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Abstract. The kinetics of activation and inactivation of the inward calcium current 
(lea) in morphologically undifferentiated and differentiated neuroblastoma x 
glioma hybrid cells of the clone 108CC15 were studied by the suction pipette 
technique for internal perfusion and voltage clamping. Potassium currents were 
eliminated by internal perfusion of the cells with a K+-free solution. Activation of 
ica followed a sigmoidal time course and could reasonably be fitted by a m2 

relation. The kinetics of JCa inactivation were studied by analyzing the current 
inactivation during long depolarizing steps and by measuring the peak ICa as 
a function of the length of a prepulse. Both methods gave comparable results 
indicating that the ICs> inactivation cannot be fitted by a single exponential. The iCa 

inactivation was fitted by a biexponential function. Neither the activation nor the 
inactivation of ICa were changed after morphological cell differentiation induced by 
treatment with dibutyryl cyclic AMP. 

Key words: Voltage clamp — Suction pipette method — Nerve cells — Calcium 
current kinetics 

Introduction 

In a preceding communication (Bodewei et al. 1985) we reported that morphologi
cal differentiation of the two clonal mouse neuroblastoma X rat glioma hybrid cell 
lines 108CC5 and 108CC15 (NG108-15), induced by N6-2'-0-dibutyryl adenosi-
ne-3',5'-monophosphate (dibutyryl cyclic AMP), was associated with an increase 
in the densities of the inward sodium and calcium currents (iNa and iCa), while the 
voltage dependence of these currents and the ion selectivity of the slow calcium 
channel remained unaltered. Also it was noted that the voltage dependence of the 
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Fig. 1. Block diagram of the data recording system. 

Jca and the selectivity of the Ca2+ channel were similar to what had been observed 
by Moolenaar and Spector (1978, 1979) in N1E-115 neuroblastoma cells. 

In view of the crucial role played by lea in the initiation and regulation of 
functional activities in neuroblastoma x glioma hybrid cells (Nirenberg et al. 1983) 
we felt that there was a need to know more about the properties of this ionic 
current. Accordingly we have undertaken an analysis of the kinetics of activation 
and inactivation of ICa in 108CC15 cells, which are the most extensively studied 
clone among the various neuroblastoma x glioma clonal hybrid lines. 

Methods 

The cells used were obtained by subculturing a batch of 108CC15 hybrids that was kindly donated by 
Prof. B. Hamprecht. They were cultured, internally perfused, and voltage clamped as described in the 
preceding paper (Bodewei et al 1985). For differentiation, which was monitored as morphological 
changes (see Bodewei et al. 1985), the cells were cultured for 6 to 8 days with 1 mmol/1 dibutyryl cyclic 
AMP, generously supplied by Boehringer Mannheim GmbH. Undifferentiated cells in the exponential 
growth phase were used for comparison in some experiments. 

The kinetic parameters of ic. were analyzed with the Wave Form Analyzer system 5500, EMG, 
Hungary. The command pulses and the recording of the current responses were controlled by an 
EMG-666 computer. Both the programmable X-Tal-controlled stimulator (EMG) and the Wave Form 
Analyzer system communicated with the computer through an interface (Fig. 1). The stimulator 
provided the pulse sequence to the voltage clamp and the sample commands to an 8 bit analog-to-digital 
converter. 

The currents were digitized every 20 or 40 us and 1 ms, respectively, for activation and inactivation 
analyses. The time constants of ic. activation and inactivation were determined from 4 averaged current 
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time recordings for a given voltage clamp step. For analysis of the Ic. activation the current time course 
was corrected by subtraction of the linear component of the capacitative and leakage currents by 
averaging the current traces after hyperpolarizing and depolarizing voltage steps. 

As a rule, about one hundred equally weighed data points were used for parameter estimation by 
equations (3) and (4) (see Results section) with the help of the nonlinear least squares curve fitting 
method of Marquardt as described by Reich et al. (1972), using a BESM-6 computer. The estimated 
variation range of the calculated rh, and th2 values was less than 5 and 20 per cent, respectively. 

Results 

Our kinetic analysis of IC a activation and inactivation in neuroblastoma x glioma 
hybrid cells is based on the Hodgkin-Huxley model (Hodgkin and Huxley 1952) 
with a modification describing the inactivation as a biexponential process. 

The Ca2+ permeability is given by 

Pea = Pea. m". h, with h = hi + h2. (1) 

The potential and time-dependent Ca permeability coefficient PCa is defined by the 
constant-field relation (Fatt and Ginsborg 1958) 

4 VF2 [Ca], exp (2 VF/RT) - [Ca]0 
ica ťca- R T • exp (2 VF/RT) - 1 ' < 2 ) 

According to calculations taking into account K„ and Kn , of 50.12 1/mol 
° DCaHP04

 D HPOi" 

and 1(T7 mol/1, respectively, [Ca], was calculated to be below 10"6 mol/l. F, R, and 
T have the usual thermodynamic meanings. 

Activation of Ic* 

Fig. 2A shows the rising phase of the Ca2+ current in the neuroblastoma x glioma 
hybrid cells during different voltage steps after digital substraction of leakage and 
capacity currents. It can be seen that the activation of Jca follows a sigmoidal time 
course. The experimental points were fitted to 

íca = í c a ( l - e x p ( - í / T m ) ) n (3) 

and corrected for inactivation after fitting the current decay to a biexponential 
function (see Methods). According to Fig. 2A the activation of the Ca current is 
reasonably fitted by a m2 relation. 

The activation time constant decreased from about 7 ms at -40 mV to 3.5 ms 
at 0 mV in undifferentiated as well as differentiated hybrid cells (Fig. IB). The 
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Fig. 2. (A) Calcium currents corrected for leakage and capacity currents (see Methods). The membrane 
potential is indicated for each trace. Circles (O) represent values yielded by equation (3) (see text) after 
activation (see text) after correction for inactivation. Holding potential - 8 0 mV. (B) Relationship 
between Ic activation, tm, and voltage in undifferentiated (O) and differentiated (A) 108CC5 
neuroblastoma x glioma hybrid cells (mean values of two cells each). 
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Fig. 3. Voltage dependence of steady state inactivation (dashed line) compared with that of the 
steady state activation of Ca permeabilities in undifferentiated (O) and differentiated (A) 108CC15 
hybrid cells. 

steady state activation of Ic. (Fig. 3) is calculated from ntoo = \/jr1, the calcium 
' i C a 

permeabilities having been obtained from the maximum Ca2+ current at a given 
voltage step after correction for inactivation. 

Inactivation of Ic 

In all hybrid cells studied, the inactivation of JCa in the voltage range of -30 to 
+ 10 mV was not a single exponential function (Fig. 4A). The time course for 
inactivation can be expressed mathematically by the equation: 

icad« = A exp(- t lx h l ) + B exp(-ŕ/fh2) + C, (4) 

where Thi and Th2 represent the fast and slow time constants of the current 
inactivation, respectively. The values of Thl and Th2 were obtained by a computer 
from the least squares fit of the 7Ca inactivation (see Methods). At long depolarizing 
test pulses (Is) the Thi and Th2 values obtained from a semilogarithmic plot of the 
lea inactivation were comparable to those yielded by the least square fit of the 
function (Fig. 4JB). At shorter test pulses, Thl and rh2 could not be separated 
sufficiently by the linear method. 

Like in myelinated nerve (Chiu 1977), the coefficients A and B are voltage 
dependent. The fast component of the amplitude became increasingly dominant 
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Fig. 5. Relative amplitude of the slow component (B/B + A) as a function of membrane potential in 
3 different cells. The calcium concentration was 10 mmol/1 (A), 19 mmol/1 (O), and 50 mmol/1 ( x ) . 

with increases in the test pulse amplitude and the slow component simultaneously 
decreased (Fig. 5). However, as shown in Fig. 5, the relative amplitude of the slow 
component at a given voltage was nearly the same in all cells studied. 

The time constant of the fast inactivation of the ICa at different depolarizing 
potentials is shown in Fig. 6A and that of the slow inactivation for two extracellular 
Ca2+ concentrations is shown in Fig. 6B. Considering the shift in the I—V 
relationship induced by increasing the extracellular Ca2+ concentration (Fig. 6B) 
neither rh2 nor the voltage dependence of rhl were affected by an increase in the 
current amplitude or by substitution of 10 mmol/1 Ba2+ for 10 mmol/1 Ca2+. 

As a second and independent method for the study of the voltage dependence 
of the ica inactivation we used the double pulse method (Fig. 7A). When in the two 

Fig. 4. (A) Inactivation of Ca2* currents in a differentiated 108CC15 hybrid cell. VM values indicate the 
membrane potential during 1-s pulses. We fitted the decay of the current by two exponentials, Th, and 
Th2, shown in each panel. At VM = - 4 0 mV the decay was fitted by a single exponential. The peak values 
of Ic. in this particular experiment were slightly shifted in time because of low pass filtering. Scaling 
down on the upper left panel applies to all 6 panels. (B) Estimation of the inactivation time constants 
from the semilogarithmic plot of Jc,. The straight line was fitted by microcomputer. The fast component 
was obtained by digitally subtracting the slow component from the whole inactivation time course. The 
curves and data points are photographs of the computer display. 
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Fig. 6. (A) Time course of fast inactivation Th, in undifferentiated (O) and differentiated (A) hybrid 
cells as a function of the membrane potential (mean values from 3 cells). (B). Time course of slow 
inactivation Th2 in differentiated 108CC15 cells as a function of membrane potential in 10 mmol/1 [Ca]„„, 
(D) and 50 mmol/1 [Ca]„„, (O). Inset shows the current-voltage relationship of Ic. at the above two 
extracellular Ca2+ concentrations. Note the shift of I c . peak values. The time course of the slow 
inactivation was nearly the same in undifferentiated 108CC15 cells. 

pulse experiments the logarithm of the test pulse current amplitude was plotted 
against the duration of the prepulse, the estimated time course could not be fitted 
by a single exponential (Fig. IB). The estimated time constants of the fast and slow 
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components were found to be close to Thi and Th2. As observed from the decay of 
Jca for larger depolarizations the fast phase became dominant and the estimation of 
the second time constant was made difficult, since the slow component was closely 
approaching the zero line. 

Discussion 

jTCa activation and inactivation in membranes of various nerve and muscle prepara
tions (Henček and Zachar 1977; Akaike et al. 1978; Sanchez and Stefani 1978; 
Kostyuk et al. 1981; Llinás et al. 1981; Ashcroft and Stanfield 1982) could be 
fitted by the Hodgkin-Huxley model (1952) which assumes separate processes of 
activation and inactivation. For the present case, the original model needs to be 
expanded on the basis of the inactivation being a biexponential process. 

As in snail neurons (Kostyuk et al. 1981; Byerly and Hagiwara 1982), JCa 

activation in the hybrid cells is reasonably well fitted by m2 kinetics (Fig. 2A). 
However, according to more detailed studies of ICa activation kinetics in snail 
neurons (Brown et al. 1983) and chromaffin cells (Fenwick et al. 1982) an analysis 
that encompasses the tail currents is needed to obtain a full picture of I C a activation. 

A biexponential time course of IC a inactivation has been described by several 
groups of investigators in neurons (Kostyuk and Krishtal 1977; Brown et al. 1981; 
Doroshenko et al. 1984) and other tissues (Ashcroft and Stanfield 1982; Isenberg 
and Klôckner 1982). In the present work, the kinetics of development of JCa decay 
was studied by two independent methods. With both the single and double pulse 
method the inactivation in the hybrid cells is better described by two time constants 
than it is by one. The fast and slow time constants of ICa inactivation were observed 
in differentiated as well as in undifferentiated hybrid cells. The values of both time 
constants were not significantly dependent on the ICa current amplitude (Fig. 6B). 
It therefore seems unlikely that series resistance can account for the observed 
nonexponential decay of the calcium current. The leakage current was always 
linear in the studied potential range. As reported in the preceding paper (Bodewei 
et al. 1985), nonspecific outward currents could be detected only during large 
depolarizing steps in the potential range more positive than + 1 0 mV. All these 
facts indicate that, over a voltage range of - 3 0 mV to +10 mV, where the 
nonexponential inactivation of JCa is most prominent, this decay should be 
attributed to la, relaxation. 

The determined fast and slow time constants of i C a inactivation in the hybrid 
cells are comparable to the Zf-and is-values of I C a decline determined by Doroshen
ko et al. (1984) in snail neurons. These authors attributed the fast decline of lea to 
an activation of a nonspecific outward current. As pointed out above, this was 
certainly not the case in the present experiments at potentials more negative than 
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Fig. 7. (A) Turn-off of the calcium current in two-pulse experiments. Ordinate shows Ic. (elicited by 
test pulse) relative to I c without prepulse. Abscissa: duration of prepulse (ms). Test pulse duration 
100 ms. Prepulse potentials (Vp) were from - 5 0 to - 1 0 mV for measurements of onset of inactivation. 
The curves for - 50, - 45, - 35 and - 30 mV could be fitted by the sum of two exponentials. At poten
tials positive to this range only one exponential could be determined (see text). Pulse protocol (see text) 
consisted of a prepulse and a test pulse to - 3 0 mV, separated by a 40 ms interval. ( # ) 5 0 m V ; 
( • ) 45 mV; ( • ) 40 mV (O) 35 mV; (A) 30 mV; ( • ) 20 mV; (A) 15 mV. (B). Data for prepulse 
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+ 10 mV. Neither did we observe a Ca2+-dependent inactivation caused by entry of 
Ca2+ ions into the cell, as described by Brehm and Eckert (1977) and by Tillotson 
(1979). 

Our kinetic analysis of ICa in 108CC15 neuroblastoma x glioma hybrid cells 
indicates that, with respect to its inactivation kinetics, this current is comparable to 
the Na+current in the nodeofRanvierl(Meves 1978). Studies of JCain nerve cells of 
various species have revealed differences in phenomenological properties of this 
current that may reflect the existence of several types of Ca2+ channels (Hagiwara 
and Byerly 1981; Tsien 1983; Kostyuk, personal communication). In the present 
study, no significant change in the kinetic properties of iCa could be detected in the 
neuroblastoma x glioma hybrid cells after prolonged treatment with dibutyryl 
cyclic AMP, although the morphology of the cells, which had ceased to proliferate 
(Bodewei et al. 1985), was markedly changed. 

The nonexponential decay of JCa in the present study was fitted by the sum of 
two exponentials. The reasonable fit of the experimental data by the proposed 
model could be interpreted as evidence for the existence of two Ca2+ channel 
populations with different inactivation properties. In analogy to Chiu's model of IN a 

inactivation (Chiu 1977), a three state model may also fit the present data of 
a biexponential decay of iCa in the 108CC15 hybrid cells. Investigations on single 
channels can be expected to answer this question. 
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potential of - 4 0 mV plotted semilogarithmically. Inset: Ic. during the test pulse. In general, curves 
could be fitted by an equation of the form 

í(ť) = A exp ( - </TCI) + B exp( - i/Tca), 

where A and B are constants. 

Using the results shown in the Figure 7A, TCI and Tc2 were calculated in 3 different cells to be at 

Vp = - 5 0 m V 
V p = - 4 5 m V 
Vp = - 3 5 mV 
Vp = - 3 0 m V 
Vp = - 2 0 m V 
V p = - 1 5 m V 

r c, = 312 ± 48 ms 
rc, = 140 ± 30 ms 
T C , = 61 ± 19 ms 
Tc, = 29 ± 3 ms 
TC, = 27 ± 4 ms; 
Tci = 21 ± 6 ms. 

and 
and 
and 
and 

TC2 = 2020 + 3 0 0 ms; 
Tc2 = 1300 ± 210 ms; 
Tc;= 230 ± 28 ms; 
TC 2= 230 ± 28 ms; 
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