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Amphibian spinal neurons exhibit spontaneous elevations 
of intracellular calcium at early stages of development. The 
underlying calcium influx involves high-voltage-activated 
(HVA) currents. To begin to understand how they are trig- 
gered, we have studied the biophysical properties and de- 
velopmental function of low-voltage-activated (LVA) T-type 
calcium current of neurons cultured from the embryonic neu- 
ral plate. T current was recorded from young neurons (6-9 
hr in vitro) and from mature neurons (16-46 hr in vitro) using 
whole-cell voltage clamp. For both young and mature neu- 
rons, T current has a low threshold and is activated at mem- 
brane potentials positive to -60 mV in 2 mM extracellular 
calcium. The current is maximal at -35 mV with a mean peak 
amplitude of -50 pA. Nickel blocks both LVA and HVA cur- 
rents, but the former are *O-fold more sensitive. Amiloride 
also blocks T current selectively. T current is recorded in 
67% of young neurons. This percentage drops to 67% in 
mature neurons after 1 d in culture and to 35% in mature 
neurons after 2 d in culture. There are no significant devel- 
opmental changes in T current threshold, peak density, time 
course of activation and inactivation, and pharmacological 
sensitivity to blockers from 6 to 46 hr in culture. 

Spontaneous transient calcium elevations in young neu- 
rons assayed by fluo-3 fluorescence are blocked by nickel 
or amiloride at concentrations that specifically block T cur- 
rent. T current has the lowest threshold among other inward 
currents in young neurons. Moreover, mathematical simu- 
lations show that T current lowers the threshold of the action 
potential by 15 mV. We conclude that T current can depo- 
larize cells and trigger action potentials, and constitutes part 
of the cascade of events leading to spontaneous elevations 
of intracellular calcium in cultured neurons at early stages 
of differentiation. 

[Key words: calcium T current, calcium high-voltage-ac- 
tivated currents, development, neuronal differentiation, 
spontaneous calcium influx, spinal cord, Xenopus embryos, 
whole-cell recording] 

Many studies have shown that calcium plays important roles 
in development of nervous systems. Intracellularly, it mediates 
various calcium-dependent events. Calcium may be elevated by 
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influx through membrane channels and by release from intra- 
cellular stores (Lipscombe et al., 1988; Tsien and Tsien, 1990; 
Meyer and Stryer, 199 1). During early development of embry- 
onic amphibian spinal neurons and differentiation of rat pheo- 
chromocytoma cells, changes in levels of intracellular calcium 
([Ca*+],) occur by both mechanisms (Holliday and Spitzer, 1990; 
Holliday et al., 199 I ; Reber and Reuter, 199 1). 

Voltage-dependent calcium channels are well-known path- 
ways for calcium influx. Based on their thresholds of activation, 
channels have been classified as high-voltage activated (HVA) 
and low-voltage activated (LVA) (Tsien et al., 1988; Beam, 
1989; Hess, 1990; Swandulla et al., 199 1). Both types ofcalcium 
channels have been found in a variety of excitable cells (Fox et 
al., 1987a,b; Tsien et al., 1987; Beam, 1989; Hess, 1990) in- 
cluding embryonic neurons (Carbone and Lux, 1984; Gottmann 
et al., 1988; Kostyuk et al., 1988; McCobb et al., 1989; Barish, 
199la; Gu and Spitzer, 1991; Desarmenien et al,, 1993). In 
Xenopus embryonic neurons HVA calcium current is present at 
early stages ofdevelopment (Barish, 1986; O’Dowd et al., 1988). 
This current promotes calcium influx during long-duration cal- 
cium-dependent action potentials in these cells (Spitzer and 
Lamborghini, 1976; Baccaglini and Spitzer, 1977; Barish, I99 1 b; 
Lockery and Spitzer, 1992). 

Embryonic Xenopus spinal neurons go through a calcium- 
sensitive period during their early development in culture. Re- 
moval of extracellular calcium during this period alters mor- 
phological differentiation, synapse formation, neurotransmitter 
phenotype, and ion channel function (Bixby and Spitzer, 1984; 
Henderson et al., 1984; Holliday and Spitzer, 1990; Desarmen- 
ien and Spitzer, 1991; Spitzer et al., 1993). Spontaneous ele- 
vations of [Ca2+], are observed during this period using the 
indicator fura- AM (Holliday and Spitzer, 1990) and these 
elevations are blocked by removal of extracellular calcium or 
by blockade of HVA calcium current. These results suggest that 
influx through HVA calcium channels mediates the changes in 
intracellular concentrations during the calcium-sensitive period. 
The increase in [Ca*+], is due largely to release from intracellular 
stores, stimulated by influx of calcium (Barish, 199 1 b; Holliday 
et al., 1991). 

We address specifically the mechanism by which spontaneous 
calcium influx is triggered in young neurons, leading to calcium 
release and increase of intracellular free calcium during the cal- 
cium-sensitive period. LVA calcium T current has been re- 
corded in Xenopus spinal neurons at 1 d in culture (Bar&h, 
199 I a), when they are mature in many respects. Activation of 
T current by depolarization with potassium ions yields a slight 
increase in [Ca*+],. Here we show that the current is already 
present during the earlier calcium-sensitive period and char- 
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acterize its changes during development. We find several lines 
of evidence to indicate that T current plays a significant role in 
stimulating substantial elevations of [Ca2+], by triggering de- 
polarization of neurons and activating HVA calcium current to 
promote influx during early development. This function is sub- 
sequently eliminated with further neuronal maturation. 

Materials and Methods 
Cultures. Cultures were prepared from embryos of Xenopus laevis ob- 
tained by standard breeding procedures. Developmental stages were 
assessed according to the criteria of Nieuwkoop and Faber (1967). Cul- 
tures were established as described in previous studies (Spitzer and 
Lamborghini, 1976; Ribera and Spitzer, 1989; Holliday and Spitzer, 
1990; Desarmenien and Spitzer, 1991). (1) Mixed cultures used for 
whole-cell recordings contained neurons and myocytes in conjunction 
with other cell types. Tissue from the posterior presumptive spinal cord 
region of stage 15 (neural plate) embryos was dissected and then dis- 
sociated in divalent cation-free medium (in mM: 116.7 NaCI, 0.67 KCI, 
0.4 EDTA, and 4.6 Tris with pH adjusted to 7.8 with HCI). Cultures 
were plated on 35 mm tissue culture dishes (Falcon or Costar). Culture 
medium contained (in mM) 116.7 NaCI, 0.67 KCI, 1.31 MgSO,, 10 
CaCI,, and 4.6 Tris; pH was adjusted to 7.8 with HCl. (2) Neuron- 
enriched cultures used for calcium imaging experiments contained neu- 
rons and non-neuronal cells but were essentially free of myocytes. The 
same dissected tissue was treated with collagenase B (1 mg/ml; Sigma) 
in low-calcium medium (in mM: 58.8 NaCI, 0.67 KCI, 0.5 CaCI,, and 
8 HEPES, pH adjusted to 7.8 with NaOH) for 5-I 5 min. Following this 
treatment, the ectoderm, which includes the neural folds, was separated 
from mesoderm, endoderm, and notochord, and dissociated in divalent 
cation-free medium with 58.5 mM NaCl. Cultures were plated in me- 
dium containing (in mM) 58.8 NaCI, 0.67 KCI, 1.3 1 MgSO,, 10 CaCl,, 
and 4.6 Tris; pH was adjusted to 7.8 with HCl. In calcium imaging 
experiments, 58.8 mM NaCl medium was used in neuron-enriched cul- 
tures to facilitate comparison with previous experimental results (Hol- 
liday and Spitzer, 1990; Holliday et al., 1991), in which this NaCl 
concentration was used. In control experiments, calcium currents re- 
corded from cells grown in this concentration (enriched cultures) showed 
no difference from those of cells grown in the higher concentration 
(mixed cultures). Cultures examined at 6-9 hr in vitro are referred to as 
young, while those examined at 18-48 hr in vitro are referred to as 
mature, reflecting the extent of differentiation of ion channels (O’Dowd 
et al., 1988; Ribera and Spitzer, 1990). 

Recording conditions and solutions. Recording procedures were sim- 
ilar to those previously described (O’Dowd et al., 1988; Desarmenien 
and Spitzer, 199 1). Cultured neurons were viewed on a Zeiss microscope 
using 10x oculars and a 40 x water immersion objective lens with 
phase-contrast optics (Ph2,0.75 NA). Conventional whole-cell voltage- 
clamp techniques were used to study calcium currents (Hamill et al., 
I98 1). Pipettes were filled with intracellular recording solution and had 
2-5 MQ resistance in extracellular recording solution. Currents were 
recorded with an Axopatch- 1 D amplifier with a CV-4 headstage (1 Gfi; 
Axon Instruments, Inc.), filtered at 2 kHz, and digitized with a TL-I 
DMA interface at sampling intervals from 40 to 100 psec (Axon In- 
struments, Inc.). Inward currents greater than 5 pA were detectable in 
most cells. The threshold of a current was based on its voltage of ac- 
tivation. Data were acquired and stored with ~CLAMP software (Axon 
Instruments, Inc.) and a DTK PC-compatible computer. 

The pipette solution contained (in mM) 90 CsCl, 10 EGTA, 10 te- 
traethvlammonium (TEA)-Cl. and 10 HEPES. An additional 2 mM 
concentration of ATP-MS+ and CAMP were added to this solution 
immediately prior to use and the pH was adjusted to 7.4 with CsOH. 
The presence ofnucleotides prevented rundown of HVA calcium current 
but had no effect on LVA T current. CsCl was replaced with CsF when 
Fm was applied intracellularly to block HVA calcium currents. Extra- 
cellular recording solution contained (in mM) 80 NaCl, 40 TEA-Cl, 2 
CaCl,. 3 KCI. 5 HEPES. and I tie/ml tetrodotoxin (TTX); pH was 
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adiusted to 7.4 with NaOH. The calcium dependence‘of currents was 
tested by equimolar replacement of CaCI, with MgCI,, for which the 
channels have no sianificant oermeabilitv. and addition of 10 mM EGTA. 
In pharmacological studies’reagents used to block T current were ap- 
plied by perfusion or direct addition to the recording solution. When 
sodium current was recorded, 2 mM external CaCl, was replaced by 2 
mM CoClz and TTX was omitted. 

Data analysis. PCLAMP software was used for most data analysis. 
Currents were averaged from one to five trials, and peak currents were 
normalized to membrane surface area that was estimated from mem- 
brane capacitance (1 pF = 0.01 wm*; O’Dowd et al., 1988). The time 
course of activation was measured as the time from stimulus onset to 
half-maximum current (t,,J at different step potentials (I’,). The rate of 
inactivation was examined by fitting a single exponential to the decaying 
part of the current after the peak. 

Activation was expressed as the fraction of maximum conductance 
( Vs = -35 mV). T current amplitudes at different membrane potentials 
were transformed into conductances (G) according to the equation G = 
I/( V - E,,). The reversal potential (EC,) for calcium current was esti- 
mated by extrapolation of the current-voltage relation (Fig. 1). Steady- 
state inactivation of T current was studied by systematically changing 
the holding potential (V,,) in depolarizing steps. Cells were held at each 
potential for 30 set, and then depolarized to a test potential of - 35 mV 
for 120 msec. Currents recorded at different holding potentials were 
normalized to maximum T current, recorded from I’, = - 110 mV, to 
obtain the fraction of the current remaining at each holding potential. 
Dose-response curves for pharmacological inhibitors were fit by sigmoid 
relations with SIGMAPLOT software (Jandel Corp.). All averaged data are 
presented as mean f  SEM for the number of neurons indicated in 
parentheses. Student’s t test was used to evaluate the significance of 
differences between mean values. 

Computer simulation. T current was modeled with simplified Hodg- 
kin-Huxley equations. A single family of LVA calcium T currents, ob- 
tained by depolarization to a series of step potentials, was chosen to 
illustrate the mean current-voltage relation and kinetics of activation 
and inactivation. Parameters specifying steady-state activation and in- 
activation and time constants for each were chosen as previously de- 
scribed in modeling high-voltage-activated currents (Lockery and Spitz- 
er, 1992). Calcium dynamics were defined by a compartmental model 
in which intracellular submembrane calcium is supplied by calcium 
currents and removed by diffusion to an interior compartment. The 
effects of addition of T current on activation of calcium-dependent 
potassium current (I,, ) and on the threshold ofaction potential initiation 
were evaluated as in previous simulations (Locket-y and Spitzer, 1992). 
The threshold for production of the action potential was assessed from 
the voltage at which it could be initiated. 

Action potentials were simulated under conditions of 10 mM external 
calcium to be comparable with previous intracellular recordings. The 
I-Vrelation ofT and HVA current is shifted by + 15 mV, asextracellular 
calcium is increased from 2 to 10 mM (data not shown). The voltage of 
activation of T current was thus shifted to the right by 15 mV, to reflect 
the effect on surface charge due to the increase in external calcium 
concentration from 2 mM (recordings) to 10 mM (simulations; Lockery 
and Spitzer, 1992) and the membrane permeability was increased. These 
changes yielded a simulated current with an I-V relation and kinetics 
similar to those recorded in 10 mM external calcium. The voltage of 
activation of I,, was shifted to the right by 10 mV, to reflect the dif- 
ference in surface charge between recording (0.1 mM Ca* + , 5 mM Mg* + ) 
and simulation conditions. Other currents were recorded under con- 
ditions ionically equivalent to 10 mM Ca’+, and no surface charge ad- 
justment was made for simulations. 

Fluorescence image analysis. Changes in fluorescence of the calcium 
indicator fluo-3 AM (Minta et al., 1989) were used to study the function 
of LVA T current in triggering elevation of [Ca*+], during the calcium- 
sensitive period. Loading of dye and examination of “active” cells, 
which exhibited elevation of [Ca2+], during a 100 set test period, were 
similar to those described previously (Holliday and Spitzer, 1990; Hol- 
liday et al., 1991). In short, the dye was first dissolved in dimethyl 
sulfoxide (50 &lo ml) and added to culture dishes at 6-9 hr in vitro 
to achieve a final concentration of 1-2 PM. After incubation for 30 min, 
cells were washed three times in culture medium over a period of 30 
min or more. Dye-loaded cells were visualized on a Zeiss Photoscope 
with a 16x Neofluor objective. Flue-3 fluorescence with emission at 
520-540 nm was elicited using a 100 W DC mercury lamp and 490 nm 
excitation filter. Fluorescent images were obtained with an SIT camera 
(SIT 68, MTI) and a Hamamatsu Photonics image processing system 
(Cl 966) with a resolution of 640 x 483 x 16 bits. For examination of 
active cells, two fluorescent images of the same field were accumulated 
during two consecutive 100 set periods. The first image was used as a 
background and subtracted from the second one, used as a test image. 
Only those cells exhibiting elevation of [Cal+], during the 100 set test 
period remained after subtraction; images from other cells canceled out 
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Figure 1. LVA (T) and HVA calcium currents in cultured Xenopus 
embryonic spinal neurons: records from a mature neuron depolarized 
from -60 to 0 mV (VT) in 5 mV steps. A, At holding potentials (V,,) 
of - 100 mV, LVA T-type current (top) is activated at membrane po- 
tentials positive to -60 mV and rapidly inactivated. It is the predom- 
inant inward current at step potentials of -60 to -30 mV. HVA currents 
(bottom) are activated at membrane potentials positive to -35 mV and 
are slowly inactivating. B, At I’,, = -50 mV, T current is completely 
inactivated (top). Slowly inactivating HVA current is also eliminated, 
and only relatively steady HVA current remains (top and bottom). Rates 
of inactivation: 7, (slowly inactivating, 0 mV), 66 msec (A); 7, (relatively 
steady, 0 mV), 166 msec (B). C, Current-voltage relationships for both 
LVA (T) and HVA currents. Open circles, VH = - 100 mV. T current 
is seen at step potentials from -60 to -40 mV, and is then mixed with 
and masked by HVA currents. Squares, V,, = -50 mV. The relatively 
steady component of HVA current persists, and the rapidly inactivating 
T current and slowly inactivating component of HVA current are elim- 
inated. Solid circles, T and slowly inactivating components are revealed 
by subtracting the current elicited with V,, = -50 mV from the current 
with V,, = - 100 mV. Peak values of HVA currents occur near 0 mV 
for both holding potentials. Data are mean f  SEM of 28 mature cells. 

each other. This image analysis was used to determine the percentage 
of active cells with and without blockade of T current. The quenching 
of indicator fluorescence by divalent cations is a potential concern (e.g., 
Ni2+; Alonso et al., 1990). However, NiZ+ has been reported to have 
no effect on fluorescence at the concentrations we used (Murray and 
Kotlikoff, 1991). Furthermore, no change in baseline fluorescence in- 
tensity was detected following application of 50 /IM nickel. Each imaged 
field usually contained 20-80 cells and several fields were examined in 
each culture for each experimental condition. Live image signals from 
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Figure 2. Removal of calcium or addition of cobalt eliminates LVA 
(T) and HVA currents. A, Removal of CaCl, from the bath solution and 
replacement with MgCI, eliminates both currents. Small residual cur- 
rents may be due to Na+ flux through these channels in the absence of 
Ca*+ (see text below). B, CoCI, (2 mM) blocks both the LVA and HVA 
currents. Records are from two mature neurons at 1 d in culture. L VA: 
V,, = - 100 mV, V, = -35 mV; HVA: V, = - 100 mV, Vs = 0 mV. 

the SIT video camera were sent to a VCR as well as to the image 
processing system. The time course of changes in [Cal+], in active cells 
was later analyzed by replay from the tape, using a QuickCapture frame 
grabber board (Data Translation) and the IMAGE program (W. Rasband, 
NIH); fluorescence intensities were digitized at 3 set intervals. 

Results 
Voltage-activated calcium currents in Xenopus embryonic 
spinal neurons 
Several ionic currents have been described in Xenopus embry- 
onic spinal neurons, including HVA and LVA calcium currents, 
sodium current, several types of potassium currents, and cal- 
cium-dependent chloride current (Barish, 1986, 199 la; Harris 
et al., 1988; O’Dowd et al., 1988; Ribera and Spitzer, 1990; 
Hussy, 1991). In the present study, we have used whole-cell 
voltage clamp to analyze calcium currents in both young and 
mature neurons cultured from the Xenopus neural plate. We 
have focused on the LVA T-type calcium current and its role 
in regulating [Caz+], in young neurons. In addition, we have 
further characterized the HVA current and find that it includes 
two components, a slowly inactivating current and a sustained 
current. 

L VA calcium current. LVA currents were elicited from young 
and mature neurons when membrane potentials of cells were 
held at - 100 mV and stepped to various depolarized potentials 
for 80-240 msec. Sodium currents were blocked by TTX and 
potassium currents were suppressed by a combination of intra- 
cellular CsCl and TEA-Cl plus extracellular TEA-Cl. T current 
was first activated when cells were depolarized above -60 mV; 
in most cells (n > 200) its threshold lay between -60 and -50 
mV (Fig. lA, top). With VH = - 100 mV, LVA current defines 
the current-voltage relation for step potentials below -40 mV 
(Fig. lC, circles). The current was generally less than 100 pA 
in amplitude. It was transient, inactivating rapidly, and disap- 
peared completely when V,, was shifted to -50 mV (Fig. lB, 
top). 

Replacement of extracellular calcium with magnesium elim- 
inated this current (Fig. 2A, top). Cobalt (2 mM) also blocked 
LVA current in the presence of calcium (Fig. 2B, top). When 
extracellular calcium was removed, sodium became the major 
charge carrier for LVA current in the absence of magnesium 
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and other divalent cations, as reported for calcium current in 
other systems (Kostyuk and Krishtal, 1977; Lux et al., 1990). 
Removal of both calcium and sodium then eliminated LVA 
current. Since many characteristics of this current including its 
pharmacological properties are similar to T current in other 
cells, as further shown below, we refer to this LVA current as 
T-type calcium current. The current exhibited little rundown 
during recordings of up to 30 min in duration. 

HVA calcium current. HVA calcium current is activated at 
membrane potentials positive to -40 mV and is slowly inac- 
tivated (Barish, 1986, 1991a; O’Dowd et al., 1988). Two com- 
ponents were revealed by varying the holding potential. With 
V,, = - 100 mV, the first component was activated at step po- 
tentials positive to -40 mV and threshold lay between -35 
and -25 mV for most cells (n > 200; Fig. 1A). When I’,, was 
changed from - 100 mV to -50 mV, the slowly inactivating 
component disappeared and revealed a second, sustained com- 
ponent. Its threshold lay between -30 and -20 mV for most 
cells (Fig. 1 B; n > 100). The slowly inactivating component is 
sensitive to holding potentials, similar to N-type HVA calcium 
current in other systems. The sustained component is insensitive 
to holding potential, similar to L-type HVA calcium current in 
other systems. Thus, with I’,, = - 100 mV, HVA current in- 
cludes two components and makes a major contribution to the 
current observed with step potentials above -40 mV (Fig. 1 C, 
open circles). Characterization of these components as N and 
L currents may not be useful, however, given the absence of 
consensus in regard to the criteria by which they should be 
identified. The current-voltage relationship with I’, = - 50 mV 
displays only the sustained component at the same step poten- 
tials (Fig. 1 C, squares). Subtraction of current recorded with V,, 
= - 50 mV from current recorded with IJ’, = - 100 mV yields 
LVA and a slowly inactivating HVA component (Fig. 1 C, solid 
circles). The peaks for sustained, slowly inactivating and total 
HVA current all occur near 0 mV, with amplitudes of 252 f 
22 pA, 444 f 43 pA, and 694 rt 10 pA, respectively (n = 28; 
Fig. 1C). Both components are eliminated by removal of ex- 
tracellular calcium or addition of 2 mM CoCI, (Fig. 2, bottom). 

The rates of inactivation for both HVA components are volt- 
age dependent (Fig. lA, bottom). When V, = - 100 mV and V, 
= 0 mV, the time constant of inactivation was 63 + 3 msec (n 
= 17) reflecting mainly the slowly inactivating component. When 
V,, = -50 mV and V, = 0 mV, the sustained component had 

Figure 3. Current-voltage relation- 
ship of the isolated T current following 
blockade of HVA currents by intracel- 
lular fluoride. A, Records of isolated T 
current from a neuron at 10 hr in cul- 
ture. Steps were from V,, = - 100 mV 
to the indicated potentials. B, The Z-V 
relation. Peak values of 50 pA are 

-75 
achieved by steps to - 35 mV. Data are 
mean +- SEM of 10 cells. 

a time constant of inactivation of 158 & 12 msec (n = 17). The 
two time constants are significantly different (p < 0.05). During 
recording, unlike LVA current, HVA current can run down 
rapidly in these neurons (O’Dowd et al., 1988). The rate of 
rundown was reduced from > 50% to ~20% during the first 15 
min of recording when nucleotides were present in the pipette 
solution. 

Physiological properties of T current 

Current-voltage relationship. The T current ofyoung and mature 
neurons can be isolated pharmacologically by blocking HVA 
current with fluoride (Kay et al., 1986; Kaneda et al., 1990; 
Fraser and MacVicar, 199 1). T current is otherwise mixed with 
and further masked by HVA current at step potentials above 
-40 mV (Fig. 1.4, C). For most cells (n > 60) internal appli- 
cation of fluoride via the recording pipette suppressed essentially 
all HVA calcium current with no apparent effect on T current 
(Fig. 3A). For some cells, a small residual HVA current persisted 
after this treatment. This current could be eliminated by sub- 
tracting the residual HVA current recorded at I’,, = -50 mV 
from the current recorded at V, = - 100 mV. 

The current-voltage relation of isolated T current reaches a 
maximum at a step potential near -35 mV with a mean am- 
plitude of 46 + 6 pA (n = 10) (Fig. 3B). The small size of the 
current introduces uncertainties that preclude accurate extrap- 
olation of the reversal potential. With increased depolarization, 
the peak of the recorded current shifts to the left (Fig. 3A), 
indicating its increased rate of activation. In order to compare 
T current in cells of different size, the current density was cal- 
culated by normalizing peak amplitude recorded at - 35 mV in 
each cell to its membrane surface area. The mean density of T 
current in mature neurons recorded in presence of fluoride was 
2.0 ? 0.2 x 1O-2 PA/pm2 (n = 10). In roughly half of total cells 
recorded (n > 200) only T current was activated at step po- 
tentials of -35 mV. The density of T current in these cells, 
measured without application of fluoride, was 2.0 + 0.1 x lo-* 
PA/pm* (n = 33) and is not significantly different from that 
acquired in its presence (p = 0.83). To confirm further that 
fluoride does not alter T current, we also evaluated its effect on 
rates of activation and inactivation. 

Rates of activation and inactivation. Both activation and in- 
activation of T current in young and mature neurons are voltage 
dependent and become faster with increased depolarization (Fig. 
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Figure 4. Activation and inactivation of T current. A, Activation rate 
in young and mature neurons (squares and circles, respectively) is rep- 
resented by time to half-maximal current (t,,, ,,.). Data were fitted by 
a second-order regression curve. B, Inactivation rate in young and ma- 
ture neurons (symbols as in A) is represented by the inactivation time 
constant (7,). The curve was generated by simple connection of the 
points. Activation and inactivation are voltage dependent and occur 
more rapidly with increased depolarization. For both young and mature 
neurons, experiments were performed on cells in which only T current 
was activated at a step potential of -35 mV; fluoride was not used to 
suppress HVA current. C, Activation and steady-state inactivation. Right, 
Activation is presented as percentage maximum conductance, calculated 
as the quotient of the current and the driving force. Data for analysis 
of activation of the T current were acquired from neurons analyzed in 
Figure 3. Left, Inactivation was evaluated by holding cells at various 
ootentials for 30 sec. followed by steps to -35 mV. Fluoride treatment 
was omitted, since FIVA currents are-not activated at this test potential. 
Data from young and mature cells are calculated as percentage maxi- 
mum current. Values for activation and steady-state inactivation are 
both fitted by Boltzmann relations (see text at right). 

4A, B). The rate of activation of T current was measured as the 
time from stimulus onset to half-maximum current (t,,J at dif- 
ferent step potentials. At - 35 mV step potential, t,,z was 4.1 -t 
0.2 msec (n = 12) for mature neurons using fluoride in the pipette 
solution. Time to half-maximum measured in cells lacking HVA 
current at this step potential was 4.2 ? 0.2 msec in the absence 
of fluoride (n = 22; Fig. 4A), demonstrating that it does not 
affect activation of T current (not significantly different; p = 
0.66). Indeed, t,,, measured with or without fluoride was not 
significantly different at all step potentials from -55 to -25 
mV. The rate of inactivation of the current was examined by 
fitting a single exponential to the inactivating part of the current 
after the peak. It was also voltage dependent (Fig. 4B). At -35 

mV step potential, the time constant (7,) was 21 + 1 msec (n 
= 14) in the presence of fluoride, and 19 ? 2 msec (n = 24) in 
its absence (p = 0.43). 

Voltage-dependent activation and steady-state inactivation. 
Activation of T current at different membrane potentials was 
analyzed from data shown in the current-voltage relation (Fig. 
3B). The amplitudes of T current at different potentials were 
transformed into conductances (G) according to the equation G 
= I/( V - E,), where Z is the current, V is the step potential, 
and E,, is the reversal potential for calcium current (estimated 
to be +45 mV based on data illustrated in Fig. 1C). Conduc- 
tances were then normalized to the maximum conductance of 
T current, plotted as a function of step potential (Fig. 4C, right), 
and fitted by the Boltzmann relation 

G/G,,, = l/i1 + exp KV,,z - YJkl}, 
where G is conductance at the step potential P’Y, G,,, is the 
maximum conductance, V,,, is the step potential yielding half- 
maximum conductance, and kis a steepness factor. The fit yields 
V,,, = -49 mV and k = 5.8 (Fig. 4C, right). Conductance is 
maximally activated at -25 mV. 

Steady-state inactivation of T current was studied by system- 
atically shifting the holding potential from - 1 10 mV to -55 
mV in 5 mV steps, for 30 set each time, prior to steps to a test 
potential of -35 mV for 120 msec. The peak T current at 
different holding potentials was then normalized to the peak T 
current recorded from I’,, = - 110 mV to obtain the fraction of 
the current available at each holding potential (Fig. 4C, left). 
The steady-state inactivation of T current was fit with the Boltz- 
mann relation 

z/z,,, = l/11 + exp[(V,, - V,,,YklI, 
where Z is the peak current at the holding potential VI,, I,,, is 
the peak current from I’,, = - 110 mV, V,,2 is the holding po- 
tential yielding half-inactivation of the current, and k is a steep- 
ness factor. I’,,, of inactivation was -79 mV (k = 6.9). Inac- 
tivation is complete at -55 mV. 

Pharmacological properties of T current 

Eflect of nickel on T current and HVA currents. We tested the 
effect of nickel on both T current and on HVA calcium currents 
of young and mature neurons, since it can block LVA T current 
specifically (Fox et al., 1987a; Narahashi et al., 1987; Hagiwara 
et al., 1988; Barish, 1991a; Mogul and Fox, 1991). When HVA 
current was eliminated with intracellular fluoride, superfusion 
with recording solution containing 50 PM nickel suppressed T 
current in all neurons (n > 20; Fig. 5A, (top), C). Similar results 
were obtained in the absence of fluoride, in cells lacking HVA 
current at step potentials more negative than - 35 mV (n > 30). 
This low concentration of nickel had only a small effect on HVA 
calcium currents (Fig. 5A, bottom). However, higher concen- 
trations of nickel (> 50 PM) can reduce HVA current significantly 
as well; 200 PM nickel blocked -40% of HVA current elicited 
by voltage steps from - 100 to 0 mV (Fig. 6A). The effects of 
nickel on T current and HVA current were reversible after wash- 
out, although the extent of reversal was variable and complete 
recovery was rarely achieved. The dose-response relationships 
of the inhibitory effect of nickel on T current and HVA current 
are fit by sigmoid curves (Fig. 6A); T current was recorded in 
the presence of intracellular fluoride and HVA current was re- 
corded in its absence. Half-maximal inhibition of T and HVA 
currents occurs at 13 f 1 PM and 248 & 1 WM, and the Hill 
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Figure 5. Pharmacological blockade 
of LVA (T) and HVA currents by nickel 
and amiloride. Agents were applied in 
the extracellular recording saline and 
block LVA current relatively specifi- 
cally at the concentrations tested (A, B); 
50 ELM nickel and 200 PM amiloride both 
block most of the LVA current (A and 
B, top), but block less than 30% of HVA 
currents (A and B, bottom). Cells were 
held at - 100 mV and stepped to -35 
mV (LVA) or 0 mV @WA). For both 
nickel (C) and amiloride (D), blockade 
of T current occurred at all step poten- 
tials from -50 to -25 mV with V,, = 
- 100 mV. Records from one young(C) 
and three mature cells. 

coefficients of these curves are 0.9 + 0.1 (LVA) and 1.0 + 0.1 
(HVA), respectively. A single nickel ion may block a calcium 
channel for either the T or the HVA current in embryonic spinal 
neurons. since both Hill coefficients are close to 1. At a con- 

centration of 50 PM, nickel blocks 75% of T current (Fig. 6,4, 
arrow) but only 23% of HVA current. This concentration of 
nickel was used as a T current-specific blocker in later experi- 
ments. 

A B 
100 - 100 * 

ig 75. z ?# 75. 

-7 -6 -5 -4 -3 -2 -1 -6 -5 -4 -3 -2 

Log [Ni++lo (M) Log [amiloride], (M) 

Figure 6. Dose-response curves for blockade of LVA (T) and HVA currents by nickel and amiloride. LVA currents were recorded in the presence 
of intracellular fluoride; HVA currents were recorded in its absence. Cells were held at V, = - 100 mV and stepped to -35 mV (LVA) or 0 mV 
(HVA). A, The percentage inhibition of Ca 2+ currents is plotted as a function of log [Ni2+], (M). Each point is the mean of more than three cells 
(young and mature). SEM is indicated when greater than symbol size. Values for both LVA and HVA currents are fitted with sigmoid curves (0, 
*); 50% inhibition of LVA and HVA currents is obtained with 13 + 1 PM and 248 k 1 PM [Ni2+], respectively. Thus, LVA current is 20 times 
more sensitive to NiZ+ than HVA currents. Concentrations of Ni2+ less than 50 MM (arrow) affect mainly LVA current. Hill coefficients are 0.9 f  
0.1 (LVA) and 1 .O + 0.1 (HV.). B, The percentage inhibition of calcium current is plotted as a function of log [amiloride],. Each point is the mean 
of >6 mature cells. Data for LVA current are fit with a sigmoid curve (0); 50% inhibition of LVA occurs at 124 + 2 PM, and the Hill coefficient 
of the curve is 1.5. HVA currents are reduced by ~20% at all concentrations tested (*). 
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Data are the percentage of cells exhib- 
iting T current decreases during devel- 
opment. About 60% of cells lose the T 
current during the first two d in culture. 
In contrast the current density in cells 
that express it does not change signifi- 
cantly during this period. Fluoride was 
not used in these experiments to block 
HVA current. The incidence and den- 
sity of HVA current are constant during 
this time. 

Table 1. Developmental changes of calcium currents in cultured embryonic neurons 

Stage 

Young Middle Mature Mature 1 test 
(6-9 hr) (9-18 hr) (18-28 hr) (40-48 hr) (p value) 

Incidence of T current 87.0% 80.7% 67.0% 35.3% 
(23) (31) (76) (34) 

Density of T current 1.79 f  .12 2.01 f  .I3 2.02 + .I3 2.11 + .19 p 2 0.14 
(lO-2 pA/pm2) (21) (30) (33) (14) 

Density of HVA current 36.3 k 1.6 ND 35.3 + 1.6 32.3 ck 1.7 p 2 0.23 
(V,, = -100 mV) (23) (32) (31) 
(IO-* PA/pm*) 

Density of HVA current 13.1 + 1.4 ND 12.4 k 0.6 13.7 + 0.9 P z 0.12 
(V,, = -50 mV) (12) (20) (13) 
( 10mz PA/pm*) 

ND, no difference. Numbers in parentheses are number of neurons tested. 

Eflect of amiloride on Tcurrent and HVA currents. Amiloride, 
like nickel, has been reported to be a specific T current blocker 
in neurons and heart muscle cells (Tang et al., 1988; Tytgat et 
al., 1990; Mogul and Fox, 199 1). We found that 100-500 PM 

amiloride could block T current and had only a small effect on 
HVA current in both young and mature neurons (n > 40). 
Addition of 200 FM amiloride to the recording solution elimi- 
nated most of the T current while HVA current was only slightly 
reduced (Fig. 5B, top and bottom). Furthermore, as with 50 PM 

nickel, blockade by amiloride occurred over the range of phys- 
iological potentials tested (Fig. 5D), as seen in heart muscle cells 
(Tytgat et al., 1990). Blockade of T current by amiloride was 
not affected by the presence or absence of fluoride in the pipette, 
and the effect of amiloride on T current was reversible after it 
was washed out. The dose-response relation for suppression of 
T current by amiloride is fit with a sigmoid curve (Fig. 6B). 
Half-maximal inhibition is achieved with 124 f 2 PM and the 
Hill coefficient of the curve is 1.5. Two amiloride molecules 
may be required to block a single T current channel. With 100, 
200, and 500 PM amiloride in the recording solution, HVA 
currents elicited with a step potential to 0 mV were reduced by 
14+4%(n=6),11 &2%(n=ll),and15+2%(n=3), 
respectively. Amiloride at a concentration of 200-300 PM was 
used as a T current-specific blocker in later experiments. 

Development of T and HVA currents in culture 
T current is present in cultured cells as early as 6 hr after plating, 
during the calcium-sensitive period (Table 1). The threshold of 
T current lies between -60 and -50 mV in all neurons from 
6 to 48 hr in culture. The current density is 1.8 ? 0.1 x 1O-2 
PA/pm2 (n = 21) in 6-9 hr young neurons, 2.0 + 0.1 x 10m2 
PA/pm2 (n = 33) in 18-24 hr mature neurons, and 2.1 f 0.2 
x 10m2 PA/pm2 (n = 14) in 2-d-old neurons. There are no 
significant differences in density even at 2 d of age (for any pair, 
p 2 0.14). 

The rates of activation and inactivation of T current were 
also examined during development. Both the time to half-max- 
imum activation and time constant of inactivation are slightly 
longer for T current in young neurons (Fig. 4). At a step potential 
of -35 mV, t,,z and 7, from 6-9 hr neurons are 4.7 f 0.2 msec 
(n = 11) and 27 + 5 msec (n = 5), while values from 18-24 hr 
neurons are 4.2 + 0.2 msec (n = 22) and 19 f 2 msec (n = 24). 
The kinetics of activation and inactivation of the current in 

young and mature neurons are not significantly different (p > 
0.05 for both t,,, and r,). No change in pharmacological sus- 
ceptibility of the current was observed. The T current recorded 
in young neurons is sensitive to both nickel and amiloride at 
concentrations that block T current in mature cells. 

Although the properties of the current remain the same, the 
incidence of T current in spinal neurons decreases markedly 
during development in culture (Table 1). T current was scored 
as absent when no current was detected at voltages below -45 
mV. T current was recorded from 87% of young neurons, ob- 
served in 67% of mature neurons, and was found in 35% of cells 
at 2 d of age. The early appearance of T current and its sub- 
sequent disappearance at later stages of development have been 
described in other systems (Gonoi and Hasegawa, 1988; Kos- 
tyuk, 1989; McCobb et al., 1989; Thompson and Wong, 1989). 
These features suggest that T current may have a functional role 
in young neurons. 

Developmental changes in HVA current were also studied. 
HVA current is present in all young and mature neurons. The 
density of HVA current does not change during first 2 d of 
development, confirming and extending previous observations 
(Table 1; O’Dowd et al., 1988). Furthermore, with holding po- 
tentials of -50 mV, the density of the relatively steady com- 
ponent of the current showed no significant change during this 
period. These results imply that the current density of the slowly 
inactivating component is also constant. 

Function of T current in regulating intracellular calcium 
during early neuronal development 

Characterization of changes in intracellular calcium in sponta- 
neously active cells. Transient elevations of [Cal+], monitored 
with fura- AM occur spontaneously in cultured neurons during 
the calcium-sensitive period (Holliday and Spitzer, 1990). 
Moreover, these calcium elevations require calcium influx 
through voltage-gated HVA channels. We have further char- 
acterized these calcium transients and examined the relationship 
between T current and spontaneous activity, to investigate the 
mechanisms by which T current regulates [Ca*+],. 

Spontaneous elevations of [Ca2+], were examined by a sub- 
traction protocol to observe changes in indicator fluorescence 
occurring over short intervals. Cells at 6-9 hr in culture were 
loaded with the calcium-indicator dye fluo-3 AM. Images were 
accumulated during two successive periods of 100 set each, and 
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Figure 7. Analysis of spontaneous elevations of [Ca*+], by Caz+ imaging with fluo-3 AM. A, The protocol for examination of “active” cells, 
exhibiting elevation of [Cal+], during a 100 set test period. Two fluorescent images of the same field of cells loaded with flue-3 AM were accumulated 
during two consecutive 100 set periods. The first (a) was used as a background image, subtracted from the second (b) to examine cells active during 
the test period. As shown in b-a, images of cells without elevation of [CW+], cancel each other out, and only those from cells active during the test 
period remain. This protocol was used to study factors regulating the change in [Ca*+],. B, The percentage of active cells in control cultures during 
the 6-9 hr period after plating. Open squares, 10 mM W+; solid squares, 2 mM Ca*+. Nickel (50 PM; open stars) or amiloride (200 PM; solid stars) 
were each applied to four of these cultures after control data were acquired. C, The time course of the change in fluorescence in an active cell. 
Image intensities were normalized to resting fluorescence, to reflect the elevation of intracellular calcium; image intensities were digitized at 3 set 
intervals. 

the first was digitally subtracted from the second (Fig. 7A). Sev- plication of a high concentration of potassium ions to stimulate 
era1 image fields were examined in each culture. “Active” cells young neurons (Holliday et al., 199 1). A slower rise and decay 
were those that had spontaneous elevations of [CaZ+li during a of fluorescence were observed in the other four active cells, in 
100 set test period. They included neurons and undifferentiated 
cells and ranged from 12% to 23% of total cells examined (14 
cultures; Fig. 7B). Cells not active during this period may have 
been active at earlier or later times. The highest percentage of 
active cells was seen around 7 hr after plating, consistent with 
previous studies (Holliday and Spitzer, 1990). To define the 
kinetics of transient increases in [Ca*+],, the time course of 
changes in fluorescence was studied in 15 of these active cells 
(Fig. 7C). In 11, the increase achieved a maximum of 150- 
600% of the baseline level in less than 30 set and decayed in 
less than 60 sec. The calcium elevation in these cells thus lasted 
for less than 90 sec. This increase is consistent with the sixfold 
increase in indicator fluorescence previously observed with ap- 

which increases reached similar levels; the limited period of 
observation precluded definition of the time course of these 
changes. 

A trigger mechanism is required for these “spontaneous” el- 
evations of [Ca”],. HVA current promotes calcium influx and 
is necessary for spontaneous activity (Holliday and Spitzer, 1990), 
but its threshold lies positive to -40 mV (see also O’Dowd et 
al., 1988). Resting membrane potentials of these cells are below 
-90 mV in culture (0.67 mM KCl; Orida and Poo, 1978). Thus, 
substantial depolarization is necessary for activation of HVA 
current. Since T current has a lower threshold (-60 mV), it 
seemed possible that its activation depolarizes the membrane 
potential sufficiently to trigger activation of HVA current, lead- 
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Table 2. Blockade of T current alone is sufficient to suppress spontaneous elevations of [Ca*+ji 

Young neurons were studied with the 
protocol illustrated in Figure 7. In con- 
trols, 17.4% of cells (8 cultures) were 
active. Reduction of [Caz+], from 10 to 
2 mM reduced LVA and HVA currents 
to 86% and 78% of controls, but had 
no effect on the percentage of active cells 
(two cultures). However, application of 
50 PM [Ni2+],, or 200-300 PM amiloride 
(four cultures for each), which reduces 
LVA and HVA currents to 25% and 
77%, or 31% and 84% of control, re- 
spectively, suppressed the percentage of 
active cells. Since the difference be- 
tween reduction in extracellular calci- 
um and drug treatment lies in the per- 
centage of LVA current remaining, this 
current is involved in triggering the in- 
crease in [CA2+],. 

Functional analyses 

Electrophysiological analyses No. of 

% of control “active” 

(peak current) 
No. of cells % of Effect on 

Lca2+l 0 cells (t 
(mM) LVA (T) 

“active” ( T 
HVA (N & L) observed [Ca*+],) cells W+lJ 

Control 10 100 100 1197 208 17.4 - 
Reducing 

W+ I, 2 86a 78 f  6 215 38 17.7 No 
Adding 50 PM 

[Ni2+], 10 25 f  2 77 f  2 676 39 5.8 Yes 
Adding amiloride 

(200-300 /ai) 10 31 *3 84 k 3 577 30 5.2 Yes 
Removing 

Kaz+ I, 0 0 0 216 7 3.2 Yes 

” Estimated. 

ing to calcium influx and changes in [Caz+],. This hypothesis is 
supported by the following three lines of evidence. 

Effects of nickel and amiloride on spontaneous elevations of 
intracellular calcium 
To test the physiological role of T current in spontaneous ele- 
vations of [Ca*+], we used 50 FM nickel in calcium imaging 
experiments, since this concentration blocked most of the T 
current with relatively little effect on HVA currents. In controls, 
208 cells among a total of 1197 in eight cultures exhibited spon- 
taneous increases in [Caz+], (17.4%; Table 2). After application 
of 50 PM nickel to four of these eight cultures (Fig. 7B, open 
stars), only 39 of 676 cells showed spontaneous activity (5.8%). 
Thus, specific blockade of T current with 50 PM nickel appears 
sufficient to inhibit spontaneous elevations of [Caz+], in young 
neurons, even though most of the HVA calcium current re- 
mained unaffected. 

To demonstrate further the role of T current in spontaneous 
elevations of [Ca*+], , we also used amiloride in calcium imaging 
experiments. This agent specifically blocks T current in Xenopus 
embryonic spinal neurons. Among a total of 577 cells treated 
with 200-300 PM amiloride in four ofthese eight control cultures 
(Fig. 7B, solid stars), only 30 showed spontaneous activity (5.2%; 
Table 2). The result is consistent with the effects of application 
of 50 PM nickel, and reinforces the conclusion that T current is 
involved in spontaneous elevations of [Ca*+], in young neurons. 

Additional experiments confirmed that the effects of 50 FM 

nickel and 200-300 FM amiloride are due to blockade of T 
current rather than HVA current, which is reduced by 25-3 1% 
(Table 2). Voltage-clamp recordings showed that reduction of 
external calcium from 10 mM to 2 mM blocked 22 t- 6% of 
HVA current, a reduction similar to that caused by 50 FM nickel 
or 200-300 PM amiloride. Spontaneous activity in cultures 
with 2 mM calcium was then examined. Of a total of 215 cells 
from two cultures (Fig. 7B, solid squares), 38 showed sponta- 
neous activity (17.7%; Table 2). This percentage is not different 
from that seen in the presence of 10 mM calcium, and indicates 
that reduction of standard HVA current by nickel or amiloride 
does not affect spontaneous activity. This result is likely to be 
a consequence of the major contribution of intracellular free 
calcium by release from intracellular stores (Holliday et al., 
1991) triggered by the remaining calcium influx. Addition of 
50 WM nickel to one of these cultures grown in 2 mM calcium 

reduced the active cells to 4.4% (Fig. 7B). When extracellular 
calcium was omitted from the culture medium, only 3.2% of 
cells showed spontaneous activity (Table 2), consistent with 
previous findings (Holliday and Spitzer, 1990). 

Selective blockade of T current by either nickel or amiloride 
suppresses spontaneous activity to an extent that is similar to 
that produced by the substantial blockade of HVA current with 
w-conotoxin (5.8% and 5.2% vs 6%; Holliday and Spitzer, 1990). 
Since a similar effect can be produced by blockade of either T 
or HVA current, these two currents are likely to act in series to 
generate spontaneous elevations of [Ca’+], in these neurons. The 
observations support the hypothesis that T current depolarizes 
cells to trigger activation of HVA current, with calcium influx 
leading to release of calcium from intracellular stores and changes 
in [Ca2+],. 

Thresholds of inward currents. If T current initiates sponta- 
neous activity by depolarizing cells and activating HVA current, 
it would be expected to have the lowest threshold among the 
known inward currents. Sodium current is also present in young 
neurons (O’Dowd et al., 1988). The threshold for sodium current 
activation was studied by equimolar replacement of 2 mM cal- 
cium with cobalt in normal recording solution, to eliminate all 
calcium currents. Sodium currents were activated between -45 
and - 35 mV in five young and five mature neurons. This result 
indicates that T current has lowest threshold (near -60 mV) 
among all inward currents and may act as a trigger. 

&fleets of T current on threshold of simulated action potentials 
The effect of T current on the threshold of the action potential 
in young neurons was examined in computer simulations, with 
a model originally constructed to examine the function of HVA 
currents (Locket-y and Spitzer, 1992). A threefold increase in 
amplitude and twofold increase in rate of activation of the de- 
layed-rectifier potassium current account for most of the de- 
velopmental change in action potential waveform. T current 
was fit using the standard Hodgkin-Huxley formulation for so- 
dium current, replacing conductance with permeability and 
specifying driving force by the constant field equation. Satis- 
factory fits were obtained through the range of voltages at which 
the current is strongly activated (Fig. 8A; see Appendix for equa- 
tions). Since this additional calcium current contributes to in- 
tracellular calcium dynamics that were driven by HVA currents 
in the previous model, the simulation of calcium-activated po- 
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tassium current (ZKr) was also reevaluated (see Materials and 
Methods). ZKT is both calcium and voltage dependent. As a result, 
the contribution of calcium by T current was sufficiently small 
in the voltage range of activation of ZKT that its inclusion did 
not affect the modeling of this potassium current (Fig. 8B; com- 
pare to Fig. 8C of Lockery and Spitzer, 1992). 

In contrast, the threshold of activation of the modeled young 
action potential was lowered by T calcium current. Since the 
model simulates action potentials recorded in 10 mM calcium, 
the voltages of activation of T current and Z,, were shifted to 
more depolarized potentials, to compensate for the difference 
in surface charge under conditions of the recordings (2 and 0.1 
mM calcium, respectively; see Materials and Methods). The ac- 
tion potential simulated without T current had a threshold of 
-21 mV; inclusion of T current lowered threshold to -36 mV 
(Fig. 8C). The effects ofnickel and amiloride were also evaluated 
in the model. Reduction of T current to 25% or 31% (nickel 
and amiloride; Table 2) returned the threshold to -21 mV. In 
contrast, the threshold remained - 36 mV following reduction 
of HVA current to 77% or 84%. Since the T current does not 
change its properties during the first day of development, the 
same equations were then used in modeling the contribution of 
this current to the action potential of mature neurons. Unlike 
the effect of this current in young cells, the T current has no 
impact on the threshold of mature neurons (Fig. 8D). 

Discussion 
Similarity of T currents in d@erent systems 
LVA T-type calcium current and its function during neuronal 
development in Xenopus spinal neurons were studied in vitro 
with whole-cell voltage-clamp and image analysis methods. We 
confirm that LVA calcium T current is present in Xenopus spinal 
neurons at 1 d in culture (Barish, 199 la), when the differenti- 
ation of electrical excitability is mature in many respects. The 
current in these embryonic spinal neurons is already present at 
earlier stages as well, and resembles that in other cells with a 
low threshold and rapid rate of activation and inactivation 
(Swandulla et al., 199 1). T current was isolated by suppression 
of HVA current with fluoride, which has no effect on T current 
amplitude, voltage dependence, and rates of activation and in- 
activation. Maximum peak amplitudes of - 50 pA are recorded 
at a step potential of -35 mV. T currents seen in embryonic 
chick motoneurons, dorsal root ganglion cells, and ciliary gan- 
glion neurons are also - 50 pA or less (Carbone and Lux, 1984; 
Gottmann et al., 1988; McCobb et al., 1989). In addition, the 
T current in Xenopus spinal neurons shares several other phys- 
iological and pharmacological properties with T current seen in 
other systems. The T current is half-activated at -49 mV and 
fully activated at -35 mV, and is half-inactivated at -79 mV 
and fully inactivated at - 5 5 mV. The value of I’,,* for activation 
is in good agreement with values of -45 to -55 mV seen in 
other systems (Fraser and MacVicar, 1991; O’Dell and Alger, 
1991). The value for V,,, inactivation is similar to values of 
-70 to -85 mV seen by others (Coulter et al., 1989; Kaneda 
and Akaike, 1989; Kaneda et al., 1990; Fraser and MacVicar, 
199 1; O’Dell and Alger, 199 1). These IJ’,,~ values are different 
from those reported by Barish (199 la; -49 mV vs -26 mV 
and -79 mV vs - 52 mV), when recording from Xenopus spinal 
neurons cultured in a medium yielding more positive resting 
potentials. 

Nickel and amiloride specifically block T current in neurons 
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Figure 8. Simulation of currents and action potentials. Squares, re- 
corded data; lines, simulated currents. A, T current recorded from a 
young neuron in 2 mM CaZ+; data are plotted at 1.4 msec intervals. 
Holding potential, - 100 mV. B, Z,, recorded from a young neuron in 
0.1 mM Ca2+; data are plotted at 0.4 msec intervals. Holding potential, 
-90 mV (data from Lockery and Spitzer, 1992). Details of fitting pro- 
cedures are provided in Materials and Methods. C, Action potentials 
in young neurons were elicited by 2 msec current pulses of 552 and 640 
pA (?T current), from a holding potential of -90 mV. External con- 
centration of calcium was 10 mM. Threshold is lowered from -21 to 
- 36 mV by inclusion of this LVA calcium current. D, Action potentials 
in mature neurons were elicited by 2 msec current pulses of 697 and 
698 pA (+T current), from a holding potential of -90 mV. Thresholds 
are- 14 mV with and without the T current. See text at above left for 
details. 

and muscle cells (Fox et al., 1987a; Hagiwara et al., 1988; Tang 
et al., 1988; Kaneda et at., 1990; Tytgat et al., 1990; Mogul and 
Fox, 199 1) and block the T current in amphibian spinal neurons 
as well (Barish, 199 la). These agents were useful as blockers to 
determine the roles ofT current in the generation ofspontaneous 
elevations of [Ca2+],. Both compounds could have nonspecific 
effects either on neurons or on the calcium indicator. However, 
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the similar effect of both agents on this current and on the 
spontaneous elevations of [Ca*+], suggests that the results are 
unlikely to be due to their nonspecific effects. 

Changes in T current during development. The T current of 
embryonic Xenopus spinal neurons is present in young neurons 
during the calcium-sensitive period. Although there is no sig- 
nificant change in its properties, the current has been lost from 
more than half of mature neurons. This contrasts with HVA 
current, which persists in all neurons throughout this period 
(O’Dowd et al., 1988). Such early development of T current has 
also been seen in other embryonic systems, including rat hip- 
pocampal neurons (Yaari et al., 1987; Meyers and Barker, 1989) 
chick dorsal root ganglion cells and ciliary ganglion neurons 
(Gottmann et al., 1988) chick motoneurons (McCobb et al., 
1989) rat hippocampal pyramidal neurons (Thompson and 
Wong, 1989) and neurons of the rat neostriatum (Bargas et al., 
199 1). During development the T current may decrease in am- 
plitude or be completely lost (Beam and Knudson, 1988; Gonoi 
and Hasegawa, 1988; Kostyuk, 1989; McCobb et al., 1989). The 
early appearance of T current in different embryonic excitable 
cells suggests that it may play an important role in their devel- 
opment. 

The development of the T current has also been studied in 
vivo in Xenopus embryos (Desarmenien et al., 1993). The in- 
crease in rate of activation seen in vitro is slightly more rapid 
in vivo. In addition, the current density shows an initial increase 
in vivo that does not occur in culture. It is possible that factors 
necessary for this increase are removed when cells are isolated 
in vitro. 

Function of the T current. The function of T current in neu- 
ronal development is a major issue addressed in this study. In 
mature neurons and heart muscle cells, T current plays a role 
in regulating the firing rate (Hagiwara et al., 1988; Lovinger and 
White, 1989; Suzuki and Rogawski, 1989; White et al., 1989; 
Leresche et al., 1990; Pirchio et al., 1990; Soltesz et al., 1991; 
Huguenard and Prince, 1992). Its function in embryonic neu- 
rons during development has been largely unknown. We find 
that T current is not only present during the period when cul- 
tured Xenopus spinal neurons are sensitive to external calcium 
but is also directly involved in spontaneous elevations of [Ca*+], 
that regulate their differentiation. 

The mechanism by which T current regulates [Ca2+], is likely 
to be its depolarization of the membrane potential to activate 
HVA current and promote the elevation of [Ca*+],. Experimen- 
tal evidence supporting this hypothesis is provided by the results 
of application of 50 PM nickel or 200-300 PM amiloride, both 
of which suppress of spontaneous elevations of [Ca2+], in young 
neurons. These results indicate that blockade of T current alone 
can block increases [Ca*+],. Moreover, since blockade of either 
T or HVA current has the same effect on spontaneous activity, 
these two currents are likely to interact in series to increase 
[Ca2+], as proposed. 

Several properties of these neurons support the role of T 
current in triggering activation of HVA current in young neu- 
rons. First, the timing of expression of T current is appropriate, 
since it is present in all young neurons during the calcium- 
sensitive period. Second, the T current has the lowest threshold 
among all known inward currents in young neurons, and is the 
first to be activated upon depolarization. Third, opposing out- 
ward potassium currents are smaller (Barish, 1986; O’Dowd et 
al., 1988) and the input resistance is larger (-2 GQ) in young 
neurons than in mature cells, probably because there are fewer 

ion channels at this stage of development (Baccaglini and Spitz- 
er, 1977; Blair, 1983; O’Dowd, 1983; Harris et al., 1988). Thus, 
the relatively small T current is more likely to achieve sufficient 
depolarization to bring the membrane potential to threshold for 
sodium and HVA calcium currents. Moreover, the ensuing de- 
polarization may initiate an action potential, since activation 
of HVA current in young neurons can produce calcium-depen- 
dent action potentials. This conclusion is supported by the re- 
sults of computer simulations, which show that the presence of 
T current lowers the threshold of the action potential of young 
neurons. However, T current has no effect on the threshold of 
mature neurons in computer simulations and spontaneous el- 
evations of [Ca2+], in mature neurons are decreased. This sug- 
gests that its function in eliciting action potentials is restricted 
to young neurons, as a consequence of increases in potassium 
current density that occur gradually during their maturation 
(O’Dowd et al., 1988). Sustained subthreshold depolarizations 
have been proposed to account for the elevation of [Ca*+], in 
mature neurons (Barish, 199 1 b); however, role of such eleva- 
tions of [Ca*+], in affecting neuronal development is unclear. 

Image analysis of spontaneous changes in intracellular cal- 
cium in cultured neurons. Changes in levels of [Ca2+], in young 
neurons were examined with the calcium-dependent fluorescent 
dye fluo-3 AM. Spontaneous elevations of fluorescence, reflect- 
ing changes in [Ca*+], , were seen in cultured cells at 6-9 hr in 
vitro, as previously reported (Holliday and Spitzer, 1990). Many 
active cells are neurons, although some are morphologically 
undifferentiated cells that may become neurons later. The tran- 
sient nature of the rapid increase of [CaZ+], was identified in 
these spontaneously active cells. In addition, the peak of the 
wave of indicator fluorescence was sixfold above baseline, sim- 
ilar to results obtained by depolarization of neurons with high 
potassium to mimic action potentials (Holliday et al., 1991). 
These findings suggest that elevations of [Ca2+], may be asso- 
ciated with spontaneous action potentials in young neurons. 

Reduction of extracellular calcium from 10 to 2 mM caused 
no diminution of spontaneous activity, although HVA current 
was reduced by 78%. However most of the change in [Ca*+], 
detected in depolarized cells is contributed by calcium-induced 
calcium release from intracellular stores (Holliday et al., 199 1). 
LVA current is largely spared by the reduction of external cal- 
cium, and its summation with the large remaining HVA current 
is likely to be sufficient to act as trigger for this calcium release. 

While LVA current appears to be the trigger for activation of 
HVA current in young neurons, the trigger for activation of T 
current remains to be determined. The cues for depolarization 
could be extracellular, such as growth factors, neurotransmitters, 
or substrate adhesion molecules. Alternatively, the cues could 
be intracellular, and involve normal metabolites. This possi- 
bility is favored by the observation that single cells differentiate 
in isolation in a fully defined medium much as they do in vivo 
(Henderson and Spitzer, 1986) with respect to excitability, neu- 
rotransmitter sensitivity, and neurite elongation. Metabolic con- 
trol of excitability is particularly well studied in pancreatic P-cells 
(Ashcroft and Rorsman, 1989; Peterson, 1992). Similar mech- 
anisms may control spontaneous activity of amphibian spinal 
neurons, since embryonic cells exhibit high levels of metabolic 
activity at early stages of development. 
Appendix 
Young ICh, 
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wheref,, is a scale factor converting the amplitude of the ex- 
emplar to the mean current size, pc,.is the membrane perme- 
ability to calcium, A,, and I?,, are expressions for steady-state 
activation and inactivation, and E,, is the driving force given 
by the constant field equation. ~~,c= and rB,ca are the time con- 
stants of activation and inactivation, respectively. 

f,, = 0.26, 

PC,, = 0.21, 

E = 153W-P4J~ 
ca @8V-l ’ 

20.2 ( 

1 - 0.06 

TA.Ca = 1 + e(141+v)/42 

1 - 0.03 
‘TB,Ta = 300 1 + @3.16fV)/127 . 
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