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Summary. The kinetic and steady-state characteristics of calcium 
currents in cultured bovine adrenal chromaffin cells were ana- 
lyzed by the patch-clamp technique. Whole cell inward Ca > 
currents, recorded in the presence of either 5.2 or 2.6 mM Ca 2+ 
exhibited a single, noninactivating component. To analyze the 
effects of Ca 2= and Bay K-8644 on the kinetics of the Ca 2 cur- 
rents, we used a modified version of the Hodgkin-Huxley empiri- 
cal model. At physiological [Ca 2+] (2.5 raM) the midpoint of the 
steady-state Ca2+-channel activation curve lay at -6 .9  mV. In- 
creasing the [Ca 2+] to 5.2 mM shifted the midpoint by 4.3 mV 
along the voltage axis. At the midpoint, changes in potential of 
7.8 mV (for 5.2 mM Ca 2+) and 9.2 mV (for 2.5 mM Ca 2+) induced 
an e-fold change in the activation of the current. Increasing 
[Ca2+]o from 2.5 to 5.2 mg induced a marked increase in the rate 
constant for turning on the Ca > permeability. Conductances 
were estimated from the slope of the linear part of the current- 
voltage relationships as 8.7 and 4.2 nS in the presence of 5.2 and 
2.5 mm Ca'-*, respectively. Incubation of the cells in the presence 
of Bay K-8644 at increasing concentrations from 0.001 to 0.1 //~M 
increased the slope conductance from 4.2 to 9.6 nS. Further 
increases in the concentration of Bay K-8644 from 1 to 100 /zM 
induced a marked reduction in the conductance to 1.1 nS. In the 
presence of Bay K-8644 (0.1 txM) the midpoint of the activation 
curve was shifted by 6.1 mV towards more negative potentials, 
i.e., from -6 .9  to - 13 mV. At the midpoint potential of - 13 mV, 
a change in potential of 6.9 mV caused an e-fold change in Ca 2+ 
permeability. The kinetic analysis showed that Bay K-8644 sig- 
nificantly reduced the size of the rate constant for turning off the 
Ca 2+ permeability. 
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Introduction 

Acetylcholine and high K § induce secretion of cate- 
cholamines (CA) from adrenal medullary chromaf- 
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fin cells in culture (Schneider et al., 1981; Baker & 
Knight, 1984), and the secretory response is abso- 
lutely dependent on extracellular calcium ([Ca2+]o) 
(Holz, Senter & Frye, 1982; Heldman et al., 1989). 
The crucial problem involved in analysis of cal- 
cium-dependent CA secretion now includes under- 
standing the mechanisms by which specific recep- 
tors can induce elevation of cytosolic calcium 
concentration ([Ca2+]i). It has become apparent that 
the calcium responsible for the elevation in intracel- 
lular calcium during cholinergic activation of the 
chromaffin cells originates both from intra- and ex- 
tracellular sources (Kidokoro & Ritchie, 1980; Kao 
& Schneider, 1985), and the relative magnitudes of 
these contributions depend on the dose and the type 
of cholinergic agonist used (Forsberg, Rojas & Pol- 
lard, 1985; Rosario et al., 1989). A rapid elevation of 
[ C a 2 + ] / o c c u r s  immediately after occupancy of ei- 
ther cholinergic nicotinic or muscarinic receptors 
(Rosario et ai., 1989). While nicotinic receptors 
modulate the entry of Ca 2+ from the external me- 
dium, muscarinic receptors elicit the release of Ca 2+ 
from intracellular pools as a consequence of inositol 
trisphosphate production through a common recep- 
tor-operated transduction process. The process ap- 
pears to involve phospholipase C-catalyzed hydrol- 
ysis of membrane phosphoinositides (Forsberg et 
al., 1985; Pollard et al., 1986). High K + causes se- 
cretion by depolarizing the membrane, which in 
turn activates voltage-gated Ca 2+ channels. The 
value of high K+-induced secretion is that it allows 
analysis of voltage-gated Ca 2§ pathways relevant to 
secretory processes. 

Earlier studies using the patch-clamp technique 
demonstrated the presence of voltage-dependent, 
noninactivating Ca 2+ channels in cultured bovine 
adrenal chromaffin cells (Fenwick, Marty & Neher, 
1982a,b). Further support for the idea that this Ca 2+ 
channel was involved in CA secretion evoked by a 
sudden elevation of extracellular K § was provided 
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by the observation that Ca2+-channel agonist (Bay 
K-8644) and antagonists (nifedipine and nitrendi- 
pine) respectively enhance or reduce CA release in 
response to high K § or cholinergic agonists (Cefia et 
al., 1983; Garcia et al., 1984; Heldman et al., 1989). 

The purpose of our present work was to deter- 
mine the kinetic and steady-state characteristics of 
the noninactivating Ca 2+ channel known to be 
present in bovine adrenal chromaffin cells. Analysis 
of the time course of the Ca 2§ permeability increase 
in response to membrane depolarization confirmed 
the existence of a single delayed component. Since 
the Ca 2+ current was sensitive to Bay K-8644, we 
proposed that chromaffin cells are equipped with 
Ca 2+ channels of the L type (Tsien et al., 1987; 
Kaczmarek, 1988). 

Materials and Methods 

PREPARATION OF THE CHROMAFFIN CELLS 

Chromaffin cells were prepared from bovine adrenal medulla by 
a modified collagenase digestion method similar to that described 
previously in detail (Greenberg & Zinder, 1982). After further 
separation of the chromaffin cells using a percoi1 gradient (Kilpa- 
trick et al., 1980), they were placed in Eagle's essential medium 
at a concentration of 2 million cells per dish (35 ram, Coming) 
and allowed to recover from the isolation procedure for a 3-day 
period in a CO2 incubator at 37~ After this incubation the cells 
were ready for patch-clamp measurements. 

ELECTRICAL MEASUREMENTS 

Pipettes were prepared from micro-hematocrit capiIlary tubes 
(i.d. 1.1-1.2 mm, wall thickness 0.2 mm) using a BB-CH micro- 
electrode puller (Mecanex S.A., Geneva, Switzerland). For 
those experiments in which membrane capacity was measured 
and used to normalize the current, the tip of the pipettes was fire 
polished and coated almost to the tip with Sylgard (184 Elasto- 
mer kit, Dow Coming, Midland, MI). These pipettes had an 
open-tip resistance in the range from 1.5 to 3.5 MfI, and when 
the cell-attached seal was formed the resistance rose to 20-50 
GI~. Current transients were recorded under voltage-clamp con- 
ditions using a List EPC-7 amplifier (List-Electronics, Darm- 
stadt-Eberstadt, FRG). 

EXPERIMENTAL PROTOCOL 

Whole-cell currents were recorded at room temperature (18- 
23~ Once a satisfactory seal was established (>20 Gfl), the 
capacity transient was compensated for, and then the membrane 
patch was broken by applying gentle suction to the pipette. Im- 
mediately after the whole cell recording configuration was estab- 
lished, the membrane potential was measured under current 
clamp conditions. As a rule, the values measured fell in the range 

from -45  to 65 mV. Since the solution used to dialyze the cell 
interior (in mM: 75 Cs Glutamate, 75 CsC1, 2 Mg-ATP, 10 Na- 
HEPES, 1 CaCI2, 10 CsEGTA, pH = 7.2) blocked K + channels, 
the membrane potential decreased with time (<3 min) to about 
- 40  mV. Under voltage-clamp conditions, the holding potential 
was adjusted to - 80  inV. At this time we estimated the value of 
the ceil capacitance and the size of the resistance in series with 
the membrane R, (5-6 Mf~) as described elsewhere (Sakmann & 
Neher, 1983). Membrane capacity, measured as the extra capac- 
ity acquired with the whole cell configuration, ranged from 6 to 8 
pF. Since for the present series of experiments we used Na-free 
extracellular solutions (in mM: 140 CholineCl, 1 MgCI2, 2.5 or 5.2 
CaC12, 5 KCI, 10 CsHEPES, pH = 7.4), the fast and large inward 
Na + current was absent from our records (Fenwick et al., 
1982a,b). In perfect agreement with previous work (Fenwick et 
al., 1982a,b), the absolute size of the inward current was always 
smaller than 0.5 nA. Complete correction for the effects of this 
resistance in series would be achieved on-line by positive feed- 
back of a voltage Vs equal to the product of the time varying 
current i(t) and R,. Thus, for an estimated value of R, smaller 
than 6 MfL the maximum V, that would adequately compensate 
for the effects of R, would be 3 mV. A comparison of the currents 
in the presence (experiments with 2.5 mM Ca 2+) or absence (ex- 
periments with 5.2 mM Ca 2") revealed that both the kinetic and 
steady-state characteristics of the inward currents were unaf- 
fected by the R, compensation (see Results). 

A digital computer (System 90, Computer Instrumentation, 
South Hampton, U.K.) was used on-line to generate voltage 
pulses and to record the current signal. Current transients were 
low-pass fltered (corner frequency set at 10 kHz) to a 12-bit 
analog-to-digital converter. Voltage pulse protocols were under 
computer control, and the current signal was digitized at 70/xsec 
sampling intervals. Each record was stored on digital magnetic 
tape using a method that enabled us to store records consisting of 
3072 samples in 500 msec. The single pulse procedure was used 
to acquire a series of current records at different membrane po- 
tentials. During each cycle (0.25-0.5 Hz) either two rectangular 
pulses of identical size, but opposite polarity (-2--10, -+20, -+30, 
-+40 and -+50 mV) or two pulses of different size and opposite 
polarity (60/-50, 70/-50 . . . . .  140/-50 mV) were applied. 
Each record of the membrane currents consisted of three consec- 
utive segments: the first segment (4.48 msec) at the holding po- 
tential was acquired to form a baseline; the second segment (typ- 
ical duration 103 msec) at the membrane potential during the 
pulses was acquired to obtain the nonlinear components of the 
membrane currents, and the third segment (typical duration 107 
msec) at the holding potential was acquired to obtain the tail 
currents. 

The same computer was used after the experiments for off- 
line analysis of the records. Before starting the analysis, each 
record was treated as follows: (i) The holding current before the 
test and control pulses (base line) was evaluated. (ii) Test pulses 
were always in the depolarizing direction. The control pulse 
could be either in the depolarizing or in the hyperpolarizing di- 
rection. However, for all the experiments presented here, a re- 
cord of the membrane currents in response to a fixed pulse (20 
mV) was used as a control record. The test pulse and the control 
pulse current transients (after proper scaling of the control pulse 
transient) were summed. (iii) Several pairs (2-5) were averaged. 
(iv) The 3072 points in each averaged record were condensed 
into 1024 values by averaging again each subsequent three 
points. 
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Fig, I. Time course of the inward currents at different membrane potentials. Superimposed Ca -~+ current records corrected for capacity 
transients and leakage currents as described in Materials and Methods. (A) Chromaffin cell internally dialyzed with K'-free solutions 
(Cs + in place of K+). The external Na+-free solution (Choline + in place of Na +) contained 2.5 mM Ca 2+. Temperature about 20~ (B) 
Inward currents from another chromaffin cell bathed in Na'-free medium containing 5.2 mM Ca 2+. Temperature ca. 20~ (C) Current- 
voltage relationships in 2.5 (�9 and 5.2 (0) mM [CaZ-]o. Symbols represent the mean values of nine experiments on different cells at 2.5 
mM [Ca2+]o and four experiments on different ceils at 5.2 mM [Ca2+]o. Vertical bars represent 2 SEM. Conductances (estimated from the 
linear parts at 10 through 40 mV) were 4.2 (�9 and 8.7 (0) nS, respectively. Dashed curve represents the predicted size of the current at 
5.2 mM [Ca2+]o and was generated using Eq. (lb) (see text) and the data points obtained at 2.5 mM (O) 

R e s u l t s  

VOLTAGE-DEPENDENT CALCIUM CURRENTS 

EXHIBIT A SINGLE COMPONENT 

Figure 1 depicts two sets of superimposed mem- 
brane current records from a chromaffin cell inter- 
nally dialyzed with K+-free Cs + solution and bathed 
in a modified Krebs buffer (in mM: 140 CholineC1, 5 
KC1, I MgCI2, 10 NaHEPES, pH 7.4) in the pres- 
ence of either 2.5 (A) or 5.2 mM CaCl2 (B). At each 
membrane potential the inward current gradually 
increased, reaching a maximum level which re- 
mained constant until the end of the pulse (107 
msec). These characteristics of the conductance in- 
crease suggest the presence of a single voltage-de- 
pendent pathway for Ca 2+ entry in the chromaffin 
cell membrane. Figure 1C shows the corresponding 
current-voltage relationships (I-V curves). Increas- 
ing [Ca2+]o from 2.5 to 5.2 mM had no effect on the 
kinetics of the currents. However, the size of the 
current increased (Fig. 1C), as predicted on the ba- 

sis of the assumption of independence (Hodgkin & 
Huxley, 1952a) and constant field (Hodgkin & 
Katz, 1949). We may write 

P c a =  ica{RT/4F2}{1/[Ca]V}{( e2vFmr - 1)/( ea(v-%qlfmr-  1)} 

(la) 

where Pca represents the permeability to Ca 2+, V~q 
represents the equilibrium potential and R, T, F 
have their usual meanings. Assuming that at each 
membrane potential Pca remains constant, the ratio 
of the current ic, recorded at 2.5 mM over the cur- 
rent i~  recorded at 5.2 mM should be 

ica/i~ a = [CaZ,]/[CaZ,],{(e2CV-VeqlFmT_ 1)/(e2(V V~q):-/,~T _ 1)} 

(lb) 

where/ca, [Ca z+] represent the steady-state current 
and the external concentration of Ca 2+ for the con- 
trol and, i~a, [Ca2+]  * a r e  the corresponding values 
for the test run. Assuming that 
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Fig. 2. Total inward currents  and model  
currents  (solid curves).  Cells bathed in a 
Na+-free medium and internally dialyzed with 
a solution containing Cs + in place of K +. To 
acquire these  records current  samples  were 
obtained every 70/xsec .  For  the initial part of  
the records,  each symbol  represents  the 
average of three samples .  Solid lines represent  
fitted curves  calculated using Eq. (1) given in 
the text. (A) [Ca2+]o = 2.5 raM. A few 
membrane  potential values  during the 
depolarizing pulses  are given next  to the 
corresponding record ( temperature ca. 20~ 
(B) [Ca2+]o = 5.2 mM. (C) Tail currents  after 
pulses taking the membrane  potential from 
- 8 0  to 60 mV in 10 mV steps.  [CaZ+]o = 5.2 
mM. The mean  value of the tail t ime constant  
was 7.2 +- 0.6 msec  
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Veq = RT/2F in {[Ca2+]o/[Ca2+];}, (2) A ) 

for a [Ca2+]i of 50 x 10 9 M, Veq is calculated as 135 
and 144 mV at [Ca2+]o of 2.5 and 5.2 raM, respec- 
tively. Dashed curve was calculated using Eq. (lb). 

Conductances were estimated from the slope of 
the linear part of the/-V curves as 4.2 and 8.7 nS in 
the presence of 2.5 and 5.2 mM [Ca2+]o, respec- 
tively. 

A N A L Y S I S  O F  T H E  I N W A R D  C a  2+ 

C U R R E N T  K I N E T I C S  

The steady-state and kinetic characteristics of the 
Ca 2+ currents were determined by the approach 
previously used by us (Stutzin et al., 1989) and 
others (Quinta-Ferreira, Rojas & Arispe, 1982), i.e., 
the empiridal Hodgkin-Huxley (1952b) formalism. 
Figure 2 shows that it is possible to accurately fit all 
the inward current records by assuming the pres- 
ence of a single component of the current. We may 
write 

/ c a ( V )  : i c a ,max (V){1  -- exp[-t/r(V)]} 2 (3) 

where r(V) represents the time constant for activa- 
tion and/Ca,max(V) the steady-state level of the cur- 
rent at each membrane potential V. For this analy- 
sis, the records were corrected for leakage and 
linear capacity currents (see Materials and Meth- 
ods). Steady-state and activation time constant val- 
ues were obtained from the least squares regression 
fit illustrated in Fig. 2. The goodness of the fit was 
evaluated using a computer program designed to 
minimize the sum of the squared differences be- 
tween the measured and the predicted values. Fig- 
ure 2 shows two sets of fitted curves calculated with 
Eq. (I) (solid lines) together with the corresponding 
current record made in the presence of 2.5 (,4) or 5.2 
mM Ca 2+ (B). Also shown in Fig. 2C are the tail 
currents recorded after the pulses in the presence of 
5.2 mM Ca 2+. 

We can define the time constant of activation in 
terms of the rate constants for a single transition 
between two states, i.e., cffV) and/3(V) as 

r(V) = l/{cffV) +/3(V)} (4) 

and the fraction of the Ca 2+ channels in open config- 
uration in the steady state (or open probability) 
m~(V) as 

ms(V) = ~(V)/{a(V) + /3(V)}. (5) 

The midpoint for the steady-state m~(V) function 
calculated from the data obtained in the presence of 
2.5 mM Ca 2+ (Fig. 3A, �9 lay at -6.9 mV and 9.8 
mV induced an e-fold change in moo(V) at this poten- 
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Fig.  3. S t e a d y - s t a t e  o p e n  Ca2+-channel  m-ga te  and  t ime  c o n s t a n t  

cu rves .  (A) ms  va lues  w e r e  o b t a i n e d  f rom the I-V curves .  Con-  

t i nuous  c u r v e s  w e r e  c a l c u l a t e d  w i t h  the  fo l lowing  equa t ion :  

m= = 1/{1 + e x p [ a ( V -  Vo)/kT] 

w h e r e  kT was  t a k e n  as  25.3 meV.  P a r a m e t e r s  f rom the  bes t  fit: 

[Ca>]o  = 2.5, a = - 2 . 7 ;  Vo = - 6 . 9  mV.  

[Ca2+]o = 5.2, a = - 3 . 2 ;  1/o = - 1 1 . 2  mV.  

(B) F i t t ed  t i m e  c o n s t a n t  c u r v e s  w e r e  ca l cu l a t ed  us ing  the equa-  

t ions  g i v e n  in the  t e x t  w i t h  the  fo l lowing  p a r a m e t e r s  for  the  bes t  

fit: A t  2.5 mM Ca  2+, A = 96.1 sec 1, a = - 0 . 7 4 ,  Vo = - 1 4 . 8  mV;  

B = 35 sec  1, b = - 1 . 2 2 ,  Vo = - 1 5 . 1  inV.  A t  5.2 mM Ca  2-, A = 

144.4 sec  i a = - 0 . 5 7 ,  Vo = - 9 . 9  m V ;  B = 47.32, b = - 1.25, Vo 
= - 14.9 mV 

tial. At 5.2 mM Ca 2+ (Fig. 3A, 0) the corresponding 
values were -11.2 and 8.5 mV. 

Equations (4) and (5) were resolved for o~(V) 
and/3(V). Shown in Fig. 4 are the values of the rate 
constants at 2.5 (A) and 5.2 mM Ca 2+ (B). The 
curves represent the best fit to the points and were 
calculated using exponential rate functions of the 
form 

a ( V )  = A e x p [ a ( V  - Vo)] 
/3(V) = B exp[b(V - Vo)] 

(6a) 

(6b) 
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F i g .  4. Effect of  increasing [Ca 2+] f rom 2.5 to 5.2 mM on rate 
constants .  (A) Rate  cons tan ts  in the presence of 2,5 m ~  [CaZ+]o, 
Parameters  for the best  fit as follows: A = 96.1 sec -~, a = - 0 . 6 6  
electronic charges  and Vo = - 1 4 . 8  mV. B = 46.4 sec -t ,  b = 
- 1 . 2 5  electronic charges and Vo = - 1 4  mV. (B) Rate constants  
in the presence of 5.2 mM [CaZ+]. Parameters:  A = 144.4 sec -I, 
a = - 0 . 7 5  electronic charges  and Vo = - 1 0  inV. B - 47.4 sec -~, 
b = - 1 . 3  electronic charges and Vo = - 1 5  mV 

where a (or b) and Vo have their usual meaning. The 
values of the time constants are shown in Fig. 3B 
together with the continuous curve calculated with 
Eqs. (4), (5) and (6a,b). The parameters that gave 
the best fit are given in the legend to Figs. 3 and 4. 

B A Y  K - 8 6 4 4  E N H A N C E S  C a  2+ I N W A R D  C U R R E N T S  

The Ca2+-channel agonist Bay K-8644 potentiates 
Ca release evoked by high [K+]o in adrenal medul- 
lary chromaffin cells (Garcia et al., 1984). Consis- 
tent with these results we found that Bay K-8644 
(0.1/xM) potentiates inward Ca 2+ currents in a dose- 
dependent manner (Figs. 5-7). Maximum enhance- 
ment was achieved at 0.1 /~M (Figs. 6 and 7). Inter- 
nal application of Bay K-8644 alone (0.1 /xg) also 
enhanced inward Ca 2+ currents (Fig. 6B, @). Doses 

5 0  m s e c  
I I 

la 

A) Contro l  

5 0  m s e c  
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B ) B a y - k ,  I 0 0  nM o 

Fig. 5. Effect  of  BAY K-8644 on inward currents .  Inward cur- 
rent kinetics in the above (A) or in the presence (B) of BAY K- 
8644 (0.1/zM). Membrane  potential during some of the depolariz- 
ing pulses  are given in mV next  to the corresponding current  
record 

of the dihydropyridine higher than 0.1 /XM always 
inhibited the inward currents (Figs. 6 and 7). While 
half maximal enhancement was achieved at a con- 
centration of Bay K-8644 of about 0.03 /XM, half 
maximal inhibition was observed at a concentration 
of the dihydropyridine of ca. 1 /iN (Fig. 7). 

B A Y  K - 8 6 4 4  R E D U C E S  THE R A T E  C O N S T A N T  FOR 

T U R N I N G  O F F  C a  2+ C U R R E N T  

The analysis of the currents shown in Figs. 2A-C 
suggested that it is possible to modify the Hodgkin- 
Huxley empirical model to describe the kinetics of 
the Ca 2+ current in chromaffin cells. The experi- 
ments summarized in Figs. 5-7 clearly show that 
in the presence of Bay K-8644 at concentration 
smaller than 0.1/~M the size of the steady-state Ca 2+ 
currents in substantially greater than in the absence 
of the Ca2+-channel agonist. There are three possi- 
ble explanations for this result: (i) An increase in 
the size of the unitary Ca2+-channel current; (ii) an 
increase in the size of the rate constant for turning 
on the Ca 2+ channel or/and (iii) a decrease in the 
rate for turning off the Ca 2+ channel. To distinguish 
between these alternatives we determined the 
steady-state and kinetic parameters in the presence 
of Bay K-8644 (Fig. 8). 

From this analysis we obtained the m~(V) and 
~-(V) curves as shown in Fig. 9A,B. To facilitate the 
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c o m p a r i s o n  wi th  the  con t ro l  cu rves  we  have  p lo t t ed  
t h e m  in the  s a m e  graph .  I t  m a y  be  seen  tha t  the  
ef fec t  o f  B a y  K-8644 can  be  e x p r e s s e d  as an in- 
c r e a s e  in the  e f fec t ive  v a l e n c e  " a "  f rom - 2 . 7  to 
- 3 . 6  e l e c t r o n i c  cha rges  and  a shift  in the  t r ans i t ion  
po t en t i a l  f rom - 6 . 9  to - 12.9 inV. Thus ,  the  vo l tage  
sens i t iv i ty  o f  the  channe l  is i n c r e a s e d  f rom 9.8 to 7 
m V  for  an e- fo ld  c h a n g e  in m~c at  the  midpo in t .  Fig-  
ure  9B i l lus t ra tes  the  m o d e r a t e  changes  in the  t ime 
c o n s t a n t  r ( V )  of  a c t i va t i on  o f  the  Ca  2+ cu r r en t  by  
the  Ca2+-channel  agonis t .  I t  m a y  be  seen  that  bo th  
in the  a b s e n c e  or  p r e s e n c e  o f  B a y  K-8644 the t ime  
c o n s t a n t s  a re  r a t h e r  s imi la r  for  pos i t i ve  po ten t ia l s .  
H o w e v e r ,  for  nega t ive  po t en t i a l s  the  t ime c o n s t a n t s  
in the  p r e s e n c e  o f  B a y  K-8644 are  subs t an t i a l l y  
g r ea t e r  (Fig.  9B, 0 ) .  To  fu r the r  d i s t ingu i sh  the  ef- 
fec ts  o f  the  Ca2+-channel  agon i s t  w e  have  r e s o l v e d  
Eqs .  (2) and  (3) for  a ( V )  and/3(V) .  F igu re  9C c lea r ly  
s h o w s  tha t  the  ra te  c o n s t a n t  for  tu rn ing  off  the  Ca 2+ 
cu r r en t  is r e d u c e d  at  nega t ive  po t en t i a l s  in the  pres-  
ence  o f  B a y  K-8644.  This  m e a n s  tha t  the  open  t ime 
o f  the  Ca  2+ c h a n n e l  is i n c r e a s e d .  

D i s c u s s i o n  

ONE TYPE OF VOLTAGE-DEPENDENT Ca 2+ 
CHANNEL IS PRESENT IN THE CHROMAFFIN 
CELL MEMBRANE 

O p e r a t i o n a l l y  we  can  d i s t ingu i sh  on ly  one  type  o f  
v o l t a g e - d e p e n d e n t ,  non inac t i va t i ng ,  i nward  Ca  2+ 
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Fig. 7. Dose-response curve for BAY K-8644 in terms of the 
steady-state chord conductance measured at 10 mV. Each sym- 
bol represents the mean value (--+SEM) of the chord conductance 
for the inward calcium current (from 4 to 12 different cells). 
Ordinate represents the ratio 

ica,max(V - 10 mV)/-42 mV 

in mS/~F. The "apparent" reversal potential was estimated as 
the intercept of the extrapolated linear segment of the I-V curve 
on the V axis, i.e., 52 inV. The curve was calculated using the 
occupancy model described in the Discussion. The values which 
gave the best fit were as follows: gc ...... = 0.64 mS//xF; KD,~ = 
0.027 /*M; KD,2 = 1.04 /zM; g~a = 0.1 mS//xF 

c u r r e n t  in c u l t u r e d  b o v i n e  a d re na l  ch romaf f in  cel ls .  
The  fo l lowing  re su l t s  s t rong ly  s u p p o r t  our  c la im 
that ,  u n d e r  the  e x p e r i m e n t a l  cond i t i ons  d e s c r i b e d  
here ,  t he re  is on ly  one  t y p e  o f  Ca  2+ channe l  ope ra t -  
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Fig. 8. Effect of BAY K-8644 on kinetic 
characteristics of the Ca 2+ currents. (A) 
Symbols represent the experimental currents 
and solid curves represent model currents in 
BAY K-8644 (0.1 /~M). For the initial part of 
each of the records, each symbol represents 
the average of three samples. (B) Tail currents 
on expanded time base. Solid lines were 
calculated as 

k I 

I I /ca(t) = ica(t = 0){exp(-/3(V = -80)t)} z. 

50 m s e c  The following values minimized the residual: 

B i 
Vm puJse ica(t = 0) /3(V = -80) 

o (mV) (nA) (sec l) 

"~ -10  -0.02 115.0 
0 -0.15 138.4 

10 -0.28 146.9 
20 -0.36 149.4 
30 -0.49 152.3 
40 -0.50 153.7 
50 -0.51 154.2 
60 -0.58 154.5 

The mean value of 145.5 (-+13.6) sec ~ gives a 
mean time constant of 6.9 (-+0.7) msec 

10 msec 

ing in t h e  cel l .  F i r s t l y ,  t h e  t i m e  c o u r s e  o f  t he  i n w a r d  
c u r r e n t  d u r i n g  t h e  p u l s e s  c o u l d  be  d e s c r i b e d  by  
s q u a r e  l a w  k i n e t i c s  (Fig .  2A,B). S e c o n d l y ,  t he  tai ls  
o f  i n w a r d  c u r r e n t  u p o n  r e p o l a r i z a t i o n  a l so  e x h i b i t e d  
o n e  c o m p o n e n t  w i t h  s q u a r e  l a w  k i n e t i c s  (Fig.  2C) .  

T h i r d l y ,  i n c r e a s i n g  [Ca2+]o f r o m  t h e  p h y s i o l o g i c a l  
l e v e l  o f  2.5 to  5 .2  mM did  n o t  s ign i f i can t ly  a l t e r  t h e  
k i n e t i c s  o f  t h e  c u r r e n t s  d u r i n g  a n d  a f t e r  t he  pu l s e s .  
H o w e v e r ,  t h e  a m p l i t u d e  o f  t he  c u r r e n t  i n c r e a s e d  
as t h e  c o n c e n t r a t i o n  o f  t h e  c h a r g e  c a r r i e r  w a s  
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increased following the independence principle 
(Hodgkin & Huxley, 1952a; Hodgkin & Katz, 
1949). Activation of more than one Ca 2§ channel is 
likely to generate currents with complex kinetics. 
Since the presence of different components in the 
current records would be readily detectable in our 
analysis and we have not been able to resolve more 
than one component with square Jaw kinetics in all 
the records considered here, we conclude that only 
one type of Ca2+-channel is active under our experi- 
mental conditions. 

In nerve fibers high [Ca2+]o causes a shift of 
the midpoint for the activation of the iNa along 
the potential axis in the positive direction 
(Frankenhaeuser & Hodgkin, 1957). However, in 
the present series of experiments an elevation of 
[Ca2+]o from 2.5 to 5.2 mM induced a significant 
shift of the midpoint of the activation curve for/ca in 
the opposite direction (Fig. 3A). To explain the 
Ca 2+ induced shift Frankenhaeuser and Hodgkin 
(1957) made the assumption that Ca 2+ neutralized 
fixed negative charges on the outer aspect of the 
axon membrane. In line with this interpretation, we 
can assume here the existence of such negative 
charges on the chromaffin cell membrane. We may 
further assume that augmenting [Ca2+]o causes a re- 
versal of the surface charge (Kruyt, 1952). In the 
model used for our analysis the midpoint potential 
for the activation curve Vo changes with the surface 
potential of the outer aspect of the membrane Co as 

Vo = C i -  Co (7) 

where G is surface potential of the inner side of the 
membrane (Rojas, 1975). At physiological [Ca2+]o 
(2.5 mM) Vo is close to - 7  mV (Fig. 3A) and at 5.2 
mM Vo is shifted to - 11 mV (Fig. 3B). From Eq. (7), 
assuming that G remains unchanged, a reversal of 
the surface charge (or Co) will cause a shift of the 
midpoint potential towards more negative values. 

(5). Symbols represent the mean values _+ SEM. Changes in cffV) 
values in Bay K-8644 were not significant as follows: 

(n) V (mY) (V) (sec l) 

Control (2.5 mM Ca >)  Bay K-8644 (0.1 /zM) 
Fig. 9. Effects of BAY K-8644 (0.1 /~M) on the steady-state open 
Ca2+-channel probability and time constant curves. (A) rn~ 1 
curves were calculated from the I-V curves using the equation 3 
given in the legend to Fig. 3. Parameters for the best fit in the 4 
presence of BAY K-8644 (0): a = -3 .6 ,  Vo = -12.9  mV. Con- 4 
trol curve the same as for Fig. 3A. (B) Symbols represent mean 4 
values (n = 4) of the time constant for the activation calcium 4 
current. Fitted curve was calculated with the following parame- 4 
ters for the best fit: A = 95 sec 1, a=-O.72 ,  V o = - 1 4 . 8 m V ,  B 4 
= 38 msec < ,  b = -0 .99  and Vo = 13.5. (C) Effect of BAY K- 3 
8644 on the rate constant for turning off the Ca 2+ permeability. 
Values for the rate constants were calculated using Eqs. (4) and 

- 4 0  26.2 _+_ 5.1 19.5 

-30  38.1 _+ 9.5 2 9 . 4 -  + 6.7 
-20  43.4 _ 10.2 45.3 -+ 2.6 

- 1 0  67.8 -+ 10.9 78.5 -+ 9.6 
0 136.2 +_ 16.2 165.7 +_ 12.2 

10 240.0 _+ 20.6 232.6 -+ 10.0 
20 289.1 _+ 22.2 284.5 + 10.7 
30 338.5 +_ 35.3 301.1 -+ 24.6 
40 355.5 + 49.0 380.7 +- 8.6 

n: number of determinations from four different cells 



264 V. Cefia et al.: Effects of Ca 2+ and Bay K-8644 on Ca 2- Currents 

IDENTIFICATION OF THIS CHANNEL 

WITH THE L TYPE 

We have shown that either internal or external ap- 
plication of the Ca2+-channel agonist Bay K-8644 
induces a substantial increase in the size of the in- 
ward currents. At least four factors may contribute 
to this macroscopic effect of the dihydropyridine: 
(i) decrease in the rate constant for turning off the 
Ca 2+ channel, (ii) increase in the rate constant for 
activation of the channel, (iii) increase in the ampli- 
tude of the single channel current and, (iv) increase 
in the number of channels available to conduct Ca 2+ 
current. Our kinetic analysis of the macroscopic 
currents revealed that the rate constant for turning 
off the Ca 2+ current, /3, derived from the model, 
was significantly smaller at -10  and -20  mV in 
cells treated with the Ca2+-channel agonist. Fur- 
thermore, our results demonstrate that o~(V) is not 
affected by Bay K-8644 at 0.1/.ZM (see legend to Fig. 
9). At the single Ca2+-channel level these results 
indicate that the channel tended to remain in the 
open configuration. Our interpretation is in perfect 
agreement with direct observations of the effects of 
Bay K-8644 on the L-type Ca 2§ channel in other cell 
types (Tsien et al., 1987; Kaczmarek, 1988). The 
Bay K-8644 dose-response curve in terms of chord 
conductance (Fig. 7) showed that, depending on 
concentration, this dihydropyridine acts on the 
chromaffin cell Ca 2+ channel either as agonist (KD = 
0.027 ~M) o r  as antagonist (KD = 1.04 /xM). 

These properties, namely the presence of a sin- 
gle, noninactivating component in the currents and 
the sensitivity to the dihydropyridine Bay K-8644, 
taken together operationally define the Ca 2+ chan- 
nel present in the chromaffin cell membrane as L 
type (Tsien et al., 1987). 

BAY K - 8 6 4 4  INCREASES THE 

VOLTAGE-SENSITIVITY OF THE C a  2+ CHANNEL 

The open probability curve for the Ca 2+ channel in 
cells treated with Bay K-8644 is steeper than that 
from the control cells. Assuming a Boltzmann dis- 
tribution of the channel between the open-closed 
configurations, we can calculate the necessary 
change in the size of the effective valence which 
would account for the observed effect (Fig. 9). The 
net increase was close to one electronic charge. A 
tentative explanation for this effect is that the Ca 2§ 
channel agonist stabilized the phosphorylated 
conformation of the channel (Chad, Kalman & 
Armstrong, 1987; Sperelakis & Wahler, 1988; Kacz- 
marek, 1988; O'Callahan & Hosey, 1988). Since, at 
least in principle, there should be a net gain of two 
electronic charges per phosphorylated site, using 
our protocols one might expect to detect the effect 
of added charges on the open probability cures. 

DUAL ACTION OF BAY K-8644  

ON CALCIUM CHANNELS 

Studies on dihydropyridine inhibition of secretion 
have generated conflicting evidence regarding their 
efficacy in blocking both high K + and receptor-op- 
erated catecholamine secretion (Rosario et al., 
1989). The dihydropyridine tested include nifedi- 
pine and nitrendipine (Malaisse & Boschero, 1977; 
Cefia et al., 1983; Malaisse-Lagae, Mathias & Ma- 
laisse, 1984). In contrast, Bay K-8644 systemati- 
cally enhances both Ca > uptake and secretion in all 
studies published (Garcia et al., 1984; Malaisse-La- 
gae, Sener & Malaisse, 1986). In the present work 
we have attempted to resolve this issue by a sys- 
tematic study on the kinetic consequences of Bay 
K-8644 action on Ca 2+ currents. We found that, de- 
pending on concentration, Bay K-8644 can act as 
agonist (<0.1/XM) or atagonist (> 1/zM). Our studies 
also showed that the enhancement of the inward 
current is the result of a reduction in the size of the 
rate constant to deactivate the Ca 2+ current, the 
rate constant for activation remaining unmodified. 
Furthermore, we have shown that in the presence 
of Bay K-8644 (0.1 FZM) the activation curve is 
steeper and shifted along the voltage axis towards 
more negative potentials. We also know that these 
two features of the Bay K-8644 action remain un- 
modified at higher concentrations, when the dihy- 
dropyridine is acting as a Ca2+-channel antagonist 
(data not shown). This result supports our idea of 
the existence of two operationally different recep- 
tors for the dihydropyridines on the inner aspect of 
the Ca 2+ channel. 

We used Clark's occupancy theory (Boey- 
naems & Dumont, 1980) to obtain a function which 
we used to fit the dose-response data (Fig. 7). We 
assumed that: (i) there are two different receptors 
for Bay K-8644; (ii) the interaction between Bay K- 
8644 and each of these two receptors is reversible; 
(iii) all receptors are equivalent and independent; 
and (iv) the occupancy of a receptor does not mod- 
ify the affinity for Bay K-8644 of the remaining free- 
receptors. It was further assumed that: (v) the 
change in chord conductance is proportional to the 
number of occupied receptors. The empirical func- 
tion used to fit the points was calculated as 

gc. = gc . . . . .  {1 + [BI/(Ko,~ + [B])}{1 - [B]/(KD.z + [B])} + g~  

(8) 

where [B] represents the concentration of Bay K- 
8644 and, g~a represents a component of the cal- 
cium conductance which is resistant to Bay K-8644, 
KD,1 the dissociation constant for the receptor 
which is responsible for the agonist action and, KD,2 
the dissociation constant for the other receptor. The 
least-squares regression fit generated values for the 
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dissociation constants as 0.027 and 1 /J.M for the 
high and low affinity receptors, respectively. It 
should be noticed that the association of Bay K- 
8644 with the high affinity Ca2+-channel activator 
site is defined by the term {1 + [B]/(KD,1 + [B])}. 
The association of Bay K-8644 with the inhibitory 
site is defined by the other term, namely {1 - [B]/ 
(KD,2 + [B]}. Furthermore, interaction of the drug 
with the low affinity site leads to blockade of the 
channel. 

Additional support for our interpretation of the 
dose-response curve was provided by our unpub- 
lished observations that, although nifedipine be- 
haved as a poor antagonist (>5 /J,M) of the Ca 2+ 
current, both the kinetics of the currents and the 
steady-state open probability curve for the Ca 2+ 
channel remained unmodified. 
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