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A B S TRACT The relationship between the deplet ion of IP3-releasable intracellu- 
lar Ca z+ stores and  the activation of Ca2+-selective membrane  current  was deter- 
mined  dur ing  the st imulation of M1 muscarinic receptors in N1E-115 neuroblas- 
toma cells. External Ca 2+ is required for refilling Ca 2+ stores and  the voltage-inde- 
pendent ,  receptor-regulated Ca 2+ current  represents a significant Ca 2+ source for 
refilling. The time course of Ca z+ store deplet ion was measured with fura-2 fluo- 
rescence imaging, and  it was compared with the time course of Ca 2+ current  acti- 
vation measured with nystatin patch voltage clamp. At the time of max imum cur- 
rent  density (0.18 + .03 pA/pF;  n = 48), the Ca ~+ conten t  of the IP3-releasable 
Ca z+ pool is reduced to 39 + 3 % (n = 10) of its resting value. Calcium stores de- 
plete rapidly, reaching a m i n i m u m  Ca 2+ conten t  in 15-30 s. The activation of 
Ca 2+ current  is delayed by 10-15 s after the beg inn ing  of Ca z+ release and  contin- 
ues to gradually increase for nearly 60 s, long after Ca 2+ release has peaked and 
subsided. The delay in the appearance of the current  is consistent with the idea 
that the product ion  and  accumulat ion of a second messenger is the rate-limiting 
step in current  activation. The time course of Ca 2+ store deplet ion was also mea- 
sured after adding thapsigargin to block intracellular Ca 2+ ATPase. After 15 min  
in thapsigargin, IP3-releasable Ca z+ stores are depleted by >90% and the Ca z+ 
current  is maximal (0.19 + 0.05 pA/pF;  n = 6). Intracellular loading with the 
Ca 2+ buffer EGTA/AM (10 p~M; 30 min)  depletes 1P3-releasable Ca 2+ stores by be- 
tween 25 and  50%, and  it activates a vol tage-independent  inward current  with 
properties similar to the cur ren t  activated by agonist or thapsigargin. The current  
density after EGTA/AM loading (0.61 + 0.32 pA/pF;  n = 4) is three times greater 
than the current  density in response to agonist or thapsigargin. This could result 
from partial removal of Ca2+-dependent inactivation. 

I N T R O D U C T I O N  

Neuro t r ansmi t t e r s  that  activate IP3 p r o d u c t i o n  elicit ca lc ium release f rom intracel-  
lu lar  storage c o m p a r t m e n t s  associated with the endop lasmic  re t icu lum.  A fract ion 
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of the calcium that is l iberated is pumped  back into storage compartments,  but  
most is ext ruded from the cell by the action of  Ca 2+ ATPases and Na+/Ca 2+ ex- 
changers (Carafoli, 1987; Dipolo and Beauge, 1988; Reeves, 1992). This loss of  
C a  2+ to  the extracellular volume leaves intracellular stores partially depleted, and 
the deficit must be recovered by the activation of  a membrane  Ca 2+ current.  It is 
suggested that the decrease in luminal calcium concentrat ion is detected in some 
way and that this leads to the product ion of  a messenger that triggers calcium in- 
flux. The process has been termed "capacitative calcium entry" (Putney and Bird, 
1993), and according to this model,  refilling occurs when Ca 2+ entering the cyto- 
plasm is pumped  back into calcium stores (Muallem, Khademazad, and Sachs, 
1990; Montero,  Alonso-Torre, Alvarez, Sanchez, and Garda-Sancho, 1993). One of  
the questions posed by the capacitative model  concerns the quantitative relation- 
ship between the depletion of Ca 2+ stores and the activation of  Ca 2+ current.  This 
relationship has not  been measured, but  it is important  because it defines the char- 
acteristics and sensitivity of  the postulated luminal Ca 2+ detector.  

We compared  the depletion of  IPrreleasable intracellular calcium stores with the 
activation of  calcium influx in N1E-115 mouse neuroblastoma cells. Fura-2 imaging 
was used to measure changes in [Ca]i and nystatin patch clamp was used to mea- 
sure Ca ~+ current  under  three experimental  conditions: during the activation of 
M1 muscarinic receptors by carbachol, after applying thapsigargin to inhibit mi- 
crosomal Ca2+-ATPase, and while loading cells with the Ca 2+ buffer EGTA/AM. 
These procedures  activate a voltage-independent inward current  that is selective 
for Ca 2+ and reduced by external Mn 2+ and Ba 2+, and in these respects is similar to 
depletion-activated Ca z+ current  or ICRAC (Hoth and Penner,  1992, 1993; Zwei- 
fach and Lewis, 1993; Mathes and Thompson,  1994; Vaca and Kunze, 1994). It is 
demonstrated that receptor-regulated Ca 2+ current  plays a significant role in refill- 
ing Ca 2+ stores after the activation of  muscarinic receptors. Muscarinic agonist rap- 
idly releases stored Ca 2+, but  the activation of  Ca 2+ current  begins after a substan- 
tial delay and increases more slowly than the rate of  release. The results are consis- 
tent with the view that a messenger signaling the state of Ca 2+ stores is produced 
during Ca 2+ release and activates Ca ~+ current  with a delay. A preliminary repor t  of  
these findings has been published (Mathes and Thompson,  1993). 

M A T E R I A L S  A N D  M E T H O D S  

NIE-115 neuroblas toma cells derived from mouse sympathetic ganglion neurons  (Amano, Richel- 
son, and  Nirenberg,  1972) were obtained from the UCSF Cell Culture Facility and  used in pas- 
sages 3-8. Cells were grown in Dulbecco's modified Eagle's medium with 10% fetal bovine serum 
(Hyclone Laboratories, Logan, UT) at 37~ with 10% CO2, plated on  glass coverslips, and  grown 
to ~ 8 0 %  confluency before differentiation with dimethylsulfoxide (DMSO) for 5-21 d (Kimhi, 
Palfrey, Spector, Barak, and Littauer, 1976). The cultures were fed every 2-3 d and  were used 1-2 d 
after feeding. 

Ca 2+ Imaging 

Cells were loaded with the Ca 2+ indicator fura-2 (Molecular Probes, Inc., Eugene, OR) by incuba- 
t ion in saline containing 5 ~M fura-2/AM and 0.025% pluronic F-127 (Molecular Probes) for 1 h 
at 22~ After rinsing, the cells were transferred to a hea ted  chamber  (30~ on  the stage of a Dia- 
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phot  microscope (Nikon, Inc., Instrument Group, Melville, NY) equipped with 20• Fluor objec- 
tive, SIT camera (model C2400; Hamamatsu,Japan),  and a VHS video tape recorder (Sony Corp., 
Japan). Xenon arc illumination was filtered through 10-nm bandpass interference filters with 340- 
and 380-nm center wavelengths. Calibration of  fluorescence to units of  Ca 2§ was done off-line us- 
ing a pipeline image processor (Megavision, Santa Barbara, CA). Background-subtracted and 
frame-averaged Fs4o/F3so ratios were calibrated using standard solutions of  fura-2 between two cov- 
erslips according to the equations of Grynkiewicz, Poenie, and Tsien (1986). Values of  the calibra- 
tion parameters Rmin, Rm~,, and (Fmin/Fm=) at 380 nm are given in the figure legends. Intracellular 
Ca 2+ concentrations were measured in regions of  interest corresponding to the interiors of  indi- 
vidual cell bodies. Calcium kinetics were resolved by monitoring cells continuously for up to 90 s 
with 380-nm excitation after first obtaining F340/F380. Because dye fade during this period was in- 
significant, only an initial ratiometric determination was needed at the beginning of each record. 
The initial F3s0 and [Ca]i in each individual cell allowed the calculation of  Fmin and Fm~,, corre- 
sponding to zero and saturating Ca ~+ concentrations, using the equations: 

Fm~x = F380(1 + [Ca]JKd)/(s+ [ C a ] i / K  d) (1) 

Fmi n = S*Fma x , (2) 

where s = F~so.mln/F~o,m~x and is a constant of the imaging system. [Ca]i at later times could then be 
calculated from F~80 using the Henderson-Hasselbalch equation as is done for single wavelength 
dyes (Kao, Harootunian, and Tsien, 1989). 

Saline Solutions 

The external saline contained (in millimolar): 146 NaCI, 5.4 KCI, 1.8 CaCle, 0.8 MgSO4, 0.4 
KH~PO4, 0.3 NaeHPO4, 5 glucose, 20 HEPES, plus 10 IxM curare and 1 mM TTX (pH 7.4; temper- 
ature = 30~ Zero calcium external saline was the same, except MgC12 was substituted for CaC12. 
Carbachol (Sigma Chemical Co., St. Louis, MO) was dissolved in saline and applied at a final con- 
centration of  1 mM (M1 receptor Kd = 100 IxM; Wang and Thompson, 1994). The half time for 
exchange of  the chamber volume was ~2  s. Thapsigargin and EGTA/AM (Calbiochem Corp., La 
Jolla, CA) were dissolved in DMSO and diluted in saline to the appropriate concentration on the 
day of the experiments. All other  chemicals were obtained from Sigma Chemical Co. 

Nystatin Patch Clamp 

The nystatin perforated patch technique was used for whole-cell voltage clamp (Hamill, Marty, 
Neher, Sakmann, and Sigworth, 1981; Horn and Marty, 1988; Mathes and Thompson, 1994). The 
pipette solution contained (in millimolar): 16 CsC1, 70 Cs2SO4, 5 MgSO4, 10 HEPES, and 100 su- 
crose to ~320 mosM at pH 7.2. After filtering, 0.05% pluronic F-127 was added to increase the sol- 
ubility of nystatin. Nystatin was added to filtered pipette solution from a DMSO stock (2.5 mg nys- 
tatin in 50 ~1 DMSO) to a final concentration of  100-200 mg/ml ,  and this solution was used 
within the hour. Patch electrodes were made from thick-walled Borofilament glass (outside diame- 
ter = 1.5 mm, ID 0.86 mm, model BF150-86-15; Sutter Instrument Co., Novato, CA). The external 
saline was the same as that used for fura-2 imaging experiments. The calculated reversal potential 
for C1- = - 6 0  mV and for K § = - 8 5  mV. A holding voltage of  - 6 0  mVwas used which is near the 
normal resting potential (Kato, Anwyl, Quandt, and Narahashi, 1983). 

R E S U L T S  

Depletion of Ca ~+ Stores by Carbachol 

I n t r a c e l l u l a r  Ca  2+ c o n c e n t r a t i o n  was m e a s u r e d  d u r i n g  r e p e a t e d  ac t i va t i on  o f  m u s -  

c a r i n i c  r e c e p t o r s  wi th  c a r b a c h o l  in  t h e  p r e s e n c e  a n d  in  t h e  a b s e n c e  o f  e x t e r n a l  
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Ca 2§ T h e  resu l t s  i n d i c a t e  t h a t  r e f i l l i n g  o f  i n t r a c e l l u l a r  Ca  2+ s to res  a f t e r  m u s c a r i n i c  

r e c e p t o r  a c t i va t i on  r e q u i r e s  c a l c i u m  ent ry .  Fig. 1 A shows an  e x a m p l e  f r o m  an  ex-  

p e r i m e n t  o n  an  i n d i v i d u a l  ce l l  b a t h e d  in n o r m a l  sa l ine  c o n t a i n i n g  1.8 m M  Ca  2+. 

C a r b a c h o l  (1 m M )  was a p p l i e d  fo r  a p e r i o d  o f  30 s a n d  t h e n  w a s h e d  away by pe r fus -  

i n g  t h e  ba th ,  a n d  this  was r e p e a t e d  at  4 -min  in tervals .  T h e  [Ca]i  s igna l  c h a n g e s  ve ry  

l i t t le  in  a m p l i t u d e  o r  t i m e  c o u r s e  u n d e r  t h e s e  c o n d i t i o n s .  T h e  r e s p o n s e  to re-  

p e a t e d  a g o n i s t  a p p l i c a t i o n s  was m e a s u r e d  in t h e  ce l l  p o p u l a t i o n  by c o u n t i n g  t h e  

n u m b e r  o f  cel ls  t h a t  r e s p o n d e d  wi th  a f l u o r e s e n c e  c h a n g e  > 2 5 %  o f  m a x i m u m ,  

e q u i v a l e n t  to  a [Ca]i  i n c r e a s e  o f  1 0 0 - 2 0 0  nM.  T h e  s t i m u l u s  ser ies  was t h e  s a m e  as 

tha t  in Fig. 1 A. In  t h e  p o p u l a t i o n  a v e r a g e ,  t h e r e  is a 12% r e d u c t i o n  in t h e  n u m b e r  

o f  r e s p o n d i n g  cel ls  a f t e r  t h e  f irs t  s t imulus ,  b u t  l i t t le  f u r t h e r  d e c l i n e  d u r i n g  subse-  

q u e n t  tr ials (Fig. 1 B). T h e  in i t ia l  d e c r e m e n t  is p r o b a b l y  c a u s e d  by r e c e p t o r  d e s e n -  

s i t iza t ion ,  a n d  n o  d e c r e m e n t  is o b s e r v e d  w h e n  t h e  in t e rva l  is i n c r e a s e d  to  15 m i n  

( W a n g  a n d  T h o m p s o n ,  1994).  T h e s e  resul t s  d e m o n s t r a t e  t h a t  r e f i l l i ng  o c c u r s  be-  
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FIGURE 1. Refilling of intracellular calcium stores 
requires external calcium. Cells were loaded with 
fura-2/AM (5 IxM; 1 h), and video fluorescence imag- 
ing was used to measure changes in [Ca]i during re- 
petitive applications of 1 mM carbachol. The control 
series is shown in A and B. The cells were bathed in 
normal saline (1.8 mM Ca 2+) throughout. Carbachol 
was applied for 30 s and was washed away by rinsing 
the chamber with normal saline. This was repeated at 
4-min intervals for six trials. A 20-min interval sepa- 
rated trials 6 and 7. C and D illustrate the effect of re- 
moving external Ca 2+. During the first trial, carba- 
chol was applied in normal saline (1.8 mM CaZ+). 
After 30 s, the agonist was removed by replacing the 
bath volume with zero Ca 2+ saline (Mg 2+ replaces 
Ca2+; ~'~10 IxM Ca'e+). The next three carbachol trials 
were done in zero Ca 2+ saline. At the end of the 
fourth trial, the chamber was rinsed with zero Ca ~+ 
saline for 1 min and then with normal saline ( 1.8 mM 
Ca 2+) for 2.5 min before trial 5. The interval between 

trial 6 and trial 7 was 20 min. (A) Changes in [Ca]i under control conditions in a representative cell. 
The responses to all seven trials are aligned on the time axis (trials 1-4 in the upper panel, 5-7 in 
the lower). The period in carbachol is indicated by solid bars. (B) [Ca]i responses in the control cell 
population during repeated carbachol applications. The percentage of responding cells in a field of 
189 is indicated for each trial. The criterion for identifying responding cells was a change in fluores- 
cence >25% of F380,min within 10 s of carbachol application. This corresponds to a [Ca]~ elevation ot 
100-200 nM. The horizontal axis is also a time axis and the scale is shown by the bar. (C) Ca 2+ sig- 
nals in a representative cell from the group that received the zero Ca 2+ rinse. The responses to all 
seven trials are aligned on the same time axis and numbered. (D) The percentage of cells in a field 
of 163 that responded to carbachol with a [Ca]~ increase above criterion level in each of seven trials. 
The time in zero Ca e" saline is indicated. Values of s, R~in, and R~,  for these experiments were 25.5, 
0.03, and 3.51, respectively. 
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tween trials when  ex te rna l  Ca z+ is present ,  a n d  that  the refi l l ing process can nor-  

mally keep u p  with a r epea ted  schedule  of  CaZ+-release events. 
The  e x p e r i m e n t  was repea ted ,  bu t  this t ime, the agonis t  was washed away by per- 

fus ing  the ba th  with zero Ca 2+ sal ine (Mg 2+ replaces Ca 2+) after the first 30 s of  car- 
bachol  appl ica t ion,  a n d  the cells were b a t h e d  con t inuous ly  in  zero Ca 2+ saline dur-  
ing  trials 2-4.  Fig. 1 C shows the Ca 2+ response  in a single cell. D u r i n g  the s t imulus  
series, there  is a progressive decrease in response  a mp l i t ude  a n d  an  increase  in  the 

t ime to peak. After  the four th  trial, the c h a m b e r  was washed with zero Ca 2+ sal ine 
for 1 m i n  before  r e i n t r o d u c i n g  n o r m a l  sal ine (1.8 mM Ca2+). Recovery occur red  

d u r i n g  s u b s e q u e n t  trials. Fig. 1 D shows the p o p u l a t i o n  response  d u r i n g  the same 
s t imulus  series. 66% of  the cells r e s p o n d e d  d u r i n g  the first ca rbachol  appl ica t ion,  
b u t  this decreased  to 3% by the four th  trial. Nearly 35% of  cells r e s p o n d e d  on  the 

nex t  trial 2.5 m i n  after  r e i n t r o d u c i n g  n o r m a l  saline, a n d  recovery was a lmost  com- 
plete  by trial 7, which shows that  the d e c r e m e n t  is reversible. 

The  Ca 2+ c u r r e n t  that  is activated by carbachol  makes a s ignif icant  c o n t r i b u t i o n  

to ref i l l ing Ca 2+ stores. This  is i l lustrated in Fig. 2 A. In  the left panel ,  the cell was 
b a t h e d  initially in  zero Ca 2+ saline. Carbachol  (1 mM),  dissolved in  the same saline, 
was appl ied  for 30 s a n d  caused a large increase  in  [Ca]i due  to in t race l lu la r  Ca 2+ 

release. W h e n  the agonis t  was rapidly r emoved  by r ins ing  the c h a m b e r  with n o r m a l  
saline, there  was a second  peak in [Ca]i caused by ca lc ium influx,  showing that  the 
inf lux  pathway is active at this time. The  second  peak  is absen t  when  the r inse is 
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FW.UR~ 2. Receptor-regulated Ca ~§ current makes 
a significant contribution to refilling Ca ̀'+ stores. (A) 
Fura-2 imaging was used to measure [Ca]i in an indi- 
vidual cell bathed in zero Ca 2+ saline. Carbachol (1 
mM in zero Ca 2+ saline) was applied for the period 
indicated by the bar under the trace. This caused a 
large transient increase in [Ca]i due to intracellular 
Ca 2+ release. The agonist was washed away by replac- 
ing the solution in the chamber with normal saline 
containing 1.8 mM Ca 2+, which resulted in a second 
peak in [Ca]i caused by Ca 2+ influx. (B) The experi- 
ment was repeated in a different cell, but this time, 
the agonist was removed by replacing the solution in 
the chamber with zero Ca 2+ saline. Under these con- 
ditions, the second peak in [Ca]i does not occur. The 
results in A and B are representative of 10 experi- 
ments. (C) [Ca]i responses in a population of 168 
cells. The criterion for identifying responding cells 

was the same as that described in Fig. 1, Band D. Carbachol (1 mM) was applied for 30-s periods, re- 
peated at 4-min intervals. During the first 3 s, the cells were bathed in zero Ca 2+ saline, and Ca 2+ 
stores became progressively depleted. The time when cells were exposed to zero Ca 2+ saline is indi- 
cated. At the end of the third triM, the agonist was removed by replacing the solution in the cham- 
ber with normal saline (1.8 mM CaZ+), and it is seen that refilling is nearly complete after 3.5 min. 
The horizontal axis is also a time axis, and the scale is indicated by the bar. The interval between 
trials 4 and 5 was 20 min. s, Rmi,,, and P~,  values were 25.5, 0.03, and 3.51, respectively. 
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done with zero Ca 2§ saline (right panel). The calcium concentra t ion decays back to 
the resting level with a half  t ime of 16 -- 4 s (mean -- SD; n = 10) when agonist is 
removed by rinsing with normal  saline. The  decay is more  rapid, 5.2 + 1.3 s (n = 
5), when the rinse is done  with zero Ca 2+ saline. Our  interpretat ion of  this result is 
that Ca 2+ influx persists for a per iod lasting at least 30 s after agonist receptor  occu- 
pancy is terminated,  and that a significant fraction of  the Ca 2+ needed  to refill in- 
tracellular stores enters dur ing this time. 

The  exper iment  illustrated in Fig. 2 B supports the conclusion that refilling oc- 
curs rapidly. Carbachol  (1 mM) was applied for 30-s periods, and this was repeated  
at 4-rain intervals while moni tor ing  the fraction of  cells that responded  with an in- 
crease in [Ca]i. The first three trials were done  while the cell was ba thed  in zero 
Ca 2+ saline. At end  of  the third trial, the agonist was rinsed away with normal  saline 
containing 1.8 mM Ca 2+. It is seen that the Ca 2+ response recovered rapidly and 
reached nearly the control  ampli tude by the fourth trial. This shows that the IP~- 
releasable Ca 2§ pool  is refilled f rom 15 to 95% of its resting capacity within 3.5 min 
when external Ca '~+ is present.  From exper iments  such as the one illustrated in Fig. 
1 B in which Ca 2+ was re in t roduced 1 min after the agonist was removed,  we esti- 
mate that 25-40% of refilling occurs in the first min. The  vol tage-independent  
Ca 2+ current  that  is activated in response to carbachol  recovers slowly after the ago- 
nist is removed,  decreasing with a half  t ime of  19 • 23 s (mean • SD; n -- 22; 
Mathes and Thompson ,  1994). Because of  its slow recovery, receptor-regulated 
Ca 2§ current  represents a significant source of  Ca z+ for refilling. 

Measuring the Content of IP3-releasable Ca 2+ Stores during the Muscarinic Response 

Experiments  were done  to measure  the time course of  deplet ion of  the IPrreleas-  
able Ca 2+ pool  dur ing the activation of  muscarinic receptors.  We took advantage of 
the fact that N1E-115 cells express both  muscarinic and bradykinin receptors,  and 
that both  activate IP3 product ion and intracellular Ca 2+ release (Iredale, Martin, 
Hill, and  Kendall, 1992; Mathes, Wang, Vargas, and Thompson ,  1992). Because the 
two receptors do not  cross-desensitize, we could use a chase protocol  to measure  
the deplet ion time course (Fatatis, Caporaso, Iannotti ,  Bassi, Renzo, and Annunzi- 
ato, 1994). Carbachol  was applied to stimulate IP3 production,  and after a variable 
interval, bradykinin was applied to generate  renewed IP~ product ion  and  a second 
episode of  Ca 2+ release. Bradykinin was chosen as the second agonist because it 
causes a large Ca 2+ signal that begins with a short  delay in >98% of  cells, indicating 
that bradykinin receptors are expressed in large numbers .  In fact, the peak  [Ca]i 
increase in response to bradykinin was always greater  than the peak  response to 
carbachol (Coggan, Kovacs, and Thompson ,  1994). A saturating concentrat ion of 
bradykinin (100 nM) was used to generate  the largest possible increment  in IP~. 
This appears  to cause a maximal response since the Ca 2+ release resulting f rom 100 
nM bradykinin plus 1 mM carbachol applied together  is no greater  than the release 
caused by bradykinin alone (Coggan, J. C., and S. H. Thompson ,  unpubl ished ob- 
servation). 

The  exper imenta l  p rocedure  was as follows. Carbachol  (1 mM) was applied and 
the change in [Ca]i was measured  with fura-2 imaging. After a variable time in car- 
bachol, bradykinin (100 nM) was applied to elicit a second calcium release event 
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FIGURE 3. T i m e  course  o f  dep le t ion  o f  the  IP3-releasable 

Ca 2+ pool  by carbachol  m e a s u r e d  in n o r m a l  sal ine with 1.8 

m M  Ca 2+. Cells were loaded  with fu ra -2 /AM as before .  Car- 

bachol  (CBC; 1 mM)  was appl ied  for a variable pe r iod  be- 

fore  rapidly rep lac ing  the  so lu t ion  in the  c h a m b e r  with nor-  

mal  saline con t a in ing  carbachol  (1 mM)  plus  bradykin in  

(100 nM).  1 ra in  later, agonis t  ac t ion  was t e r m i n a t e d  by rins- 

ing  the  c h a m b e r  with n o r m a l  saline. T h e  left c o l u m n  shows 

representa t ive  Ca 2+ responses  in individual  cells a n d  the  

r ight  c o l u m n  shows averaged  responses  f r om 10 cells. Car- 

bacho l  was appl ied  for var ious  t imes  before  i n t r o d u c i n g  

bradykinin;  15 s in A, 45 s in B, 60 s in C, a n d  90 s in D. T h e  

da ta  descr ib ing  the  t ime  course  o f  Ca 2+ store dep le t ion  by 

carbachol  are g a t h e r e d  in Table  I. T h e  values o f  s, Rmi,, a n d  

/ ~ x  were 18.8, 0.072, a n d  4.02, respectively. 

and the maximum change in [Ca]i due to bradykinin was recorded.  The ratio of  
this value to the maximum change in [Ca]i due to bradykinin alone measured in 
the same cell populat ion was used as an indicator of the remaining IP~-releasable 
calcium pool on  the assumption that a saturating concentrat ion of  bradykinin re- 
leases all of  the pool  in a single trial. This assumption is supported by the fact that 
the maximum change in [Ca]i in response to bradykinin is equal to the maximum 
seen with 1 ixM ionomycin. The  results are illustrated in Fig. 3 for cells bathed in 
normal saline. Example records f rom individual cells are shown in the left column, 
and the average response in 10 cells is shown on the right. Bradykinin was added 

T A B L E  I 

Time Course of Depletion of lntracellular Calcium Stores by Carbachol, Values of 
[ Ca ] i in Nanomolar 

Measured in normal saline 

CBC (1 mM) BK (0.1 tzM) + CBC Percent of  
Time (s) (peak) (rel. peak)* BK* depletion 

15 943 _+ 141 546 - 174 1,475 -+ 85 63 -+ 5 

(n = 11) (n = 11) (n = 4 ) ; P <  0.01 

30 633 -+ 88 591 + 190 1,595 --- 102 63 +- 3 

(n = 10) (n = 10) (n = 1 0 ) ; P <  0.001 

45 926 _+ 130 638 +- 174 1,650 +- 124 61 • 3 

(n = 10) (n = 10) (n = 8 ) ; P <  0.001 

60 794 -4- 126 343 --- 49 1,472 -r 76 77 -+ 1 

(n = 10) (n = 10) (n = 9); P <  0.001 

90 855 --- 92 265 -+ 79 1,081 --- 108 75 --- 3 

(n = 10) (n = 10) (n = 9); P<0.001 

* Relative amplitudes measured as the change in [Ca]i. 
Response to bradykinin (BK) alone. 

--+ SEM; statistical test for difference between test response and BK response (Student's t test). CBC, carbachol. 
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15, 30, 45, 60, a n d  90 s a f te r  ca rbacho l .  I t  is seen  tha t  the  c o n t e n t  o f  the  IP3-releas- 
ab le  Ca z+ poo l  dec reases  rap id ly  r e a c h i n g  a s teady level equa l  to 23% o f  the  ini t ia l  
c o n t e n t  by 1 min  (Table  I) .  

T h e  e x p e r i m e n t  was r e p e a t e d  on  cells b a t h e d  in zero  Ca 2+ sal ine to p r e v e n t  Ca 2+ 
inf lux,  a n d  the  resul ts  a re  s imi lar  to wha t  was seen  when  Ca 2+ was p r e s e n t  (Fig. 4). 
Af te r  30 s in ca rbacho l ,  the  r e sponse  to b r a d y k i n i n  was 34% o f  the  c o n t r o l  r e sponse  
to b r adyk in in  a lone ,  i n d i c a t i n g  tha t  34% o f  the  IP3-releasable p o o l  remains .  More  
p r o n o u n c e d  s tore  d e p l e t i o n  is ev iden t  a f te r  45 s. Af te r  60 s in ca rbacho l ,  the  [Ca]i 
inc rease  caused  by Ca 2+ re lease  h a d  d e c a y e d  80% o f  the  way back  to the  res t ing  
level, a n d  the  r e sponse  to b r a d y k i n i n  showed  par t i a l  recovery.  This  suggests  tha t  at  
this t ime  IP3-releasable Ca 2+ s tores  a re  b e g i n n i n g  to refill ,  a n d  this is mos t  a p p a r e n t  
in the  ave raged  r e sponse  (Fig. 4 C). Because  the  cells in this e x p e r i m e n t  were  
b a t h e d  in zero  Ca 2+ sal ine,  t h e r e  a re  on ly  two poss ib le  e x p l a n a t i o n s  for  par t ia l  re- 
f i l l ing o f  stores,  e i t h e r  Ca 2+ ions  r e l ea sed  in to  the  cy top lasm are  t aken  back  in to  the  
IP~-releasable poo l  s ince agon is t  ac t ion  slows down d u e  to r e c e p t o r  desens i t i za t ion ,  
o r  Ca 2+ moves  f rom a n o t h e r  i n t r ace l l u l a r  Ca 2+ s tore  in to  the  IP3-releasable pool .  

A s e c o n d  m e t h o d  was used  to m e a s u r e  the  d e p l e t i o n  o f  i n t r ace l l u l a r  Ca 2+ stores 
by ca rbacho l .  T h e  e x p e r i m e n t a l  des ign  was the  same,  e x c e p t  tha t  i o n o m y c i n  was 
used  in p lace  o f  b radyk in in .  In  this e x p e r i m e n t ,  the  cells were  aga in  b a t h e d  in zero  
Ca 2+ sal ine to p r e v e n t  Ca z+ en t ry  d u e  to i o n o m y c i n  ac t ing  at  the  p l a s m a  m e m -  

b rane .  I o n o m y c i n  (1 ~M) was a d d e d  at  var ious  t imes  af te r  c a r b a c h o l  (1 mM)  a n d  
the  results  a re  i l lus t ra ted  in Fig. 5. Af te r  30 s in ca rbacho l ,  the  [Ca]i inc rease  in re- 
sponse  to i o n o m y c i n  was 21% o f  the  c on t ro l  r e sponse ,  i n d i c a t i n g  tha t  21% o f  the  
ini t ia l  Ca z+ s tore  r emains .  W h e n  n o r m a l  sal ine was r e i n t r o d u c e d  to r inse  away the 
agonis t ,  t h e r e  was an a d d i t i o n a l  inc rease  in [Ca]i r e su l t ing  e i t he r  f rom i o n o p h o r e  
in the  m e m b r a n e  o r  f rom the  dep l e t i on -ac t i va t ed  Ca z+ pathway.  2 o u t  o f  10 cells 
showed  n o  a d d i t i o n a l  inc rease  in [Ca]i in r e sponse  to i onomyc in .  Because  ionomy-  
cin re leases  s t o r ed  Ca 2+ f rom every cell  u n d e r  c on t ro l  cond i t ions ,  the  resul t  f r om 

A CBC + BK 

CBC 
3O I 

B 

CBC 
6o s 

FIGURE 4. Time course of depletion of the IP3-releasable 
Ca 2+ pool by carbachol measured in zero Ca 2+ saline. Carba- 
chol (CBC; 1 mM) was applied for a variable period before 
rapidly replacing the solution in the chamber with zero 
Ca 2+ saline containing carbachol (1 mM) plus bradykinin 
(100 nM). 1 min later, agonist action was terminated by rins- 
ing the chamber with zero Ca 2+ saline. The left column 
shows Ca 2+ responses in individual cells, and the right col- 
umn shows the average responses from 10 cells. (A) Carba- 
chol was applied for 30 s before introducing bradykinin. (B) 
The period in carbachol was lengthened to 45 s. 5 of 10 cells 
showed no additional increase in Ca 2+ when carbachol plus 
bradykinin was applied. (C) After lengthening the interval 
between carbachol application and carbachol + bradykinin 
to 60 s, there is indication that stores are beginning to refill. 
2 of 10 cells showed no additional response to carbachol + 
bradykinin. The values of s, R,,,in, and R, la~ were 18.8, 0.072, 
and 4.02, respectively. 
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A CBC + IONO 

C19C 
30  i 

t3 

CBC 
45 i 

C 
CBC 

60 s 

FmuR~ 5. Time course of depletion of the IP3-releasable 
Ca 2+ pool measured with ionomycin. The protocol was the 
same as that described in Fig. 4, except that ionomycin (1 
txM) was used in place of bradykinin. The two columns 
show [Ca]i responses in individual cells (/eft) and averaged 
responses (right; n = 10 in A, 5 in B, 3 in C). The experi- 
ment was conducted in zero Ca 2+ saline. Carbachol (CBC; 1 
mM) was applied for a 30-s interval before replacing the 
bath solution with saline containing carbachol + ionomycin 
in A. The interval was lengthened to 45 s in B, and 60 s in C 
In each case the chamber was rinsed with normal saline con- 
raining 1.8 mM Ca 2+ 1 min after adding carbachol + iono- 
mycin. The values of s, R~i,, and Rm~, were 18.8, 0.072, and 
4.02, respectively. 

these  two cells i nd ica t e s  tha t  c a r b a c h o l  can  e m p t y  Ca 2+ s tores  in less t han  30 s. Af- 
te r  45 s in ca rbacho l ,  i o n o m y c i n  elici ts  a sma l l e r  inc rease  in [Ca]i, b u t  when  iono-  
myc in  is a d d e d  af te r  60 s, t h e r e  is ev idence  tha t  Ca 2+ s tores  a re  b e g i n n i n g  to refill .  
T h e  t ime  course  a n d  the  m a g n i t u d e  o f  Ca 2+ s tore  d e p l e t i o n  by c a r b a c h o l  was ap-  
p r o x i m a t e l y  the  same  w h e t h e r  m e a s u r e d  with b r a d y k i n i n  o r  with i onomyc in .  This  
suggests  t ha t  IP3 a n d  i o n o m y c i n  re lease  Ca 2+ f rom the  same poo l  even t h o u g h  they  
e n g a g e  very d i f f e r en t  m e c h a n i s m s .  Because  i o n o m y c i n  is n o t  e x p e c t e d  to se lec t  
o n e  e n d o p l a s m i c  r e t i c u l u m  Ca 2+ s tore  over  a n o t h e r ,  we c o n c l u d e  tha t  in N1E-115 

cells mos t  o f  the  s t o r ed  Ca 2+ is in an  IP3-releasable pool .  

Relationship between Depletion of Ca 2+ Stores and Activation of Ca 2+ Current 

T h e  inc rease  in [Ca]i in r e s p o n s e  to ca rbacho l ,  the  Ca z+ cu r ren t ,  a n d  the  c o n t e n t  
o f  the  IP3-releasable Ca ~+ p o o l  e x p r e s s e d  as a p e r c e n t a g e  a re  shown t o g e t h e r  o n  
the  s ame  t ime  base  in Fig. 6. T h e  da t a  sets were  g e n e r a t e d  us ing  the  s ame  agon i s t  
c o n c e n t r a t i o n ,  b a t h i n g  sal ine,  a n d  t e m p e r a t u r e .  Fig. 6 A shows tha t  the  c h a n g e  in  
[Ca]i rises r ap id ly  to a p e a k  wi th in  10 s a n d  t hen  beg ins  to slowly de c l i ne  (average  
r e s p o n s e  in n ine  cells, t h r e e  e x p e r i m e n t s ) .  T h e  IP3-releasable Ca 2+ p o o l  e m p t i e s  
equa l ly  r ap id ly  (Fig. 6 B), r e a c h i n g  82% o f  the  m a x i m u m  c h a n g e  in Ca 2+ c o n t e n t  
by 15 s, a p p r o x i m a t e l y  the  t ime  tha t  the  cy top lasmic  Ca 2+ c o n c e n t r a t i o n  r eaches  its 
peak .  T h e r e  is, t he re fo re ,  g o o d  c o r r e s p o n d e n c e  b e t w e e n  the  t ime  cour se  o f  Ca 2+ 
s tore  d e p l e t i o n  a n d  the  t ime  course  o f  the  [Ca]i inc rease  m e a s u r e d  with fura-2 im- 
aging.  Ca l c ium cu r r en t ,  o n  the  o t h e r  h a n d ,  act ivates m u c h  m o r e  slowly. Fig. 6 C 
shows the  average  Ca 2§ c u r r e n t  dens i ty  m e a s u r e d  in 15 cells with nysta t in  p a t c h  
c lamp.  T h e  o n s e t  o f  the  c u r r e n t  lags b e h i n d  Ca 2+ re lease ,  the  c u r r e n t  inc reases  
m o r e  g radua l ly  t han  re lease ,  a n d  the  Ca 2+ c u r r e n t  c o n t i n u e s  to i nc rease  steadily,  
even  af te r  Ca 2+ re lease  a n d  [Ca]i  have p e a k e d  (Table  I) .  

Depletion of  Ca ~+ Stores by Thapsigargin 

T h a p s i g a r g i n  (1 ~M) ,  an  i n h i b i t o r  o f  m i c r o s o m a l  Ca 2+ ATPase ,  causes  [Ca]i  to 
inc rease .  Th is  b e g i n s  wi th in  30 s a n d  r e a c h e s  a p e a k  (220 nM in this  e x a m p l e )  by 
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FIGURE 6. The increase in [Ca]~, 
the content of IPs-releasable stores, 
and Ca 2+ current are shown on the 
same time base during carbachol 
stimulation. All measurements were 
done in normal saline at 30~ (A) 
Change in [Ca]i in response to 1 
mM carbachol applied for 1 rain. Av- 
erage of nine cells (these data ap- 
peared in Fig. 5 B of Mathes and 
Thompson, 1994). (B) Time course 
of depletion of IP3-releasable Ca 2- 
stores in response to carbachol. 
Store content was measured using 
the bradykinin chase protocol (see 
Fig. 3), and it is expressed as a per- 
centage of the peak change in 
[Ca]i during responses to bradyki- 
nin alone (Table I). Error bars were 
determined using a bootstrapping 
method (10 repetitions) to deter- 
mine the SEM (Effron, 1982). (C) 
Time course of Ca 2+ current activa- 
tion measured with nystatin patch 
voltage clamp. Average response in 
15 cells expressed in units of current 
densi~. 

2 m i n  (Fig. 7 A). Af te r  the  peak ,  [Ca] i  falls to a sus ta ined  value  45 nM above  the  
res t ing  level (average steady-state e levat ion;  82 + 35 nM, n = 14; Mathes  a n d  
T h o m p s o n ,  1994). W h e n  thaps iga rg in  is a p p l i e d  to cells b a t h e d  in zero  Ca 2+ sal ine,  
[Ca] i  aga in  increases  a n d  the  inc rease  occurs  at  a b o u t  the  same  ra te  a n d  r eaches  
an  equa l ly  h igh  p e a k  value  (210 nM in the  e x a m p l e ) .  In  ze ro  Ca 2+ sal ine,  however ,  

the  r e sponse  is t r ans i en t  a n d  [Ca]~ decays back  to the  res t ing  level with l i t t le evi- 
d e n c e  o f  sus t a ined  e leva t ion  (Fig. 7 B). Because  the  ra te  o f  rise o f  [Ca]~ a n d  the  
m a x i m u m  inc rease  are  the  same  in the  p r e s e n c e  a n d  a bse nc e  o f  ex t e rna l  Ca 2+, we 
c o n c l u d e  tha t  the  r i s ing  p h a s e  o f  the  r e sponse  to t haps iga rg in  is c aused  by Ca 2+ 
mov ing  in to  the  cytosol  f rom Ca 2+ s to rage  c o m p a r t m e n t s .  T h e  sus t a ined  e leva t ion  
o f  [Ca]i in n o r m a l  sal ine,  on  the  o t h e r  h a n d ,  m u s t  resul t  f r om c o n t i n u e d  Ca 2+ in- 
f lux ( T a k e m u r a ,  Ohsh ika ,  Yokosawa, O g u m a ,  a n d  Thas t rup ,  1991; Zweifach a n d  
Lewis, 1993; Mathes  a n d  T h o m p s o n ,  1994). 

T h e  t ime  course  o f  d e p l e t i o n  o f  the  IPs-releasable  Ca 2+ poo l  by t haps iga rg in  was 
m e a s u r e d  in a chase  e x p e r i m e n t .  C a r b a c h o l  (1 mM) was a p p l i e d  at  var ious  t imes  
af te r  i n t r o d u c i n g  thaps iga rg in ,  a n d  the  p e a k  c h a n g e  in [Ca]~ in r e sponse  to carba-  
cho l  was m e a s u r e d .  This  was d iv ided  by the  p e a k  [Ca]i inc rease  d u r i n g  s t imula t ion  
with c a r b a c h o l  a lone ,  m e a s u r e d  in the  same  cells be fo re  t haps iga rg in  was app l i ed ,  
to ca lcu la te  the  f rac t ion  o f  the  IP3-releasable Ca 2+ p o o l  r e m a i n i n g  at  each  t ime  
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FIGURE 7. Deple t ion  o f  Ca 2+ stores a n d  

activation o f  Ca 2+ c u r r e n t  by thapsigargin .  

(A) Thaps iga rg in  (1 p,M) was appl ied  to 

cells loaded  with fu ra -2 /AM a n d  b a t h e d  in 

n o r m a l  saline (1.8 m M  Ca2+). Raf iometr ic  

d e t e r m i n a t i o n s  o f  [Ca]i were m a d e  at  inter-  

vals and  p lo t ted  as a f unc t i on  o f  t ime in 

thapsigargin .  (B) T h e  e x p e r i m e n t  was re- 

pea t ed  on  a d i f fe rent  cell b a t h e d  in zero 

Ca 2+ sal ine (Mg ~+ replaces  Ca2+). Compar i -  

son  o f  A a n d  B show that  the  sus ta ined  

phase  o f  [Ca]i e levat ion requi res  ex te rna l  

Ca 2+. (C) T i m e  course  o f  dep le t ion  o f  IP~- 

releasable Ca 2+ stores by thaps igarg in  

(filled circles) plo t ted  t oge the r  with the  t ime 

course  o f  Ca 2+ c u r r e n t  activation (filled tri- 
angles). Store dep le t ion  was m e a s u r e d  us- 

ing  the  carbachol  chase  pro tocol  descr ibed  

in the  text  a n d  p lo t ted  as a pe rcen t age  o f  

the  c h a n g e  in [Ca]i in r e sponse  to 1 m M  

carbachol  a lone  (Table II). Er ror  bars  were 

d e t e r m i n e d  u s ing  a boo t s t r app ing  m e t h o d  

(10 repet i t ions;  Effron,  1982). T h e  values 

of  s, R m i n ,  a n d  Rm~, were 21.0, 0.072, a n d  2.44, respectively. Ca 2+ c u r r e n t  was m e a s u r e d  us ing  nystat in 

pa tch  voltage c l amp  a n d  is shown  in uni t s  o f  c u r r e n t  densi ty  no rma l i zed  to the  m a x i m u m  c u r r e n t  

observed in each  cell after  15 m i n  in thapsigargin.  T h e  average m a x i m u m  cu r r en t  densi ty  was 0.19 - 

0.05 p A / p F  ( m e a n  - SEM; n = 6). 

point  (Table II). Fig. 7 C shows that the content  of  the Ca 2+ pool  declines steadily 
to < A10% by 15 min. In 69% of  cells (18 out  of  26), carbachol added 8 or  15 rain 
after thapsigargin failed to activate additional Ca 2+ release, and for the others, the 
value of  DF/F  was < A25%. The  time course of  Ca 2+ current  activation dur ing in- 

T A B L E  I I  

Time Course of Depletion of Ca Stores by Thapsigargin, Values of [Ca]i in Nanomolar 
Measured in Normal Saline 

Measured in normal saline 

CBC CBC during THAPS Percent of 
Time (min) (peak) (peak) depletion 

2 865 • 91 568 • 58 25 • 3 

(n = 10) (n = 10) P <  0.05 

5 603 • 56 102 • 12 83 • 2 

(n = 10) (n = 10) P <  0.001 

8 700 • 92 105 • 59 85 • 3 

(n = 12) (n = 12) P <  0.001 

15 729 • 70 51 • 20 93 • 2 

(n = 15) (n = 13) P <  0.001 

- SEM; statistical analysis by Student's t test. Carbachol (CBC), 1 mM; thapsigargin (THAPS), 1 o,M. 
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cubation with thapsigargin (1 ~M) was measured  in nystatin patch experiments.  
Average current  density is plot ted as a function of time in Fig. 7 C, and the values 
were normalized to the current  density measured  15 min after adding thapsigargin. 
The  figure shows that when Ca 2+ stores empty  gradually after blocking the endo- 
plasmic ret iculum Ca 2+ ATPase with thapsigargin, the time course of  Ca 2+ current  
activation closely approximates  the time course of  Ca 2+ store depletion. 

EGTA Loading Activates Ca 2+ Current 

Cells were loaded with EGTA by adding the acetoxymethyl ester fo rm of  the buffer  
to normal  saline f rom a 1 mM DMSO stock solution. Loading with AM-APTRA 
(half-BAPTA/AM; Molecular Probes, Inc.) p repared  in the same way served as a 
control  for nonspecific effects of  ester loading, and it was found that this did not  af- 
fect m e m b r a n e  current.  Fig. 8 A shows that  EGTA/AM (10 I~M for 30 min) acti- 
vates an inward current  that  is blocked by adding 2 mM Mn 2+ to the external solu- 
tion (Fig. 8 A). O the r  exper iments  showed that the inward current  is increased by 
elevating the external Ca z+ concentrat ion and that it is reduced by adding external 
Ba 2+. Voltage pulses were applied before and during the inward current  to con- 
struct the difference I(V) shown in Fig. 8 B. The  dot ted line in the figure is the pre- 
dicted I(V) curve for a Ca 2+ current  f rom the Goldman-Hodgkin-Katz current  
equation. The  positive slope of  the I(V) curve indicates that EGTA/AM loading 
causes a conductance increase, but  it was not  possible to extend the curve to volt- 
ages more  positive than - 3 0  mV or to measure  a reversal potential  because of the 
activation of  voltage dependen t  Ca 2+ currents. The  sensitivity to external Ca 2+, 
Mn 2+, and Ba 2+ is similar to what is seen with the currents activated by carbachol 
and thapsigargin, and this is consistent with the idea that these three procedures  
activate the same inward current  pathway (Mathes and Thompson ,  1994). EGTA/  
AM loading, however, appears  to activate the current  to a greater  extent. The  aver- 
age steady state current  density after incubation with EGTA/AM was 0.61 _+ 0.32 
p A / p F  (n = 4; mean  - SEM) compared  to 0.18 + 0.03 pA/pF  for carbachol (n = 
48) and  0.19 -+ 0.05 p A / p F  for thapsigargin (n = 6). 

Fura-2 imaging exper iments  were done  to measure the deplet ion of C a  2+ stores 
by EGTA/AM. Fig. 8 B shows the change in [Ca]i in response to carbachol mea- 
sured before and 30 min after EGTA/AM loading (10 I~M) in a representative cell. 
Incubat ion with EGTA/AM had little effect on the time course of  the response, but  
it decreased the m a x i m u m  ampli tude by 25-35%, a decrease that might  be ex- 
pected  f rom the increase in cytoplasmic Ca 2+ buffer strength because of added 
EGTA. The  fraction of  the IP3-releasable Ca 2+ pool  that remains dur ing EGTA 
loading was measured  by applying carbachol at different times and compar ing  the 
peak  change in [Ca]i at each time point  with the control response measured in the 
same cell before buffer  loading (Table III).  Because no correct ion was made for 
the increase in cytosolic Ca 2+ buffer  strength resulting f rom the introduction of  
EGTA, this measure  overestimates the magni tude of  Ca 2+ store depletion. With this 
caveat in mind,  the results plot ted in Fig. 7 C suggest that the IP3-releasable Ca 2+ 
pool  is reduced by only 30% after a 30-min incubation with EGTA/AM. The  inward 
current  activated by EGTA loading is plotted on the same axis after normalizing to 
the ampli tude measured  at 30 rain. It  appears  that the current  activates over ap- 
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FIGURE 8. Activation of Ca 2§ cur- 
b rent and depletion of Ca 2+ stores by 

-ao -ao -40 -20 o EGTA/AM. (A) Inward current after 
f i 0 

too mV . 30 min incubation with 10 ~M 
o Veh.  Mn ee  . . . - ' -  -ao EGTA/AM. The chamber was rinsed 

pA . .~ . . . . . . . . _ . . . . . . . 1 ,  e.9"'" -,to with normal saline after 35 min 
- loo  ~ . ' #  -80 (veh.) and with saline containing 2 
-200 - mM Mn 2+ (Mn) after 40 min. Down- 

.. - 8 0  
-aoo t / '  ' ' ' ' �9 pA - too  ward deflections in the record are 

22 84 aa aa 40 responses to test voltage pulses. Rep- 
m i n  resentative of four experiments. (A) 

] ~  Difference I(V) curve for the cur- 
rent activated by EGTA/AM. Cur- 

[ 200 nM / ~ . , ~ ~ o r e "  rents in response to a series of volt- 
- age pulses measured before EGTA/ 

10 s ~] ~ . . ~ _ , . . .  ,-v-----~ AM loading were subtracted from 
1 currents measured after the loading 

EGTA/AM treatment to construct the curve. 

The dotted line is the solution of  
C the Goldman-Hodgkin-Katz current 

equation for [Ca2+]o,t = 1.8 mM, 
"~ I IOO~ ~, L-- ------'~-'-~ t j t.0 I r~ [Ca z+ ]in = 70 nM. (B) Change in 

~ [Ca]i in response to carbachol (1 
�9 50 o.5 �9 .r mM) before and 30 min after add- ~:~ 25 I r 
I o ~ - ~  ' ' ' o ing EGTA/AM (10 I~M) in a repre- 

~, 0 10 20 30 
m i n  sentative cell loaded with fura-2. 

Time in carbachol shown by the bar. 

Dotted line denotes z e r o  [Ca]i .  (C) Time course of depletion of the IP3-releasable Ca ~+ pool by 
EGTA/AM. Store depletion was measured using the chase protocol described in the text, and it is 
expressed as a percentage of the peak change in [Ca] i  in response to carbachol before EGTA/AM 
loading (Table II). Statistical error was estimated using a bootstrapping method to determine the 
SEM. The error bars are smaller than the size of the symbols. The values of s, Rmin, and P~= were 
21.0, 0.072, and 2.44, respectively. Ca ~§ current density is plotted on the same axis normalized to the 
maximum current after 30 min (n = 10 for each time point). The cellular variability in measure- 
ments of current density was large. 

p r o x i m a t e l y  t h e  s a m e  t i m e  c o u r s e  as Ca  2+ s to re  d e p l e t i o n ,  b u t  t h e  l a rge  var iab i l i ty  

in t h e  m e a s u r e m e n t  o f  c u r r e n t  d e n s i t y  m a k e s  it  d i f f i cu l t  to  d e t e r m i n e  t h e  e x a c t  

f o r m  o f  t h a t  r e l a t i o n s h i p .  

D I S C U S S I O N  

D e p l e t i o n  o f  i n t r a c e l l u l a r  Ca  2+ s to res  ac t iva tes  v o l t a g e - i n d e p e n d e n t  Ca  2+ c u r r e n t s  

in  a va r ie ty  o f  e l ec t r i ca l l y  i n e x c i t a b l e  cel ls  ( H o t h  a n d  P e n n e r ,  1992; V a c a  a n d  

K u n z e ,  1994; Z w e i f a c h  a n d  Lewis,  1993) ,  a n d  i t  is b e c o m i n g  a p p a r e n t  t h a t  a s imi l a r  

p r o c e s s  o c c u r s  in  e x c i t a b l e  cel ls  as wel l  ( P u t n e y  a n d  Bi rd ,  1993; M a t h e s  a n d  

T h o m p s o n ,  1994; F e l d e r ,  S i n g e r - L a h a t ,  a n d  M a t h e s ,  1994) .  T h e  c a p a c i t a t i v e  m o d e l  

p r o p o s e s  t h a t  Ca  2+ s to r e  d e p l e t i o n  l e ads  to  t h e  p r o d u c t i o n  o f  a m e s s e n g e r  t h a t  act i-  

va tes  Ca  2+ c u r r e n t .  T h e  a c t i v a t i n g  m e s s e n g e r ( s )  has  n o t  b e e n  i d e n t i f i e d ,  a l t h o u g h  
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T A B L E  I I I  

Time Course of Depletion of Ca Stores by EGTA/AM, Values of [Ca]i in Nanomolar 
Measured in Normal Saline 

CBC CBC dur ing  EGTA/AM Percent  of  

T ime  (min) (peak) (peak) depletion 

5 - -  870 _+ 60 2 -+ 3 

(n = 10); NS 

10 - -  435 -+ 49 49 -+ 3 

(n = 10); P <  0.01 

30 890 -+ 92 636 +_ 45 29 -+ 2 

(n = 10); NS 

60 - -  913 -+ 44 8 + 2 

(n = 19); NS 

+ SEM; statistical analysis by Student 's  t test (NS, not  significant). 

Carbachol (CBC), 1 raM; EGTA/AM, 10 raM. 

several candidates have been proposed  including a diffusible anionic molecule of  
<500 mol wt (Randr iamampi ta  and Tsien, 1993; Parekh, Teriau, and Stuhmer,  
1993), cGMP (Pandol and Schoeffield-Payne, 1990; Bahnson, Pandol and Dionne, 
1993; Xu, Star, Tortorici, and Muallem, 1994), and a monomer i c  G protein (Faso- 
lato, Hoth,  and Penner  1993; Bird and Putney, 1993). Other  evidence suggests that 
phosphorylat ion may be involved (Vostal, Jackson, and Schulman, 1991; Gusovsky, 
Lueders, Kohn, and Felder, 1993). 

In N1E-115 cells, external Ca 2+ is required for refilling the IP3-releasable Ca 2+ 
pool and refilling occurs rapidly, replenishing the Ca 2+ content  to 95% of  the rest- 
ing value in less than 4 min. This is similar to a refilling time of  3 min repor ted  for 
PC12 cells (Clementi, Scheer, Zacchetti, Fasolato, Pozzan, and Meldolesi, 1992), al- 
though a wide range of refilling times is seen in other  cell types f rom 8 s in Ehrlich 
ascites tumor  cells (Montero,  Alvarez, and Garcfa-Sancho, 1990) to 40 min in adre- 
nal glomerulosa cells (Kojima, Shibata, and Ogata, 1987; see Tsunoda,  1993). 

When transmit ter  action is s topped by rinsing the chamber  with zero Ca 2+ saline, 
the intracellular Ca 2+ concentrat ion decays back to the resting level with a half t ime 
of 5.2 + 1.3 s (n = 5; mean  -+ SD) . This is similar to the 9 - 2 s half-life of  IP3 in 
N1E-115 cells (Wang, Alousi, and Thompson ,  1994), which suggests that in the ab- 
sence of Ca 2+ influx, the decay of  the intracellular Ca '~+ signal is governed by meta- 
bolic processing of  IP3 and t ransport  of  Ca z+ out of  the cell or  back into stores. The 
decay is pro longed  when external Ca z+ is present  because of  the pro longed  recov- 
ery time course of  the Ca z+ current.  

During carbachol stimulation, the IP3-releasable Ca 2+ pool  is depleted by 61-  
77% at the time that the current  reaches its m a x i m u m  amplitude. With thapsigar- 
gin, the pool  is 90-95% empt ied  when the current  is maximal. These results are 
consistent with the hypothesis that the C a  2+ current  is activated subsequent  to Ca z+ 
store deplet ion and lends strong suppor t  to the capacitative model  for Ca 2+ current  
activation. It  is apparen t  that C a  2+ stores need  not  be empty or in equil ibrium with 
the cytosol for the Ca ̀ ,+ current  to be activated and, therefore,  if there is a Ca 2+ de- 
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tector associated with internal stores, it must  be able to operate  over a wide range 
of  luminal  calcium concentrat ions.  

A compar ison of  the time course of  deplet ion of  the IPa-releasable Ca 2§ pool  with 
the time course of  Ca 2§ cur rent  activation in response to agonist showed that  store 
deplet ion is much  more  rapid than current  activation. This is in ag reemen t  with 
studies on hepatocytes (Kass, Llopic, Chow, Duddy, and Orrenius,  1990), parot id 
acinar cells (Hiramatsu, Baum, and Ambudkar ,  1992), and  avian exocrine cells 
(Shutdeworth,  1994). The  increase in current  follows the onset  of  Ca 2§ release with 
a 10-15-s latency and the current  increases more  gradually than Ca 2§ release. Ca 2+ 
release is over 10-15 s after applying the agonist, while the current  continues to in- 
crease for as long as 60 s. From this, it is apparen t  that  the rate-limiting step in cur- 
rent  activation is not  store depletion.  The  results are consistent with a model  in 
which the cur rent  is activated subsequent  to the product ion of  a second messenger,  
with messenger  product ion  and  accumulat ion being rate limiting. In contrast, Ca 2+ 
current  activation and Ca 2§ store deplet ion follow the same time course when 
thapsigargin is used to block intracellular Ca 2+ ATPases. Ca 2+ release in this case is 
very slow, requir ing several minutes  to reach complet ion,  compared  to 10-15 s for 
agonist. Our  interpretat ion is that when Ca 2§ release is slow, the product ion  and 
acccumulat ion of  the second messenger  responsible for modula t ing the current  is 
no longer  rate limiting. 

A n u m b e r  of  studies have shown that a vol tage- independent  Ca 2+ current  is acti- 
vated in whole-cell voltage clamp exper iments  when cells are internally perfused 
with pipette solutions containing EGTA or BAPTA (Zweifach and Lewis, 1993; 
Hoth  and Penner ,  1992, 1993; Lfickhoff and Clapham, 1994). The  explanat ion has 
been  that this lowers the Ca 2+ content  of  stores because of  Ca 2§ leakage into the 
strongly buffered env i ronment  supplied by the pipet te  solution. A somewhat  differ- 
ent  situation arises when cells are loaded with EGTA/AM. In this case, the free 
buffer  concentra t ion is limited by part i t ioning of  the c o m p o u n d  across the mem-  
brane  and the activity of  intracellular esterases. In N1E-115 cells, loading with 
EGTA/AM increases a vol tage- independent  inward current  that resembles the Ca 2§ 
current  activated by carbachol  and thapsigargin in its sensitivity to external Ca 2+ 
and to block by external Mn z+ and Ba 2+. Using fura-2, we estimated that the con- 
tent of  the IPrreleasable  Ca 2+ pool  is 50-70% of  the resting value when the current  
is maximally activated. This measurement ,  however, underest imates the Ca 2+ con- 
tent of  stores because of  compet i t ion  between EGTA and fura-2 for intracellular 
Ca 2+, and the result is consistent with the observation that BAPTA/AM loading of  
parot id acinar cells does not  deplete Ca 2+ stores (Foskett, Gunter-Smith, Melvin, 
and Turner ,  1989). With carbachol or  thapsigargin, the IPrreleasable  Ca 2§ pool  is 
reduced to 5-25% of  the resting value when the current  reaches its peak. It would 
appear,  therefore,  that Ca 2§ stores are less strongly affected by EGTA/AM loading 
than by agonist or  thapsigargin. In contrast, the current  density after EGTA loading 
is almost  three times larger than it is with agonist or  thapsigargin. This suggests that 
inward current  activation is more  sensitive to store deplet ion when EGTA is used. 
Exper iments  in N1E-115 cells and in o ther  cells suggest that receptor-regulated 
Ca 2+ currents may be subject to CaZ+-dependent inactivation (Lewis and Cahalan, 
1989; Hoth  and  Penner ,  1993; Mathes and Thompson ,  1994; Zweifach and Lewis, 
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1995). This  p rov ides  a poss ib le  e x p l a n a t i o n  for  the  l a rge r  c u r r e n t  dens i ty  a i i e r  
bu f fe r  l o a d i n g  s ince  the  a d d e d  Ca 2+ buf fe r  c o u l d  p r o t e c t  aga ins t  Ca2+-dependen t  
inact iva t ion .  T h e  c o m b i n a t i o n  o f  par t ia l  s tore  d e p l e t i o n  a n d  i n c r e a s e d  Ca 2+ buffer-  
i ng  m i g h t  al low a l a rge r  c u r r e n t  a m p l i t u d e ,  even in the  u n p e r f u s e d  c o n d i t i o n  o f  
nystat in  p a t c h  vol tage  c lamp.  T h e  p r e s e n t  e x p e r i m e n t s  were  n o t  d e s i g n e d  to re- 
solve small  changes  in [Ca]i, b u t  this i dea  mer i t s  f u r t h e r  tes t ing,  for  e x a m p l e ,  by 
m e a s u r i n g  the  Ca 2+ d e p e n d e n c e  o f  inac t iva t ion .  

Like m a n y  neu rons ,  N1E-115 cells express  vol tage-act ivated Ca 2+ channe l s  (Yoshii, 
T sunoo ,  a n d  Narahash i ,  1988). We  have shown tha t  r e c e p t o r - r e g u l a t e d  Ca 2+ inf lux  
is necessary  for  re f i l l ing  stores,  b u t  these  tissue cu l tu re  cells a re  ra re ly  spon t ane -  
ously active. In  an  active n e u r o n ,  the  Ca 2+ inf lux  d u r i n g  ac t ion  po ten t i a l s  s h o u l d  be  
suff ic ient  to refil l  i n t r ace l l u l a r  Ca 2+ s tores  and ,  t he re fo re ,  o n e  s h o u l d  c o n s i d e r  
wha t  a d d i t i o n a l  phys io log ica l  ro les  r e c e p t o r - r e g u l a t e d  Ca 2+ cu r r en t s  m i g h t  have. 
We sugges t  tha t  the  Ca 2+ c u r r e n t  plays its p r i m a r y  ro le  in s ignal  t r a n s d u c t i o n  con-  
t r ibu t ing ,  for  e x a m p l e ,  to n i t r ic  o x i d e  a n d  cGMP p r o d u c t i o n  ( T h o m p s o n ,  Mathes ,  
a n d  Alousi ,  1995) a n d  to the  local  r e g u l a t i o n  o f  ion  channe l s .  Signal  t r a n s d u c t i o n  
can  be  spat ia l ly  local ized,  for  e x a m p l e ,  by the  act ivat ion o f  r e c e p t o r s  a t  d i sc re te  lo- 
ca t ions  on  a d e n d r i t i c  t ree  (Koch  a n d  Zador ,  1993). Loca l  Ca 2+ re lease  (Yuste, Gut-  
nick,  Saar,  Delaney,  a n d  Tank ,  1994) c rea tes  a n e e d  for  a local ly r e g u l a t e d  Ca 2+ re- 
f i l l ing m e c h a n i s m  tha t  does  n o t  r e qu i r e  a d i s t r i b u t e d  signal  such as a d e n d r i t i c  
Ca 2+ spike. 
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