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Oscillatory firing patterns are an intrinsic property of some neurons and have an important 
function in information processing. In some cells, low voltage-activated calcium channels 
have been proposed to underlie a depolarizing potential that regulates bursting. The 
sequence of a rat brain calcium channel a, subunit (rbE-ll) was deduced. Although it is 
structurally related to high voltage-activated calcium channels, the rbE-ll channel tran- 
siently activated at negative membrane potentials, required a strong hyperpolarization to 
deinactivate, and was highly sensitive to block by nickel. In situ hybridization showed that 
rbE-ll messenger RNA is expressed in regions throughout the central nervous system. The 
electrophysiological properties of the rbE-ll current are consistent with a type of low 
voltage-activated calcium channel that requires membrane hyperpolarization for maximal 
activity, which suggests that rbE-ll may be involved in the modulation of firing patterns. 

I n  the nervous system, voltage-dependent 
Ca2+ channels regulate the rapid entry of 
Ca2+ into cells and mediate a variety of 
physiological effects, including neurotrans- 
mitter release and the generation and con- 
trol of neuronal firing patterns (I). Calcium 
channels represent a diverse class of mole- 
cules that traditionally have been grouped 
into two major categories according to their 
kinetics and voltage-dependent properties 
(2). High voltage-activated (HVA) Ca2+ 
channels first activate upon depolarization 
to relatively positive potentials and display 
diverse kinetics, pharmacologies, and sen- 
sitivities to voltage (N-, L-, and P-types). 
The HVA Ca2+ channels are multisubunit 
complexes, including a large, pore-forming 
a, subunit that encodes many of the unique 
electrophysiological and pharmacological 
properties of these channels (3, 4). The 
four classes of Ca2+ channel a, subunits 
identified to date in the mammalian central 
nervous system (classes A, B, C, and D) are 
components of HVA CaZ+ channels (4, 5). 

Low voltage-activated (LVA) Ca2+ 
channels, are available for opening only 
from negative membrane holding potentials 
and transiently activate with small depolar- 
izations (2, 6). The electrical properties of 
LVA Ca2+ channels (also called T-type 
channels) have led to proposals for their 
roles in the mediation of pacemaking activ- 
ity, repetitive bursting, and secretion (1, 
7). Some LVA Ca2+ channels have been 
identified as targets of anticonvulsants, and 
dysfunction of LVA Ca2+ channels has 
been implicated in some forms o[ epilepti- 
form activity (8). Various low-threshold 
Ca2+ conductances have been described 
that differ with respect to kinetics, voltage 
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dependence, and pharmacology, which sug- 
gests that structurally distinct forms of LVA 
Ca2+ channels exist. We describe here the 
primary structure, localization, and func- 
tional characteristics of a rat brain Ca2+ 
channel a, subunit that is structurally re- 
lated to the HVA class A and B uroteins 
but displays many of the properties de- 
scribed for a subset of LVA Ca2+ channels 
in neurons. 

We used the polymerase chain reaction 
(PCR) and molecular cloning to identify a 
new class of rat brain Ca2+ channel a, 
subunit (rbE-11) (9). The first in-frame 
ATG of rbE-I1 is followed by a 6666-bp 
open reading frame encoding a protein of 
2222 amino acids with a predicted molecu- 
lar mass of 252 kD (Fig. 1). Similar to 
sequences found in other cloned Ca2+ 
channel a, subunits (4, 5), the deduced 
amino acid sequence of rbE-I1 consists of 
four mainly hydrophobic domains (I 
through IV); each domain has regions that 
are predicted to be transmembrane a heli- 
ces (Sl through S6) (Fig. 1). Comparison 
with other classes of rat brain Ca2+ channel 
a, subunits (10) revealed that rbE-I1 is 
more closely related to the class A and class 
B proteins (53 to 54% amino acid identity) 
than to the a, subunits encoding L-type 
Ca2+ channels (-23% overall identitv to 
rbC and rbD).  h he conserved sequeAces 
between rbE-I1 and the rbA-I and rbB-I 
proteins are not equally distributed but are 
concentrated in the four hvdrouhobic do- , . 
mains and the first, - 170 amino acids past 
S6 of domain IV (Fig. 1). Of particular 
interest, both the highly hydrophilic seg- 
ments separating domains I1 and I11 and the 
COOH-terminal region of rbE-I1 show little 
conservation of primary sequence among 
the neuronal Ca2+ channel a, subunits. 
These two regions contain many potential 
sites for phosphorylation by several different 
protein kinases and may reflect portions of 

SCIENCE VOL. 260 21 MAY 1993 

rbE-I1 that are targets of modulation. 
The functional properties of rbE-I1 were 

determined by transient expression in Xe- 
nopus laevis oocytes ( I  I). Depolarization 
from a holding potential of - 100 mV re- 
sulted in macroscopic barium currents (I,,) 
that activated rapidly [time constant (7) = 
2.1 +- 0.1 ms; n = 651 and decayed signif- 
icantly (T = 99.6 +. 4.2 ms; n = 65) during 
depolarized test potentials (Fig. 2A). The 
current-voltage relation for rbE-I1 in 4 mM 
Ba2+ showed that I,, first activated at -50 
mV and peaked around - 10 mV (Fig. 2B). 
The mean amplitude of the peak IBa in- 
duced in oocytes by rbE-I1 was 565.5 +- 
5 1.7 nA (n = 7 I), ranging from 80 to 2 100 
nA. The rapid decay of the rbE-I1 I,, was 
unlike the decay of that in both L- and 
P-type Ca2+ channels but similar to that 
found for some N-type CaZ+ channels (2). 
However, compared to that in N-type Ca2+ 
channels, the rbE-I1 I,, activated at more 
hyperpolarized potentials (-50 to -10 
mV), values generally in the range of those 
found in LVA Ca2+ channels (12). 

The sensitivity of rbE-I1 to pharmaco- 
logical agents shown to interact with de- 
fined HVA Ca2+ channels was examined. 
Both the L-type Ca2+ channel agonist Bay 
K 8644 (10 pM; n = 8) (Fig. 2C) and 
antagonist nifedipine (10 pM; n = 6) had 
no significant effect on the rbE-I1 IBa. Sim- 
ilarly, the N-type Ca2+ channel peptide 
toxin, w-conotoxin GVIA (w-CgTx- 
GVIA) (1 pM; n = 6), had little effect on 
rbE-I1 (Fig. 2D). At a concentration of the 
funnel-web spider peptide toxin, w-aga- 
toxin IVA (w-Aga-IVA), shown to com- 
pletely block P-type Ca2+ channels (200 
nM), the rbE-I1 IBa was only partially 
blocked (33 + 6.2%, n = 8) (Fig. 2E). 
Furthermore, unlike the effect of o-Aga- 
IVA on P-type Ca2+ channels (13), the 
inhibition of the rbE-I1 IBa did not reverse 
with the application of several short depo- 
larizing pulses. Thus, consistent with its 
electrophysiological characteristics, the 
pharmacological profile of rbE-I1 is also 
distinct from that of the HVA L-, N-, and 
P-type Ca2+ channels. 

Although the pharmacology of LVA 
Ca2+ channels is poorly defined, they can 
generally be distinguished by a marked sen- 
sitivity to Ni2+. The rbE-I1 subunit was 
highly sensitive to block by Ni2+ (Fig. 2F). 
A dose-response curve determined the 50% 
inhibition concentration (ICS0) for Ni2+ to 
be 28 pM. However, unlike some types of 
LVA Ca2+ channels, rbE-I1 was also po- 
tently blocked by Cd2+ (>80% block by 10 
pM Cd2+; n = 7). The rbE-I1 I,, was 
insensitive to octanol (100 pM; n = 5) and 
only slightly inhibited by 1 mM amiloride 
(16.4 + 6.2%; n = 7). Taken together, the 
properties of rbE-I1 appear to define a class 
of LVA Ca2+ channels. 
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Several studies examining the functional 
properties of cloned Ca2+ channel a, sub- 
units have found that co-expression with a 
Ca2+ channel 13 subunit results in modula- 
tion of a number of kinetic and voltage- 
dependent properties (14). To explore this, 
we examined the effect of co-expression of a 
cloned rat brain P subunit (PI) with rbE-I1 
(15). Co-expression of rbE-I1 and PI did 
not significantly alter the magnitude of the 
whole cell current (655 + 118.6 nA; n = 
29) or the rate of activation (T = 2.4 + 0.2 
ms; n = 25) but caused a shift in the 

current-voltage relation to more negative 
potentials. Activation curves fitted to nor- 
malized currents showed that the voltage at 
which one-half of the rbE-I1 I,, was acti- 
vated (VIj2) was -24.6 + 0.7 mV (n = 
2 I), whereas co-expression of rbE-I1 and P, 
shifted V,,, to -29.1 + 0.7 mV (n = 12; P 
< 0.001) (Fig. 3A). A further major effect 
of the p, subunit was on the voltage depen- 
dence of inactivation of rbE-11. The pre- 
pulse potential at which one-half of the 
maximal rbE-I1 I,, was inactivated shifted 
from -65.2 + 1.1 mV (n = 17) to -78.1 

k 1.5 mV (n = 18; P < 0.001) when rbE-I1 
was co-expressed with PI (Fig. 3B). 

The two most crucial characteristics 
with respect to the proposed physiological 
roles of LVA Ca2+ channels are that they 
will become available for opening (deinac- 
tivate) during the hyperpolarization that 
follows an action potential and that they 
will subsequently activate with small depo- 
larizations. Although rbE-I1 meets both of 
these criteria, it is also apparent that it does 
not account for the properties of all LVA 
Ca2+ conductances. Compared to rbE-11, 
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Fig. 1. The deduced amino acid sequence of the rbE-11 protein (GenBank sequences are indicated by spaces. The four domains (I through IV) and 
accession number L15453). The amino acid sequence of rbE-11 is shown putative transmembrane segments S1 through S6 are illustrated by 
in single-letter code on the top of each line and is aligned with the rat brain horizontal bars. Abbreviations for the amino acid residues are: A, Ala; C, 
class A (middle; rbA-I) and class B (bottom; rbB-I) a, subunits. Residues Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I ,  lle; K, Lys; L, Leu; M, Met; 
identical to rbE-11 are shown as dashes, and gaps required to align the N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. 
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Fig. 2. Macroscopic properties and pharmacol- 
ogy of the rbE-ll I,,. (A) Whole cell I,, of the 
rbE-ll a, subunit alone. Shown is a family of 
current traces evoked from a holding potential 
of -100 mV to several test potentials (in milli- 
volts). (8) Current-voltage relation of the rbE-ll 
I,, measured from a holding potential of -100 
mV. (C) Application of the L-type Ca2+ channel 
agonist Bay K 8644 (10 pM). (D) Exposure to 
the N-type Ca2+ channel antagonist W-CgTx- 
GVlA (1 pM). (E) Exposure to the funnel-web 
spider peptide toxin W-Aga-IVA (200 nM). (F) 
Blockade by 50 pM Ni2+. 

the prototypical T-type CaZ+ channel 
found in cardiac sinoatrial cells, sensory 
neurons, and endocrine cells activates and 
peaks at more hyperpolarized potentials and 
also inactivates at a faster rate (2, 6). 
Similarly, the sensitivity of rbE-I1 to block 
by CdZ+ and its insensitivity to amiloride 
and octanol are also distinct from some 
LVA CaZ+ channels. 

Northern (RNA) blot analysis showed 
that rbE-I1 was encoded by a major mRNA 
of -12 kb expressed throughout the rat 
central nervous system. A more detailed 
analysis of rbE-I1 expression was performed 
with in situ hybridization with a 35S-labeled 
complementary RNA probe (1 6). Large 
amounts of rbE-I1 transcripts were detected 
in periglomerular, mitral, and granule cells 
of the olfactory bulb (Fig. 4A), neocortical 
layers I1 through VI (Fig. 4, B through D), 
and entorhinal and piriform cortex (Fig. 
4C). Expression was also noted in the 
striatum, lateral septum, and amygdala 
(Fig. 4B). In agreement with the PCR 
amplification of rbE-I1 from hippocampal 
RN.4, very large amounts of rbE-I1 tran- 
scripts were seen in hippocampal pyramidal 
cells and the granule cells of the dentate 

Fig. 3. Co-expression of rbE-ll 
with the rat brain Ca2+ channel p, 
subunit. (A) Voltage dependence 
of activation of rbE-ll (open 
squares) and rbE-ll + p, (filled 
triangles). Currents were mea- 
sured at a variety of test potentials 
(Iste,,) and were normalized to the 
maximum current (I,,). (B) 
Steady-state inactivation of rbE-ll 
(open squares) and rbE-ll + p, 
(filled triangles) I,,. Normalized 
I,, was determined by steps from 
various holding potentials (held for 
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gyrus (Fig. 4, B and C). In the hypothala- 
mus, the supraoptic nucleus and the tuberal 
region showed large amounts of rbE-I1 tran- 
scripts (Fig. 4B). Expression in the thala- 
mus was mainly localized to the intralami- 
nar, parafascicular, and reticular nuclei 
(Fig. 4B). In addition, the rbE-I1 signal was 
particularly intense in the medial habenula 
(Fig. 4B). Transcripts were also noted in 
the substantia nigra pars compacta and the 
dorsal raphe (Fig. 4, C and D). In the 
caudal brain stem, high levels of expression 
were noted in the pontine nuclei (Fig. 4D), 
inferior olive, and the nucleus of the soli- 
tary tract (Fig. 4E). Within the cerebellar 
cortex, strong labeling was detected in the 
granule and Purkinje cell layers (Fig. 4E). 
Labeling was also detected in the pineal 
gland (Fig. 4D), the ganglion cell layer and 
inner nuclear layer of the retina, certain 
sensory ganglia, and the anterior and inter- 
mediate lobes of the pituitary. No labeling 
was detected in any of these structures with 
the use of a radiolabeled rbE-I1 sense probe 
(Fie. 4F). . . ,  , 

Many of the cell types that express 
rbE-I1 have previously been shown to pos- 
sess LVA CaZ+ conductances that may 
underlie the bursting properties of these 
neurons. Of particular note, LlinPs and 
co-workers (1 7) first described LVA CaZ+ 
conductances that require hyperpolariza- 
tion for repriming in the inferior olive and 
in the pars compacta of the substantia 
nigra. Low-threshold Ca2+ channels have 
also been proposed to underlie burst firing 
in the hippocampus, neocortex, dorsal ra- 
phe, and reticular nucleus of the thalamus 
(18). Two major subtypes of LVA CaZ+ 
currents have been described in different 
subsets of thalamic neurons (19). In a . , 

number of respects, the rbE-I1 I, expressed 
in oocytes is similar to the LVA Caz+ 
current, ITS, found in the reticular nucleus 
cells and is distinct from the fast inactivat- 
ing LVA CaZ+ current found in the relay 
nuclei of the thalamus (1 9). 

It is becoming increasingly clear that as 
more cell types are examined in the mam- 
malian central nervous system, Ca2+ chan- 
nels that do not fit exactly into defined 
categories are being discovered. The diver- 

Fig. 4. In situ localization of rbE-I1 expressed in 
adult rat brain. Shown are dark-field images of 
coronal sections (rostra1 to caudal) with rbE-11 
localization with antisense (A to E) or sense (F) 
RNA probes (16). Abbreviations: a, amygdala; 
dr, dorsal raphe; h, medial habenula; io, inferior 
olive; ns, nucleus of solitary tract; p, parafas- 
cicular thalamus; pn, pontine nuclei; r, reticular 
nucleus of thalamus; s, striatum; sn, pars com- 
pacts of the substantia nigra. The slices were 
exposed for 6 days at -80°C. 

sity of properties described for LVA Ca2+ 
channels suggests that these channels are 
likely to be encoded by a heterogeneous 
family of proteins. In view of the structural 
similarities between rbE-I1 and cloned 
HVA CaZ+ channel a, subunits, our results 
suggest that this LVA CaZ+ channel shares 
a close evolutionary relation with the HVA 
CaZ+ channels. At the molecular level, the 
variability in LVA Ca2+ channels may be 
due to the existence of a gene family of a, 
subunits, alternative splicing, or the selec- 
tive expression of ancillary proteins that 
differentially modulate ctl subunit proper- 
ties (for example, different p subunits). The 
cloning and functional expression of the 
rbE-I1 Ca2+ channel will aid in studies 
examining the roles of LVA CaZ+ channels 
in modulating firing patterns. 
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