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Summary. Voltage-dependent calcium currents were studied in 
cultured adult mouse pancreatic B-cells using the whole-cell volt- 
age-clamp technique. When calcium currents were elicited with 
10-sec depolarizing command pulses, the time course of inactiva- 
tion was well fit by the sum of  two exponentials. The more rapidly- 
inactivating component  had a time constant of 75 -+ 5 msec at 0 
mV and displayed both calcium influx- and voltage-dependent 
inactivation, while the more slowly-inactivating component  had 
a time constant of 2750 _+ 280 msec at 0 mV and inactivated 
primarily via voltage. The fast component  was subject to greater 
steady-state inactivation at holding potentials between - 100 and 

40 mV and activated at a lower voltage threshold. This compo- 
nent was also significantly reduced by nimodipine (0.5 ~M) when 
a holding potential of  - 1 0 0  mV was used, whereas the slow 
component  was unaffected. In contrast,  the slow component was 
greatly increased by replacing external calcium with barium, 
while the fast component  was unchanged. Cadmium (1-10/~M) 
displayed a voltage-dependent block of calcium currents consis- 
tent with a greater effect on the high-threshold, more-slowly inac- 
tivating component.  Taken together, the data suggest that cul- 
tured mouse B-cells, as with other insulin-secreting cells we have 
studied, possess at least two distinct calcium currents. The physi- 
ological significance of  two calcium currents having distinct ki- 
netic and steady-state inactivation characteristics for B-cell burst 
firing and insulin secretion is discussed. 
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Introduction 

In response to suprathreshold (>7 mM) glucose stim- 
ulation, pancreatic B-cells depolarize and undergo 
periodic plateau depolarizations upon which are su- 
perimposed action potentials (Dean & Matthews, 
1970a; Meissner & Schmelz, 1974). Both the plateau 
depolarizations and action potentials are calcium- 
dependent (Dean & Matthews, 1970b; Ribalet & 
Beigelman, 1980; Meissner & Schmeer, 1981), and 
the calcium uptake associated with these events trig- 
gers insulin secretion (Wollheim & Sharp, 1981; 
Wollheim & Pozzan,1984). Voltage-dependent cal- 

cium currents, which underly these events, were 
first described in neonatal rat B-cells (Satin & Cook, 
1985) and insulin-secreting RINm5F cells (Findlay 
& Dunne, 1985) using the whole-cell patch-clamp 
technique. Subsequent work using these prepara- 
tions (neonatal rat: Satin & Cook, 1988; RINm5F: 
Velasco, 1987; Velasco, Petersen & Petersen, 1988), 
insulin-secreting HIT cells (Satin & Cook, 1988, 
1989; Keahy et al., 1989), and cultured adult rat 
(Hiriart & Matteson, 1988) and mouse B-cells (Rors- 
man & Trube, 1986; Rorsman, Ashcroft & Trube, 
1988; Plant, 1988b) have further characterized some 
of the properties of calcium currents and channels 
in these cells. 

We have presented a variety of evidence that 
neonatal rat and HIT cells possess at least two kinet- 
ically distinct components of voltage-dependent cal- 
cium current (Satin & Cook, 1988, 1989). Here we 
present evidence for two calcium current compo- 
nents in mouse B-cells with distinct kinetic and 
steady-state inactivation properties. These fast and 
slow current components can also be distinguished 
on the basis of their activation thresholds, sensitivity 
to calcium channel antagonists (nimodipine and cad- 
mium) and divalent cation selectivity. Taken to- 
gether, the data suggest that cultured adult mouse 
B-cells, like neonatal rat and HIT cells, possess at 
least two types of calcium currents. 

A preliminary account of this work has appeared 
(Hopkins, Satin & Cook, 1989). 

Materials and Methods 

C E L L  C U L T U R I N G  

Islets were isolated from the pancreases of adult female Swiss- 
Webster  mice using collagenase digestion. Single islet cells were 
mechanically dispersed from islets in a zero calcium buffer and 
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subsequent ly  plated on polylysine-coated glass cover  slips. All 
data were obtained using cells cultured for one week or less, 
al though calcium currents  could be recorded from cells kept in 
culture for up to four weeks,  lmmunos ta in ing  for insulin (Baskin, 
Gorray & Fujimoto,  1984) demons t ra ted  that greater  than eighty 
per cent  of  cells cultured in this manne r  were B-cells (Satin et al., 
1989). 

P A T C H - C L A M P  T E C H N I Q U E S  

Single cells were observed by using an inverted microscope and 
whole-cell voltage c lamped (Hamill el al., 1981) at room tempera-  
ture (20-22~ by using a Dagan 8900 patch-clamp amplifier (Da- 
gan, Minneapolis,  MN) and fire-polished soda glass pipettes (3-7 
MD, in s tandard internal solution). Junct ion potentials were nulled 
with the pipette in the bathing solution by using an auto search 
circuit. Series resis tance compensa t ion  was not routinely used 
since the inward currents  recorded were typically less than 200 
pA in amplitude.  Voltage pulse protocols were produced with a 
microcomputer  (TRS-80; Tandy,  Fort Worth,  TX). Such pulses 
were used to elicit calcium currents  and determine current-volt-  
age relations (l-V's, 40 msec pulses delivered at 0.2 Hz), as 
previously described (Satin & Cook, 1988). 

Data were recorded on VCR tape using a PCM data recorder  
(Neurocorder  DR-866; Neuro Data, New York) and digitized 
both off- and on-line by a microcomputer  data acquisit ion sys tem 
(Metaresearch,  Portland, OR; Macintosh SE; Apple Computer ,  
Cupert ino,  CA) and current  responses  to 10 sec voltage pulses  
were digitized at 1-10 kHz by another  data acquisit ion sys tem 
(MacADIOS 11, GW  Ins t ruments ,  Cambridge,  MA). Current  
traces were digitized at 10 kHz for the first 100 msec  and the 
remainder  at 1 kHz. Data were filtered at I kHz by an 8-pole 
Bessel filter (Frequency Devices,  Haverhill ,  MA) prior to digitiza- 
tion. The linear leakage conductance  about the holding potential 
was determined by the method of  least squares,  and extrapolated 
leak current  values were subtracted from the current  elicited by 
each corresponding voltage pulse. Leak-subtrac ted  I-V's were 
determined in this manner .  However ,  individual current  traces 
shown in the figures are not leak- or capaci ty-current  subtracted.  
Some cells displayed an outward "nonl inear  leak"  current  at 
potentials more positive than 0 mV, which we observed in neona- 
tal rat and HIT cells (Satin & Cook, 1988, 1989) and has also been 
observed in cultured mouse  B-cells (Plant, 1988b). When present ,  
this current  manifested itself as a progressive leftward shift in the 
apparent  calcium current  reversal potential during the course  of  
a recording. The ionic nature of  this current  is unknown (but see 
Satin & Cook, 1989). 

A nonlinear curve-fitting algorithm (Igor software,  Waveme-  
trics, Lake Oswego,  OR) was used to fit the time course  of current  
inactivation as the sum of exponential  t e rms  plus a constant ,  
asymptot ic  current  level. If the chi-square value of the best fit 
yielded a p-value greater  than 0.05, the fit and data were rejected. 
Data were also rejected if the current  relaxed beyond the esti- 
mated linear leak current  level. Of  18 cells, 14 were fit by this 
criterion and are presented in this paper. However ,  all four  cells 
not fit by two exponent ials  were adequately  fit by the sum of  
three exponential  terms.  Five of  the 14 acceptable cells were also 
adequately fit by the sum of  three exponentials .  None of  the data 
were well fit with a single exponential  function.  The  funct ion 
yielded coefficients (current amplitudes) and rate cons tan ts  (re- 
ciprocal t ime constants)  for each current  component .  All values 
are expressed  as mean -+ SEM, and differences between means  

were evaluated statistically with the / - t e s t  or the Mann-Whi tney  
U-test.  The statistical significance level was chosen as p < 0.05. 

S O L U T I O N S  AND D R U G S  

External solutions had the following composi t ion (in raM): 120 
NaCI, 20 te t rae thy lammonium (TEA),  5 CsCI, 3 CaCI 2 , I MgCI2, 
0.0005 tetrodotoxin (TTX), 1 I. I glucose,  10 HEPES,  pH - 7.2. 
In some exper iments ,  3 or 10 mM barium replaced 3 or 10 mM 
calcium, respectively.  Cadmium ( 1-10/~M) was directly dissolved 
in the external saline in exper iments  requiring il. The pipette 
solution contained (in raM): 114 CsAspar ta te ,  10 CsCI, 10 4- 
aminopyridine (4-AP), 2 MgCI 2, 2 ATP, I EGTA, 20 HEPES,  pH 
- 7.2; pH was adjusted with CsOH.  TTX was included to block 
inward sodium currents  (Plant, 1988a), ces ium,  TEA and 4-AP 
were used to block voltage- and calc ium-dependent  outward po- 
tass ium currents  (Hille, 1984; S. Fatherazi and D.L. Cook,  ttnpttb- 
lished observations), and ATP was included to suppress  ATP- 
sensit ive potass ium current  (Cook & Hales,  1984). Assuming  30 
#M contaminat ing calcium in the pipette solution, the free calcium 
concentrat ion with 1 mM EGTA was calculated to be about 5 
riM, while the es t imated free EGTA concentrat ion was 0.9 mM 
(Fabiato & Fabiato, 1979). 

Nimodipine (10 raM) was dissolved in dimethyl sulfoxide 
(DMSO), and microliter aliquots were added to the external  solu- 
tion. The final DMSO concentrat ion was never  more than 0.1% 
(vol/vol). Precautions were taken to shield the nimodipine solu- 
tions from light. 

Results 

K I N E T I C S  OF C A L C I U M  C U R R E N T  I N A C T I V A T I O N  

When l0 sec depolarizing pulses to 0 mV were ap- 
plied from a holding potential of - 100 mV, calcium 
currents inactivated with complex kinetics. Figure l 
illustrates the curve-fitting procedure,  and the figure 
legend lists the output parameters obtained for the 
current trace shown. Table 1 lists mean current am- 
plitudes (coefficients of the exponential terms) and 
time constants of the two (fast and slow) compo- 
nents. The fast current component  (mean time con- 
stant = 75 msec) was over  30-fold faster than the 
slow component  (mean time constant = 2750 msec), 
arid represented 36% of the total current on average 
(at 0 mV). The noninactivating component  (corre- 
sponding to the constant term in the fitting equation) 
was 7.7 -+ 1.3 pA, which represented 11 -+ 2% of 
the total calcium current. Since all cells possessed 
comparable fast and slow components ,  this paper 
will focus on these components.  

C H A R A C T E R I S T I C S  

OF R A P I D L Y - I N A C T I V A T I N G  C O M P O N E N T  

Inactivation of calcium currents may be due to cal- 
cium influx- and/or  voltage-dependent mechanisms 
(for review, s e e  Eckert  & Chad, 1984). To determine 
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~ f  1 sec 

Fig. 1. Calcium current  elicited by 10 sec voltage pulse to 0 
mV from a holding potential of  100 mV. Current  trace is not 
capacity- or leak-subtracted. The dashed line indicates the linear 
leak current.  The filter setting was 1 kHz. Data were digitized 
and digitally binned (open circles; 10 msec bins for the first 100 
msec;  100 msec bins for the next  900 msec and 1 sec bins for the 
remaining 9 sec). The binned values were fit with the equation 
l ( t )  = K o + KEe ~ KjI + K3el-~4t~, where 1 is current  (pAL t is 
t ime (sec), K0 is the steady, asymptot ic  current ,  K~ and K~ are the 
slow and fast componen t  coefficients, respectively,  and K~ and 
/(4 are the slow and fast componen t  rate constants ,  respectively. 
The values for these parameters  for this example  are K0 = - 3.86 
pA, KI = - 2 0 . 2 9  pA, K, = 0.33 sec i, K3 = _ 17.65 pA, K 4 = 
14.42 sec J. The fitting equation is indicated by the cont inuous 
line. The chi square value for the fit is 8.64 (n = 27 points, P < 
0.05) 

Table 1. Time cons tants  and coefficients for two-exponential  fits 
to inactivation time course during lO-sec pulses to 0 mV from 
holding potential of  100 mV ~ 

Fast  componen t  Slow component  

Time cons tants  (msec) 75 _+ 5 2750 -+ 280 
Coefficients (pA) 24.5 -+ 3.2 36.3 + 6.1 

Data from 14 cells, 3 mM calcium charge carrier. Values are 
expressed  as mean + SEM. 

the mechanism of the fast component of inactiva- 
tion, a three-pulse protocol was used with either 3 
mM calcium or barium as charge carrier (Fig. 2A). 
In this protocol, the inactivation produced by the 
middle (or conditioning) 100-msec pulse was quanti- 
tated as the % inactivation of the third (test) pulse 
relative to the first (control) pulse. This protocol 
controlled for run-down of calcium current ampli- 
tude and changes in leakage current (Satin & Cook, 
1989). In Fig. 2B and C, the peak current amplitudes 
elicited by conditioning pulses to various voltages 
(conditioning pulse I-V) are plotted on the same axis 
as the inactivation produced by the conditioning 

-100 mV 

0 mV 

I 
0 mV 

/ 

A 20 msec 

~ -20 
& 

C.~ -40 

-60 

B 

I i I f i 

-60 -40 -20 0 20 40 

Po ten t i a l  (mV)  

o 

1o ~ 

2o 

30 

40 

60 

& 

0 

-20 

-40 

-60 

-80 

-100 
i 

-60 

C 

i i i i 

-40 -20 20 40 

Potential  (mV) 

0 

o 
10 "~ 

20 .~ 

8 
3O 

4O 

6O 

Fig. 2. (A) Three-pulse protocol to test for calcium influx-depen- 
dent inactivation of calcium current.  The control (first) and test  
(third) voltage pulses were of fixed duration and amplitude (40 
msec  and 0 mV, respectively,  al though in some exper iments  10- 
msec  pulses were used with similar results), and the conditioning 
(second) pulse voltage (100 msec  duration) was varied in ampli- 
tude between - 1 0 0  and +50  mV. The holding potential was 
- 100 mV in all exper iments .  The interval prior to the conditioning 
pulse was 150 and prior to the test  pulse, 40 msec.  There was 
little or no recovery from inactivation during the 40 msec  between 
the conditioning and test pulse. In the trace shown,  the condition- 
ing pulse voltage was + 10 mV. The % inactivation was calculated 
using the formula: % inactivation - (1 test  pulse current /  
control pulse current) - 100. (B) Peak calcium current  elicited by 
the conditioning pulse (filled symbols)  and % inactivation (open 
symbols)  plotted on the same axis as a function of the conditioning 
pulse voltage. Averaged data from six cells with 3 mM calcium as 
charge carrier. (C) Same as B, except  3 mM barium was the charge 
carrier 



232 W.F. Hopkins el al.: Calcium Currenls in Pancrealic B-Cells 

v 

o 

I D  

[-., 

250 

200 

150 

100 

50 

0 

~ 

I I 

600 

400 

200 

Ca 

I I I I I I 

3mMCa 3mMBa 10 mM Ca 10 ruMBa -40 -20 0 20 40 60 

A Condition 13 Potential (mV) 

Fig. 3. (A) Left: Fast time constants,  derived from filling functions as in Fig. 1, are plotted for eight cells in 3 mM calcium (open squares 
and filled circles), and after replacing calcium with 3 mM barium in three of the cells (filled circles joined by lines). Right: Fast time 
constants in another group of three cells are depicted in 10 mM calcium and after replacing calcium with 10 mM barium. The test 
potential was 0 mV and the holding potential was - 100 mV in each case. (B) Fast component time constants plotted as a function of 
test pulse voltage from a holding potential of - 100 mV. Averaged data with 3 mM calcium (open symbols, n = 7) or 3 mM barium 
(filled symbols, n = 3) 

pulses. In 3 mM calcium (Fig. 2B, for six cells), the 
two curves demonstrated a very similar U-shaped 
voltage-dependence, suggesting that inactivation is 
due to calcium influx during the conditioning pulse. 
Maximal inactivation was observed near the peak of 
the calcium current I-V (+ 10 mV). When this pulse 
protocol was repeated using 3 mM barium instead 
of calcium (Fig. 2C, for three cells), the degree of 
inactivation was significantly reduced and less 
clearly paralleled the I-V curve. These findings sug- 
gest that fast inactivation was due to the influx of 
calcium but not barium. Similar results have been 
reported for other insulin-secreting cells (mouse B- 
cells: Plant, 1988b; HIT cells: Satin & Cook, 1989). 

Fast time constants in 3 mM calcium were very 
variable (Fig. 3A), and replacing calcium with equi- 
molar barium-containing solutions produced vari- 
able effects, sometimes increasing them (as ex- 
pected for calcium-influx dependent inactivation) 
and sometimes not (Fig. 3A, left). When 10 mM bar- 
ium replaced equimolar calcium, however, consis- 
tent increases in fast time constants of inactivation 
were obtained (Fig. 3A, right). Since inactivation 
was not greatly slowed by barium in some cells, 
suggested voltage may also contribute to fast inacti- 
vation. To examine this, fast time constants were 
measured at different test potentials. As shown in 
Fig. 3B, fast time constants showed little or no volt- 
age dependence in calcium. However, time con- 
stants measured in barium were somewhat slower 
and voltage dependent. The three-pulse and fast time 
constant data taken together suggests that depolar- 
ization as well as calcium influx may contribute to 
fast inactivation of calcium current. 

To determine whether fast inactivation is a char- 
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Fig. 4. Top: Voltage-clamp protocol used to selectively inactivate 
the fast current component.  I-V relations were determined with 
40 msec voltage pulses between - 1 2 0  and +50 mV, with or 
without a 300 msec prepulse to 0 mV from a holding potential of 
- 100 mY. Bottom: Control I-V relation (filled symbols) plotted 
with I-V from test pulses preceded by prepulses (open symbols). 
Data are from one cell in 3 mM calcium 

acteristic of a low-voltage threshold calcium current 
component as in HIT cells (Satin & Cook, 1989), we 
selectively inactivated the fast component with a 
300-msec depolarizing prepulse to 0 mV. This pro- 
duced a 10-20 mV positive shift in the activation 
threshold obtained following prepulses compared to 
the control I-V curve, and current was significantly 
reduced at voltages negative to + 30 mV (Fig. 4). 
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Fig. 5, Inactivation of  the slow current component  is mediated 
primarily by voltage. (A) Averaged data from six cells in 3 mM 
calcium using the three-pulse protocol (Fig. 2A ) except that 10-sec 
conditioning pulses were used. Peak conditioning pulse current 
(filled symbols) plotted with % inactivation elicited by the condi- 
tioning pulse (open symbols), calculated as in Fig. 2. (B) Same as 
A, except averaged data from three cells in 3 mM barium 

well as at very positive potentials where there was 
no measurable inward current (> + 50 mV). Further- 
more, inactivation was greater with prolonged 
pulses (near 100% between - 10 and + 10 mV) than 
with brief pulses (e.g. Fig. 2B) with some relief at 
potentials beyond + 10 mV. This may reflect some 
calcium-dependent inactivation of the fast and/or 
slow components. 

Using 3 mM barium in the same three-pulse pro- 
tocol would be expected to prevent calcium- but not 
voltage-dependent inactivation. Figure 5B shows the 
voltage-dependence of inactivation was similar to 
that obtained with calcium, except that the amount 
of inactivation in the negative ( - 6 0  to -40  mV) 
and very positive (> + 10 mV) voltage ranges was 
augmented (see Discussion). These findings provide 
additional support that inactivation of the slow com- 
ponent is mediated by voltage. 

When 3 or 10 mM calcium was replaced by equi- 
molar barium, the slow time constants usually in- 
creased and this was most prominent comparing 10 
mM calcium and barium (Fig. 6A). However, in both 
calcium and barium time constants for the slow com- 
ponent were clearly voltage dependent (Fig. 6B) and 
decreased to a relatively constant range of values 
for increasingly positive voltages. Slow inactivation 
time constants were insignificantly larger in barium 
than calcium (Fig. 6B). Slow inactivation time con- 
stants could not be determined for voltages more 
negative than - 20 mV or positive to + 40 mV since 
the currents were too small. Taken together, the data 
suggest that while the extent of slow inactivation is 
primarily mediated by a voltage-dependent mecha- 
nism, the rate of inactivation is faster when calcium 
is charge carrier. 

The near superposition of inward current positive to 
+ 30 mV rules out a nonspecific rightward shift of 
the I-V curve. Similar results were obtained in three 
other cells. 

CHARACTERISTICS 

OF S L O W L Y - I N A C T I V A T I N G  C O M P O N E N T  

To establish the mechanism of slow inactivation, 10- 
sec instead of 100-msec conditioning pulses were 
used in an otherwise identical three-pulse protocol. 
Figure 5A displays averaged data from six cells, 
using 3 mM calcium as the charge carrier. In contrast 
to the results using 100-msec conditioning pulses 
(Fig. 2B), the voltage dependence of the degree of 
inactivation seen with 10-sec conditioning pulses no 
longer resembled the peak I-V relation: there was 
substantial inactivation below the calcium current 
activation threshold (between - 40 and - 30 mV) as 

E F F E C T S  OF H O L D I N G  POTENTIAL 

ON C A L C I U M  C U R R E N T  

In our studies of neonatal rat and HIT cells, we 
found that calcium currents had steady-state volt- 
age-dependent inactivation, while results in mouse 
B-cells suggested the contrary (Plant, 1988b). In 
agreement with our results in the other insulin-se- 
creting cells, we found definite steady-state inactiva- 
tion at different holding potentials with calcium (Fig. 
7A) or barium (Fig. 7B). The inactivation was revers- 
ible and thus unlikely to be due to changes in mem- 
brane leakage current, current run-down or irrevers- 
ible calcium loading. 

To test the possibility that fast and slow calcium 
current components were differentially affected by 
changes in holding potential as in other systems (No- 
wycky, Fox & Tsien, 1985; Bean, 1985), current 
responses elicited by 10-sec voltage pulses from vat- 
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ious holding (>30 sec) potentials were compared to 
those elicited from - 100 mV. While the fast compo- 
nent was half-inactivated at about -60  mV, a hold- 
ing potential of about -40  mV was required to half- 
inactivate the slow component (Fig. 7C). These data 
suggest that the steady-state inactivation curve for 
the fast current component is shifted by about 20 
mV negative to that of the slow component. 

E F F E C T S  OF B A R I U M  ON T HE  A M P L I T U D E  

OF F A S T  A N D  S L O W  C U R R E N T  C O M P O N E N T S  

Calcium channel subtypes have been distinguished 
on the basis of their permeability to barium com- 
pared to calcium (Carbone & Lux, 1984; Bean, 
1985). To test for this possibility, we compared the 
current responses to 10-sec voltage pulses to 0 mV 
elicited in either calcium or barium (10 raM; Fig. 8). 
The fast component was not appreciably changed 
when calcium was replaced by barium, while the 
slow component was increased by a factor of two or 
more. Although barium can shift the I-V relation by 
about 10 mV negative to that observed in equimolar 
calcium, these shifts do not account for the selective 
effect of barium on the slow component amplitude 
(data not shown). 

D I F F E R E N T I A L  B L O C K  BY N I M O D I P I N E  

Since micromolar concentrations of the dihydropyri- 
dine calcium channel antagonist nimodipine has 
been shown to block up to 75% of calcium current 
in HIT cells (Keahy et al., 1989), we tested whether 
lower doses might have differential effects on fast 

and slow current components. Figure 9 displays the 
effects of 0.5 p~M nimodipine on calcium current 
traces, showing selective suppression of the rapidly 
inactivating component. Nimodipine blocked 43 _+ 
4% of the fast calcium current component while hav- 
ing no measurable effect on the slow component 
during 10-sec voltage pulses to 0 mV from -100 
inV. Higher doses (1-10/ZM) usually reduced both 
components (data not shown). Assuming that the 
fast component comprises 36% of total current (Ta- 
ble 1), and assuming nimodipine selectively blocks 
43% of the fast component, then about 15% of the 
peak calcium current should be blocked by nimodi- 
pine from a holding potential of - 100 inV. This is 
close to the magnitude of nimodipine block actually 
observed in a different group of five cells shown in 
Table 2 (13 -+ 2%). Nimodipine (0.5/ZM), blocked a 
larger fraction of calcium current at a holding poten- 
tial of -40  mV (52 +_ 9%) than -100 mV (13 -+ 
2%; Table 2), possibly reflecting enhanced binding 
affinity of nimodipine for inactivated calcium chan- 
nels (Bean, 1984; Sanguinetti & Kass, 1984). The 
degree of current blockade from a holding potential 
of -40  mV (52%) was greater than predicted by 
selective block of fast current based on the data 
presented in Fig. 7C (about 28%). This suggests that 
the slow current component is subject to voltage- 
dependent block by nimodipine, since this dose had 
no effect on the slow component at - 100 mV. 

C A D M I U M  S E N S I T I V I T Y  

Mouse B-cell calcium currents were very sensitive 
to the calcium channel antagonist cadmium, as ex- 
pected from previous studies of single calcium chan- 
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Fig. 7. (A) Effect of changes in holding potential on 1- V relations 
in 3 mM calcium. 1-V's  were sampled from holding potentials of 

100 mV (filled squares), - 6 0  mV (open circles) and - 4 0  mV 
(open squares). Averaged data from nine cells. (B) Effect of  
holding potential on I -V  relations in 3 mM barium, l -V ' s  were 
obtained from holding potentials of - 100 mV (filled squares), 
- 6 0  mV (open squares) and again from - 100 mV (open circles). 
Averaged data from three cells. (C) Differential effects of holding 
potential on fast and slow calcium current components.  I/Ima x 
represents the fraction of  current activated at holding potentials 
of  - 4 0  mV (n = 6), - 6 0  mV (n = 3) and - 8 0  mV (n 1) 
compared to the maximal current elicited at - 100 mV. Asterisks 
signify significant differences in fraction of  current activated at 
- 4 0  and - 6 0  mV between the fast and slow components  
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nimodipine on fast and slow current components  for three cells. 
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Table 2. Effect o f  nimodipine (0.5 p,M) on peak calcium current  ampli tudes (pA) at two different holding 
potentials (Vh) 

Control (3 mM Ca) Nimodipine % Block 

Ica (pA) (Vh = - 100 mV) 49.7 _+ 8.3 43.8 -+ 7.6 13 + 2 
(n = 5) 
I c a ( p A ) ( V  h = - 4 0 m V )  17.6"- 5.4 9.1 -+ 4,3 52-+ 9 
(n = 2) 
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Fig. 10. Effects of  cadmium on calcium currents .  Control I - V  

curve (filled squares)  plotted with I - V ' s  obtained in I /xM (open 
circles) and 10/xM cadmium (open squares).  Averaged data from 
five cells in 3 mM calcium. Inhibition cons tan ts  (Ki's) were esti- 
mated from the data at - 2 0  mV (K i = 22/xM) and +20  mV ( K  i 
= 2/xM) using a single-site binding model for cadmium block of 
calcium current  

nels in these cells (Rorsman et al., 1988) and macro- 
scopic calcium currents in neonatal rat and HIT cells 
(Satin & Cook, 1988). Figure l0 compares averaged 
I-V relations from five cells with two doses of cad- 
mium (1 and 10 p~g) with the control I-V. The peak 
of the I-V curve in 10/ZM cadmium was shifted by 
about l0 mV negative to the control curve. The 
effect of cadmium on calcium current was about 
tenfold greater at +20 mV (K i = 2 /xM) than at 
-20  mV (K i = 22 /XM). These results suggest that 
cadmium preferentially blocked the high-threshold, 
more slowly-inactivating calcium current compo- 
nent, as previously described in rat and HIT cells 
(Satin & Cook, 1988). 

Discussion 

The purpose of this study was to characterize several 
properties of voltage-dependent calcium currents in 
cultured adult mouse B-cells. As we have observed 
in insulin-secreting HIT cells (Satin & Cook, 1989), 
mouse B-cell calcium currents display two kinetic- 
ally distinct phases of inactivation in response to 10- 
sec depolarizing voltage pulses. Nonlinear curve- 

fitting techniques revealed that the decay of most 
such currents were adequately fit by the sum of 
two exponentials, and the time constants differed by 
over a factor of 30 (Table 1). This approach enabled 
us to describe the inactivation properties of the fast 
and slow current components, as well as distinguish 
these components on the basis of their activation 
voltage thresholds, steady-state inactivation proper- 
ties, amplitude when barium was charge carrier, and 
sensitivity to the calcium channel antagonists ni- 
modipine and cadmium. 

M E C H A N I S M  OF F A S T  I N A C T I V A T I O N  

We obtained evidence that inactivation of the fast 
component was mediated by both calcium influx and 
cell depolarization. Our evidence for a calcium-de- 
pendent inactivation mechanism (Brehm & Eckert, 
1978; Tillotson, 1979; Eckert & Chad, 1984) is that 
a conditioning-pulse protocol yielded a U-shaped 
inactivation-voltage curve which paralleled the peak 
1-V in calcium, but not in barium. Similar results 
have been reported in HIT cells (Satin & Cook, 1989) 
and mouse B-cells (Plant, 1988b). However, the 
maximal amount of calcium-dependent inactivation 
that we observed in mouse B-cells (27 + 5%) was 
less than in HIT cells (45 -+ 5%) using the same 
protocol and experimental conditions. 

The degree of inactivation of a subsequent test 
pulse clearly depended on calcium influx, and the 
fast time constants of inactivation were markedly 
slowed when I0 mM calcium was replaced with bar- 
ium, suggesting that fast inactivation was calcium- 
dependent. The fast component time constants in 
3 mM calcium were highly variable, and replacing 
calcium with barium did not always slow inactiva- 
tion (Fig. 3A). The time constants of fast inactivation 
in calcium were not clearly a function of either mem- 
brane voltage or calcium current amplitude (Fig. 
3B). However, the fast component time constants 
in barium were voltage dependent and, due to the 
marked variability of the fast time constants in cal- 
cium, nearly the same as the average fast time con- 
stants in calcium at most voltages (Fig. 3B). Addi- 
tionally, the amplitude of the fast component was 
dependent on holding potential (see below). The data 
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differ from our previous findings with neonatal rat 
and HIT cells, where fast inactivation was consis- 
tently slowed when calcium was replaced by barium 
(Satin & Cook, 1989). 

MECHANISM OF S L o w  INACTIVATION 

inactivation curve for the fast component is shifted 
by about 20 mV negative to that of the slow compo- 
nent. Our results contrast with those of Plant using 
mouse B-cells (Plant, 1988b), who reported no ef- 
fects of holding potential. We found an effect of 
holding potential even when using the same pipette 
solution as used by Plant (data not shown). 

Inactivation of the slow current component was me- 
diated by voltage. The inactivation produced by long 
(10 sec) voltage pulses was prominent below the 
calcium current threshold (negative to -40  mV) and 
at very positive potentials where calcium current 
was not measurable (positive to +50 mV; Fig. 5A). 
When calcium was replaced by barium as charge 
carrier using this protocol, the voltage-dependence 
of inactivation was nearly identical, except that the 
degree of inactivation was augmented by barium 
(compare Fig. 5A and B). The apparent gradual de- 
crease in inactivation at very positive potentials ob- 
served using calcium may reflect calcium-dependent 
inactivation of the fast and/or slow component. Fur- 
ther support for voltage-dependent inactivation of 
the slow component can be seen in Fig. 6B, where 
slow time constants decreased with greater depolar- 
ization in either calcium or barium. 

There are, however, suggestions of an additional 
calcium dependence to slow inactivation. The data 
in Fig. 6A show that the slow component time con- 
stants usually increased when I0 mM calcium was 
replaced by barium and may have done so in replac- 
ing 3 mM calcium. It is paradoxical, then, that the 
extent of slow inactivation appeared to be actually 
enhanced when barium was used at both low and 
high voltages ( -  50 to -80  mV and at + 20 to + 50 
mV; Fig. 5A,B). This will require further study. Cal- 
cium current components that inactivate via a slow, 
voltage-dependent mechanism have been described 
in paramecia (Hennessey & Kung, 1985) and smooth 
muscle cells (Nakazawa, Saito & Matsuki, 1988). 

EFFECTS OF HOLDING POTENTIAL 
ON CALCIUM CURRENTS 

I-V relations depended on holding potential between 
- 100 and -40  mV with either calcium or barium as 
charge carrier (Fig. 7A,B) as in HIT cells and neona- 
tal rat B-cells (Satin & Cook, 1989). Furthermore, 
we observed a marked difference in the effect of 
holding potential on the amount of fast and slow 
current components available for activation (Fig. 
7C). From a holding potential of either -60  or -40  
mV, a significantly greater fraction of the fast com- 
ponent was inactivated compared to the slow com- 
ponent. These data indicate that the steady-state 

EVIDENCE FAVORS TWO CALCIUM CURRENTS 
IN MOUSE B-CELLS 

While it is possible that a single class of calcium 
channels could explain our findings, we favor the 
idea that there are at least two calcium channels in 
mouse B-cells. In addition to a more than 30-fold 
difference in time constants of inactivation, the two 
components could be distinguished in a number of 
ways. The fast component inactivated by both cal- 
cium influx- and voltage-dependent mechanisms, 
showed greater steady-state inactivation at a given 
holding potential, and a lower voltage threshold than 
the slow component.The fast component was also 
more sensitive to block by nimodipine. In contrast, 
the slow component inactivated primarily by a volt- 
age-dependent mechanism, was increased more than 
twofold in amplitude when barium replaced calcium 
as charge carrier (the fast component was not af- 
fected) and may have been about 10-fold more sensi- 
tive to cadmium than the low-threshold fast compo- 
nent. The data taken together suggest that mouse B- 
cells possess two calcium currents as we have shown 
in insulin-secreting HIT cells and neonatal rat B- 
cells (Satin & Cook, 1988, 1989), although the magni- 
tude of calcium-dependent inactivation of the fast 
component is clearly different. 

Two classes of single calcium channels have 
been reported in rat (Ashcroft, Kelly & Smith, 1990), 
insulin-secreting RINm5F cells (Velasco et al., 1988) 
and human islets (S. Misler, personal communica- 
tion). Other workers have suggested, however, that 
mouse B-cells have a single class of calcium channel 
that resembles L-type channels (Rorsman et al., 
1988; Smith, Rorsman & Ashcroft, 1989), although 
both studies reported a second calcium channel on 
occasion. Detecting a second channel may be diffi- 
cult for a number of reasons. Single channel conduc- 
tances for different channels may be identical (Plum- 
met, Logothetis & Hess, 1989); channel openings 
may be too brief to resolve, particularly in the ab- 
sence of a calcium channel "agonist" such as Bay 
K 8644 for L-type channels (Bean, 1989) or channels 
may be clustered in ~'hot spots" (Fox, Nowycky & 
Tsien, 1987b; Silver, Lamb & Bolsover 1990) where 
they would be either missed or in such abundance 
as to defeat single channel analysis. 



238 W.F. Hopkins et al.: Calcium Currents in Pancreatic B-Cells 

Our results do not easily enable us to categorize 
these calcium current components  into the T, N and 
L nomenclature of  calcium channels (Fox, Nowycky  
& Tsien,1987a; Bean, 1989). The kinetics, s teady- 
state inactivation propert ies,  relative cadmium in- 
sensitivity and lack of  effect of  barium on current 
amplitude suggest the fast current component  to be 
a T-type current.  However ,  the fast component  inac- 
t ivated via calcium- and vol tage-dependent  mecha-  
nisms and was sensitive to nimodipine, propert ies  
not generally associated with this channel type. Re- 
cent studies, however ,  have shown that calcium cur- 
rents with T-type propert ies  are sensitive to micro- 
molar  and submicromolar  concentrat ions of  
dihydropyridine antagonists in some preparat ions 
(Cohen et al., 1988; Akaike,  Kos tyuk  & Osipchuk, 
1989). The slowly inactivating component ,  which 
has a relatively high voltage threshold,  is substan- 
tially increased in amplitude in barium, is more sen- 
sitive to cadmium block than the fast component  and 
is reduced by micromolar  concentrat ions of  nimodi- 
pine could correspond to an L- type  calcium current.  
If  the fast and slow current  componen t s  do indeed 
correspond to T- and L- type  calcium currents ,  re- 
spectively,  then mouse  B-cell calcium currents are 
similar to rat hypothalamic neurons in having T-type 
calcium currents that are actually somewhat  more 
sensitive to nimodipine than their L- type calcium 
current (Akaike et al., 1989). 

POSSIBLE PHYSIOLOGICAL SIGNIFICANCE 
OF T w o  CALCIUM CURRENTS 

Both the fast spikes and underlying plateau depolar- 
izations that character ize glucose-induced bursting 
in B-cells are calcium-dependent  action potentials 
(Dean & Matthews,  1970b; Cook,  Crill & Porte,  
1980; Ribalet & Beigelman, 1980; Meissner  & 
Schmeer ,  1981). The fast calcium current compo-  
nent, by virtue of  its rapid inactivation kinetics, 
somewhat  lower threshold, and s teady-state  inacti- 
vation properties,  may be involved in initiating burst 
firing and fast action potentials.  The slowly inacti- 
vating component  may underly the sustained plateau 
depolarizations,  typically lasting several seconds. 
Fur thermore ,  the slow componen t ' s  recovery  from 
vol tage-dependent  inactivation during the interburst 
interval may act in concert  with the fast current 
component  to determine the pacing of burst firing. 
in this manner ,  the dual regulation of  calcium influx 
by membrane  potential and calcium influx itself may  
serve to provide sufficient calcium to efficiently en- 
gage the insulin secretory apparatus  of  the B-cell 
without triggering toxic cellular processes  that result 
f rom sustained elevation of intracellular calcium 

(Choi, 1988). The possible importance of slow, volt- 
age-dependent  inactivation for mouse B-cell burst- 
ing electrical activity is underscored by the recent 
report that intracetlular free calcium does not contin- 
ually accumulate  during plateaus in intact mouse 
islets (Valdeolmillos et al., 1989). Thus,  depolariza- 
tion rather than calcium accumulat ion may regulate 
the duration of the plateaus observed in suprathresh- 
old glucose, this in turn may regulate the timing 
of pulsatile insulin secretion (Rosario, Atwater  & 
Scott,  1986). 

We thank Mr. Louis Stamps for cell culturing and other technical 
assistance. This work was funded by the NIH and the U.S. 
Veterans Administration. 
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