subunits
(reviewed in Jones, 1998; Qet al, 1998).

Beta Subunits
Although endogenous LVAs have yet to be purified,

cloned alphalG, alphalH, and alphall lack full AID con-
sensus sites in the I-ll intracellular loops, as described

sequence differences in LVA alphal subunits may result above, suggesting they do not bind intracellular beta sub-

in unique interactions of LVA alphal subunits with ei-
ther known or currently unknown auxiliary subunits (see
below). Finally, the carboxyl terminus is also important
in calcium-dependent regulation of biophysical proper-
ties of some VDCCs (De Leost al., 1995). In contrast to
HVA VDCCs, the carboxyl terminus of LVA alphal sub-
units is thought to lack both an EF hand region (Babitch,

units. Four genes encoding beta subunit isoforms have
been identified (reviewed in Birnbaumet al., 1998).
Beta subunit expression strongly modulates recombinant
HVA channel activity, resulting in marked alterations in
current amplitude and kinetics (Needy al, 1993; Stea

et al, 1995). Beta subunits play crucial roles in anatom-
ical and functional expression of HVAs in vivo, as tar-

1990; Perez-Reyes, 1998) and a calmodulin binding site geted gene disruption and spontaneous mutations in genes

(Leeet al, 1999; Petersoet al, 1999), consistent with
the lack of reported calcium modulation of recombinant
T-type channels (but see &dkneret al., 1999; reviewed
in Yunker, 2003). In summary, the differences between

encoding beta subunits result in altered calcium currents
through HVA channels (reviewed in Freiseal, 1999).
Functional evidence for a lack of beta subunit function on
T-type currents comes from targeted loss of either a sin-

LVA and HVA alphal subunit primary sequences suggest gle beta subunit (Greget al, 2001; Strubeet al, 1996)
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or antisense inhibition of beta expression in nodose gan- HVA alphal subunits that display differential association
glion neurons (Lamberet al, 1997), and differentiated  with beta subunit isoforms (Vane# al,, 1998; reviewed
NG 108-15 neuroblastoma glioma cells (Leurangaiet., in Birnbaumeret al.,, 1998).
1998). Whereas both N- and L-type HVA currents are at-
tenuated following antisense inhibition of beta expression, Alpha-2/Delta Subunits
T-type currents are not affected, implying that beta sub-
units are not necessary for either expression or function Functional analysis of heterologously coexpressed
of T-type channels (Leuranguet al, 1998). As antic- LVA alphal and alpha2/delta isoforms raises the possi-
ipated, overexpression of betalB does not influence thebility that alphalG and other LVA alphal subunits may
electrophysiological properties of T-type currents in un- physically interact with alpha2/delta. Alpha2/delta is a
differentiated NG108-15 cells (Wyadtal.,, 1998). Finally, highly glycosylated disulfide-linked protein that results
unlike heterologous expression of HVA alphal subunits from posttranslational cleavage of a single gene product
that require cotransfection of auxiliary subunits for func- (De Jonghet al., 1990; Jayet al, 1991). Overexpression
tional expression, transfection of only alphalG, alphalH, of alpha2/delta modulates both activation and inactivation
or alphall cDNA is necessary to obtain T-type currents of T-type channels in undifferentiated NG108-15 cells
in Xenopus oocytg€ribbset al, 1998; Leeet al,, 1999; (Wyatt et al, 1998). Coexpression of alpha2/delta2 and
Perez-Reyest al, 1998). However, it should be noted alphalG in COS-7 cells potentiates alphalG localization
that many cell types, includingenopus oocytesxpress to plasma membranes, although alphalG is incorporated
endogenous auxiliary subunits (Dolphenhal.,, 1999) that into plasma membranes in the absence of this auxil-
may be sufficient to support heterologous alphal expres-iary subunit (Dolphinet al, 1999). Coexpression also
sion. This hypothesis is supported by functional studies increases alphalG-mediated current density in COS-7
of recombinant alphall, as the channel displayed strik- cells (Dolphin et al, 1999), Xenopus oocytegGao
ingly different biophysical properties when expressed in et al, 2000), and HEK-293 cells (Klugbauest al,
oocytes compared to HEK-293 cells (Lekal.,, 1999). 2000). However, differences in the cellular constituents
A few intriguing functional studies have provided may differ among these cell types, as expression of
contradictory evidence that suggests beta subunits mayalpha2/delta2 shifts the steady-state inactivation curves
modulate current conducted by alphal LVA subunits. toward more positive potentials in HEK-293 cells, but not
Transfection of either beta2 or beta4 cDNA slows endoge- in other cell types (Dolphiet al,, 1999; Klugbaueet al.,,

nous T-type current itlKenopus oocyted acerdaet al, 2000). Similar results were not obtained when alphalG
1994), and exogenous beta2 expression induces a suswas coexpressed with delta, suggesting that the alpha2
tained T-type current in NG 108-15 cells (Wyeait al., portion of alpha2/delta is both sufficient and necessary for

1998). Furthermore, coexpression of alphalG with either increased functional alphalG in the plasma membrane.
betalb or beta3 significantly potentiates alphalG current Finally, the physiological modulation of T-type current by
density in COS-7 cells (Dolphigt al,, 1999). When ex- alpha2-delta appears dependent on the molecular identity
pressed with either beta3 or betad, both the membraneof the alpha2-delta isoform. Changes in the biophysical
potential at which T-type current is half-activated and the parameters of current conducted by alphalG in HEK-293
steady-state inactivation of alphalG is shifted to more cells are not observed when alphalG is cotransfected with
depolarizing potentials (Dolphiat al, 1999). These re-  either alpha2/deltal or alpha2/delta3 (Laciamt” al,
sults suggest there may be functional interactions between1999). The site of physical interaction between alphalG
alphalG and auxiliary beta subunits in some cells. Alter- and alpha2/delta has not been identified at this time, but
natively, introduction of beta subunits may act to compete it should be noted that early structural studies suggest
for another protein which itself modulates T-type currents. that alpha2 can interact with transmembrane domain l|
Although it is unclear if these biophysical changes result of alphalS HVA (Gurnetét al, 1996).

from a physical interaction of alphalG with auxiliary beta

proteins, it is intriguing that beta subunits tend to shift Gamma Subunits

the voltage dependence of activation and steady-state in-

activation to more hyperpolarized values for HVA chan- There is a current paucity of information regarding
nels, contrary to the reported biophysical alterations of the either the physical or physiological interaction of trans-
channel formed by alphalG (Dolphatal, 1999). If beta membrane gamma subunits with LVA alphal subunits.
subunits physically interact with LVA alphal subunits, it The gamma auxiliary subunit was first identified from pu-
will be interesting to determine if LVA alphal subunits rification of skeletal muscle L-type channels (Curtis and
preferentially interact with certain beta subunits, similarto Catterall, 1984) and the first neuronal gamma isoform was
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revealed by analysis aftargazerepileptic mice (Letts most basic source of channel diversity. Electrophysiologi-
et al, 1998). At least eight gamma isoforms have been cal analyses of recombinant channels and the discovery of

cloned (Black and Lennon, 1999; Burgestsal, 2001; highly potent and selective antagonists have conclusively
Klugbaueret al., 2000), and gamma isoforms have a dif- demonstrated that unique pore-forming subunits underlie
ferential distribution in the brain (Burgess al, 2001; each of the major calcium currents (reviewed in Catterall,

Klugbaueret al, 2000; Sharpet al,, 2001). Transfection  2000; Jones, 1998; Randall, 1998). At least three lines of
of HEK-293 cells with a combination of alphalG and var- evidence indicate that T-type calcium channels are formed
ious gamma isoforms reveals that the presence of someby alphalG, alphalH, and alphall. As discussed in the
gamma isoforms can alter the biophysical properties of previous sections, expression of recombinant alphalgG, al-
recombinant alphalG channels depending on the stimu-phalH, or alphall is sufficient to generate T-type currents
lation parameters (Klugbauet al, 2000). For example,  in eitherXenopus oocytes HEK-293 cells (Cribbet al,
the membrane potential at which recombinant alphalG- 1998; Leeet al,, 1999; Perez-Reyest al,, 1998). Atten-
mediated barium current is half-inactivated is slightly de- uation of alphalG, alphalH, or alphall mRNA expres-
polarized in the presence of exogenous gamma-4, but notsion by the use of antisense oligonucleotides selectively
in the presence of gamma-2 or gamma-5 (Klugbatet, inhibits T-type current in isolated nodose ganglion neu-
2000). In contrast, slowing of the speed of recovery from rons, indicating that the cloned ¢afamily of alphalG,
voltage dependent inactivation occurs with coexpression alphalH, and alphall can underlie endogenous T-type cur-
of either gamma-2 or gamma-4 (Klugbawtral,, 2000). rents (Lamberttal, 1998). Finally, disruption afacnalg
Gamma-5 alone does not affect any measured biophysicalby homologous recombination decreases the density of T-
properties on alphalG-mediated current but can modulatetype calcium currents (Kiret al., 2001), further support-
T-type currents when coexpressed with alpha2 (Klugbauer ing the conclusion that T-type currents are conducted by
et al, 2000). However, gamma-5 significantly accelerates LVA alphal subunits in vivo.
both the time course of activation and inactivation when Surprisingly, additional molecules may form T-type
individual currents are analyzed over a wide range of volt- channels. AlphalB (G&.2), alphalC (CA.2), and al-
ages (Klugbaueet al,, 2000), thus providing a tantalizing phalE (Cg2.3) normally form HVA subunits that con-
suggestion thatthe recently discovered gamma family may duct N-type, L-type, and R-type currents, respectively (re-
be important modulators of at least some LVAs. viewed in Burgeset al, 1997; Catterall, 2000; Randall,
The functional relationship between gammaisoforms 1998). In the absence of detectable beta, alpha2-delta, and
and alphall has also been examined. Neither the voltagegamma auxiliary subunits, these alphal subunits may form
dependence of activation or inactivation is altered when small-conductance channels that conduct T-type-like cur-
human gamma-1, gamma-2, gamma-3, or gamma-4 iso-rents in COS7 cells (Meir and Dolphin, 1998; reviewed
forms are expressed with recombinant alphall channelsin Bean and McDonough, 1998). It is currently unknown
in stably-transfected HEK-293 cells (Greenal,, 2001). if this mechanism is used to form functional channels in
However, gamma-2, but not gamma-3 or gamma-4, sig- vivo, although it is tempting to speculate such channels
nificantly slows deactivation of alphall over a wide range may be expressed during dynamic periods of development
of voltages (Greeemt al., 2001). As gamma-2 protein is  or dysfunction.
widely expressed in the brain (Shagp al, 2001) and Finally, it should be noted that alphalE shares prop-
overlaps the distribution pattern of alphall mRNA (Talley erties with both HVA and LVA subfamilies. Both alphalE
etal, 1999), itis intriguing to speculate that coexpression channels and T-type channels inactivate at negative poten-
of gamma subunits in at least some neurons may modulatetials and are blocked by low concentrations of nickel (12—
T-type currents. 30 M IC50 for recombinantalphalE) (Sooatal.,, 1993;
Williams et al, 1994). In contrast, recombinant alphalE
channels have fast deactivation and much larger single-

LVA ALPHAL1 (CA y3) SUBUNIT channel conductances in comparison to T-type channels
HETEROGENEITY which deactivate slowly and have small single channel
conductances in barium. These data suggest that channels
Different Molecular Subunits Underlie formed by alphalE are more similar to R-type channels
T-Type Currents found in cerebellar granule cells (Randall, 1998; Williams

et al, 1994; Zhanget al, 1993a). Comparison of either
Multiple levels of complexity contribute to the re- endogenous T-type currents (Randall and Tsien, 1997) or
ported heterogeneity of native T-type channels, and differ- recombinant alphalE channels to recombinant alphalG
ential expression of alphal subunit genes accounts for the(Perez-Reyest al, 1998), alphalH, or alphall (Le¢al.,
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1999) channels reveal marked differences, indicating that et al., 1996), accumulating evidence reveals that much
alphalE does not normally conduct T-type currents. diversity in calcium channel expression results from al-
ternative splicing of transcripts arising from a single al-
phal subunit gene (Perez-Regeal., 1990; Snutclet al,,
The Molecular Pore Identity Contributes to 1991, reviewed in Snutch and Reiner, 1992). Analysis of
Biophysical Differences in T-Type Current LVA alphal subunit expression also suggests the possibil-
ity of unique splice variants for each alphal subunit gene.
Functional studies on recombinant T-type channels As splice variants can differ in their spatial and temporal
reveal that differences in the molecular identity of the pore expression patterns and electrophysiological properties,
confer unique biophysical and pharmacological properties the presence of splice variants could yield further T-type
to the resulting current (see Yunker, 2003). Comparison channel heterogeneity than originally predicted.
ofalphalG, alphalH, and alphall recombinant LVA chan-
nels stably expressed in HEK-293 cells without exogenous AlphalG
auxiliary subunits indicates that each recombinant T-type
channel has unique kinetics and voltage dependence of The possibility for alternative splicing of alphalG
activation (alphalG- alphalH>> alphall), inactivation  was first suggested upon comparison of mouse alphalG
(alphalG=> alphalH>>> alphall), and deactivation (al- cDNA sequence to rat brain alphalG (Klugbaeesal.,
phall> alphalH> alphalG) depending on the identity 1999), and detailed PCR studies of human DNA have
of the pore-forming subunit (Kickneret al., 1999; Kozlov supported this conclusion. The human gene encoding
et al, 1999). Furthermore, LVA alphal subunits differ in alphalG,CACNA1G(CA,3.1), is composed of at least
their modulation by calcium (Kickneret al., 1999), and in 38 exons, and analysis of PCR products reveals at least six
their ability to display facilitation (Kéckneret al., 1999; sites for alternative splicing that could generate 24 putative
Kozlov et al, 1999). However, it should be noted that unique alphalG isoforms (Mittmaet al., 1999a). Both
although there are many similarities among the currents the publication of full-length alphalG cDNA sequences
conducted by Cav3 alphal subunits, T-type channels are(Table 1) and use of PCR technigues reveal that some iso-
not probably interchangeable with each other, as small forms are very common whereas others may be rare. For
shifts in either the amplitude or voltage dependence of example, inclusion of exon 14 in the lI-lll intracellular
T-type channels can have a large effect on physiological loop of alphalG results in an additional 69 nucleotides
processes, such as generation of rhythmic LTS (Destexhefound in some rodent cDNA sequences and PCR prod-
et al, 1993; McCormick and Huguenard, 1992). In sum- ucts from human tissues (Mittmaat al, 1999a; Monteil
mary, although recombinant LVA alphal subunits differ etal, 2000a) (Table II). When included, the 23 amino acid
in their biophysical characteristics, the current lack of se- sequence (named insertion “e;” Monteilal, 2000a) pro-
lective antagonists prevents positive identification of the vides an additional phosphorylation site for protein kinase
molecules responsible for endogenous T-type current gen-C, thus potentially acting as an important regulatory site.
eration. Therefore, differences between neuronal typesFurthermore, alphalG recombinant channels with this in-
may result from differencesin the molecular identity ofthe sert display faster inactivation rates than do channels with-
underlying pore. Alternatively, biophysical differences in out the “e” insert (Chemiret al, 2001a), suggesting that
endogenous currents may also arise because of alternativadditional variability in endogenous T-type currents could
splicing of a single transcript, posttranslational modifi- result from differences in alternative splicing of a single
cations, or modulation by intracellular molecules such as LVA alphal gene product.
auxiliary subunits (see above) and second messengers (see A more complicated splicing event can occur in the

Yunker, 2003). -1V intracellular loop of alphalG, as an alternative 5
splice donor site of exon 25 can combined with an ac-

Alternative Splicing of LVA Alphal Subunits May ceptor site on exon 27, excluding a portion of exon 25

Contribute to Heterogeneity (Mittman et al., 1999b; Monteilet al,, 2000a). Compari-

son of full-length cloned alphalG cDNA sequences reveal
The initial findings that the skeletal muscle alphal that the short form of exon 25, called either “exon 25b”
subunitexisted as multiple isoforms (De Joeghl., 1989, (Mittmanetal, 1999b) or “form b” (Monteiktal,, 2000a),
1991) served as an accurate predictor for isoform diversity appears to exist either with exon 26, as in alphalG iso-
of neuronal alphal subunits (reviewed in Catterall, 2000). lated from a rat-insulin-producing cell line (AF125161,
Although the presence of isoforms has been suggestedZhuanget al,, 2000) or without exon 26, as in alphalG
to occur as a result of posttranslational proteolysis (Hell cloned from a human brain library (AF126965; Monteil
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Table Il. Comparison of Common Splice Variants of Full-Length alphalG CDNA Cloned From Rat, Mouse, and Human Tissues

Putative splice variant sites; name of insert . . .
Estimated size difference

Exon 14 Exon 25 IlI/IV Exon 26 Exon 34 Exon 35 compared to smallest hypothetical
Species GenBank # (Ref.) II-11l e full sequence a llIl/IV c C-term. f C-term. d protein without inserts (kDa)
Rat AF125161 (Zhuangt al., 2000) + - + - — ~4.5
Rat “a” AF027984 (Perez-Reyes al, 1998) — + — — — ~0.8
Mouse AJ012569 (Klugbauet al, 1999) + + + - —a ~5.2
Human “a” AF126966 (Monteiét al, 2000)  —P + - —b _b ~0.8
Human “b” AF126965 (Monteikt al,, 2000) ¢ - -c — -¢ 0
Total size 69 nt 21nt 54nt 144nt 135nt ~16
23 aa 7 aa 18aa 48aa 45 aa
~25Da ~08Da ~2Da ~5.3Da ~5 Da

Note.The exon/intron structure and exon numbering is based on Mitehah (1999a) and Monteiét al. (2000a). Splice variants isoforms “a” and

“b” are mutually exclusive, as isoform “b” results from use of an alternative 5’ splice donor of exon 25 combined with an acceptor in exon 27.

adenotes a partial mouse sequence with both exons 34 (“f insert”) and 35 (“d insert”) (Migtnahpunpublished, AF227530).

bdenotes the presence of splice variants of the “a” form of alphalG. Specifically, forms ae (AF227744), aef (AF227745), and af (AF227746) have been
recovered by PCR and DNA sequencing (Mongtial., 2000a).

Cdenotes the presence of splice variants of the “b” form of alphalG. Specifically, forms bc (AF227747), bcd (AF227748), bce (AF227749), bcef
(AF227750), be (AF227751), and bcedf (AF134986) have been recovered by PCR and DNA sequencing (Mittnd®99a; Monteilet al,

2000a).

et al, 2000a). Similarly, the long form of exon 25, called Project with other human alphalG sequences (Mittman
“exon 25a” (Mittmanet al,, 1999b) or “form a” (Monteil et al, 1999a; Monteikt al., 2000a) suggest that some al-
et al, 2000a), can combine with either an acceptor site phalG sequences may exclude exon 35 (NCBI annotation

in exon 26 as in mouse (AJ012569, (Klugbaatral, project, XM_.037981). At this time, most of the variability
1999)) or an acceptor site in constitutive exon 27, as in exists in comparison of human sequences, potentially sug-
the original rat sequence (AF027984; Perez-Rejed, gesting that this region may not be a target of dynamic ex-

1998) (Table II). Inclusion of exon 26, irrespective of the pression in rodents. Alternatively, all species may exhibit
identity of the 5 end, has been named “form ¢” (Monteil differential expression of this region of the C terminus, and
et al,, 2000a). However, Montedt al. (2000a) never ob-  splice variants may confer unique biophysical or modu-
served a PCR product to be composed of both long exon 25latory properties to the resulting alphalG channel. For
(exon25a; Mittmaret al,, 1999b) and exon 26; conversely example, inclusion of exon 35 introduces two phosphory-
Mittman et al,, (1999b) never observed a PCR product to lation consensus sites for casein kinase Il (Mittreaal.,,
be composed of both short exon 25 (exon 25b) and exon1999b), leading to intriguing possibilities for intracellu-
26. Although the full significance of these splice variants lar regulation by intracellular messengers (see Yunker,
remains unclear, the presence of full-length exon 25 con- 2003).
fers activation at more negative membrane potentials and The final sites of potential alphalG heterogeneity oc-
faster rates of activation compared to other alphalG splicecur in the distal region of the C terminus. For example,
variants (Chemiret al,, 2001a). most, but not all, alphalG isoforms contain an 80 amino
There is a surprising potential for marked hetero- acid insert resulting from use of exon 38 (Mittmemnal,,
geneity in the carboxyl terminus of alphalG. Compari- 1999b). Furthermore, alignment of cloned alphalG se-
son of human alphalG RT-PCR products with genomic quences indicate that small sequence variations are ob-
CACNA1Gsuggests at least three alternative splice sites served in regions corresponding to exons 36 and 37
involving exons 34, 35, and 38 (Mittmaet al., 1999b). (Mittmanet al, 1999a; Monteikt al., 2000a). Additional
Both RT-PCR data and sequence alignments reveal thatheterogeneity in the structure of alphalG may yet be re-
many alphalG sequences lack exons 34 and 35 (Table Il),vealed, as the shortest predicted alphalG protein would
or express exon 34 without exon 35 (Klugbaegral, have 2171 amino acids, and the longest alphalG would
1999). Coexpression of exons 34 and 35 has been observethave 2377 amino acids (Mittmaet al, 1999b), with
inahuman alphalG sequence (Mittnedal., 1999b). The a difference of 206 amino acids. Therefore, it is likely
final possibility of exclusive expression of exon 34 has that alternative splicing of alphalG is a common mecha-
not been reported in a published paper, but comparisonnism used to generate a heterogeneous family of alphalG
of human alphalG sequence from the Human Genomechannels that may mediate diverse cellular functions due
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to differences in the biophysical properties of the pore- exon 26 in the IlI-IV linker of alphalH (Jagannathan

forming alphal subunit. et al, 2002b). This 18-b deletion has also been re-
ported in rat brain (McRonget al, 2001), suggesting it

is not restricted to either human tissues or male germ
cells.

Alignment of alphalH cDNA sequences also sug-
gests potential regions of heterogeneity in the N and C-
man (Cribbset al, 1998; Williamset al, 1999), rat termini and Il intracellular loops. For example, a 20
(McRoryetal, 2001), and mouse (NM21415, Mittman amino acid insert in the N terminus of human alphalH is
et al, unpublished) reveals a high degree of iden- found in some (Danielst al, 2001) but not all (Cribbs
tity among these sequences throughout both membraneet al,, 1998; Williamset al,, 1999) human sequences. Al-
spanning and intracellular regions of alphalH. At this though single amino acid substitutions are found in both
time, few studies have examined if alternative splic- the N terminus and I-Il intracellular loop, the lI-lII in-
ing events generate intra- and/or interspecies diver- tracellular loop contains two regions of significant diver-
sity of alphalH transcripts. Recently, analysis of al- gence in the alignment of predicted alphalH sequences
phalH mRNA in human testicular cells recovered two (Fig. 1), possibly occurring as a result of unidentified
alphalH products, found to result from omission of alternative splicing in these regions. In contrast, four

AlphalH

Alignment of alphaH cDNA isolated from hu-

11S6

VAILVEGFQA EGDANRSDTD EDKTSVHFEE DFHKLRELQT TELKMCSLAV TPNGHLEGRG SLSPPLIMCT

VAILVEGFQA EGDANRSDTD EDKTSVHFEE DFHKLRELQT TELKMCSLAV TPNGHLEGRG SLSPPLIMCT

VAILVEGFQA EGDATRSDTD EDKTSTHLEE DFDKLRDVRA TEMKMYSLAV TPNGHLEGRG SLPPPLITHT

VAILVEGFQA EGDATRSDTD EDKTSTQLEG DFDKLRDLRA TEMKMYSLAV TPNGHLEGRG SLPPPLITHT

AATPMPTPKS SPFLDAAPSL PDSRRGSSSS GDPPLGDQKP PASLRSSPCA PWGPSGAWSS RRSSWSSLGR

AATPMPTPKS SPFLDAAPSL PDSRRGSSSS GDPPLGDQKP PASLRSSPCA PWGPSGAWSS RRSSWSSLGR

AATPMPTPKS SPHLDMAHTL, LDSRRSSSGS VDPQLGDQKS LASLRSSPCA PWGPNSAGSS RRSSWNSLGR

AATPMPTPKS SPNLDVAHAL LDSRRSSSGS VDPQLGDQKS LASLRSSPCT PWGPNSAGSS RRSSWNSLGR
* % * %k

APSLKRRGQC GERESLLSGE GKGSTDDEAE --------- D GRAAPGRATP -LRRAESLDP RPL-------

APSLKRRGQC GERESLLSGE GKGSTDDEAE --------- D GRAAPGPRAT PLRRAESLDP RPL-------

APSLKRRSQC GERESLLSGE GKGSTDDEAE DSRPNSGTHP G-ASPGPRAT PLRRAESL-- ---GHRSTMD

APSLKRRNQC GERESLLSGE GKGSTDDEAE DSRPSTGTHP G-ASPGPRAT PLRRAESL-- ---DHRSTLD

----RPAALP PTKCRDRDGQ VVALPSDFFL RIDSHREDAA ELDDDSEDSC CLRLHKVLEP YKPQWCRSRE

----RPAALP PTKCRDRDGQ VVALPSDFFL RIDSHREDAA ELDDDSEDSC CLRLHKVLEP YKPQWCRSRE

LCPPRPATLL PTKFRDCNGQ MVALPSEFFL RIDSHKEDAA EFDDDIEDSC CFRLHKVLEP YAPQWCSSRE

LCPPRPAALL PTKFHDCNGQ MVALPSEFFL RIDSHKEDAA EFDDDIEDSC CFRLHKVLEP YAPQWCRSRE

IIIST

AWALYLFSPQ NRFRVSCQKV ITHKMFDHVV LVFIFLNCVTI

AWALYLFSPQ NRFRVSCQKV ITHKMFDHVV LVFIFLNCVTI

SWALYLFPPQ NRLRVSCQKV TIAHKMFDHVV LVFIFLNCITI

SWALYLFPPQ NRLRVSCQKV IAHKMFDHVV LVFIFLNCITT

Human NM_021098 (Cribbs et al., 1998; Williams et al., 1999)

Human AF223563 (Mittman et al., unpublished)

Mouse NM_021415 (Mittman et al., unpublished)

Rat AF290213 (McRory et al., 2001)

Fig. 1. Comparison of the predicted amino acid sequences in the II-Ill loop of alphalH reveals variations between human (first two lines)

and rodent alphalH (last two lines). Note the presefieg®protein binding consensus sequence (QXXER) indicatéd iy ** (Williams
etal, 1999). Predicted transmembrane regions indicated by underscore.
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Ivse
VTFVLVAQFV LVNVVVAVLM KHLEESNKEA REDAELDAEI ELEMAQGPGS ARRVDADRPP LPQESPGAR~
VTFVLVAQFV LVNVVVAVLM KHLEESNKEA REDAELDAEI ELEMAQGPGS ARRVDADRPP LPQESPGAR-
VTFVLVAQFV LVNVVVAVLM KHLEESNKEA REDAEMDAEI ELEIAQGSTA ------ QPPS TAQESQGTDP
VTFMLVAQFV LVNVVVAVLM KHLEESNKEA REDAEMDAEI ELEMAQGSTA ------ QPPP TAQESQGTQP
DAPNL-VARK VSVSRMLSLP NDSYMFRPVV PASAPHPRPL QEVEMETYGA GTPLGSVASV HSPPAESCA
DAPNL—-VARK VSVSRMLSLP NDSYMFRPVV PASAPHPRPL QEVEMETYGA GTPLGSVASV HSPPAESCA
DTPNLLVVRK VSVSRMLSLP NDSYMFRPVA PAAAPHSHPL QEVEMETY-- ---TGPVISA HSPSLEPRT
DTPNLLVVRK VSVSRMLSLP NDSYMFRPVA PAAAPHSHPL QEVEMETY-- ---TGPVTSA HSPPLEPRA
SLQIPLAVSS PARSGEPLHA LSPRGTARSP SLSRLLCRQE AVHTDSLEGK IDSPRDTLDP ----------
SLQIPLAVSS PARSGEPLHA LSPRGTARSP SLSRLLCRQE AVHTDSLEGK IDSPRDTLDP -~---------
SFQVPSAASS PARASDPLCA LSPRDTPRSL SLSRILYRQE AMHAESLEGQ ID-------- DAGEDGIPDY
SFQVPSAASS PARVSDPLCA LSPRGTPRSL SLSRILCRQE AMHSESLEGK VD-------- DVGGDSIPDY
—————————————————— AE PGEKTPVRPV TQGGSLQSPP RSPRPASVRT RKHTFGQHCV SSRPAAPGGE
—————————————————— AE DPGEKTPVRPV TQGGSLQSPP RSPRPASVRT RKHTFGQHCV SSRPAAPGGE
TEPAENISMS QAPLGTLR-- -~-=----=--- ~----—-- SPP CSPRPASVRT RKHTFGQHCI SSRPPTLGGD
TEPAENMSTS QASTGAPR-- ---------- -—w--~--- SPP CSPRPASVRT RKHTFGQRCI SSRPPTLGGD
EAEASDPADE EVSHITSSAC PWQPTAEPHG PEASPVAGGE RDLRRLYSVD AQGFLDKPGR ADEQWRPSAE
EAEASDPADE EVSHITSSAC PWQPTAEPHG PEASPVAGGE RDLRRLYSVD AQGFLDKPGR ADEQWRPSAE
DAEAADPADE EVSHITSSAH PW-PATEPHS PEASP-----  —=--wwr----  —o-oooooom —mmmmmm o
EAEAADPADE EVSHITSSAH PW-PATEPHS PEASP----- -——--—-=--=-- ——--—-——o—— oo ——we
LGSGEPGEAK ---------= —-m-mrmemee oo mmmmmome mmmmmmo oo o mmmmm—mmm— —mm oo
LGSGEPGEAK ---------= ~—-------mo  —mrmmmo—mms —mmmmmmmmm mm e mm—m— ——m e — oo
—————————— TASPAKGTVG SGRDPHRFCS VDAQSFLDKP GRPDAQRWSS VELDNGDGHL ESGEVRARAS
—————————— TASPVKGTMG SGRDPRRFCS VDAQSFLDKP GRPDAQRWSS VELDNGESHL ESGEVRGRAS
AWGPEAEPAL GARRKKKMSP PCISVEPPAE DEGSARPSAA EGGSTTLRRR TP
AWGPEAEPAL GARRKKKMSP PCISVEPPAE DEGSARPSAA EGGSTTLRRR TP
---~-ELEPAL GARRKKKMSP PCISIDPPTE DEGSSRPPAA EGGNTTLRRR TP
----ELEPAL GSRRKKKMSP PCISIEPPTK DEGSSRPPAA EGGNTTLRRR TP
Human NM_021098 (Cribbs et al., 1998; Williams et al., 1999)
Human AF223563 (Mittman et al., unpublished)
Mouse NM 021415 (Mittman et al., unpublished)

Rat AF290213 (McRory et al., 2001)

Fig. 2. Comparison of the predicted amino acid sequences in the carboxyl terminus of alphalH reveals variations between human (first two
lines) and rodent (last two lines). Predicted transmembrane regions indicated by underscore.

regions of sequence differences exist between human anccDNA reveals three main regions of divergence in the |-l
rodent alphalH carboxyl terminus sequences, althoughintracellular loop and carboxyl terminus. The presence of
mouse and rat sequences are almost identical throughoutxon 9 in human alphall contributes 35 amino acids to the
thisregion (Fig. 2). Atthistime, itis unknown if alternative Il intracellular domain in some (NM21096, Mittman
splicing of alphalH can generate channels with different etal, 1999b; AF142567, Mittmaet al., unpublished), but
biophysical properties. not all (AF211189; Monteiét al, 2000b), human alphall
sequences (Mittmaat al., 1999b, unpublished; Monteil
et al, 2000b). The electrophysiological significance of
this insert is not known at this time. However, this re-
gion includes a consensus site for phosphorylation by pro-
Comparison of human alphall cDNA @ACNALI tein kinase C (Mittmaret al,, 1999b) suggesting alphall
suggests the gene encompasses at least 36 exons (Mittmachannels with this insert may be differentially regulated
et al, 1999b), and alignment of human and rat alphall by intracellular messengers. This sequence has not been

Alphall
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observedinratalphall sequences to date éteé, 1999; sequence differences between species may yield sig-
McRoryet al,, 2001). nificant functional differences in current. Alternatively,

The carboxyl terminal is the largest source for po- differences in the molecular sequence of the pore-forming
tential variations in alphall. For example, analysis of the subunit resulting from alternative splicing may render the
predicted rat alphall amino acid sequence reveals an un-channel susceptible to posttranslational modifications or
usual cysteine and proline rich region encoded by exon maodification by intracellular second messengers.
32 that is not observed in human alphall sequences (Lee Additional controversy regarding the structure of al-
et al, 1999; Mittmanet al, 1999b). Furthermore, alter- phall results from independent cloning of rat alphall,
native splicing to an acceptor site in exon 33 can lead to as both initial cloning and expression studies suggest
deletion of 13 amino acids (ENLWLDSVSLIIK) in the  widespread distribution of alphall throughout the adult
C terminus of humans (Chemgt al, 2001b; Mittman rat brain (Leeet al,, 1999; Talleyet al., 1999). In contrast,
et al, 1999b), and this variant is associated with an addi- cloning by a second group yielded an almost identical al-
tional alanine residue coded by exons 36 (Cheatial., phall sequence, but their Northern blot analysis suggested
2001b). Although this deletion has not been recovered in that alphall is exclusively restricted to straitum in adult
full-length alphall cDNAs reported to date, comparison rats (McRoryet al, 2001). Furthermore, this alternative
of the electrophysiological properties of the alphall vari- ratalphall clone had unigue voltage dependent properties
ant to that of an intact alphall sequence with the 13 amino compared to the original rat alphall isoform (Leteal.,
acids suggests that this sequence can alter current kineticd999), although the rat sequences were almost identical.
but not steady-state activation or inactivation properties
(Cheminet al, 2001b).

The most striking potential differences in alphall SPATIAL AND TEMPORAL PATTERNS OF
occur distal to these exons. Alignment of alphall pre- ENDOGENOUS NEURAL LVA EXPRESSION
dicted protein sequences suggests three potential length
C-termini (Fig. 3 and Table Il1). Independent cloning of T-Type Channels Are Expressed in the Adult Central
rat alphall by two different groups recovered a short C Nervous System
terminus compared to all human sequences (ieal,
1999; McRoryet al,, 2001). However, longer rat alphall Functional studies demonstrate a widespread distri-
sequences have been cloned (AF203697; AF346817,bution of T-type currents in the brain (reviewed in Akaike,
Mittman, unpublished), suggesting the short alphall iso- 1991). For example, neurons throughout the cortex
form may be the consequence of a frameshift introduced (Friedman and Gutnick, 1987; Giffet al, 1991; Hamill
by alternative splicing in this region (Montedt al, etal, 1991; Komatsu and lwakiri, 1992; Magistrettiand de
2000b). Cloning of human alphall by two independent Curtis, 1998; Sayest al., 1993), olfactory bulb (Charpak
research groups reveals that human alphall contains aretal,2001; Wangetal, 1996b), hippocampus (Beekal.,
169 amino acid substitution encoded by exons 34-36, 1997, 1998; Takahaslst al., 1989a,b, 1991), neostria-
resulting in replacement of the last 11 amino acid residues tum (Hoehret al,, 1993), thalamus (Coultet al., 1989a;
in rat (Mittman et al, 1999b; Monteilet al, 2000b). Huguenard and Prince, 1992; Jahnsen andalslii984a;
Finally, a sequence cloned by Mittman (AF142567, Steriade and Llia$, 1988), lateral habenula (Wilcekal,,
unpublished) suggests a third “long” variation of alphall 1988), hypothalamus (Akaiket al, 1989b; Faret al,
(Fig. 3 and Table Ill) that may result from use of an 2000), lateral geniculate nucleus (Crunellial, 1989),
alternative splice site, thus permitting translation through amygdala (Kaneda and Akaike, 1989), pontine reticu-
exon 36. The recent discovery of an additional 37th lar formation (Greenet al, 1986), dorsal raphe nucleus
exon in both mouse (AY026384; Mittman, unpublished) (Burlhis and Aghajanian, 1987), inferior olive (L&s and
and human alphall extends the earlier studies, as thisyarom, 1981a), vestibular nucleus (Sméhal,, 2002),
exon is composed of 3969 nucleotides and encodes anand cerebellum (Aizenman and Linden, 1999; Mouginot
additional 214 amino acids in the C terminus (Gomora et al, 1997; Raman and Bean, 1999) conduct T-type cur-
et al, 2002) (Fig. 3). Interestingly, recombinant channels rents, and many of these regions exhibit LTS.
formed by this clone have greater current density and Although current antagonists are not able to identify
prepulse facilitation than channels formed by truncated the molecular nature of the pore in any of these chan-
alphall (Gomoreaet al, 2002). As there are a number nels, alphalG, alphalH, and alphall transcripts are widely
of differences in the biophysical properties of currents and differentially distributed throughout the brain by both
conducted by rat and human recombinant alphall Northern blot (Leeet al, 1999; McRoryet al, 2001;
proteins (Chemiret al, 2001b; Monteilet al, 2000b), Monteil et al, 2000a,b; Perez-Reyes al, 1998) and in
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FFIYAALGVELFGKLVCNDENPCEGMSRHATFENFGMAFLTLFQVSTGDNWNGIMKDTLRDCTHDERS

CLSSLQFVSPLYFVSFVLTAQFVLINVVVAVLMKHLDDSNKEAQEDAEMDAEIELEMAHGLGPCPGPC
CLSSLQFVSPLYFVSFVLTAQFVLINVVVAVLMKHLDDSNKEAQEDAEMDAEIELEMAHGLGPCPGPC
CLSSLQFVSPLYFVSFVLTAQFVLINVVVAVLMKHLDDSNKEAQEDAEMDAELELEMAHGLGP
CLSSLQFVSPLYFVSFVLTAQFVLINVVVAVLMKHLDDSNKEAQEDAEMDAELELEMAHGLGP
CLSSLQFVSPLYFVSFVLTAQFVLINVVVAVLMKHLDDSNKEAQEDAEMDAELELEMAHGLGP
CLSSLQFVSPLYFVSFVLTAQFVLINVVVAVLMKHLDDSNKEAQEDAEMDAELELEMAHGLGP
SPLYFVSFVLTAQFVLINVVVAVLMKHLDDSNKEAQEDAEMDAEIELEMAHGLGPCPGPC
SPLYFVSFVLTAQFVLINVVVAVLMKHLDDSNKEAQEDAEMDAEIELEMAHGLCPCPGPC

PGPCPCPCPCPCPGPRLPTSSPGAPGRGSGGAGAGGDTESHLCRHCYSPAQETLWLDSVSLIIKDSLE
PGPCPCPCPCPCAGPRLPTSSPGAPGRGSGGAGAGGDTESHLCRHCYSPAQETLWLDSVSLIIKDSLE
GPRLPTGSPGAPGRGPGGAGGGGDTEGGLCRRCYSPAQENLWLDSVSLIIKDSLE
GPRLPTGSPGAPGRGPGGAGGGGDTEGGLCRRCYSPAQENLWLDSVSLIIKDSLE
GPRLPTGSPGAPGRGPGGAGGGGDTEGGLCRRCYSPAQENLWLDSVSLITIKDSLE
GPRLPTGSPGAPGRGPGGAGGGGDTEGGLCRRCYSPAQENLWLDSVSLIIKDSLE
PGPCPCPCPCPCPGPRLPTSSPGAPGRGSGGAGAGGDTESHLCRHCYSPAQETLWLDSVSLIIKDSLE
PGPCPCPCPCPCPGPRLPTSSPGAGPRGSGGAGAGGDTESHLCRHCYSPAQETLWLDSVSLIIKDSLE

GELTIIDNLSGSVFHHYASPDGCGKCHHDKQETGLHPSCWGMT -------------—=~wmmm oo m
GELTIIDNLSGSVFHHYASPDGCGKCHHDKQETGLHPSCWGMT -~ -~~~ -~~==~~--~-=~-~-—~——
GELTIIDNLSGSIFHHYSSPAGCKKCHHDKQEVQLAETEAFSLNSDRSSSILLGDDLSLEDPTACPPG
GELTIIDNLSGSIFHHYSSPAGCKKCHHDKQEVQLAETEAFSLNSDRSSSILLGDDLSLEDPTACPPG
GELTIIDNLSGSIFHHYSSPAGCKKCHHDKQEVQLAETEAFSLNSDRSSSILLGDDLSLEDPTACPPG
GELTIIDNLSGSIFHHYSSPAGCKKCHHDKQEVQLAETEAFSLNSDRSSSILLGDDLSLEDPTACPPG
GELTIIDNLSGSVFHHYASPDGCGKCHHDKQEVQLAETEAFSLNSDRSSSILLGDDLSLEDPTACPQG
GELTIIDNLSGSVFHHYASPDGCGKCHHDKQEVQLAETEAFSLNSDRSSSILLGDDLSLEDPTACPQG

RKDSKGELDPPEPMRVGDLGECFFPLSSTAVSPDPENFLCEMEEIPFNPVRSWLKHDSSQAPPSPFSP
RKDSKGELDPPEPMRVGDLGECFFPLSSTAVSPDPENFLCEMEEIPFNPVRSWLKHDSSQAPPSPFSP
RKDSKGELDPPEPMRVGDLGECFFPLSSTAVSPDPENFLCEMEEIPFNPVRSWLKHDSSQAPPSPFSP
RKDSKGELDPPEPMRVGDLGECFFPLSSTAVSPDPENFLCEMEEIPFNPVRSWLKHDSSQAPPSPFSP
PKESKGELEPPEPMQAGDLDECFFPFASEPVSTGPESLLCEMGAIPFNPVQSWLKHESSQAPQSPFSP
PKESKGELEPPEPMQAGDLDECFFPFASEPVSTGPESLLCEMGAIPFNPVQSWLKHESSQAPQSPFSP
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Fig. 3. Alignment of the predicted amino acid sequences in the forth domain and carboxyl terminus of alphall cloned from
different species reveals sequence heterogeneity suggestive of alternative splicing. The sixth membrane spanning region of
the forth domain is underlined.
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(3) DASSPLLPMPAEFFHPAVSASQKGPEKGTGTGTLPKIALQGSWASLRSPRVNCTLLRQVPTPPRP---
(4) DASSPLLPMPAEFFHPAVSASQKGPEKGTGTGTLPKIALQGSWASLRSPRVNCTLLRQVPTPPRP- -~
(5) DASSPLLPMPAEFFHPAVSASQKGPEKGTGTGTLPKIALQGSWASLRSPRVNCTLLRQATGSDTSLDA
(6) DASSPLLPMPAEFFHPAVSASQKGPEKGTGTGTLPKIALQGSWASLRSPRVNCTLLRQATGSDTSLDA
(7) DGSSPLLOMPAEFFHPAVSASQKGQOEPGMSAGTLPKIALQGSWASLRSPSVNCTLLRQVQAPPGF - --
(8) DGSSPLLOMPAEFFHPAVSASQKGQEPGMSASTLPKIALQGSWASLRSPSVNCTLLRQATVSDTSLDA
(9) SPSVNCTLLRQATVSDTSLDA

() = m e
(5) SPSSSAGSLQTTLEDSLTLSDSPRRALGPPVQVPGPRAGLSPAARRRLSLRGRGLFSLRGLRAHQRSH
(6) SPSSSAGSLQTTLEDSLTLSDSPRRALGPPAPAPGPRAGLSPAARRRLSLRGRGLFSLRGLRAHQRSH

(8) SPSSSAGSLQTTLEDSLTLSDSPRRALGPPVQVPGPRASLSPATRRRLSLRGRGLFSLRGLRAHQRSH
(9) SPSSSAGSLQTTLEDSLTLSDSPRRALGPPVQVPGPRASLSPATRRRLSLRGRGLFSLRGLRAHQRSH
(10) PVQVPGPRASLSPATRRRLSLRGRGLFSLRGLRAHQRSH

(5) SSGGSTSPGCTHHDSMDPSDEEGRGGAGGGGAGSEHSETLSSLSLTSLFCPPPPPPAPGLTPARKFESS
(6) SSGGSTSPGCTHHDSMDPSDEEGRGGAGGGGAGSEHSETLSSLSLTSLFCPPPPPPAPGLTPARKFSS
(7)) mmmmmm oo
(8) SSGGSTSPGCTHHDSMDPSDEEGRGGAGGGGAGSEHSETLSSLSLTSLFCLPPTLPPPGLTPARKENS
(9) SSGGSTSPGCTHHDSMDPSDEEGRGGAGGGGAGSEHSETLSSLSLTSLFCLPPTLPPPGLTPARKENS
(10) SSGGSTSPGCTYHDSMDPSDEEGRGGAGGGGAGSEHSETLSSLSLTSLFCLPPTLPPPGLTPARKFESS

(5) TSSLAA PGRPHAAALAHGLARSPSWAADRSKDPPGRAPLPMGLGPLAPPPQPLPGELEPGDAASKRKR
(6) TSSLAA PGRPHAAALAHGLARSPSWAADRSKDPPGRAPLPMGLGPLAPPPQPLPGELEPGDAASKRKR

(8) TSSLAAGPGRPGSTVSARGLVRSPSWAADRSKDPPGQAQLVSGLGSSAPGPQPPPGEST DAASKRKR
(9) TSSLAAGPGRPGSTVSARGLVRSPSWAADRSKDPPGQAQLVSGLGSSAPGPQPPPGEST DAASKRKR
(10) TSSLAAGPGRPGATVSVRGLARSPSWAADRSKDPPGQAQLASGFGSSAPEPQPPPGEST DAASKRKR

(1) AF086827 Rat alphall (Lee et al., 1999)

(2) AF290214 Rat alphall (McRory et al., 2001)

(3) AF129133 Human alphall (Mittman et al., 1999Db)

(4) AF211189 Human alphall (Monteil et al., 2000b)

(5) AF142567 Human alphall, delta3éb variant (Mittman et al., unpublished)
(6) AF393329 Human alphall (Gomora et al., 2002)

(7) AF203697 Rat alphalIl, delta37 variant (Mittman, unpublished)

(8) AF203697 Rat alphall, delta 36b variant (Mittman, unpublished)

(9) AF346817 Rat alphalIl, delta3éb variant (Mittman, unpublished)

(10) AY026384 Mouse alphall, exon37 (Mittman, unpublished)

Fig. 3. (Continued.
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Table Ill. Summary of C Terminus Variants in Alpha 11 Sequences

Number of Number of additional amino acids in
predicted  carboxyl terminus compared to original

Species GenBank No. amino acids rat alphall sequence (AF086827) Refs.

rat AF086827 1835 — Leet al, (1999);
AF290214 1834 — McRorgt al, (2001)

“short”

human AF129133 2016 158 Mittmat al., (1999b)
AF211189 1981 158 Monteét al., (2000b)

rat (A37) AF20369% a 158 Mittman, (unpublished)

“intermediate”

human (A36b) AF142567 2198 365 Mittmaet al., (unpublished)
AF393329 2188 365 Gomost al.,, (2002)

rat (A36b) AF20369% a 364 Mittman, (unpublished)

“long”

aIndicates predicted protein based on a partial sequence.

situ hybridization (Craiget al,, 1999; Kaseet al, 1999; and Lasater, 1992); salamander, mouse, rat, and cat bipo-
Klugbaueret al, 1999; Talleyet al., 1999; Williamset al,, lar cell terminals (de la Villaet al, 1998; Kanekeet al,
1999). For example, detailed in situ hybridization studies 1989; Liu and Lasater, 1994; Maguiet al., 1992; Pan
by Talleyetal.(1999) suggested that alphalG and alphalH et al,, 2001); turtle, mouse, and rat retinal ganglion cells
MRNA are expressed in a reciprocal manner with either (Karschin and Lipton, 1989; Rotted al., 1999); and reti-
the presence or absence of alphall mRNA (Tadlewl, nal glial (Muller cells) (Bringmanet al, 2000). Although
1999). Furthermore, these studies indicate that the brainvoltage dependent calcium currents are recorded from
has a graded distribution of both alphalG and alphalH, both retinal pigment epithelial (Struass and Wienrich,
with alphalG transcripts most abundant in the hindbrain 1994; Ueda and Steinberg, 1993) and amacrine cells (Co-
and alphalH transcripts more commonly expressed in hen, 2001; Koizumet al,, 2001), at this time it is unclear
forebrain structures (Tallegt al, 1999). Finally, with if these cell types express T-type channels.
the notable exception of a few regions such as olfactory As many retinal cell types express T-type channels,
mitral cells and cerebellar granule cells, the presence of detailed studies are needed to determine the molecu-
LVA alphal mRNA transcripts corresponded with the de- lar identity of the pore-forming subunits responsible for
tection of T-type currents (Tallegt al,, 1999). Taken to- T-type currents in the retina. RT-PCR of whole mouse
gether, studies of the distribution of LVA alphal transcripts retinarevealsthe presence of all three LVA alphal subunits
suggests that many cellular functions mediated by T-type (Panet al, 2001). Similarly, single cell RT-PCR demon-
channels occur through selective expression of LVA al- strates that bipolar cells can express all three LVA alphal
phal isoforms. Although the biophysical properties of re- transcripts, although many bipolar cells express combi-
combinant alphalG and alphalH are more similar to eachnations of fewer than three alphal transcripts (E%aal.,
other than to alphall (discussed above), modeling studies2001), suggesting heterogeneity in expression of T-type
suggestthat each LVA alphal subunit has unique effects onchannels.
the resulting electrical activity. Furthermore, LVA alphal It should be noted that T-type channels in the retina
subunits are not interchangeable with each other (Cheminmay be unusual in that they appear to be important for neu-
et al, 2002a). Therefore, spatial differences in expression rotransmitter release. Unlike T-type currents in many other
of alphalG, alphalH, and alphall may confer unique bio- cells, T-type currents in bipolar cells activate in a range fa-
physical properties in a regionally dependent manner.  vorable for neurotransmitter release (Kanekal., 1989).
This hypothesis has been recently supported by two pieces
T-Type Channels Are Expressed in the Retina of evidence. Capacitance measurements demonstrate that
T-type currents result in exocytosis in rat bipolar cells
T-type currents are recorded from many retinal (Panet al, 2001). Secondly, GABA-mediated responses
cell types by electrophysiological methods. For exam- resulting from reciprocal synaptic transmission between
ple, T-type currents are recorded from bovine ciliary bipolar cells and amacrine cells are recorded from bipo-
body epithelial cells (Jacob, 1991); goldfish, bass, frog, lar cells (Paret al., 2001). As T-type currents appear to
and rat horizontal cells (Akopiaat al, 1997; Pan and  be responsible for the presence of burst firing and mediate
Lipton, 1995; Pfeiffer-Linn and Lasater, 1993; Sullivan transient oscillations in some, but notin all cells (Akopian
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et al, 1997), T-type channels may play multiple roles in 2001). Perhaps the mostintriguing role of T-type channels
transduction of visual information in the retina. results from recordings of dendrites in cerebellar Purkinje
cells, as dendritic T-type currents underlie low-threshold
calcium-dependent action potentials recorded from cere-
Subcellular Neuronal Distribution of T-Type Channels bellar Purkinje cell dendrites and not somata (Poeil k.,
2000). These LTS can occasionally trigger bursts of action
The neuronal subcellular localization of LVAs has potentialsinthe soma, providing the tantalizing possibility
been elucidated by functional studies of T-type currents, for active electrical dendtictic communication with somata
as optical imaging and electrophysiological studies sug- (Cavelieret al, 2002; Pouilleet al., 2000).
gestthat T-type channels are preferentially located on den- The recent development of antibodies against LVA
drites of many neurons. For example, surgical separationalphal subunits has begun to permit anatomical local-
of distal dendrites from CA1 hippocampal neuronal soma ization of T-type channels, as well as aid in identifica-
eliminates T-type, but not other voltage dependent ionic tion of the pore-forming subunit in the absence of se-
currents recorded in the soma (Kaestal., 1993). T-type lective pharmacological agents. AlphalG immunoreac-
channels mediate a larger fraction of calcium influx into tivity is found throughout neuronal somata and processes
dendrites than into hippocampal (Kavakial., 1997) and in rat brain sections (Craigt al, 1999) and cerebellar
deep cerebellar somata (Gauekal., 2001), and stimu-  slices (Pouilleet al,, 2000). More recently, we have raised,
lation of NMDA receptors on neocortical pyramidal cells affinity-purified, and characterized antibodies against al-
results in a briefincrease in dendritic intracellular calcium phalG and alphall (Yunket al., 2003), and our results
conducted by T-type channels (Markram and Sakmann, suggest alphalG is more restricted to dendrites than previ-
1994). Analysis of single channel activity reveals that 70% ously reported (Craigt al,, 1999). It is likely that the use
of recordings from Purkinje cell dendrites contain T-type of these reagents and the development of selective phar-
channels, compared to only 25% of somatic recordings macological agents will be useful in the identification of
(Mouginotet al, 1997). Dendritic currents are larger than differentially localized T-type channels.
somatic T-type currents (Mouginet al, 1997), and the
presence of T-type currents increase as the distance from

the Purkinje cell somata increases (Poudteal., 2000). Glial Expression of T-Type Channels
However, it should be noted that the distribution of T-type
channels may be determined by neuronal identity. Intra- Although glial cells have been viewed as support cells

cellular recordings from inferior olive neurons (Léisand of the nervous system, accumulating evidence indicates
Yarom, 1981b) and single channel recordings from thala- that these cells are not as passive as originally assumed.
mic relay neurons (Suzuki and Rogawski, 1989) and CA3 Cultured astrocytes display calcium spikes (MacVicar,
pyramidal neurons (Fishet al,, 1990) indicate the pres- 1984), and voltage dependent calcium currents are
ence of T-type channels in somatic, not dendritic, mem- recorded from glial cells in both the central and peripheral
branes. Alternatively, the molecular identity of the LVA nervous systems (reviewed in Baretsal,, 1990a). Fluo-
alphal subunit and association with unidentified auxiliary rescentimaging and electrophysiological recordings sug-
molecules may differentially target the resulting calcium gestthat both gray and white matter glial cells may express
channel complex within the neuron. T-type channels. T-type calcium currents are recorded
At this time, the physiological significance of prefer- from highly purified cultured cortical astrocytes treated
ential targeting of T-type channels is under investigation. with some batches of fetal calf serum (Bare¢sl., 1989)
The presence of T-type channels on dendrites can con-and cortical astrocytes cocultured with neurons (Corvalan
tribute to voltage- and space-clamp errors in recordings, et al, 1990). In contrast, T-type calcium currents are not
thus altering the observed voltage- and time-dependentobserved in control astrocytes in culture, raising the possi-
properties of T-type currents, contributing to the appear- bility that these cells may not normally express functional
ance of T-type current heterogeneity (Destexdteal., T-type channels (Barretal,, 1989; Corvalaetal., 1990).
1996, 1998). Modeling studies reveal that T-type cal- T-type calcium currents are recorded from presumptive as-
cium currents in distal dendrites of hippocampal dentate trocytes in immature hippocampal slices (Akopétral,,
gyrus neurons contribute to the development of after- 1996) and glial precursors in developing corpus callosum
depolarizing potentials (Aradi and Holmes, 1999), po- (Bergeret al, 1992), suggesting regional and develop-
tentially leading to oscillatory behavior. Dendritic T-type mental heterogeneity may affect glial expression of T-type
calcium channels have also been implicated in long-term channels. At this time, the molecular identity of T-type
potentiation in CA1 hippocampal neurons (Scetgal., channels expressed by glial cells is not known.
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Other types of glial cells may also express functional et al, 1985; Swandulla and Armstrong, 1988). For
T-type channels. Cortical glial precursor cells and mature example, sensory neurons of the dorsal root ganglia het-
oligdendrocytes display calcium transients consistent with erogeneously express T-type channels, as some neurons
expression of functional T-type channels (Kirisclailal., do not contain detectable current, while the magnitude
1995), and T-type currents can be recorded from someof detectable T-type currents varies from neuron to
cellsin cultures of astrocytes from pure white matter tracts neuron (Cardanast al, 1995; Schroedeet al., 1990).
(Barreset al,, 1990b). In contrast to the sporadic T-type Low-voltage-activated alphal mMRNA transcripts are
channels observed in many glial cells, Muller glial cells also heterogeneously distributed throughout dorsal root
in the retina express robust T-type currents (Bringmann neurons, as robust levels of alphalH transcripts and mod-
et al, 2000). Finally, T-type currents are recorded from erate levels of alphall transcripts are found scattered in
embryonic Schwann cells in culture (Beaudu-Laagal., scattered medium-sized neurons, but not in large neurons
1998), and the detection of these currentsis correlated with (Talley et al, 1999). In contrast, little alphalG mRNA
the presence of neurites or treatment with cAMP analogs is found in adult rat dorsal root ganglia (Talley al.,
(Beaudu-Langest al,, 1998). Taken together, these data 1999).
suggest that T-type channels may have a functional role in The presence of T-type currents in dorsal root ganglia
normal glial physiology in a cell-dependent manner. is especially intriguing. Small capsaicin-sensitive dorsal

Although the functional significance of T-type root ganlia neurons that respond to chemical and ther-
channel expression by glial cells is unclear, expres- malstimulicommonly express functional T-type channels
sion of these channels may be important in activating (Todorovicet al, 2001), suggesting that T-type channels
calcium-dependent enzymes, channels, and secondmay be important in transduction of painful sensations.
messenger systems (Sontheimer, 1994). Alternatively, At least two pieces of experimental evidence support this
T-type channels may be involved in the genesis and/or hypothesis. Redox agents increase T-type currents and
maintenance of complex intracellular calcium oscillations exacerbate painful stimuli in rodent models (Todorovic
and intercellular calcium waves observed in many glial et al, 2001). Conversely, mibefradil, ethosuximide, and
cultures (reviewed in Deitmest al, 1998; Verkhratsky = redox agents that attenuate T-type currents reduce percep-
et al, 1998). Interestingly, similar to the heterogeneous tion of painful stimuli (Bilici et al, 2001; Matthews and
expression of T-type channels in neurons, T-type channelsDickenson, 2001; Todoroviet al, 2001). Finally, coad-
may also be unevenly distributed within individual glial ministration of miberfradil enhances the antiociceptive ef-
cells, as calcium transients in glial processes are largerfects of morphine and attenuates development of tolerance
than those observed in cell bodies (Kirischatlal., 1995). (Dogruletal, 2001, 2002), suggesting further studies into
This asymmetric distribution of T-type channels has been the role of T-type channels and pain perception may yield
postulated to be important for glial functions such as promising new treatments.
secretion (Barrest al, 1989) and myelin formation
(Kirischuk et al, 1995). Finally, an intriguing role for
T-type channels has been indicated for calcium-mediated Olfaction
cell death during ischemia. Anoxia—ischemia produces
severe neuronal injury, and ischemia induces T- and Accumulating data reveal that T-type channels are
L-type calcium influx in astrocytes from the optic involved in transduction of olfactory stimuli to the central
nerve (Fern, 2002). The calcium influx through T-type nervous system. T-type currents are recorded from recep-
channels occurs prior to cell death, and treatment with tor cells in the olfactory epithelium in a variety of species
nickel, a nonspecific T-type channel blocker, attenuates (Kawaietal, 1997, 1999; Kawai and Miyachi, 2001b; but

ischemic-induced damage (Fern, 2002). see Trombley and Westbrook, 1991), and odorant-evoked
action potentials are blocked by T-type channel blockers
T-Type Channels Are Expressed in the Adult (Kawai and Miyachi, 2001a). Electrophysiological stud-
Peripheral Nervous System ies have sugested that odorants affect T-type channels in
two distinct manners. Some studies of newt olfactory re-
Dorsal Root Ganglia ceptor cells indicate that odorants suppress T-type cur-

rents by shifting their inactivation curves to more negative
A strong relationship has existed between sensory values (Kawai, 1999; Kawagt al, 1997). Paradoxically,
neurons and T-type channels since the early and detailedother studies by some of the same investigators report that
electrophysiological studies of T-type currents (Bossu and T-type channels lower the action potential threshold
Feltz, 1986; Carbone and Lux, 1984a,b, 1987; Nowycky (Kawai et al, 1996; Kawai and Miyachi, 2001a) and
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contribute significantly to inward current during action 1999), including neurons. T-type currents are recorded
potentials (Kawai and Miyachi, 2001a) in newt olfactory from embyronic dorsal root ganglia (Carbone and Lux,
receptor cells. As T-type channels are also recorded from 1984a; Desmadryét al, 1998; Gottmanret al., 1988;
output neurons in the olfactory bulb (Charpetlal., 2001; Lux, 1988), hippocampal neurons (Yaat al, 1987),
Wangetal, 1996b), these data suggest that T-type currents neural plate neurons (Gu and Spitzer, 2001), and spinal
are important in olfactory signal transduction. motoneurons (Barish, 1991b; McCob#t al, 1989;
Martin-Caraballo and Greer, 2001). T-type currents
are also observed in fetal neurons from a variety of
Autonomic Ganglia regions including dorsal root ganglia (Fedulogtal,
1991), visual cortical neurons (Tarasenébal, 1998),
T-type calcium currents are recorded from some au- hippocampal neurons (Takahaséi al, 1989a), and
tonomic neurons such as those in submandibular (Endohlaterodorsal thalamic nuclei (Tarasergtoal.,, 1997).
and Suzuki, 1998; Hayasktf al., 2002) and pelvic (Akasu Similar to T-type currents observed in other tissues,
et al, 1990; Parket al, 2001; Zhuet al, 1995) ganglia. the density, amplitude, and properties of neuronal T-type
Similar to the distribution of T-type channels in dorsal channels change over time. In some neurons, T-type
root ganglia, it is unlikely that all neurons within a gan- currents increase during development. Both the amplitude
glion express T-type channels, and the presence of T-typeand density of T-type currents increase in embryonic
channels may be correlated with phenotypic markers of dorsal root ganglia (Desmadret al., 1998; Gottmann
subpopulations of neurons (Zkat al, 1995). Although et al, 1988) and autonomic ciliary ganglia (Gottmann
the molecular identity of most T-type channels has not et al, 1988). Potentiated T-type channel currents are
been identified, low levels of alphalG, but not alphalH or observed after birth in cat thalamocortical cells (Pirchio
alphall, mRNA are present in adult rat superior cervical et al, 1990), rat dorsal root ganglia (Feduloea al.,
ganglion (Talleyet al,, 1999). In contrast, alphalH mRNA  1991), and retinal Muller cells (Bringmaret al.,, 2000).
isfoundin pelvic ganglia (Leetal, 2002). The functional A more complex potentiation of T-type currents is
significance of T-type channel expression is not known at observed in some thalamic nuclei. Homogeneous T-type
this time. However, hyperpolarization of major pelvicgan- currents in laterodorsal thalamic nuclei are recorded at
glion neurons produces LTS, similar to central neurons P12, but heterogeneous LVA channels are observed on
(Lee et al, 2002). Furthermore, transfection of nodose the basis of pharmacological sensitivities and kinetic
ganlia primary sensory neurons with antisense oligonu- profiles by P14 (Tarasenket al., 1997), suggesting the
cleotides against LVA alphal subunits increases the rateappearance of a second functional T-type channel. Finally,
of repolarization during action potentials and blocks cal- studies of hippocampal neurons support the hypothesis
cium influx during spikes (Lambest al, 1998). These that the identity of the T-type channel may change with
data suggest that T-type channels may have a similar roledevelopment, as perinatal neurons have different kinetics
in some neurons of the sympathetic and parasympatheticthan older T-type currents in culture (Thompson and
nervous systems. Wong, 1991). Alternatively, perinatal T-type channels
may differentially associate with modulatory molecules,
thus accounting for heterogeneous channel kinetics.
Expression of T-Type Channels Varies Some neuronal populations exhibit decreased expres-
During Neural Development sion of T-type currents during development. The per-
centage ofXenopusand rat neural plate neurons with
Changes in intracellular calcium can influence a T-type currents decreases with the age of the culture (Gu
plethora of events necessary for neuronal maturation and Spitzer, 2001) or animal (Frischkrecht and Randall,
including neuronal survival, neurite outgrowth, gene 1998). In rat visual cortical neurons, the density of T-type
expression, and synapse formation and plasticity (re- currents declines in early postnatal development, while
viewed in Ghosh and Greenberg, 1995). Expression HVA current density progressively increases until they
and assembly of HVAs are under tight developmental are the exclusive calcium current observed (Tarasenko
and metabolic regulation (reviewed in McEnesy al, et al, 1998). Similar patterns of calcium current expres-
1998b), and both functional and anatomical data indicate sion are also observed in hypoglossal (Berjai., 1996),
that expression of T-type channels is also controlled phrenic (Martin-Caraballo and Greer, 2001), and spinal
during neural development. (McCobbet al,, 1989) motoneurons in situ, and cultured
T-type currents are commonly observed in the hippocampal neurons (Chameetal, 1999; Thompson
early development of cells (reviewed in Get al, and Wong, 1991) and neuroblastoma (NB-I) cells (Kito
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et al, 1999). For example, approximately 60% of NB-I PO P4 P10 P17  Adult
cells express T-type currents after 2 days in culture, but PP ECL OO
only ~20% have T-type currents after 2 weeks in cul- AlphalG

ture (Kitoet al,, 1999). Concomitant with the loss of LVA

currents, the percentage of cells with HVA currents in- i B ! ‘ ' .

creases over time (Kitet al, 1999). Finally, a gradual =

decline in T-type current densities or in the number of
neurons with T-type currents is observed a few weeks af-
ter birth in rat dorsal root ganglia (Fedulogtal., 1991,
1994; but see Lovinger and White, 1989) and Muller
cells (Bringmanret al., 2000). However, T-type currents
are still present in adult cells (Bringmarat al., 2000; 114 =
Fedulovaet al, 1991). Interestingly, a recent study sug-

gests that T-type currents regulate expression of HVA cur-

rents (Chemiret al, 2002b). Treatment either nickel, a

177 =

nonspecific T-type channel antagonist, or antisense al- 81 =

phalH cDNA reduces HVA currentindependent of neurite

elongation (Chemiet al., 2002b), providing a tantalizing PO P4 P10 P17  Adult
clue into mechanisms responsible for coordinated LVA © A0 O O O O OO OO
and HVA expression. Alphall PEPLY TS PSP PO

Although T-type currents are robustly expressed dur-
ing formation of the nervous system, the molecular iden-
tity of the pore-forming subunits is largely unknown at
this time. AlphalH mRNA is observed in the developing
central nervous system at embryonic day 9 by in situ hy- 177 =
bridization (Soret al, 2002), and alphalG (Montedt al,,
2000a) and alphall (Montedt al., 2000b) transcripts are
observed in dot blots of fetal human tissues. Comparison 114 =
of the relative intensities of these signals suggests differ-
ential regulation of individual LVA alphal transcripts in
development. Whereas whole brain extracts contain sim- 8] =
ilar levels of alphalG mRNA compared to fetal tissues
(Monteil et al, 2000a), fetal brains contain more alphall
MRNA than fetal brain extracts (Monteit al., 2000b).

More recently, we have used our affinity-purified an- Fig. 4. Low-voltage-activated calcium channel alphalG and alphall sub-

. . . : . unit proteins are differentially expressed during development of murine
tlpeptlde antibodies against aIphalG or alphall to exam- forebrain (Fb) and hindbrain (Hb). Tissues were harvested from postna-

ine th_e spatial and temporal patterns of LVA alphal eX- 5 (p) mice, where PO is defined as the day of birth. Homogenates were
pression in postnatal mouse development (Yurdteal., prepared and analyzed as described previously (McEeteal, 1998b)

2003). At postnatal (P1), little alphalG immunoreactivity using affinity-purified antipeptide antibodies raised against alphalG or
is observed in either forebrain or hindbrain homogenates alphal! (Yunkeetal,, 2003). The apparent molecular size markers (kDa)

. . . are indicated on the left.
(Fig. 4(A)). In contrast, robust alphall immunoreactiv-
ity is found in both forebrain and hindbrain homogenates
(Fig. 4(B)). Over the next three postnatal weeks, alphalG
immunoreactivity increases in forebrain and hindbrain ho- More surprising was the distribution of alphallimmunore-
mogenates, and differences are observed between thesactivity during postnatal development (Fig. 4(B)). Over
two regions. First, hindbrain homogenates contain more time, the presence of the robust large260 kDa) al-
alphalG immunoreactivity than forebrain homogenates phall immunoreactive band decreases in both forebrain
by P10, and heterogeneity in the distribution of alphalGis and hindbrain homogenates (Fig. 4(B)). Concomitant with
maintained into adulthood (Fig. 4(A)). Second, hindbrain this decrease is the gradual appearance of asmaller alphall
alphalG isoforms have different average molecular sizesimmunoreactive isoforr{190 kDa), whose expressionis
(~260 kDa, intense bandy227 kDa, faint band) com-  positively correlated with the age of the animal into adult-
pared to alphalG in forebrain homogenate240 kDa). hood (Fig. 4(B)). Therefore, although antibodies against
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alphalG appear to react with the same proteins in peri- Richardet al, 1992), indicating both the presence and
natal developement and adulthood, alphall expression inlevel of T-type channel expression correlates to cell cycle.
both forebrain and hindbrain is markedly affected by de- Although overexpression of either alphalG or al-
velopmental age. Although the underlying cause of the phalH does not affect proliferation of HEK-293 cells
heterogeneously sized alphalG and alphall bands is un{Chemin et al, 2000), at least three lines of prelim-
clear at this time, both alphalG and alphall transcripts inary evidence suggest that T-type channels are also
undergo alternative splicing (see above). Differences in important for neuronal proliferation. Many mitogens,
the length of the mMRNA transcripts can result in profound including angiotensin Il (McCarthgt al., 1993), endothe-
differences in the length of the protein (see Tables Il and lin (Furukawaet al., 1992; Yokokaweet al, 1990), and
I), suggesting that unique alphalG and alphall protein platelet-derived growth factor (Wareg al, 1993), poten-
isoforms are subjected to regional and temporal regulation tiate T-type currents and induce proliferation (reviewed
of expression. in Ertel et al,, 1997). Expression of both T-type channels
and LVA alphal mRNA decreases after differentiation of
some cultured cells (Aserat al, 2002; Hirrokaet al,
T-Type Currents Are Affected by Aging 2002), implying that T-type currents are no longer needed
by the cell. Finally, antibodies against ganglioside GM1
Afew studies suggest that T-type channels are altered stimulate neural proliferation and activate a T-type chan-
by aging. Old rat neurons from various septal nuclei dis- nel in Neuro2a cells (Ravichandra and Joshi, 1999). As
play increased T-type current density, but not differentbio- treatment with amiloride, a nonspecific T-type channel
physical properties, compared to young neurons (Murchi- blocker, prevents induction of proliferation, T-type chan-
son and Griffith, 1995). In contrast, whereas T-type and nels may be importantin coupling calcium to intracellular
HVA currents are recorded in cultures of dorsal root gan- events necessary for cell division (Ravichandra and Joshi,
glia from neonatal and adult rats, cultures of dorsal root 1999).
ganglia from old rats only exhibit HVA currents (Kostyuk The early expression of functional T-type channels
et al, 1993). These results imply that temporal expres- may also be involved in morphological differentiation, as
sion of T-type channels is under regional control and that T-type channels are present in growth cones of differen-
unigue expression profiles of T-type channels in old age tiating neuronal precursor cells (Gottmaanal, 1991;
may contribute to age-dependent alterations in calcium Gottmann and Lux, 1990) and regenerating neurities in
homeostasis. culture (Gottmann and Lux, 1995). Morphological dif-
ferentiation of dorsal root ganglion neurons with fetal
calf serum or dibutyryl cCAMP enhances T-type currents
Putative Functions of T-Type Channels (Pirchioet al,, 1990), and differentiation of pheochromo-
in Neural Development cytoma (PC12) cells with nerve growth factor and dex-
amethasone induces the appearance of T-type channels
At this time, there is much speculation on the role (Garberrtal, 1989). In contrast, untreated PC12 cells pre-
of T-type channels in development of the nervous system. dominantly conduct HVA currents (Garbetal., 1989).
Studies of cultured nonneuronal cells suggest that T-type A different pattern of developmental expression can
currents are an important source of intracellular calcium be observed in other cell types, as undifferentiated SN56
during proliferation. Robust T-type currents are recorded cells (a fusion of septal neurons with neuroblastoma cells)
from blastocyst-derived embroyonic stem cells (Bagl., express robust T-type currents (Kushmeegtlal,, 2001).
1998), and proliferating fibroblasts (Chen al, 1988; Differentiation of SN56 cells with dibutyryl-cAMP
Estacion, 1991), vascular smooth muscle cells (Schmitt induces HVA currents, and alters the pharmacological
et al, 1995, 1996), and cardiac myocytes (Geal, and kinetic profiles of T-type currents (Kushmerick
1998). T-type channel antagonists block both smooth mus-et al, 2001), again suggesting a relationship between
cle cell proliferation (Schmittt al,, 1995; but see Chemin  calcium channel expression and cell morphology. Finally,
et al, 2002b) and cell cycle progression of endothelial increased T-type currents are recorded from all N1E-115
cells (Bertoleskt al, 2002; Niliuset al,, 1997), suggest-  neuroblastoma cells treated with dimethylsulphoxide
ing calcium influx through T-type channels is important to induce morphological differentiation (Silver and
for cell cycle regulation. Furthermore, functional T-type Bolsover, 1991), although some undifferentiated N1E-
channels are detected in G1 and S phases, but not in G2115 cells do not express detectable T-type currents
and M in cultured smooth muscle and cardiac myocytes (Silver and Bolsover, 1991). However, these results may
(Day et al, 1998; Guoet al, 1998; Kugaet al, 1996; vary depending on the methods and cells used, as other
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investigators report that differentiation of NIE-115 cells
induces HVA channel expression (Cheneihal., 2002b;
Leurangueret al, 1998), resulting in coexpression of
LVA and HVA calcium currents.

Although there is a clear correlation between T-type
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overlap of activation and inactivation curves of T-type
channels can result in “window currents” that result in
continual calcium influx and substantial changes in intra-
cellular calcium levels (reviewed in Bernheim and Bader,
2002). T-type channels mediate burst firing in postnatal

channel expression and morphological differentiation, at hypoglossal motoneurons (Bergaral,, 1995) and spon-
this time a few studies directly support the hypothesis that taneous transient calcium spikes{enopuseural plate
T-type channels are necessary for neuronal differentia- neurons in vivo and in vitro (Get al, 1994; Gu and

tion. Optical imaging studies suggest that calcium influx

Spitzer, 2001). For both cell types, the frequency of these

through T-type channels present in somata, neurites, andspikes is correlated with the presence of T-type channels

growth cones of cultured embryonienopusspinal neu-
rons contributes to rapid depolarization-induced calcium

transients in neurites and growth cones (Barish, 1991a).

However, nickel does not affect neurite initiation or exten-
sion in N1E-115 cells (Audesirkt al., 1990), although

(Bergeret al,, 1995; Guet al, 1994) and decreases with
developmental age. Furthermore, these spikes can be trig-
gered by depolarization, resulting in depletion of intra-
cellular calcium stores ilXXenopusneural plate neurons
(Gu et al, 1994), indicating that T-type channels couple

nickel sensitive T-type currents are recorded from these extracellular calcium influx to intracellular calcium stores

cells (Audesirket al,, 1990). In contrast, nickel, miber-

fradil, and antisense alphalH cDNA reduce neuritogene-

sis, but not neurite elongation, in NG108-15 cells (Chemin
etal, 2002b). Additional support for arole of T-type chan-
nels in differentiation comes from studies of neuroen-
docrine differentiation of prostate cancer epithelial cell
line. Long-term treatment of these cells with cyclic AMP

analogs increases neuroendocrine differentiation and in-

in immature neurons. T-type channels are also responsi-
ble for generation of spontaneous calcium-dependent slow
waves postulated to be important for phenotypic expres-
sion and neurite growth (Get al, 1994). Finally, T-type
channels modulate after-depolarizing potentials in post-
natal dorsal root ganglion neurons (Lovinger and White,
1989), suggesting that the presence of functional T-type
calcium channels can have profound effects on the elec-

duces the appearance of T-type currents resulting fromtrical properties of nascent neurons.

increased number of alphalH transcripts (Magbtl,
2002). Long-term treatment with nickel attenuated neurite
extension (Mariotket al, 2002), suggesting that calcium

T-Type Channels Are Implicated in

entry near resting membrane potentials may promote (butNeuronal Diseases

not initiate) morphological differentiation (Mariat al.,
2002). Finally, the neuroprotective glycoprotein erythro-
poietin enhances neurite outgrowth of retinal ganglion
cells, and this effect is totally inhibited by ethosuximide,
a postulated T-type channel antagonist (Bocker-Meffert
etal, 2002). Interestingly, erythropoietin enhances T-type
currents in a neuroblastoma cell line (Assanelrial,
1999), implying that T-type channels may be important
for neurite initiation and extension in a cell-dependent
manner.

The embryonic and fetal expression of T-type chan-

T-type channels have been implicated in a number of
neuronal and nonneuronal diseases, and virtually nothing
is known regarding the cellular or molecular mechanisms
that control expression of T-type channels. Although the
best evidence for T-type channels in disease comes from
the study of absence seizures (discussed below), T-type
channels have been postulated to be involved in other
neurological diseases, including Parkinson’s disease.
Parkinson’s disease is accompanied by a 3—6 Hz resting
tremor correlated with rhythmic firing of ventral lateral

nels may be necessary for the generation of many types ofthalamocortical neurons that project to premotor cortex.
electrical signals needed in developing neurons. Weak ex-The rhythmic firing may result from rebound burst firing
citatory inputs can open T-type channels, as T-type chan- of T-type channels in response to GABA-mediated IPSPs
nels in embryonic neurons have a low threshold of acti- (Pareet al, 1990; Steriade and Llas, 1988; reviewed
vation. The presence of T-type channels lowers the actionin Llinas, 1988; Perez-Reyes, 1998), and ethosuximide
potential threshold by 15 mV in mathematical models (Gu treatment reduces MPTP-induced resting tremor (Gomez-
and Spitzer, 2001), and experiments using digital wave- Mancillaet al., 1992). In contrast, diltiazem and verpamil
forms modeled after natural action potentials demonstrate did not reduce resting tremors. As ethosuximide has been
that T-type calcium channels can contribtt80% of to- postulated to be a T-type channel antagonist (reviewed
tal calcium entry during brief action potentials in dorsal in Yunker, 2003), these data suggest that T-type channels
root ganglion neurons (McCobb and Beam, 1991). T-type may be involved in resting tremors (Gomez-Mancilla
channels can also contribute to resting calcium levels, aset al, 1992).
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T-type channels may also be involved in other neu- are postulated to result from cyclic opening and closing of
rological diseases. For example, the gene encoding al-thalamocortical T-type channels (reviewed in Huguenard,
phalG is located near theeteringlocus (Perez-Reyes, 1996). A thalamocortical circuit composed of neocorti-
1998 Perez-Reyest al, 1998, 1999), and mutations in  cal pyramidal cells, thalamic relay neurons, and thalamic
teeteringmice are associated with cerebellar atrophy and reticular neurons is sufficient to sustain abnormal oscilla-
ataxia (Meier, 1967). In contrastlphalHmaps near the  tory rhythms similar to spike-wave discharges, and T-type
tuberous sclerosis locus TSC2 (16p13.3) (Perez-Reyeschannels are recorded from these neurons in all three loca-
et al, 1999; T.E.P.K.D. Consortium, 1994), and lies in a tions (Coulter and Lee, 1993; Zhang and Coulter, 1996).
region linked to many diseases including asthma, epilepsy, Pharmacological treatment of absence seizures sup-
autism, and susceptibility to bipolar disorder (Daniels ports the hypothesis for increased calcium entry, as some
etal, 2001). The gene encoding alphall mapsto 22q12.3—classes of anticonvulsant drugs inhibit T-type currents
g13.2, the site of several neuronal disorders including in thalamic and dorsal root ganglion neuronal cultures
the susceptibility locus for familial schizophrenia (Pulver (Coulter, 1997; Coultegt al., 1989b, 1990; Kostyué&t al.,
et al, 1994) and spinocerebellar ataxia 10 (Matsuura 1992; reviewed in Yunker, 2003) and T-type currents con-
et al, 2000; Zuet al, 1999). Interestingly, spinocere- ducted by recombinant LVA alphal subunits (Gomora
bellar ataxia 10 is associated with a pentanucleotide re- et al, 2001; Todorovicet al, 2000). Furthermore, some
peat expansion, similar to trinucleotide repeat expansionsof these drugs, such as ethosuximide, trimethadione, and
observed in other forms of spinocerebellar ataxias (Mat- methsuximide, attenuate seizure activity in humans, with
suuraet al, 2000). Although the cellular consequences an effective pharmacological blood concentration that is
of such repeats are largely unknown, transfection of a sufficient to reduce T-type currents, but not HVA currents,
neuroblastoma-motor neuron hybrid cell with a cDNA in thalamic relay and reticular neurons in vitro (Coulter,
harboring a trinucleotide repeat results in altered steady- 1997; Coulteret al, 1989b, 1990). These drugs appear to
state activation of T-type currents and increased cell deathdecrease total T-type current without altering gating ki-
that is prevented by treatment with nickel (Schulptoreanu netics of the affected channels (Coulggral, 1991), and
et al, 2000). Taken together, we suggest that T-type chan- increase threshold for burst generation in thalamic neu-
nels may contribute to cellular toxicity in neuropathies rons (Huguenard and Prince, 1994). Taken together, these
resulting from polynucleotide expansion. data suggest that increased T-type currents contribute to

the underlying cause of absence seizures.
Additional support for the hypothesis that absence
Seizures epilepsy results from increased T-type current comes from
study of rodent models of absence epilepsy. Increased

In addition to their role underlying normal physiolog-  T-type currents were first observed in select thalamic nu-
ical processes, alterations in VDCC expression and/or reg-clei from genetic absence epileptic rats from Strasbourg
ulation are likely to play a role in some seizure disorders. model (GAERS), an animal model of absence epilepsy
Intracellular calcium concentrations increase and extra- (Tsakiridouet al, 1995). In contrast, the amplitude of
cellular calcium concentrations decrease during seizuresL-type currents was not affected (Tsakiridetal., 1995).
(Heinemanretal, 1977), implying altered calcium home-  Treatment of WAG jj rats, a second rodent model of gen-
ostasis and/or signaling contribute to the underlying etiol- eral absence seizures, with ethosuximide reduces both the
ogy of these diseases. This hypothesis has been strengthAaumber and total duration of spike-wave discharges (van
ened in recent years by the discovery that spontaneousLuijtelaaretal., 2000). Similarly, a single dose of ethosux-
mutations in HVA alphal or auxiliary subunits result in imide suppresses absence seizure behavior and spike wave

absence seizures and ataxia (reviewed in Fletehet, discharges idethargic mice harboring a mutation in the
1998), potentially as a consequence of altered calcium in- auxiliary subunit beta4 (Burgessal.,, 1997; Ishigeet al,,
flux and homeostasis. 2001). Anatomical studies suggest that thalamic reticular

Absence epilepsy is a generalized, nonconvulsive nuclei from juvenile GAERS animals display increased
seizure disorder characterized by epileptic attacks asso-alphalH mRNA, whereas adult GAERS animals harbor
ciated with bilaterally synchronous 3 Hz cortcial spike- elevated levels of alphalG mRNA in ventral posterior tha-
wave discharges recorded by EEG, occurring simultane- lamic relay nucleiin addition to increased alphalH mRNA
ously with behavioral immobility (reviewed in Avadit al., (Talleyetal, 2000). T-type peak current densities and peak
2001; Burgess and Noebels, 1999). This spindle activity is current amplitudes are increased in thalamic lateral dor-
similar to sleep wave spindles observed from EEG record- sal nuclei in epileptic mice harboring mutations in beta4,
ings of normal individuals (discussed above). The spindles gammaz, or alphalA, although there is no difference in the
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localization of LVA alphal transcripts by in situ hybridiza- CRE and AP-1 following seizures (Ishigs al, 1996,
tion (Zhangetal, 2002). T-type currentsinthalamiclateral 1998, 2001), indicating that alterations in gene transcrip-
dorsal nuclei from all of these mutant mice also display a tion may be regulated by calcium entry through T-type

depolarizing shift in stead-state inactivation (Zhagl,, channels, potentially contributing to molecular disease
2002), implying that a greater percentage of T-type chan- mechanisms. However, as mutations in HVA subunits in-
nels are available for opening (Zhaeg al, 2002). Fi- cluding alphalAfpttering, leaner, rolling mouse Nagoya,

nally, although mice harboring spontaneous mutations in alphaA~), beta4 lethargic), gamma2 gtargazey), and al-

LVA alphal subunits have not been identified to date, the pha2/delta2ducky) resultin absence seizures (reviewed in
teetering (th)mouse mutation maps near tb@cnalgo- Burgess and Noebels, 1999; Fletchtal.,, 1998; Frankel,

cus (Meier, 1967; Montgomest al,, 1997). Interestingly, 1999), it will be of great interest to determine if these sep-
teetering mice have abnormal brain-stem and spinal cord arate mutations converge into a common disease mecha-
development, ataxia, and progressive cerebellar neuronalnism, such as altered T-type channel expression. Alterna-
atrophy (Meier, 1967), similar to some mice with muta- tively, different genetic lesions may each result in unique
tions in HVA subunits (reviewed in Fletchet al,, 2001). disease mechanisms.

The most compelling evidence for a role of LVA
alphal subunits in generalized absence seizures to date
comes from analysis of mice engineered to lack the gene SPATIAL AND TEMPORAL PATTERNS OF
encoding alphalG (Kinet al, 2001). When compared ENDOGENOUS CARDIAC AND SMOOTH
to wild-type littermates, alphalG-deficient mice are more MUSCLE T-TYPE CHANNEL EXPRESSION
resistant to drug-induced seizures (Kénal, 2001). Al-
though the molecular mechanisms by which increased T-Type Channels Are Expressed in Adult
T-type currents may contribute to disease is unknown at Cardiac Tissues
this time, T-type channels may act at thalamocortical cir-
cuits to promote electrical activity (Coulter, 1997; Coul- Cardiac Myocytes
teret al,, 1989a; Huguenard and McCormick, 1992; Mc-

Cormick and Huguenard, 1992; Pellegratial., 1989). Whereas electrophysiological data clearly indicated
However, increased T-type currents are observed in otherthe presence of multiple types of T-type calcium channels
brain regions such as hippocampal dentate gyrus neuronsn neurons, it was assumed that there was only one
(Becket al, 1998) and CA1 pyramidal neurons (8tal,, HVA isoform in cardiac cells. However, recordings
2002) in some models of epilepsy. The upregulation of T- from canine atrial cells were some of the first data to
type channels in these neurons may result in the de novodemonstrate T-type currents in cardiac myocytes (Bean,
appearance of burst firing in inappropriate brain regions 1985), and T-type calcium currents have been recorded
(Suet al, 2002), contributing to abnormal electrical ac- from atrial myocytes in a variety of species (Bonvallet,
tivity and behavior. 1987; Xu and Best, 1990; reviewed in Erétlal, 1997).

In addition to altering the electrophysiological prop- In contrast, canine ventricular cells exhibit little T-type
erties of individual cells and neuronal circuits, T-type currents compared to atrial cells (Bean, 1985), suggesting
channels may also be involved in regulation of gene ex- heterogeneity in the localization and function of T-type
pression in pathophysiological states such as epilepsy.channels within cardiac tissues. Comparison of calcium
Calcium is an important regulator of gene activity and currents recorded from different cardiac cells from many
multiple DNA regulatory elements are activated by bind- species also reveals that the presence of functional
ing calcium (reviewed in Bading, 1999). For example, T-type channels depends on the species examined. For
cyclic AMP responsive element binding protein (CRE) example, robust T-type calcium currents are observed
and activator protein 1 (AP-1) bind specific sequences in in ventricular cells from adult guinea pigs (Droogmans
DNA promoters and are important modulators in activity- and Nilius, 1989; Mitra and Morad, 1986; Niliet al.,
dependent plasticity of the central nervous system (re- 1985) and sharks (Maylie and Morad, 1995), but not in
viewed in Montminyetal, 1990). The DNAbinding activ-  adult ventricular cells from many other species (Bean,
ity of CRE- and AP-1 are elevated in thalamus and cortex 1985; Osaka and Joyner, 1991; Richadal, 1990;
from lethargicand gamma-butyrolactone-induced epilep- reviewed in Bootmaret al, 2001), indicating both bona
tic mice (Ishigeetal, 1996, 1998, 1999), suggesting alter- fide anatomical and species differences in functional
ations in transcription may contribute to the genesis and/or T-type channel expression.
maintenance of seizure activity. Interestingly, T-type chan- It is unlikely that healthy adult human atrial or
nel antagonists reduce elevated DNA binding activities of ventricular myocytes express T-type channels. Although
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alphalG (Monteilet al, 2000a) and alphalH (Cribbs
etal, 1998; Williamset al,, 1999) transcripts are detected
in Northern blots of human heart, T-type calcium currents
are not detected in adult human atrial (Ouastidl., 1991)

or ventricular (Beuckelmanret al, 1991) myocytes.
Furthermore, LVA alphal mRNA transcripts are not
detected in adult human myocytes by in situ hybridization
(Jagannathamt al., 2002b), supporting the conclusion

Yunker and McEnery

suggesting multiple roles for T-type channels in cardiac
atrial cells.

Accumulating evidence reveals that similar to some
ventricular myocytes, T-type channel currents induce in-
tracellular calcium release in both cardiac Purkinje and
feline atrial pacemaker cells. Electrophysiological stud-
ies using a perforated patch technique show that calcium
influx through either T-or L-type calcium channels trig-

that T-type currents are not present normal human adult gers calcium release from the sarcoplasmic reticulum and

myocytes.
At this time, the physiological function of T-type

induces canine Purkinje cells shortening although T-type
channels are less effective than L-type channels (Zhou

channel expression in cardiac myocytes is unclear. T-type and January, 1998). Similarly, T-type calcium influx in

channels were originally thought not to play a role in
excitation—contraction coupling in myocytes (Bootman

atrial pacemaker cells triggers a local release of subsar-
colemmal intracellular calcium that in turn stimulates an

et al, 2001). However, T-type channel blockers such as inward sodium-calcium exchange current, resulting in fur-

mibefradil can shorten the duration of guinea pig ventric-
ular action potentials (Biardeaet al, 2000) and attenu-

ther membrane depolarization and firing of action poten-
tials (Htiseret al.,, 2000; reviewed in Lipsiust al,, 2001).

ate guinea pig ventricular myocyte contractions (Emanuel As predicted, some T-type channel blockers prevent intra-

et al, 1998; Hoischeret al,, 1998; Sipidoet al,, 1998).

T-type currents can induce calcium release from ven-

tricular sarcoplasmic reticulum in some species (Brotto
and Creazzo, 1996; Emanued al., 1998). However, it

cellular calcium release from atrial nodal and latent atrial
pacemaker cells, but not atrial myocytesu@éret al,
2000; reviewed in Lipsiugt al, 2001), suggesting that
the high density of T-type channels on specific cells in

should be noted that T-type currents are much less ef-the cardiovascular system lead to profound physiological

fective than L-type currents in evoking calcium release,
implying that T-type currents play only a minor role in nor-

mal excitation—contraction coupling (reviewed in Lipsius
et al, 2001).

Cardiac Pacemaker Cells
In contrast to myocytes, robust T-type currents are

observed in Purkinje cells (Hiranet al, 1989; Tseng
and Boyden, 2002), sinoatrial node cells (Hagiwetral.,

1988), and latent pacemaker cells (Zhou and Lipsius,

1994) from a variety of species, suggesting that T-

consequences.

Expression of T-Type Channels Varies During
Cardiac Development

Additional insights into the complexity of T-type
channel expression come from developmental studies that
analyze the functional and/or anatomical expression of
T-type channels over time. Cardiac contractility changes
during development (Nair and Nair, 2001), and simi-
lar to the patterns observed in both neural (see above)
and smooth muscle (see below) cells, cardiac T-type

type channels are important in cardiac conduction and channel expression depends on the developmental age

pacemaking (reviewed in Massie, 1998; Triggle, 1998).

of the tissues analyzed. T-type currents are commonly

T-type currents are severalfold larger in atrial pacemaker recorded from embryonic tissues such as chick ventri-
cells than in nonpacemaker atrial myocytes (Zhou and cle cells (Kawano and DeHaan, 1989, 1990, 1991), and

Lipsius, 1994), and blockade of T-type calcium cur-

neonatal tissues, including rodent atrial (Leurangtat.,

rents slows the firing rate and pacemaker cycle (Fareh2000; Xu and Best, 1992) and ventricular (Fergdral.,

et al, 1999; Hagiwaraet al, 1988; Hiseret al, 2000;

Li et al, 1997; Zhou and Lipsius, 1994). These data
indicate that T-type channels aid in depolarization of
pacemaker cells (Bean, 1985; Hagiwat al., 1988;
Zhanget al., 2000), action potential initiation, and sinus
node automaticity (Hagiwarat al., 1988; Hiseret al,
2000; Niliuset al., 1985; Officer and Ewert, 1998; Xiao
et al, 2000). Furthermore, T-type channels may con-

2002; Gucet al,, 1998; Leuranguest al, 2000; Nuss and
Marban, 1994; but see Davies al,, 1996) myocytes. At
least two different patterns of developmental changes are
observed in cardiac T-type channels. Electrophysiological
recordings from some tissues indicate that the pharmaco-
logical and/or biophysical characteristics of T-type chan-
nels change during development (Kawano and DeHaan,
1991), potentially as a result of endogenous modulators or

duct a significant calcium influx during the plateau phase developmental switching of the molecular identity of the

of cardiac pacemaker action potentials (Bean, 1985),

pore-forming subunit. The density of T-type currents can
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also change. The density of peak T-type currents is maxi-

559

and alphalH transcripts (Leurangwtral., 2000; Ferron

mum near birth, and then decreases concomitant with mat-et al., 2002; but see Cribbat al,, 2001), and that the rela-

uration (Ferroret al,, 2002; Gucet al,, 1998; Leuranguer
et al, 2000; Xu and Best, 1992; but see Wete¢lal,,

tive levels of alphalG and alphalH transcripts decreases
during development (Ferroet al, 2002; Huanget al,

1991), perhaps reflecting attenuated levels of functional 2000). However, it should be noted that T-type currents are

T-type channels.
Embryonic and postnatal T-type currents are fre-

not recorded from many adult ventricular myocytes (Leu-
rangueret al, 2000), suggesting that paucity of T-type

qguently larger than L-type currents (Kawano and DeHaan, current in adult ventricular cells does not result from a

1989; Leuranguest al., 2000), suggesting that T-type cur-
rents are an important source of calcium influx for devel-
oping cells. Embryonic ventricular myocytes are capa-
ble of automatic activity, unlike adult cells (Cribksal.,,
2001), implying the presence of functional T-type chan-
nels may promote spontaneous electrogenic activity. Al-
ternatively, T-type channels may be important in control
of cardiac cell cycle, similar to smooth muscle cells (see

lack of LVA alphal gene transcription.

Interestingly, the developmental data on T-type chan-
nel function and expression in rat may mimic the nor-
mal developmental pattern of T-type channel expression
in humans. As described previously, alphalG and alphalH
transcripts are present in adult human heart by Northern
blot analysis (Cribb&t al, 1998; Monteilet al, 2000a;
Williamsetal, 1999), but T-type currents are not observed

below), as T-type ventricular myocytes in S phase express(Beuckelmanmt al, 1991; Ouadict al,, 1991). However,

a very high density of T-type channels compared to cells recent comparisons of LVA transcript levels during human
in other stages of mitosis (Gt al., 1998). T-type cur- development reveals that the quantity of both alphalG
rent density increase over twofold prior to onset of car- (Monteil et al,, 2000a) and alphalH transcripts decreases
diac hypertrophy in adult atrial myocytes isolated from during human development (Qu and Boutjdir, 2002), in-
rats with growth hormone-secreting tumors (Xu and Best, dicating that T-type channels may transiently contribute
1990). In contrast, L-type currents in atrial and ventricular to intracellular calcium levels during early human cardiac
myocytes are not altered, supporting the hypothesis thatdevelopment.
T-type channel expression is involved in myocyte prolif- As a complimentary method to determine the molec-
eration (see above and below). Furthermore, attenuationular identity of T-type channels, some investigators have
of T-type currents, but not L-type currents, is associated compared the biophysical properties and pharmacolog-
with both loss of proliferative ability (Guet al,, 1998) ical sensitivities of recombinant alphalG and alphalH
and differentiation (Farest al., 1996), indicating arela-  channels to endogenous tissues in cardiac tissue (Cribbs
tionship between cell cycle progression, differentiation, et al, 2001; Leurangueet al, 2000; Perchenett al.,
and T-type channel expression. Finally, it should be noted 2000) or AT-1 cells (Satin and Cribbs, 1999) derived from
that the T-type currents may also be involved in nonprolif- murine right atrial myocytes. These data have yielded
erative, nonelectrogenic processes. Blockade of neonatalconflicting opinions, as some data suggest that cardiac
atrial T-type channels reduces basal and depolarization-T-type channels are formed by alphalG (Crilgisal,,
evoked atrial natriuretic factor release (Leurangetel., 2001; Satin and Cribbs, 1999; Leurange¢mal., 2000),
2000). As atrial natriuretic factor is important in control- whereas other data imply that alphalH forms cardiac
ling salt and water homeostasis, this finding reveals an T-type channels (Percherettal,, 2000). Preliminary anal-
indirect manner in which T-type channels may help mod- ysis of alphalH-deficient mice supports the later hypoth-
ulate blood pressure (see below). esis, as alphalH-deficient mice have abnormal electrocar-
There is currently much interest in defining the diograms and small fibrotic regions (Chenal, 2002),
molecular identity of the T-type channel pore(s) in de- suggesting abnormal cardiac function. Alternatively, dif-
veloping and adult cardiac tissues. Northern blot analysesferent LVA alphal isoforms may be more prevalent during
(Cribbsetal, 1998; Leuranguest al., 2000; Monteiktal,, specific times, as both alphalG and alphalH may form
2000a; Perez-Reyest al, 1998; Williamset al, 1999), T-type channels prior to birth, whereas postnatal T-type
RT-PCR amplification (Ferroet al, 2002; Leuranguer  channels may be formed exclusively by alphalG (Fer-
et al, 2000; but see Cribbat al, 2001; Satin and Cribbs, ron et al,, 2002). Additional complexity in the molec-
1999) and in situ hybridization (Bolet al., 2000) of car- ular identification of cardiac T-type channels may arise
diac tissues from a number of species reveal the presencef cardiac and neuronal T-type channels are formed by
of alphalG and alphalH transcripts in embryonic, neona- differential alternative splicing. Northern blot analysis of
tal, and/or adult heart. Furthermore, regional dissections adult rodent heart indicates that cardiac alphalG tran-
of cardiac tissues indicate that atrial and ventricular tis- scripts may be larger than neuronal alphalG transcripts
sues from neonatal and adult rats express both alphalG(Perez-Reyegt al, 1998), and at least five alternative
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splice sites have been identified in alphalG, as describedmibefradil treatment appears beneficial in many animal
previously (Table Il). Therefore, cardiac T-type channels models of heart failure (Clozedt al, 1999). Mibefradil
formed by alphalG (or alphalH) may have different prop- reduces ectopic ventricular activity (reviewed in Buhler,
erties than the corresponding neuronal T-type channels. [t1997) and promotes survival of rats with chronic heart
is interesting to note that only the “d” isoform of alphalG failure (Mulderet al., 1997), further suggesting that aber-
is amplified from both embryonic mouse heart and AT- rant T-type channel expression contributes to cardiac mal-
1 cells (Cribbset al, 2001) although RT-PCR primers function. Interestingly, accumulating evidence suggests
were designed against a consensus sequence found in athat cardiac hypertrophy shifts the expression of many
cloned LVA alphal subnits to date. Taken together, these genes towards a fetal program of gene expression (re-
data indicate that T-type channels are expressed in at leasviewed in Elvan, 2000), consistent with the recapitula-
some cardiac cells. Development of both specific antag- tion of T-type channel expression to a more immature
onists and antibodies against specifig &€msoforms may state, such as increased expression of T-type channels (see
be necessary to conclusively identify the molecular pore above).
of endogenous T-type channels. Although the physiological consequences of in-
creased T-type currents in cardiac hypertrophy in un-
known, increased T-type channel expression may increase
T-Type Channels Are Implicated in Cardiac Disease the probability of spontaneous action potentials, thus in-
creasing the likelihood for arrhythmias (Nuss and Houser,
Calcium influx through VDCC determines cardiac 1993). Alternatively, increased T-type currents may pro-
muscle tone and cardiac pacemaker activity, and abnor-mote proliferation, as increased atrial T-type currents are
malities in calcium channels and calcium homeostasis observed prior to hypertrophy in rats harboring growth-
have been implicated in some cardiac diseases (reviewedhormone producing tumors (Xu and Best, 1990), and treat-
in Richardet al, 1998; Weisman, 1993). Analyses of ment with endothelin-1 induces both cardiac hypertrophy
T-type currents in at least four models of cardiac hypertro- and increased T-type currents (Furukastal., 1992; Ito
phy suggest either increased or de novo functional expres-et al, 1991, 1994). As expression of T-type channels is
sion of T-type channels may contribute to the underlying correlated with early development and cell cycle progres-
disease (ltcet al,, 1991, 1994; Nuss and Houser, 1993; sion (see above), it is tempting to speculate that increased
Sen and Smith, 1994; Xu and Best, 1990). For example, expression of functional T-type channels contributes to
T-type currents are recorded from adult feline and rat ven- common cellular mechanisms important in both normal
tricular cells isolated from hearts with pressure—overload- cardiac development and development of hypertrophy.
induced hypertrophy, but not from control ventricular cells If true, then the development of specific T-type channel
(Martinezet al, 1999; Nuss and Houser, 1993; but see blockers may be a useful therapeutic treatment for cardiac
Ahmmedet al, 2000). Similarly, increased T-type cur- hypertrophy.
rent densities are observed in ventricular cells from Syr-
ian hamsters, a genetic model of cardiac calcium over-
load and congestive heart failure (Hoischetral., 1998; Ischemic Heart Damage
Sen and Smith, 1994). T-type currents from these hyper-
trophied cells display altered biophysical properties (Sen A handful of studies also suggest that T-type chan-
and Smith, 1994), potentially reflecting either de novo ex- nels may be involved in ischemia-induced cardiac disease.
pression of a second type of T-type channel or differential Both T-type channel amplitude and density are acutely re-
modulation of T-type channels in hypertrophied heart. In duced in Purkinje myocytes isolated from ischemic hearts
contrast, L-type current densities are not affected (Sen and(Boyden and Pinto, 1994; Pingi al,, 1999). In contrast,
Smith, 1994), implying that altered T-type currents con- increased quantity of alpha 1G transcripts and T-type cur-
tribute to abnormal calcium homeostasis and/or cardiac rents are recorded from ventricular myocytes after post-
function. myocardial infarction (Huangt al., 2000). Pharmacolog-
Treatment with mibefradil, a nonspecific T-type ical studies suggest that blockade of T-type channels may
channel antagonist (reviewed in Yunker, 2003), may pre- be useful in preventing anatomical changes and improv-
vent disease-evoked anatomical alterations in myocardialing cardiac performance after ischemia, as treatment with
tissues (Villameet al,, 2001). Although treatment with  mibefradil improves a number of cardiac parameters af-
mibefradil does not appear to prevent the cellular appear- ter myocardial infarction (Sandmarat al,, 1998, 1999,
ance of necrosis and calcifications (Paquettal.,, 1999), 2000).
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Atrial Fibrillation and Congestive Heart Failure alphalH. RT-PCR analyses of isolated mesenteric ar-
terioles and arteries (Gustafssen al, 2001) and af-

Whereas altered T-type currents are not observed inferent and efferent glomerular vessels (Hans¢ral,

a canine model of atrial fibrillation (Yuet al, 1997), 2001) reveal the presence of alphalG and alphalH tran-

mibefradil treatment prevents electrophysiological re- scripts. However, as vascular endothelial cells may also

modeling of the heart induced by atrial tachycardia, sug- express functional T-type channels (see below), addi-

gesting that T-type currents may provide sufficient calcium tional studies are necessary to elucidate both the molec-

into cardiac cells to promote atrial arrhythmias (Fareh ular identity and anatomical localization of LVA al-

et al, 1999). This finding is important because calcium phal subunits in both vascular and nonvascular smooth

overload and tachycardia-induced remodeling are thoughtmuscle.

to induce changes that further favor atrial arrhythmias (re-

viewed in Goettet al., 1996; Nattel, 1999) and contribute

to congestive heart failure (Nattel, 1999). However, T-type Putative Functions of T-Type Channels in Vascular

currents are not altered in atrial myocytes€Lal., 2000) Smooth Muscle

or Purkinje cells (Haret al, 2001) in experimental mod-

els of congestive heart failure (reviewed in Nattel and Li, At least two physiological functions have been pro-
2000), implying that T-type channels have a complicated posed for T-type channels in the vasculature. Vascular
role in cardiac diseases. smooth muscle expression of T-type channels may be im-

portant for smooth muscle proliferation. The presence of

T-type currents is associated with proliferation of aortic
Vascular and Nonvascular Smooth Muscle Express smooth muscle myocytes (Akaila al, 1989a; Richard
T-Type Channels et al, 1992), and expression of T-type currents is cor-

related with cell cycle of smooth muscle cells, as func-

Electrophysiological recordings demonstrate that tional T-type channel expression is highest during S phase
many smooth muscle cells isolated from different tis- during mitosis of rat aortic smooth muscle cells, (Kuga
sues and species display T-type currents. For example,et al, 1996). Injury of rat carotid arteries with an inflated
T- and L-type currents are recorded from vacular smooth embolectomy catheter induces smooth muscle cell prolif-
muscle cells isolated from cerebral, coronary, and periph- eration that is antagonized by mibefradil but not L-type
eral blood vessels of varying diameters (Akaieal,, calcium channel blockers (Schmigt al., 1995, 1996;
1989b; Bearet al,, 1986; Benharet al, 1987; Brixius but see Quignaret al, 2001). Mibefradil also antago-
et al, 1998; Friedmaet al, 1986; Ganitkevich and Isen-  nizes smooth muscle cell proliferation in vitro, as T-type
berg, 1990, 1991; Hermsmeyer, 1991; Kwjal., 1990, channel blockers, but not L-type channel blockers, pre-
1996; Matsudeet al, 1990; Neveuet al, 1993, 1994; vent smooth muscle cell proliferation induced by fetal calf
Ohyaet al, 1993; Schmittet al, 1995; Smirnov and  serum (Schmitet al, 1995).
Aaronson, 1992; but see Quignagtial,, 2001; Richard Accumulating pharmacological evidence suggests
et al, 1992). T-type currents are also observed in smooth that T-type channels are also important mediators of vas-
muscle cells isolated from lymphatic ducts (Thornbury, cular smooth muscle cell contractions. Mibefradil reduces
1999), adult bronchi (Janssen, 1997; ®uial., 2001), peripheral blood pressure (Schmét al, 1995), pre-
bladder (Nowyckyet al,, 1985), stomach (Vivaudaet al., sumably by blocking T-type channels in smooth mus-
1988), proximal and distal intestine (Huizinggal., 1991; cle cells preferentially over L-type channels (Mishra
Smirnovet al, 1992b; Xionget al,, 1993, 1995), and uteri  and Hermsmeyer, 1994). Furthermore, vasoconstriction of
(Younget al,, 1993). Although the functional significance many resistance arterioles are antagonized by mibefradil
of T-type channels in nonvascular smooth muscle cells and nickel (Angust al, 2000; Lamet al, 1998; Sarsero
is under investigation, these channels may be importantetal, 1998; but see van der Le¢al,, 1999). For example,
for calcium-dependent calcium release from intracellu- localand conducted vasoconstrictions of rat mesenteric ar-
lar stores and myogenic pacemaking activity (Thornbury, teries are not affected by tetrodotoxin (a voltage dependent
1999). sodium channel blocker) or L-type channel antagonists,
At this time, the molecular identity of T-type chan- but are attenuated by nickel or mibefradil (Gustafsson

nel pores is unknown in nonvascular smooth muscle. A etal, 2001).
few studies have suggested that T-type channels in vas- It is unlikely that T-type channels are involved in
cular smooth muscle cells are composed of alphalG or neurotransmitter release, but may be part of a signal
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transduction pathway for some vasoconstrictors. For ex- T-Type Channels Are Expressed by Vascular

ample, endothelin appears to constrict vascular smoothEndothelial Cells

muscle through an action of T-type channels, as agonist-

mediated vasoconstrictions are antagonized by nickel A handful of studies reveal that smooth muscle cells
(Blackburn and Highsmith, 1990; Gustafssen al, are not the only source of T-type currents in the vascula-
2001). Furthermore, whereas norepinephrine-mediatedture, as endothelial cells also exhibit T-type currents. En-
local vasoconstrictions are not affected by mibefradil, dothelial cells isolated from a variety of tissues (Bossu
mibefradil prevented conduction of the vasoconstric- et al, 1989, 1992a, 1992b; Fishet al, 2002; Nilius
tions away from the site of norepinephrine application et al, 1997; Vinet and Vargas, 1999) have T-type cal-
(Gustafssoret al, 2001), implicating a role from T-type  cium currents in addition to other ion currents (Bossu
channels in the spread of local changes in membrane po-et al, 1992a,b; Niliuset al,, 1997). Although the func-
tential of smooth muscle cells. Finally, some drugs that tion of these channels in the endothelium is not known,
relax resistance vessels may act at least partially throughmibefradil prevents endothelial cell proliferation in cul-
T-type channels. Seventeen beta-estradiol inhibits smoothture (Niliuset al, 1997). Furthermore, T-type currents are
muscle cell contractions, potentially by modulating or attenuated in confluent cultured endothelial cells (Bossu
blocking T-type channels, as application of the drug to et al, 1992a), similar to studies of smooth muscle cells
smooth muscle cells attenuates peak L- and T-type cur- (Sui et al,, 2001), supporting the hypothesis that T-type
rents (Zhanget al,, 1994). currents may aid in cellular proliferation.

T-Type Channels Are Implicated in Vascular Disease FUNCTIONAL AND BIOCHEMICAL EVIDENCE
FOR T-TYPE CHANNEL EXPRESSION IN

Additional evidence that T-type channels are impor- NONNEURAL, NONCARDIOVASCULAR CELLS
tant in blood pressure control results from studies of hy-
pertensive animals. Analysis of newborn and adult stroke- T-Type Channels Are Expressed Throughout
prone spontaneously hypertensive rats reveals elevatedhe Body
T- and L-type peak calcium current amplitude and al-
tered biophysical channel properties, indicating that ge- Endocrine Tissues
netic aberrations in calcium channel expression can lead
to hypertension and increased risk of strokes (8e#l., Although most studies of T-type calcium channels
1994). Systemic treatment of stroke-prone spontaneouslyand LVA alphal subunit expression focus on analysis of
hypertensive rats with mibefradil reduces blood pressure, neural and cardiac tissues, accumulating evidence reveals
development of hypertension, anatomical alterations inre- that T-type channels are found throughout the body in
sistance vessels, occurrence of strokes, and mortality ratesa host of non-neural, noncardiovascular tissues. For ex-
of these rats (Vachest al, 1996), suggesting that aber- ample, T-type currents are recorded from many endocrine
rant T-type channel expression and/or function in smooth cells, including anterior pituitary lactotrophs (Lingdeal.,
muscle cells and endothelium contribute to the develop- 1986), anterior pituitary GH3 clonal cells (Herrington and
mental susceptibility to both hypertension and strokes. Fi- Lingle, 1992; Matteson and Armstrong, 1986), pituitary
nally, until its removal from the market due to inadvertent intermedia cells (Cota, 1986), thyroid C cells (Biagi and
side effects, mibefradil was used clinically to treat mild- Enyeart, 1991; Williamset al, 1999), pancreatic beta
to-moderate essential hypertension (reviewed in Billups cells (see below), decidual cells of the uterus (Couderc
and Carter, 1998; Oparil, 1998), and appeared useful in et al,, 1995; Sartoet al, 1992), and adrenal glomerulosa
the treatment of chronic stable angina pectoris, a condi- (Barrettet al, 1991a,b; Cohert al, 1988; McCarthy
tion resulting from impaired oxygen supply to the heart et al, 1993) and zona fasciculata (Barbara and Takeda,
(reviewed in Massie, 1998). Clinically relevant doses of 1995; Enyearet al, 1992; Mlinaret al,, 1993) cells.
mibefradil (200.M) preferentially attenuate T-type cur- Although the molecular identity of the pore has not
rent over L-type current and reduced blood pressure by been determined for all of these tissues, alphalH and al-
decreasing peripheral and coronary resistance in humanghall transcripts are found in thyroid cells (Montihl,,
(reviewed in Massie, 1998; Oparil, 1998). Taken together, 2000b; Williamset al, 1999), and alphalG, alphalH,
these data imply that T-type channels are important regu- and alphall mRNA have been identified in anterior pi-
lators of blood flow in both healthy and diseased resistance tuitary and adrenal gland by either Northern blot (Monteil
vessels. et al, 2000b) or in situ hybridization (Schriet al., 2001;
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Talley et al, 1999). Endocrine T-type calcium currents (Caffrey and Farach-Carson, 1989) by changing intra-
have been implicated in both hormone synthesis (Enyeartcellualr calcium levels, and VDCC currents are recorded
et al, 1992; Ritchie, 1993; Rossiet al, 1998) and hor-  from both osteoblast-like cells (Amagai and Kasai, 1989)
mone release (Barre#tt al, 1991a; Biagiet al, 1992; and osteoblast primary cultures (Chesnoy-Marchais and
Cohenret al, 1988; Mlinaret al,, 1993). As discussed pre-  Fritsch, 1988; Giet al, 1999). Osteoblasts may express
viously, T-type channels have unusual electrophysiologi- both HVA and LVAs, as two currents with different ki-
cal properties, including an overlap of voltage dependent netics and voltage dependence are recorded from rat os-
activation and inactivation curves. Therefore, within are- teoblasts from trabecular femur load-bearing bones (Gu
stricted range of specific membrane potentials, significant et al, 1999). Although the LVA currents display more
calcium influx can occur, and this calcium is sufficient positive voltage dependence than do neuronal T-type chan-

for hormone secretion (Barredt al,, 1991b; Coheet al,, nels, alphalG mRNA is observed by RT-PCR, suggesting
1988; Enyearet al, 1992; Mlinaret al, 1993; Rossier  that T-type channels may be important in transduction of
etal, 1993). extracellular signals, including hormones and mechanical

loading (Guet al.,, 1999).

Fibroblasts
Lung
T-type currents are commonly recorded from many
fibroblast cell lines, and studies of fibroblasts provided As described previously, many types of smooth

some of the first evidence that nonexcitable cell lines ex- muscle cells express T-type channels, including smooth
press functional T-type channels. Fibroblasts (such as 3T3muscle cells isolated from bronchi (Janssen, 1997; Sui
cells) express functional T- and L-type calcium currents et al, 2001). Preliminary evidence suggests that lung en-
(Chenet al, 1988), whereas other fibroblast cell lines dothelial cells may also express functional T-type currents
(such as C3H 10T1/2) lack HVA currents (Estacion and under pathophysiological conditions (Fisle¢al., 2002).
Mordan, 1993). The physiological role of these channels Although the molecular identity of the pore-forming sub-
is not known, but fibroblast membrane potentials can os- unit is unknown for either cell type, alphalG transcripts
cillate between-70 and—10 mV, and the T-type channels are detected in rat lung by Northern blot following long
may be important in gating the activity of other voltage exposures (Perez-Reyetal, 1998), and dot blot analysis
dependent channels, such as in neurons. The ultimate conef alphalG transcripts in human lungs suggest robust and
sequence of such oscillations, however, remains unknown.transient expression after birth (Monteit al., 2000a).
T-type calcium channels are important in the Northernblots of adulthuman lungreveal thatlung tissues
response to mitogens and entry into the S phase of cellmay also contain alphalH transcripts (Williares al,
cycle, as both nordihydroguariaretic acid, a nonspecific 1999), but not alphall mRNA (Montedt al., 2000b). Al-
inhibitor of T-type channels (Wangt al, 1993) and though the functional significance of T-type channels is hot
lanthanum (Estacion and Mordan, 1993) inhibits the known atthistime, these channels may play a role in regu-
platelet-derived growth factor- (PDGF) induced rise in lating airflow resistance (Janssen, 1997; Murametsil,
intracellular calcium and progression to S phase in cell 1997) and in ischemia-reperfusion injuries (Fiskbeal,
cycle. Surprisingly, both the presence of T-type currents 2002).
and the magnitude of the response to PDGF are positively
correlated with fibroblast cell density, with maximal
responses recorded at confluence (Estacion and MordanSpleen
1993). Furthermore, oncogenic transformation of fibrob-
lasts has provided some of the strongest evidence thus far Physiological studies suggest at least two splenic
for arole of T-type channels in carcinogenesis (see below), functions may be modulated by T-type channels. First,
indicating the value of these cells in the study of T-type potassium-evoked depolarization of rat splenic muscle
channels. stimulates contractions through activation of a voltage de-
pendent calcium channel that is not antagonized by tox-
ins against N- or P-/Q-type calcium channels @aal,
Bone 1997). These splenic contractions are inhibited by inor-
ganic channel blockers (€t, Ni**, Cc?t), pimozide, a
Osteoblasts respond to hormones (Fritsch and mixed antagonist that affects both T- and L-type channels,
Chesnoy-Marchais, 1994), growth factors, and vitamins and by dihydropyridine antagonists such as nifedipine,
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verapamil, diltiazem, and RH)-BayK8644. Although detected (Monteiét al, 2000b), and alphalH mRNA lev-
these are L-type channel antagonists, the concentrationsels have not been examined to date.

used to block splenic contractions are each over 50-fold T-type calcium channels likely have multiple phys-
higher than that needed to block aortic contractions medi- iological functions in the gut, as T-type calcium cur-
ated by L-type channels (Ket al,, 1997). rents have been recorded from smooth muscle of stomach

Proliferation and activation of splenic lymphocytes (Vivaudouet al., 1988) and small (Smirnost al., 1992b)
is dependent on influx of extracellular calcium (reviewed and large (Huizingat al., 1991; Xionget al,, 1993, 1995)
in Lewis and Cahalan, 1995). Although the identity of this intestine from a number of species. Furthermore, math-
calcium channel on the plasma membrane is not known, ematical modeling of electrical activity of the intestine
at least two types of voltage dependent calcium currents suggests that T-type channels are involved in peristalsis
have been recorded from lymphocyte-derived cells (re- (Miftakhov et al,, 1996, 1999a,b; Miftakhov and Abdu-
viewed in Lewis and Cahalan, 1995). Furthermore, 1,4- sheva, 1996). T-type channels may also be important in
dihydropyridine antagonists can inhibit both proliferation both normal and diseased state of the mucosa, as they are
and activation of splenic lymphocytes at concentrations implicated in muscularis mucosae contractions (Uchida
greater than the concentration necessary for half-maximal et al,, 1998) and gastrointestinal carcinomas (see below).
inhibition of aortic L-type channels (Alivizatost al,
1993; Briedeet al, 1999; Kunert-Radekt al, 1990). As
studies of recombinant T-type channels have also found
that 1,4-dihydropyridines and inorganic calcium chan-
nel blockers can antagonize T-type channels (reviewed
in Yunker, 2003), it is tempting to speculate that T-type
channels may be important in splenic lymphocyte pro-
liferation and/or maturation, as well as splenic muscle

Pancreas

Calcium influx through voltage dependent calcium
channels controls secretion from pancreatic alpha and
beta cells (reviewed in Satin, 2000). T-type calcium cur-
rents have been recorded from human pancreatic islet
cells (Barnettet al,, 1996; Misleret al, 1992), rat pan-

contractions. creatic beta cells (Ashcroét al,, 1990; Sala and Matte-
son, 1990), and pancreatic cell lines (Bhattachagjes.,,
Liver 1997; Horvathet al,, 1998; Satin and Cook, 1988). Similar

to their role in neuronal physiology, T-type channels play a
role in spike-burst generation in beta cells (Kitaszttal,
1996), as activation of T-type channels can decrease the la-
tency of action potential onset and increase the frequency
of action potentials, potentially contributing to increased

At least two different LVA alphal transcripts have
been observed in liver, as robust alphalH mRNA (Cribbs
et al, 1998; Williamset al, 1999), and weak alphalG

MRNA (Klugbaueret al, 1999) levels are observed by . . (Bhattacharjes al., 1997). Although Northern

Northefn blot analysis. AlthOUQh. t_he func_t|0nal signifi- blot studies have not detected LVA alphal subunit mRNA
cance is unknown at this time, it is possible that these .

signals result from the presence of alphalG and al- In adult pancreas (Montedt al, 2000a,b; Perez-Reyes,

o 1998), an alphalG splice variant (Tables | and Il) has re-
phalG and alphalH transcripts in vascular smooth mus- ) . .
: : cently been cloned from INS-1, an insulin-secreting cell
cle cells and/or endothelium, as these tissues are Préjie (Zhuanget al, 2000)
dicted to have rebust levels of T-type channels (see getal, '
above).

Kidney

Gastrointestinal Tract At least two types of T-type channels may be ex-
pressed in kidney. AlphalG transcripts are found in both
The gastrointestinal tract is a complex organ com- adult (Andreaseret al, 2000; Klugbaueret al, 1999;
posed of epithelial and immune cells, interstitial cells of Perez-Reyest al,, 1998; Zhuanget al, 2000) and fetal
Cajal, nerves from the parasympathetic, sympathetic, and(Monteil et al, 2000a) kidney. Similar to other tissues,
enteric nervous systems, and vascular and smooth musalphalG expression appears developmentally regulated
cle cells. Although the distribution of T-type channels has in the kidney. AlphalG mRNA levels are higher during
not been examined in detail, adult human small intestine development than during adulthood by dot blot analysis
and colon express low levels of alphalG by Northern blot (Monteil et al, 2000a). Furthermore, different types of
analysis (Monteiét al, 2000a) and RT-PCR (Toyotdal., alphalG transcripts are found in fetal kidney by RT-PCR
1999). In contrast, the presence of alphall mRNA is not (forms“b”; “bc”; “bcd”) compared to brain (Montedt al.,,
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2000a), suggesting tissues may differentially express al-ined to date.) Ovarian granulosa cells are excitable and
phalGisoforms. Northernblotanalysis revealsthatkidney capable of generating calcium-dependent action poten-
is one of the richest sources of alphalH in human (Cribbs tials (Mealinget al, 1994). Granulosa cells express a
et al, 1998; Williamset al, 1999), implying that T-type  variety of functional voltage dependent ion channels,
channels in this organ are likely to be composed of al- including L- and T-type VDCC (Asenet al, 2002;
phalH. In contrast, alphall mMRNA has not been detected Kusakaet al, 1993; Schwartzt al, 1988, 1989). Cal-
in kidney (Monteilet al., 2000b; but see Leet al,, 1999). cium influx into granulosa cells may be important for
The physiological significance of the presence of steroid biosynthesis, protein production, and/or secretion
LVA alphal transcripts is not clear at this time. AlphalG (Danisovaet al, 1995; Schwartet al, 1989). Specially,
mRNA is found in most regions of the rat kidney progesterone induces calcium influx through T-type cal-
(Andreaseret al,, 2000; Hanseet al, 2001), whereas al-  cium channels (Lieberhert al, 1999), whereas estra-
phalG immunoreactivity using an antibody raised against diol increases L-type currents (Lieberhetral, 1999).
the amino terminus indicates a more restricted distri- T-type calcium channels may also mediate purinergic and
bution of protein to regions such as distal convoluted muscarinic acetylcholine-induced suprathreshold calcium
tubule, connecting tubule, and inner medullary collecting oscillations that have an unknown physiological function
duct (Andreaseset al, 2000). It has been suggested that (Morley et al,, 1992, 1994).
T-type channels inthese regions may respond to hormones
to regulate calcium entry in vascular smooth muscle cells
and tubular epithelial cells (Andreasetral., 2000). T-type Testis
currents are recorded from renal arteries (Gordiegiled,
1994), and treatment with either mibefradil or nickel in- Spermatozoa interactions with the egg extracellular
hibits potassium-induced increases in calcium (Hansen matrix stimulates calcium influx into human spermatoza
et al, 2001) and potassium- and angiotensin-ll evoked through T-type channels (Arnoudt al., 1996; Shoimi
vasoconstriction in afferent and efferent arteriles (Hansen et al,, 1996). T-type calcium currents are recorded from
et al, 2001; Hondaet al, 2001; Ozaweet al, 2001; mouse and rat spermatogenic cells (Arnalal., 1996;
Miftakhov et al, 1996). Taken together, these data in- Hagiwara and Kawa, 1984; Sasetial, 1996), pachytene
dicate that T-type channels are important contributors to spermatocytes (kevanoet al, 1996), round spermatids
resistance vessel tone in the kidney. (Lievancetal, 1996), and human germ cells (Jagannathan
T-type channels in the kidney may also play arole in et al,, 2002b), indicating that both immature and mature
some kidney diseases, as the gene encoding alphalH mapsperm from a variety of species express functional T-type
to the region for both the polycystic kidney disease 1 gene calcium channels.
(T.E.P.K.D.Consortium, 1994) and the tuberous sclerosis The initial cloning of LVA alphal subunits reported
gene (Danielet al., 2001; Perez-Reyex al,, 1999). The the presence of alphalG, but not alphall in mouse and
former gene has significant homology to a repeat of a human testis by Northern blot analysis (Klughaetal.,
VDCC (Mochizukiet al,, 1996; T.E.P.K.D. Consortium,  1999; Monteilet al., 2000a,b). These findings have been
1994), but does not appear to conduct calcium currentsstrengthened by independent investigations, some of
when expressed as a recombinant protein (reviewed inwhich demonstrate the presence of alphalG mRNA in
Perez-Reyest al, 1999). Finally, T-type channel block- mouse spermatogenic cells and human tests and germ
ers may be useful in the treatment of chronic renal diseasecells (Espinosat al., 1999; Jagannathaet al., 2002b;
(Balyis et al, 2001; Griffinet al., 2001; Nakamurat al,, Son et al, 2000,2002). Although alphall mRNA has
1999), suggesting that a better understanding of the bio-not been observed to date (Set al, 2000, 2002),
chemical, anatomical, and pharmacological properties of RT-PCR analysis and in situ hybridization detect the
T-type channels in the kidney is important for treatment presence of alphalH mRNA in human tests and germ
of pathophysiological states. cells (Jagannathaet al., 2002b; Soret al, 2000), and
mouse pachytene spermatocytes (Espiredsal., 1999)
and spermatids (Scet al.,, 2002).

Ovary It is likely that T-type calcium channels expressed
by mature sperm are involved in the acrosome reaction
Northern blot analysis of alphalG (Monteit al., (reviewed in Jagannathaet al, 2002a). Sperm undergo

2000a), but not alphall (Montedt al, 2000b), reveals a calcium-dependent exocytosis in response to interac-
that the ovary contains low levels of LVA alphal mRNA. tion with an egg’s extracellular matrix, and T-type cal-
(The presence of alphalH mRNA has not been exam- cium channel blockers prevent exocytosis (Arnaalal.,
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1996; Bai and Shi, 2002; eAvanoet al, 1996), suggest-  Neuroblastoma cell lines were used to characterize
ing that T-type calcium channel antagonists may be useful the electrophysiological properties of T-type channels
antifertility compounds. However, the presence of T-type (Carbonestal, 1989, 1990; Tangtal, 1988), and expres-
channels on immature sperm cells is also intriguing, and sion of T-type channels have been implicated repeatedly in
may indicate that LVA alphal subunits are important in proliferation and development. Robust T-type currents are
the maturation of these cells. recorded from a variety of tumor cell lines, and T-type cur-
rents are the sole calcium current recorded from a human
medullary thyroid carcinoma cell line (Biagt al., 1992;
Skeletal Muscle deBustroset al, 1986, 1990), and these cells were used
as the source to clone alphalH by one group (Williams
T-type currents are recorded from immature skeletal et al, 1999). However, some of the most compelling ev-
muscle cells (Beam and Kundson, 1988; Fratatal, idence came from oncogenic transformation of 3T3 fi-
1996; Garcia and Beam, 1994; Imbettal,, 2001; Kano broblast cells. Transformation of fibroblasts by a number
etal, 1992; Vandebrouckt al,, 2002; Satolet al., 1991) of molecules including ras (c-khs, EJtas), v-fms or
in vitro and in situ. During myocyte development, both the polyoma middle T oncogene depresses T-type, but not L-
density of T-type channels decreases (Beam and Knudsonfype calcium currents, suggesting that decreased expres-
1988; Berthieret al,, 2002; Gonoi and Hasegawa, 1988; sion or function of T-type calcium channels may be in-
Rohwedelet al,, 1994; Shimahara and Bournaud, 1991; volved in transformation (Cheet al., 1988). In contrast,
Strubeet al, 2000), and the presence of alphalG, al- transformation bysrc does not affect T-type currents but
phalH, and alphall mRNA transcripts decreases (Berthierinduces a calcium-activated potassium current (Draheim
et al, 2002), concomitant with increased L-type currents et al,, 1995), implying T-type channels are preferentially
(Beam and Knudson, 1988; Gonoi and Hasegawa, 1988;modulated by some oncogenes.
Rohwedelet al,, 1994; Shimahara and Bournaud, 1991, Analysis of downstream pathways revealed that
Strubeet al,, 2000; Wingertzahn and Ochs, 2001). T-type Ras mutants lacking the ability to activate the mitogen-
currents can resultinintracellular calcium release from the activated protein kinase pathway fail to exhibit atten-
sarcoplasmic reticulum (Garcia and Beam 1994), indicat- uated T-type calcium currents (Strobeek al, 1999).
ing that T-type currents are an important source of calcium Conversely, attenuated T-type calcium currents are ob-
during maturation. Pharmacological data support this con- served in 3T3 cells harboring a gain-of-function muta-
clusion, as T-type channel blockers such as mibefradil tion in mitogen-activated protein kinase kinase (MAPK
(Liu et al, 1999), amiloride, and nickel (Bijlengzt al,, kinase; also known as extracellular signal-regulated ki-
2000) attenuate myoblast fusion, a process necessary fonase kinase), a direct activator of MAPK (Strobetlal,,
both muscle growth and repair (reviewed in Bernheim and 1999). As predicted, treatment ddis-transformed cells
Bader, 2002). Furthermore, injection of antisense alphalH with an MAPK kinase-specific inhibitor (PD98059) re-
cDNA, but not antisense alphalG or alphall cDNA, atten- stores T-type calcium channel function, whereas inhibi-
uates~80% T-type currents in newly formed myotubes tion of T-type currents with mibefradil is essential for the
(Bijlengaet al,, 2000), implying that calcium through T-  induction and/or maintenance of spindle-shaped transfor-
type channels formed by alphalH is important in mus- mation morphology of fibroblasts (Strobeekal., 1999).
cle differentiation. However, it should be noted that my- At this time, the mechanism by whichs-transformation
oblasts, myotubes, and embryonic and postnatal muscleattenuates T-type calcium currents is unknown, as MAPK
fibers can also contain alphalG and alphall transcriptscan phosphorylate transcription factors, thus potentially

detected by RT-PCR (Berthiet al, 2002; Bijlengaet al,, altering expression of T-type calcium channels or uniden-
2000), suggesting that multiple T-type channels may be tified accessory proteins. Alternatively, LVA alphal iso-
transiently expressed by smooth muscle cells. forms such as alphalG harbors MAPK phosphorylation

consensus sites, potentially marking it for direct regula-
tion by MAPK (Strobeclet al., 1999).

T-Type Channels Are Implicated in Diseases An independent line of investigation has also im-

of Nonexcitable Cells plicated decreased T-type calcium channel expression in
cancer. Hypermethylation of CpG islands is a common

Cancer mechanism in which tumor suppressor genes are inacti-

vated (Uekiet al,, 2000), and PCR analysis of colorec-
A weak association has almost always ex- tal cancers, gastric cancer, myelogenous leukemia, pan-
isted between T-type calcium channels and cancer. creatic carcinomas, and hepatocellular carcinomas reveal
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that CACNA1G, the gene encoding alphalG, is frequently are expressed throughout the body and appear to have
aberrantly methylated (Sheat al, 2002; Toyotaet al,, roles in a multitude of neural and non-neural processes
1999; Uekiet al,, 2000). The methylation dEACNAL1G as discussed in the previous sections. It is anticipated that
occurs in a region 300-800 bp upstream of the translation future studies of T-type VDCC expression in both normal
initiation site, and results in suppression of expression and diseased cells will continue to yield many interest-
(Toyotaet al., 1999). ing and surprising discoveries, including their molecular

Finally, altered expression of T-type channels have composition; mechanisms that coordinate their spatial and
also been implicated in prostate cancer. Analysis of undif- temporal expression with other LVAs and HVAs; and their
ferentiated human prostate epithelial cancer cells demon-roles in nonexcitable tissues. Furthermore, we anticipate
strated that some cells had functional T-type channels. Dif- that in years to come the heterogeneity of endogenous T-
ferentiation increases both T-type current density and the type VDCC currents will be better appreciated relative to
number of cells with T-type current (Mariet al, 2002). the variations in T-type VDCC structure via splice vari-
These currents are probably conducted by alphalH, as al-ants, posttranslational modifications, and auxiliary sub-
phalH mRNA is the only LVA alphal molecule detected units. Finally, it is likely that the discovery of new and
by RT-PCR (Mariotet al,, 2002). It remains to be deter- selective T-type channel antagonists coupled with the ap-
mined if differentiation-induced expression of alphalH preciation of distinct T-type VDCC complexes will aid in
contributes to the invasiveness and poor prognosis of dif- both the study of endogenous T-type channels and the de-
ferentiated prostate cancers (Mart al., 2002), or if velopment of therapeutic avenues to manage neurological,
expression of T-type channels has positive ramifications cardiovascular, and endocrine diseases.
as suggested by analysis of both transformed fibroblasts
and colon cancers.
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