
Voltage-dependent Ca¥ channels (VDCCs) form a group of

hetero-oligomeric membrane-spanning proteins (for review

see Dolphin, 1995). Biophysical and pharmacological

techniques have enabled native Ca¥ channel currents in

many cell types to be subdivided into two major categories

depending upon their kinetics and voltage-dependent

properties: high voltage activated (HVA) and low voltage

activated (LVA) or T-type currents (Carbone & Lux, 1984;

Fedulova, Kostyuk & Veselovsky, 1985).

From the initial purification studies, and the subsequent

cloning of the cDNA for the constituent proteins, it became

clear that calcium channels are generated by hetero-

oligomers consisting of a pore-forming á1 subunit and two

auxiliary subunits termed á2—ä and â. The cDNAs for seven

á1 subunits have been cloned and functionally expressed:

á1A, B, C, D, E, G and S (Perez-Reyes et al. 1998; see

Perez-Reyes & Schneider, 1994, for review), and there are

four genes for â subunits (Perez-Reyes & Schneider, 1994).

Of the known á1 subunits, only á1G (Perez-Reyes et al.

1998) gives rise to a current with the properties of a rapidly

inactivating T-type current, although the á1E subunit also

shows certain of the requisite characteristics of LVA

currents (Bourinet et al. 1996; Stephens, Page, Burley,

Berrow & Dolphin, 1997). In a recent study from this

laboratory we have observed that expression of three

calcium channel á1 subunits (á1B, C and E) can give rise to

small conductance channels with striking similarities to

native T-type single channels, as well as the large

conductance channels previously observed (Meir & Dolphin,

1998). Furthermore, the small conductance channels,

particularly those of á1B and á1C, may be observed in

isolation at low depolarizations, and in the absence of

accessory subunits (Meir & Dolphin, 1998).

It has been demonstrated that Ca¥ channel â subunits play

a significant role in the modulation of the currents generated

by individual HVA á1 subunits. In general, co-expression of
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1. High voltage activated (HVA) Ca¥ channels are composed of a pore-forming á1 subunit and

the accessory â and á2—ä subunits. However, the subunit composition of low voltage

activated (LVA), or T-type, Ca¥ channels has yet to be elucidated. We have examined

whether native calcium channels in NG108-15 mouse neuroblastoma ² rat glioma hybrid

cells, which express predominantly LVA currents when undifferentiated, are modulated by

overexpression of accessory calcium channel subunits.

2. Endogenous á1A, B, C, D and E, and low levels of â and á2—ä subunit protein were

demonstrated in undifferentiated NG108-15 cells.

3. The á2—ä, â2a or â1b accessory subunits were overexpressed by transfection of the cDNAs

into these cells, and the effect examined on the endogenous Ca¥ channel currents.

Heterologous expression, particularly of á2—ä but also of â2a subunits clearly affected the

profile of these currents. Both subunits induced a sustained component in the currents evoked

by depolarizing voltages above −30 mV, and á2—ä additionally caused a depolarization in

the voltage dependence of current activation, suggesting that it also affected the native

T_type currents. In contrast, â1b overexpression had no effect on the endogenous Ca¥

currents, despite immunocytochemical evidence for its expression in the transfected cells.

4. These results suggest that in NG108-15 cells, overexpression of the Ca¥ channel accessory

subunits á2—ä and â2a induce a sustained component of HVA current, and á2—ä also

influences the voltage dependence of activation of the LVA current. It is possible that native

T-type á1 subunits are not associated with â subunits.
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â subunits with á1 subunits results in an increase in calcium

current amplitude, by increasing expression at the plasma

membrane (Chien et al. 1995; Brice et al. 1997), and can

affect both voltage-dependent and kinetic properties (Neely,

Wei, Olcese, Birnbaumer & Stefani, 1993; De Waard &

Campbell, 1995). Co-expression of the á2—ä subunit with á1

subunits also causes a potentiation in current, particularly

when â is also present (Williams et al. 1992; Gurnett, De

Waard & Campbell, 1996). However, the role of auxiliary

subunits in the modulation of LVA currents is less clear. It

has been observed that expression of â subunits will slow

the inactivation of endogenous oocyte T-type current

(Lacerda, Perez-Reyes, Wei, Castellano & Brown, 1994),

but in contrast it has recently been established that the anti-

sense depletion of â subunits in nodose ganglion neurons has

no effect on the endogenous T-type currents (Lambert et al.

1997). Furthermore the recently cloned á1G subunit showed

the properties of T-type currents when expressed in the

absence of accessory subunits, and has no consensus â

binding site in the I—II loop (Perez-Reyes et al. 1998).

In this study we have investigated the identity of the Ca¥

channel subunits present in undifferentiated NG108-15 cells

using reverse transcriptase-polymerase chain reaction (RT-

PCR) and immunocytochemistry, to determine which calcium

channel subunits are present in this cell line that expresses

predominantly T-type currents when undifferentiated.

Furthermore, we have examined the effects of over-

expressing the á2—ä subunit, and also two â subunits, â1b

and â2a, which have differing effects on inactivation of

HVA currents (Olcese et al. 1994; De Waard & Campbell,

1995), on the endogenous Ca¥ channel currents in these

cells.

METHODS

Cell culture and transfection

NG108-15 cells (passage 33—46) were cultured in a medium

consisting of modified Eagle’s medium (Gibco) supplemented with

10% fetal calf serum and 2% HAT supplement (Gibco) at 37°C in a

5% COµ atmosphere. Cultures were grown to 80% confluence, then

either split 1: 3 or transfected with cDNA. Undifferentiated

NG108-15 cells were removed from flasks by gentle agitation, and

centrifuged (300 g) to a pellet in 6 ml phosphate-buffered saline

(PBS, Sigma). The pellet of cells was resuspended in 0·5 ml PBS

and added to an electroporation cuvette (Invitrogen, Leek, The

Netherlands) containing 2 ìg Mut3-Green Fluorescent Protein

(GFP) cDNA and either 20 ìg Ca¥ channel subunit cDNA or 20 ìg

blank plasmid cDNA. The cuvette was placed on ice for 10 min

before exposure to a single electrical pulse by an Electroporator II

(Invitrogen), power supply settings: 330 V, 25 mA, 25 W,

Electroporator II settings: 500 ìF, þ MÙ. The cells were then

placed on ice for a further 10 min before being resuspended in

15 ml culture medium and plated out onto 35 mm Petri dishes.

Cells were then used for electrophysiological recording 48—72 h

later. Cells for immunocytochemistry were plated onto 22 mmÂ

poly-d-lysine (Sigma)-coated glass coverslips and fixed and stained

48—72 h later.

cDNAs used

The rat â1b (X61394) cDNA was provided by Dr T. Snutch

(University of British Columbia, Vancouver, Canada). Rat â2a

(M80545) was provided by Dr E. Perez-Reyes (Loyola University

Chicago, IL, USA). The full-length rat á2—ä (neuronal splice

variant, M86621) was provided by Dr H. Chin (NIH, Washington,

DC, USA). The S65T mutant of GFP was a gift from Dr S. Moss,

UCL, UK. All DNAs were sub-cloned, using standard techniques,

into the pRK5 expression vector.

RT-PCR

RNA was isolated from a 75 cmÂ flask of undifferentiated NG108-

15 cells and from homogenized mouse brain using the RNeasy

miniprep kit (Qiagen, Crawley, UK). Reverse transcription (RT)

was carried out using M-MLV reverse transcriptase (Promega,

Southampton, UK) in the presence of RNasin (Promega) and

random hexamer primers (Promega) at 37°C for 60 min. The

following primers were used for the polymerase chain reaction

(PCR): á1A, CAG CAT CAC AGA CAT CCT CG and AGA CAC GCA

CGT ACT CAT CC; á1B, CGA AAT GAC CTC ATC CAT GCA G

and TTC TGG AGC CTT AGC TGA CTG G; á1C, GGA GTT GGA

CAA GGC TAT GAA GGA and GAC CTA GAG AGG CAG AGC

GAA GGA; á1D, TTA GTG ACG CCT GGA ACA CG and GTG GTG

TTC TTC GCA GGG TA; á1E, GAA GTC CAT CAT GAA GGC CA

and AGC AAG CAT GAC TTC CTC TG; â1b, CCT ATG ACG TGG

TGC CTT CC and CTT CCA GTA GGC TTC CAA GT; â2, AGA

AGA CAG AGC ACA CTC CTC C and GGC TCA GAG GTA AAG

TTG AGG T; â3, CTC TAG CCA AGC AGA AGC AA and AGG

CAT CTG CAT AGT CCT CC; â4, ATC AAT GCG TCC TGT GGT

GT and CAA GCG GTT CCT ACT CTT GC; á2—ä, GAA CTC AAC

TGG ACA AGT GCC T and GCC ATC CAC TGA ATA GGT CCT C.

PCR was carried out using BIOTAQ Polymerase (Bioline, London,

UK) at 95°C for 5 min, followed by thirty cycles of 95°C for 30 s,

60 °C for 30 s, 72 °C for 1 min and one cycle of 72°C for 5 min.

Immunocytochemistry

Transfected NG108-15 cells attached to coverslips were washed

with Tris-buffered saline (TBS, 150 mÒ NaCl, 40 mÒ Tris, pH 7·4),

then fixed with 4% paraformaldehyde in TBS for 15 min at room

temperature (20—24°C). Permeabilization of the cells, when

required, was achieved by 3 ² 5 min washes in 0·02% (vÏv) Triton

X-100 in TBS. For á1A and á1D, in some experiments the

antigenic epitope was exposed by depolarization in 0 Ca¥, 50 mÒ

K¤ medium before fixation, and the cells were not permeabilized

(Brice et al. 1997; Wyatt et al. 1997). Cells were then washed

(3 ² 5 min) with TBS containing 20% goat serum, 4% bovine

serum albumin and 0·1% dl-lysine to block non-specific binding

sites (TBS serum), and incubated with a 1:500 dilution of the

following Ca¥ channel antisera: á1A (Brice et al. 1997), á1B

(Stephens, Brice, Berrow & Dolphin, 1998), á1C (Wyatt et al. 1997),

á1D (Wyatt et al. 1997), â subunit (Berrow, Campbell, Fitzgerald,

Brickley & Dolphin, 1995), á2—ä (Brickley et al. 1995) or with

0·1 ìg ml¢ of á1E affinity-purified polyclonal antibody (Day et al.

1996) in TBS serum overnight at 4°C. The cells were then washed

in TBS serum (4 ² 5 min) and incubated with goat anti-rabbit IgG

conjugated to biotin (1: 200 dilution, Sigma) for 2 h at 4°C before

being washed again (4 ² 5 min) with TBS serum and incubated in

the dark for 1 h at room temperature with 10 ìg ml¢

streptavidin—Texas Red conjugate (Molecular Probes). Cells were

finally washed (5 ² 5 min) in TBS and mounted in antifade

mountant (Citifluor, City University, London, UK) before being

viewed with a confocal scanning microscope (MRC-1024, Bio-Rad,

Hemel Hempstead, UK). All images are 1 ìm sections midway

through the cells in the vertical plane.
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Electrophysiology

Successfully transfected cells were located by the presence of GFP

using fluorescence microscopy. Only spherical cells with no

morphological signs of differentiation were used. Once identified,

the calcium channel currents were recorded using the whole cell

configuration of the patch clamp technique (Hamill, Marty, Neher,

Sakmann & Sigworth, 1981). Calcium current recordings were

made with a patch pipette solution containing (mÒ): caesium

aspartate, 140; EGTA, 5·0; MgClµ, 2·0; CaClµ, 0·1; KµATP, 2·0;

GTP, 0·1; Hepes, 10; pH 7·2, adjusted to 310 mosmol l¢ with

sucrose. The extracellular solution contained (mÒ): TEA-Br, 160;

KCl, 3·0; NaHCO×, 1·0; MgClµ, 1·0; Hepes, 10; glucose, 4·0; BaClµ,

5·0; tetrodotoxin (TTX), 0·0005; pH 7·4, adjusted to 320 mosmol

l¢ with sucrose. In some experiments the presence of TTX-

resistant Na¤ currents was examined using a patch pipette solution

containing (mÒ): CsCl, 120; NaCl, 10; EGTA, 5·0; MgClµ, 2·5; KCl,

5; KµATP, 0·5; Hepes, 5; pH 7·2, adjusted to 300 mosmol l¢ with

sucrose. The corresponding extracellular solution contained (mÒ):

NaCl, 100; TEA-Cl, 40; KCl, 5·0; NaµHPOÚ, 2·0; MgClµ, 2·5;

Hepes, 5; glucose, 10; CaClµ, 0·01; tetrodotoxin (TTX), 0·0005;

pH 7·4, adjusted to 320 mosmol l¢ with sucrose. Patch pipettes

(2—5 MÙ) were made from borosilicate glass, fire polished and

coated with Sigmacote (Sigma). The liquid junction potential

between the internal and external solutions used was 10 mV, and

all voltages have been corrected for this. Inward currents were

evoked from a holding potential of −110 mV by stepping to

voltages between −80 and 40 mV in 10 mV steps for 200 ms at

0·1 Hz. An Axopatch-1D amplifier (Axon Instruments) was used;

recordings were filtered at 1—2 kHz (4-pole low-pass Bessel filter)

and digitized at 10 kHz using a Digidata 1200 AÏD converter.

Currents were analysed using pCLAMP 6.02 software (Axon

Instruments) and leak subtracted using a PÏ4 or PÏ8 protocol. The

holding current at −110 mV was usually less than 10 pA; series

resistance was normally less than 10 MÙ and was routinely

compensated by at least 60%. All experiments were carried out at

room temperature (20—24°C).

Peak current was measured by taking an average over 2 ms at the

peak of each current evoked at each potential; sustained current

was measured by taking an average over 10 ms at the end of the

200 ms pulse; current values were then converted to current

densities by correcting for cell capacitance. All data presented are

means ± s.e.m., and statistical significance was determined using

Student’s t test. S-(—)-Bay K 8644 was obtained from RBI, Natick,

MA, USA.
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Figure 1. RT-PCR detection of calcium channel

á1A, á1B, á1C, á1E, á2—ä, â1b, â2, â3 and â4

subunit mRNA in undifferentiated NG108-15 cells

Primer sequences are given in Methods. For each primer

pair, a mix was made up and divided into the following: o,

NG108-15 reverse-transcribed aliquot; +, rat brain cDNA

(10 pg) (positive control); −, water (negative control).

DNAmarkers are 100 bp ladder. All mRNAs were

detected except that of á1D.



RESULTS

Calcium channel mRNA species present in

undifferentiated NG108-15 cells

RT-PCR showed that calcium channel á1A, á1B, á1C, á1E,

á2—ä, â1b, â2, â3 and â4 subunit mRNA could be detected

in undifferentiated NG108-15 cells (Fig. 1). The primers for

all subunits were designed to prime on both rat and mouse

sequences. Where the mouse sequences were not available,

primers were designed in regions conserved between other

species. All primer pairs gave a positive result when used for

RT-PCR on mouse brain tissue (results not shown).

Calcium channel protein species present in

undifferentiated NG108-15 cells

Immunostaining in undifferentiated NG108-15 cells was

observed for á1A (Fig. 2A and B), á1B (Fig. 2C), á1C

(Fig. 2D), á1D (Fig. 2E and F) and á1E (Fig. 2G). In the

case of á1B, á1C and á1E, the antigenic epitopes were

intracellular, on the II—III loop. The á1E antibody was

raised against a fusion protein of the human á1E II—III

loop (Volsen et al. 1995), but cross-reacts with rat and mouse

á1E (S. Volsen, Eli Lilly Research, UK, personal

communication), and the á1B and á1C antipeptide anti-

bodies were raised against epitopes common to rat and

mouse sequences (Wyatt et al. 1997; Stephens et al. 1998).

Whereas the á1B staining was particularly strong, and

appeared to be membrane associated (Fig. 2C), that for á1C

was very weak, with very little membrane association

(Fig. 2D) and the á1E immunostaining was diffuse, with a

small amount of apparent membrane association (Fig. 2G).

For á1A and á1D, the antigenic epitopes are exofacial,

being adjacent to the pore region, and we have previously
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Figure 2. Immunostaining for endogenous calcium channel á1, á2—ä and â subunits in

undifferentiated NG108-15 cells

Undifferentiated NG108-15 cells were fixed and stained for the á1, á2—ä and â subunits as described in

Methods. Cells were permeabilized, where stated, to enable the primary antibody to reach its intracellular

epitope. A, á1A (permeabilized); B, á1A (non-permeabilized, depolarized); C, á1B (permeabilized); D, á1C

(permeabilized); E, á1D (permeabilized); F, á1D (non-permeabilized, depolarized); G, á1E (permeabilized);

H, á2—ä (permeabilized ); I, á2—ä (non-permeabilized); J, â (permeabilized); K, control (â subunit antibody

preincubated with immunizing peptide). Where stated, cells were depolarized before fixation, as described

in Methods, to expose an exofacial epitope on á1A or á1D.



shown that they can be exposed by depolarization before

fixation, without permeabilization of the cell membrane

(Brice et al. 1997; Wyatt et al. 1997). Under these conditions,

immunostaining was seen in non-permeabilized NG108-15

cells for both á1A (Fig. 2B) and á1D (Fig. 2F), indicating

that both á1 subunits are inserted in the plasma membrane.

A low level of intracellular immunostaining was observed

for á2—ä in permeabilized undifferentiated NG108-15 cells

(Fig. 2H), but less staining was observed in non-

permeabilized cells (Fig. 2I), indicating that there is little

á2—ä correctly inserted into the membrane, with the á2

subunit oriented exofacially (Brickley et al. 1995). Of

interest, this membrane staining for á2 was generally

restricted to one or two foci in the cells. Very low and

diffuse intracellular immunostaining was observed for

â subunits (Fig. 2J), using an anti-peptide polyclonal anti-

body that we have shown recognizes all â subunit isoforms

(Berrow et al. 1995). This staining was, however, specific, as

it was blocked by preincubation of the antibody with the

immunizing peptide (Fig. 2K) (Berrow, Campbell, Fitzgerald,

Brickley & Dolphin, 1995). No immunostaining was observed

with preimmune serum (results not shown).

Evidence for the overexpression of calcium channel

accessory subunits

Following transfection with á2—ä, â2a or â1b, immuno-

cytochemical evidence was obtained for overexpression of

these subunits at the plasma membrane in GFP-positive

cells (Fig. 3).

Properties of Ca¥ currents in NG108-15 cells

T-type calcium channel currents were present in all

undifferentiated NG108-15 cells, recorded with either 5 mÒ

Ca¥ (Fig. 4A and B) or 5 mÒ Ba¥ (Fig. 4C—F) as charge

carrier. They started to activate at about −60 mV in both

conditions, and the peak current was observed at −20 mV.

The currents showed rapid voltage-dependent inactivation,
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Figure 3. Immunostaining for overexpressed

calcium channel subunits in NG108-15 cells

transfected with á2—ä, â2a and â1b

Undifferentiated NG108-15 cells were transfected with

á2—ä, â2a, â1b and blank plasmid, together with GFP,

fixed 48 h after transfection, and stained for the

transfected subunit as described in Methods, except

‘Blank’ which was stained for â subunit. The left panel

shows the cell in the field that was GFP positive and the

right panel shows immunostaining for the respective

subunit. No staining was observed using preimmune

serum as a control (not shown). Scale bar, 15 ìm.



with a time constant of inactivation (ôinact) of between 70

and 25 ms, depending on the voltage. The proportion of

current remaining at the end of the 200 ms steps used here

was about 6% at −30 mV (Fig. 4D and F). Application of

1 ìÒ S-(—)-Bay K 8644, which markedly enhances L-type

current, caused an increase in the peak barium current (IBa)

at voltages of −30 mV and above (Fig. 4D and E), and a

substantial elevation of the sustained current component at

large depolarizations (Fig. 4E and F), indicating the

presence of L-type channels in the membrane, which in the

absence of the calcium channel agonist show very little

activity.

If TTX-resistant Na¤ channels are present together with

T_type currents, it is difficult to record the latter in isolation

(Bossu & Feltz, 1984; Ikeda & Schofield, 1987). However, as

TTX-resistant Na¤ currents may be recorded un-

contaminated from T-currents by using Na¤ as the charge

carrier in the presence of 10 ìÒ Ca¥ to block Na¤ flux

through Ca¥ channels (Ikeda & Schofield, 1987), we

therefore examined whether TTX-resistant Na¤ currents

were present in NG108-15 cells. No evidence was found for

TTX-resistant Na¤ currents (results not shown), indicating

that recorded Ca¥ channel currents are not contaminated

by Ca¥ entry through Na¤ channels.

Effect of overexpression of calcium channel á2—ä

subunits on the biophysical properties of the Ca¥

channel currents in undifferentiated NG108-15 cells

Overexpression of á2—ä significantly shifted the voltage

dependence of activation of the peak T-type current

(Table 1), so that the maximum current appeared at −10

rather than −20 mV (Fig. 5A). It also induced the

appearance of a large sustained current component at

depolarizations above −30 mV (Fig. 5B). A comparison of

the current profiles in the absence and presence of
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Figure 4. Effect of the L-channel agonist Bay K 8644 on T-type calcium currents in

undifferentiated NG108-15 cells

A, examples of current traces from undifferentiated NG108-15 cells recorded with 5 mÒ Ca¥ (200 ms

voltage steps to test potentials from −70 to −30 mV in 10 mV steps). B, mean (± s.e.m.) current—voltage

relationships for peak calcium current (ICa; þ) and ICa at end of 200 ms step (±, n = 7). C and E, examples

of current traces from undifferentiated NG108-15 cells recorded with 5 mÒ Ba¥ (−60 to −20 mV test

potentials), under control conditions (C) and in the presence of 1 ìÒ S-(−)_Bay K 8644 (E). D, mean

(± s.e.m.) current—voltage relationships for peak barium current (IBa) in control conditions (0, n = 5) and in

the presence of Bay K 8644 (2, n = 8). F, mean (± s.e.m.) current—voltage relationships for IBa at end of

200 ms step in control conditions (1) and in the presence of Bay K 8644 (3).



overexpressed á2—ä shows little effect on the rapidly

inactivating T-type current component at low depolarizations

(−60 to −40 mV, Fig. 6A), whereas the subtracted currents

demonstrate the emergence of the sustained component at

larger depolarizations (Fig. 6B). The rate and voltage

dependence of inactivation of the currents was not affected

by á2—ä (Fig. 7A), but the proportion of the plateau current

determined from a single exponential fit was markedly

increased (Fig. 7B), for example from about 15% to 50% at

0 mV.

Effect of overexpression of calcium channel â subunits

on the biophysical properties of the currents in

undifferentiated NG108-15 cells

In order to determine whether overexpression of calcium

channel â subunits had any effect on these currents, we first

examined the effect of â2a, a subunit known to slow the

entry into the inactivated state of expressed á1 subunits

(Olcese et al. 1994; De Waard & Campbell, 1995). â2a did

not affect the maximum amplitude of the peak current at

−20 mV, but reduced the steepness of dependence of
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Figure 5. Effect of overexpression of á2—ä on T-type calcium currents in undifferentiated

NG108-15 cells

Cells were transfected with á2—ä or blank vector, and Ca¥ channel currents were recorded 48—72 h later.

A, I—V relationships for peak current (means ± s.e.m., n as in Table 1) in á2—ä- (0) and blank- (±)

transfected cells. The peak I—V relationships are fitted by a Boltzmann equation as in the legend to Table 1,

where Gmax is 0·095 nS pF¢ for control and 0·11 nS pF¢ for á2—ä, Vrev is +33·9 mV for control and

+43·0 mV for á2—ä, k is 7·2 mV for control and 10·9 mV for á2—ä, and V½ is −45·7 mV for control and

−40·5 mV for á2—ä. B, I—V relationships for á2—ä- (0) and blank- (±) transfected cells for current at

200 ms. *P < 0·01 for current amplitude in á2—ä compared with blank-transfected cells.

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Table 1. Effect of overexpression of á2—ä and â subunits on biophysical parameters of Ca¥ channel

current—voltage relationships in undifferentiated NG108-15 cells

––––––––––––––––––––––––––––––––––––––––––––––

n Capacitance Gmax Vrev V½ k

(pF) (nS pF¢) (mV) (mV) (mV)

––––––––––––––––––––––––––––––––––––––––––––––

Blank 20 32·9 ± 3·0 0·11 ± 0·01 32·4 ± 2·2 −43·9 ± 1·2 7·4 ± 0·3

á2—ä 8 37·0 ± 3·8 0·12 ± 0·01 39·9 ± 4·8 −36·2 ± 4·1* 10·4 ± 0·7 **

â2a 12 35·1 ± 2·4 0·11 ± 0·01 36·7 ± 2·3 −42·2 ± 1·5 9·9 ± 1·4 *

â1b 7 27·8 ± 1·7 0·12 ± 0·01 32·0 ± 2·9 −40·5 ± 1·6 7·2 ± 0·3

––––––––––––––––––––––––––––––––––––––––––––––

Individual current density—voltage relationships were fitted with a modified Boltzmann equation:

I = Gmax(V − Vrev)Ï(1 + exp[− (V − V½)Ïk]),

where Gmax is the maximum conductance; Vrev is the reversal potential; k is the slope factor and V½ is the

voltage for 50% current activation. The number of experiments is given by n, and the statistical

significance of the results compared with blank-transfected cells was determined by Student’s t test.

*P < 0·05; ** P < 0·001.

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––



activation on voltage (Fig. 8A and Table 1). The most

marked effect of â2a overexpression was the appearance of

an additional component of current at depolarizations to

−30 mV and above (Fig. 8B). Whereas from a comparison of

the current profiles in the absence and presence of

overexpressed â2a, there was little effect on the rapidly

inactivating T-type component at low depolarizations (−60

to −40 mV, Fig. 9A), subtraction of the currents in control

cells from those in â2a-overexpressing cells shows the

appearance of the slowly activating sustained component

present at larger depolarizations (Fig. 9B). The rate and

voltage dependence of inactivation of the inactivating

component of the current was not affected by â2a (Fig. 7A),

but the proportion of the steady-state (non-inactivating)

current, determined from a single exponential fit, was

markedly increased at all potentials measured (Fig. 7B), for

example from about 15% to 42% at 0 mV.

In contrast, overexpression of â1b had no effect on the peak

amplitude or inactivation kinetics of the NG108-15 T-type

currents (Figs 7 and 10A and B), and had no significant

effect on the voltage dependence of current activation

(Fig. 10 and Table 1).

DISCUSSION

In this study we have examined the endogenous Ca¥

channel currents in undifferentiated NG108-15 cells, to

assess whether auxiliary Ca¥ channel subunits are capable

of functional interaction with LVA Ca¥ channels. It is well

established that undifferentiated NG108-15 cells, like a

number of other undifferentiated cell lines (Chen & Hess,

1990; Kobrinsky, Pearson & Dolphin, 1994), possess

predominantly a low voltage activated, rapidly inactivating

T-type Ca¥ channel current and possibly a small HVA

component (Brown, Docherty & McFadzean, 1989; Chen &

Hess, 1990; Randall & Tsien, 1997). We have confirmed by

single channel analysis that these cells exhibit T-type single

channels, but only very rarely show large conductance HVA

channels when undifferentiated (Meir & Dolphin, 1998; and

A. Meir, C. N. Wyatt and A. C. Dolphin, unpublished

observations). A novel á1 subunit (á1G) has recently been

cloned, with the properties of a rapidly inactivating T-type

current (Perez-Reyes et al. 1998). However, the subunit

composition of T-type channels has not yet been defined. In

particular, it remains unclear whether they are composed of

á1 subunits alone or á1 subunits associated with either an

á2—ä or a â subunit. In the present study we have shown by
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Figure 6. Calcium currents in undifferentiated NG108-15 cells in the presence of overexpressed

á2—ä, compared with normalized controls

A, calcium channel currents between −70 and 0 mV were averaged for 9 cells (overexpressed á2—ä, traces

marked with †) and 21 cells (control). The control values were then normalized to the peak amplitude at

−20 mV to compare inactivation properties between the two conditions. The amplitude scale bar refers to

the á2—ä traces. Examples of the fits to a single exponential of the current inactivation phase are shown for

the 0 mV traces (continuous curves). The ôinact was 26·8 and 30·5 ms for the currents in the control and

á2—ä-overexpressing cells, respectively. B, the averaged currents in the presence of overexpressed á2—ä

were subtracted from the control currents for −20, −10 and 0 mV to show the additional slowly activating

current component appearing at large depolarizations.
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Figure 7. The effect of overexpression of â2a, â1b and á2—ä on the time constant of inactivation

of Ca¥ channel currents, and the proportion of steady state current in undifferentiated

NG108_15 cells

A, the time constant of inactivation (ôinact) was determined for individual Ca¥ channel currents recorded

from â2a- (þ), â1b- (8), á2—ä- (0) and blank- (±) transfected cells, by fitting a single exponential curve to

the decaying phase of the current. B, the percentage steady-state current was calculated from the

exponential fits, and the same symbols are used as in A. *P < 0·05, **P < 0·01 compared with blank-

transfected cells.

Figure 8. Effect of overexpression of â2a on T-type calcium currents in undifferentiated

NG108_15 cells

Cells were transfected with â2a or blank vector, and Ca¥ channel currents were recorded 48—72 h later.

A, current—voltage (I—V) relationships for peak current (means ± s.e.m., n as in Table 1) in â2a- (þ) and

blank- (±) transfected cells. The I—V relationships for the peak current are fitted by a Boltzmann equation,

as in the legend to Table 1, where Gmax is 0·095 nS pF¢ for control and 0·078 nS pF¢ for â2a, Vrev is

+33·9 mV for control and +43·7 mV for â2a, k is 7·2 mV for control and 8·9 mV for â2a, and V½ is

−45·7 mV for control and −45·4 mV for â2a. B, I—V relationships for â2a- (þ) and blank- (±) transfected

cells for current at 200 ms. *P < 0·05 for current amplitude in â2a- compared with blank-transfected cells.



RT-PCR, using primers that recognize both rat and mouse

transcripts, that the mRNAs for all known HVA calcium

channel subunits except á1D are present in these cells. The

mRNA for á2—ä, together with all â subunit mRNAs are

also present. Furthermore, immunocytochemical evidence

indicates that all á1 subunits tested are present in these

cells. It is unclear why á1D protein, but not mRNA is

observed, but this may indicate the presence of a novel

splice variant of á1D. A very low level of diffuse â subunit

immunostaining was also observed, and a small amount of

membrane-associated á2—ä. A similar diversity of calcium

channel subunits has also been found in another

undifferentiated neuroblastoma cell line (Lievano, Bolden &

Horn, 1994).

The recently cloned á1G subunit has clearly been shown to

express the properties of a rapidly inactivating T-type

current (Perez-Reyes et al. 1998). Several studies have

suggested that the á1E Ca¥ channel subunit also possesses

some of the properties of LVA currents (Soong, Stea,

Hodson, Dubel, Vincent & Snutch, 1993; Bourinet et al.

1996; Stephens et al. 1997), although this view is not

universally held (Randall & Tsien, 1997). Using an á1E

antisense approach, LVA currents have been attenuated in

habenular and dorsal thalamic neurons (Brink, Guthrie,

Nelson, Kovesdi & Snutch, 1997), and in atrial myocytes

(Piedras-Renteria, Chen & Best, 1997), whereas, using anti-

sense directed against the á1G subfamily, the T-type

current in nodose ganglion neurons was abolished (Lambert,

Maulet, Cribbs, Perez-Reyes & Feltz, 1998). It is therefore

entirely possible that some of a heterogeneous population of

LVA currents may arise from expression of other á1

subunits in addition to á1G (Perez-Reyes et al. 1998). It has

previously been suggested that neuronal LVA calcium

currents consist of a mixture of rapidly and more slowly

inactivating currents (Chen & Hess, 1990). Of relevance to

this, we have shown that á1B, á1C and á1E, expressed in

COS-7 cells, can each give rise to a small (5—7 pS), as well as

a larger conductance channel. The small channels have the

biophysical properties of T-type channels, including lower

voltage for activation than the large conductance channels

(particularly for á1B and á1C), and rapid inactivation rates
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Figure 9. Ca¥ channel currents in undifferentiated NG108_15 cells in the presence of

overexpressed â2a, compared with normalized controls

A, calcium channel currents between −70 and 0 mV were averaged for 11 cells (overexpressed â2a, traces

marked with †) and 21 cells (control, blank transfected). The control values were then normalized to the

peak amplitude at −20 mV to compare inactivation properties between the two conditions. The amplitude

scale bar refers to the â2a traces. Examples of the fits to a single exponential of the current inactivation

phase are shown for the 0 mV traces (continuous curves). The ôinact was 26·8 and 29·3 ms for the currents in

the control and â2a-overexpressing cells, respectively. B, the averaged currents in the presence of

overexpressed â2a were subtracted from the control currents at −30, −20, −10 and 0 mV to show the

additional slowly activating current component appearing at large depolarizations.



(Meir & Dolphin, 1998). However, it remains unclear

whether native T-type currents can be influenced by

interaction with auxiliary subunits. For example, Lambert

et al. (1997) have used an antisense strategy to show that

depletion of the cytoplasmic â subunits in cranial sensory

neurons has no effect on the LVA currents present in these

cells, whilst it significantly attenuates HVA current.

We have taken the approach of overexpressing auxiliary

subunits in NG108-15 cells, since when undifferentiated,

they exhibit predominantly T-type currents. Overexpression

of the á2—ä subunit (which is present endogenously only at a

low level in the membrane of undifferentiated cells) resulted

in a significant depolarizing shift in the voltage dependence

of activation of T-type currents, indicating an influence of

this auxiliary subunit on T-type current activation over the

whole voltage range. Similar effects have been shown

previously for the interaction of á2—ä with HVA á1

subunits (De Waard & Campbell, 1995). Furthermore, á2—ä

overexpression in NG108-15 cells also induced the

appearance of a sustained component of current at

depolarizations of −30 mV and above. â2a, which markedly

attenuates inactivation of HVA á1 subunits (De Waard &

Campbell, 1995), also induced a small sustained component

of current at high depolarizations, whereas â1b had little

effect on the properties of T-type current in these cells over

the whole voltage range. It is striking that the effect of

á2—ä, to induce the appearance of a large sustained high

threshold component, as well as a reduction of the steepness

of voltage dependence of activation of the current, is very

similar to, although more marked than the effect of â2a.

There are several possible explanations for these findings.

Firstly, the á2—ä and â2a accessory subunits may stabilize

nascent HVA á1 subunits, whose transcripts exist in these

cells, and allow their trafficking and appearance as

functional HVA channels in the membrane, independently

of the T-type channels. An argument against this
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Figure 10. Effect of overexpression of â1b on T-type calcium currents in undifferentiated

NG108-15 cells

Cells were transfected with â1b or blank vector, and Ca¥ channel currents were recorded 48—72 h later.

A, examples of current traces for blank- (left) and â1b- (right) transfected cells; 200 ms voltage steps were

applied in 10 mV intervals to between −50 and −10 mV (blank-transfected cell) and −60 and −20 mV

(â1b-transfected cell). B, current—voltage (I—V) relationships (means ± s.e.m., n as in Table 1) for â1b- (8)

and blank- (±) transfected cells for peak current (left) and current at 200 ms (right). The peak I—V

relationships are fitted by a Boltzmann equation as in the legend to Table 1, where Gmax is 0·085 nS pF¢

for control and 0·09 nS pF¢ for â1b, Vrev is +34·7 mV for control and +35·7 mV for â1b, k is 5·7 mV for

control and 5·2 mV for â1b, and V½ is −46·5 mV for control and −41·7 mV for â1b.



hypothesis is that â1b had very little effect on the amplitude

of the calcium currents, whereas we have shown it to be able

to traffic á1 subunits to the membrane, in a similar manner

to the other â subunits, and to have marked effects on the

amplitude of á1E and á1A currents (Brice et al. 1997;

Stephens et al. 1997). Furthermore, we have shown

previously that á2—ä did not affect the trafficking of HVA á1

subunits (Brice et al. 1997; Stephens et al. 1997). However,

in expression studies in Xenopus oocytes, which have an

endogenous â subunit, á2—ä does increase membrane

expression of á1 subunits (Shistik, Ivanina, Puri, Hosey &

Dascal, 1995), possibly by synergizing with native â subunits

(De Waard & Campbell, 1995). Therefore heterologous

expression of á2—ä may interact with NG108-15 á1

subunits to have its effects on sustained current expression

by acting in synergy with the low level of endogenous â

subunits.

An alternative hypothesis is that T-type channels may be

formed from LVA á1G subunits that are not associated with

the á2—ä accessory subunit. Thus, on overexpression, when

á2—ä is supplied in excess, an association may result with

the T-type calcium channels. Regarding interaction with â

subunits, the I—II loop of á1G does not contain a consensus

â binding site, as defined in the HVA á1 subunits, but the

lack of association has not yet been demonstrated directly.

â1b produces fairly rapid inactivation of HVA á1 currents

(Stephens et al. 1997), and therefore the finding that

overexpressed â1b had no effect on T-type current

inactivation cannot be used as a definitive argument

concerning whether T-type channels consist of an á1

subunit not associated with a â subunit. Although á1E also

shows several of the properties of T-type currents (Soong et

al. 1993; Bourinet et al. 1996; Stephens et al. 1997), the

inactivation kinetics of whole cell á1E current are slower

than the inactivation time constant (ôinact) of about 30 ms

for the peak T-type current observed here. However, the

ôinact of á1E is slower with â1b but more rapid with á2—ä

than in the absence of accessory subunits, (ôinact of 164 and

59 ms, respectively, compared with 86 ms for á1E alone, at

−10 mV) (Stephens et al. 1997). This would indicate that the

T-type current in these cells is probably of the á1G

subfamily, which shows very rapid inactivation (ôinact about

10 ms at −20 mV, Perez-Reyes et al. 1998), or a

combination of á1G with á1E.

The effect of â2a in the present experiments, to induce the

appearance of a sustained calcium current component at

high depolarizations, could be explained either by its

association with a lone T-channel á1 subunit, by

displacement from this á1 of a â subunit whose effect on

inactivation kinetics was more marked, or by association

with an HVA á1 subunit that is already in the plasma

membrane, but shows little functional activity in the

absence of â2a. It is of interest that â2a has been shown to

have a second interaction site on the C-terminal tail of HVA

á1 subunits (Walker, Bichet, Campbell & De Waard, 1998),

and is also palmitoylated (Chien, Carr, Shirokov, Rios &

Hosey, 1996), whereas â1b only interacts with the I—II loop

(Walker et al. 1998). It is unclear whether this second

interaction site on the C-terminal tail exists for the á1G

subfamily. We show here from immunocytochemical

evidence that several HVA á1 subunits are clearly present

in the plasma membrane of undifferentiated NG108-15

cells, even in the absence of overexpressed accessory

subunits. The finding that Bay K 8644 markedly increased

the small sustained HVA current in these cells further

suggests that functional L_type á1 subunits are present in

the membrane, but have a very low open probability in the

absence of the calcium channel agonist.

In conclusion, the results of this study suggest that the

channels underlying T-type currents in NG108-15 cells may

interact with á2—ä, which affects the voltage dependence of

activation of the T-type currents. Both á2—ä and â2a

induced the appearance of a sustained current component at

high thresholds, which may be a separate effect from the

modulation of the T-type current. These findings also

suggest that the channels underlying the LVA current do

not normally associate with â subunits.
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