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Accumulation of inositol  phosphates (Ins-P., re- 
vealed  by  high  performance  liquid  chromatography), 
changes of the cytosolic free Ca2+  ([Ca”],  revealed  by 
fura-a), membrane  potential and ionic currents (re- 
vealed  by bis-oxonol and  patch  clamping)  were inves- 
tigated  in  PC12 cells treated  with  bradykinin (BK). 
The  phenomena  observed  were (a) due  to  the  activation 
of a Bz receptor  (inhibitor  studies) and  (b) unaffected 
by  pertussis  toxin, CAMP analogs,  and  inhibitors of 
either cyclooxygenase or voltage-gated  Ca2+  channels. 
During  the  initial  tens of s, three  interconnected  events 
predominated:  accumulation of Ins-1,4,5-P~, Ca2+ re- 
lease  from  intracellular  stores  and  hyperpolarization 
due  to  the  opening of Ca2+-activated K+ channels.  Phor- 
bo1 myristate  acetate  partially  inhibited  Ins- 1 ,4,5-P3 
accumulation at  all [BK] investigated,  and  the [Ca2+Ii 
increase at  [BK] < 50 nM. In  PC12 cells treated  with 
maximal [BK] in  the  Ca2+-containing  incubation me- 
dium, Ins-1,4,5-P~ peaked at 10 s, dropped  to 20% of 
the  peak at 30 s, and  returned  to  basal  within 5 min; 
the  peak  increase of Ins-1,3,4-P3  was  slower  and  was 
variable  from  experiment  to  experiment,  while  Ins-P4 
rose  for 2  min,  and  remained  elevated  for  many min 
thereafter. Meanwhile, influx of Ca2+  from the  extra- 
cellular  medium,  plasma  membrane  depolarization 
(visible  without  delay  when  hyperpolarization  was 
blocked), and  increased  plasma  membrane  conductance 
were noticed. Evidence is presented  that  these  last 
three  events  (which  were  partially  inhibited by  phorbol 
myristate  acetate at all [BK]) were  due  to  the  activation 
of a cation  influx,  which  was much  more persistent 
than  the  elevation of the  two  Ins-PJ isomers. Our  re- 
sults  appear  inconsistent  with  the possibility that  in 
intact  PC12 cells the BK-induced activation of cation 
influx is accounted for  entirely by the  increases of 
either  Ins-1,3,4-P3  or  Ins-1,4,5-P3  (alone  or  in combi- 
nation  with  Ins-1,3,4,5-P4), as previously  suggested  by 
microinjection studies  in  different cell types. 

Ample evidence demonstrates  that  the rise of the cytosolic 
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Caz+ concentration, [CaP+]irl that follows the  activation of 
receptors coupled to  the hydrolysis of polyphosphoinositides 
(PPI)  is  due  to  at  least two separate mechanisms:  a transient 
release to  the cytosol of Ca2+  originated from an  intracellular 
“microsomal” store  (Ca2+  redistribution), accompanied by a 
more persistent increase of the Ca2+ influx  across  the  plasma 
membrane (1-3). The  first  such process is known to  be  me- 
diated  intracellularly by inositol 1,4,5-trisphosphate  (Ins- 
1,4,5-P3), a  second  messenger generated by the  receptor- 
coupled reaction, whereas  for the second  process knowledge 
is  still at  an early  stage.  Indeed, studies  carried  out  in a variety 
of cell types  stimulated by different  agonists have  led to 
diverging  proposals. In  one  case  the  influx  has  been suggested 
to  be due to  the opening of a true  receptor-operated  channel 
(4);  in  others  to  be triggered  by intracellular second messen- 
gers such  as Ca2+ (5), Ins-1,4,5-P3  itself (6), Ins-1,3,4-P3 (7, 
8), or  the  combination of Ins-1,4,5-P3 with  its  phosphorylation 
product, Ins-1,3,4,5-P4 (9, 10). 

In  order  to  further  characterize Ca2+  influx as well as  the 
other processes brought  about by the  activation of PPI  hy- 
drolysis-coupled  receptors, we have turned  to  the  study of the 
effects of bradykinin  (BK)  in  PC12 cells. BK  is a naturally 
occurring nonapeptide known to  elicit  a  large spectrum of 
actions.  Previous  studies  carried  out  in  neuroblastoma  and 
neuroblastoma x glioma hybrid  cells demonstrated  the  exist- 
ence of BK  receptors coupled to   PPI  hydrolysis  whose acti- 
vation induces [Ca”Ii changes  concomitant  with  changes of 
the  plasma  membrane  potential (A$), i.e. hyperpolarization, 
depolarization, or  both  these processes in sequence (11-17). 
PC12  is a line of neurosecretory cells derived from a rat 
pheochromocytoma, which has been  extensively  employed in 
ours  as well as  in  other  laboratories as a convenient model of 
nerve cells (18-21). Application of BK  to PC12 cells  was 
found  to  cause  PPI hydrolysis,  [Ca2+]i  rises and AI) changes 
much larger than  those induced in  the  same cells  by the 
activation of another  receptor,  the muscarinic receptor (20, 
21). The  study of these  various processes, in  particular of 
their  time course, in a variety of experimental  conditions, led 
us  to  the conclusion that  the  BK-induced  depolarization  and 
Ca2+ influx are  both due to  the  opening of a nonselective 

The abbreviations used are: [Ca2+];, free cytosolic Ca2+ concentra- 
tion; BK, bradykinin; PPI, polyphosphoinositides; Ins-P., inositol- 
phosphates; Ins-1,4,5-P3, inositol 1,4,5-trisphosphate; Ins-(1,3,4)P3, 
inositol 1,3,4-trisphosphate; Ins-(1,3,4,5)P4, inositol 1,3,4,5-tetrakis- 
phosphate; KRH, Krebs-Ringer medium buffered with Hepes; EGTA, 
[ethylenebis (oxyethylenenitrilo)]tetraacetic acid; [Ca2+l0, extracel- 
lular Ca2’ concentration; PMA, phorbol 12-myristate 13-acetate; Ins- 
P4, inositol tetrakisphosphate  HPLC, high performance liquid chro- 
matography; Hepes, 4-(2-hydroxyethyl)-l-piperazinethanesulfonic 
acid. 
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influx channel, whose activation and control mechanisms we 
have thoroughly investigated and  partially clarified. 

EXPERIMENTAL  PROCEDURES 

PC12 cells were obtained from Dr. P. Calissano (Rome) and sub- 
cultured in our laboratory as described (22). 

The  standard medium (KRH) contained in mmol/liter: 125 NaC1, 
5 KCl, 1 MgS04, 1 Na2HP04, 5.5  glucose, 1 CaCL, and 20 Hepes (pH 
7.4, 37 "C). Alternatively, CaC12 was omitted, and 1 mM EGTA was 
added instead. In some experiments NaCl was replaced by an equiv- 
alent  amount of choline-HC1, Na2HP04 by K2HP04, and  pH adjusted 
to 7.4 with Tris. The sucrose-based medium contained, in mmol/liter: 
250 sucrose, 5 KHC03, 1 MgS04, 5.5  glucose, 20 Hepes, and  the pH 
adjusted to 7.4 with Tris. 

Measurement of  [Ca2+]i-Loading with Fura-2 (23) was performed 
essentially as described (24). Briefly, PC12 cell suspensions (5 X lo6 
cells/ml) were incubated (for 30 min at 37 "C, under continuous 
stirring)  in RPMI-1640 medium supplemented with 3%  fetal calf 
serum, 20  mM Hepes (pH 7.4 at 37 "C) and 3 p~ Fura-2/AM. The 
cells were then washed with fresh medium and left at room temper- 
ature until use. Before each experiment an aliquot of the cells was 
centrifuged and  the pellet resuspended in the different media (see 
below), prewarmed at 37 "C, and supplemented with 250 pM sulfin- 
pyrazone. The calibration of the fluorescent signal in terms of 
[Ca2+]i was performed as described (24). Excitation and emission 
wavelengths were  339 and 505, respectively. 

Measurement of Ca2+ Znflux-Ca2+ influx was measured in two 
different ways: 1) by adding CaC12 to cells pre-exposed for different 
lengths of time to BK in Ca2+-free medium, and measuring the initial 
rate of [Ca2+Ii increase, as described in Fig. 3; 2) by adding EGTA to 
cells prestimulated with BK in Ca2+-containing medium and meas- 
uring the initial change of the  rate of [Caz+]i decrease. The basic 
principle of this second approach, described in  detail by  Di Virgilio 
et al. (26) in their studies of CaZ+ influx through voltage-gated Ca2+ 
channels, relies on the assumption that in steady state  the  rate of 
Ca2+ influx is equivalent to  the  rate of Ca2+ efflux. Thus,  the  rate of 
Ca2+ efflux estimated  after suddenly chelating [Ca2+l0 measures the 
rate of Ca2+ influx at  the moment of EGTA addition. 

Membrane Potential-The measurement of membrane potential 
with bis-oxonol was performed as described in  detail by Di Virgilio et 
al. (26). 

Patch Clumping-Measurement of plasma membrane conductance 
was performed in the whole  cell  mode of the patch clamp technique 
(27) as described in detail by Wanke  et al. (28). 

Inositol Phosphate Extraction and Separation-PC12 cells were 
incubated for 24-48 h  in the RPMI-1640 inositol-free medium, sup- 
plemented with 1% fetal calf serum, and 5 pCi/ml of [3H]myoinositol. 
The cells were then washed and resuspended in one of the saline 
media described above. The reaction was stopped by adding to  the 
reaction mixtures  an equivalent volume of 15% ice-cold trichloro- 
acetic acid. The samples were incubated for 10 min on ice and  then 
extracted  5  times with equal volumes of diethyl ether. After neutral- 
izing with Tris, ATP (100 PM) was added and  the samples applied to 
a  Partisil Sax HPLC column (14, 29). Ins-P. were eluted with a  step 
gradient of NH4-formate as described in Fig. 8a (14, 29). 530-pl 
fractions were collected (flow rate 1.6 ml/min) and counted for 
radioactivity after mixing with 10 ml of Hionicfluor (Packard). In 
order to increase the recovery of Ins-P4, a phytic acid hydrolysate 
(0.6  mg  of Pi/ml of trichloroacetic acid) was included in the extraction 
solution (30). Such an addition caused the recovery of [3H]Ins-P4 
standard  to increase from 60 to over 85%. The identification of the 
different Ins-P. is based on published data (14, 29) and, for Ins-1,4,5- 
Ps  and Ins-P4,  on the retention  time of commercial 3H standards. In 
the experiment where the  three different Ins-P4 isomers were sepa- 
rated, the samples were extracted as described above, applied to a 
Partisfere  5 WAX column, and eluted by a linear gradient of 
(NH&HP04, pH 3.2, as described in  detail by Stephens et al. (31). 
The identification of the different isomers was based on their coelu- 
tion with [32P]Ins-P4  standards. 

Materials-BK, des-Ar$ [Leu'IBK, [Thi6t8,~-Phe7]BK, PMA, apa- 
min, phytic acid, indomethacine, 8-Br-cAMP, and sulfinpyrazone 
were purchased from Sigma; Fura-PIAM, Fura-2, quin2/AM and bis- 
oxonol from Molecular Probes, Junction City; RPMI-1640, fetal calf 
serum, and horse serum from Flow Labs, Milano, Italy; inositol-free 
RPMI from AMIMED, Geneva, Switzerland. The B, specific inhibitor 
Ar$ [Hyp3,Thi6,*,~-Phe']BK was the kind gift of Dr. D. Regoli, 
Sherbrooke, Canada; pertussis  toxin of Dr. R. Rappuoli, Siena, Italy; 

[3H]myoinositol, [3H]Ins-1,4,5-P3, [3H]Ins-1,3,4,5-P4 were purchased 
from Amersham International,  United Kingdom. All other materials 
were analytical or highest available grade. 

RESULTS 

Effects of BK on [Cu2+/i-The study of [Ca2+]i by the use of 
Fura-2 in suspensions of intact cells is complicated by a slow 
leakage of the indicator to  the incubation medium, which 
results in a progressive increase of base-line fluorescence (24, 
25). Recently, DiVirgilio e t  ul. (25) have demonstrated that 
inhibitors of organic anion  transport can efficiently block the 
dye leakage in the macrophage cell line, 5774. Using one such 
drug, sulfinpyrazone, which by itself has no effect on either 
A$ or [Caz+]i in PC12  cells, no leakage of Fura-2 for up to 20 
min of incubation at 37 "C, and no modification of either the 
size or kinetics of the [Ca2+Ii  transients induced by various 
agents, including BK, could  be detected. Because of this, all 
the [Ca2+]i experiments presented here have been performed 
in cells pretreated with sulfinpyrazone (250 pM) .  

In a  first series of experiments (Figs. 1 and  2),  the concen- 
tration dependence of the BK effect on [Ca2+Ii was investi- 
gated. Concentrations of the peptide between 10-8-10-6 M, 
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FIG. 1. Effects of BK concentration on [Ca2+li. Conditions: 
Fura-2-loaded cells (see "Experimental Procedures") were incubated 
in Ca2+-containing KRH medium. Cell number: 1 X 106/ml. In  panel 
d,  1.5 mM EGTA and 1.5 mM CaC12  were added where indicated. In 
this  and  the following figures the calibrated [Ca2+], is reported on the 
right  hand side. Traces shown are typical of results obtained in 10 
(a-c) or 8 ( d )  experiments. 

P I  
FIG. 2. BK concentration dependence of the kinetic and 

amplitude of [Ca2+Ii rise. Conditions as in Fig. 1. Time to peak 
refers to  the time required to reach the maximum [Ca"]i increase. 
Values given are means of 10 experiments f S.E. 
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administered  in  a complete, Ca2+-containing KRH medium, 
caused a rapid peak increase of  [Ca"]; followed by a  plateau 
which then slowly declined toward the resting levels (Fig. 1, 
b and c ) .  At  [BK] below lo-' M [Ca2+]i transients were not 
only smaller, but also profoundly modified, inasmuch as  the 
time to reach the peak increased progressively (Figs. la and 
2) and no clear distinction between [Ca2+Ji peak and plateau 
was evident (Fig. l a ) .  

The results  obtained  in the complete KRH medium de- 
scribed so far were compared with those of parallel experi- 
ments, carried out by the application of BK in a Ca2+-free, 
EGTA-containing medium (a condition in which Ca2+ redis- 
tribution from intracellular  stores is maintained, whereas 
influx is no longer possible). Under  these  conditions the  initial 
[Ca2+ji spike was largely maintained,  indicating an intracel- 
lular origin, whereas the subsequent  plateau was no longer 
visible (compare Fig. 1, b and d ) ,  as expected for a process 
sustained by increased Ca2+ permeability at  the plasma mem- 
brane.  Reintroduction of Ca2+ into  the medium bathing cells 
first exposed to BK in the Ca2+-free medium caused [Ca2+], 
to rise again to levels approaching the plateau seen in the 
Ca2+-containing medium (Fig. Id), indicating that  the perme- 
ability of the plasma membrane to Ca2+ had been increased 
by the peptide even a t  low  \Ca"],. In order to establish the 
duration of the BK-induced Ca2+ influx, experiments were 
performed by varying the  time between the addition of BK 
(in the Ca2+-free medium) and  the subsequent  reintroduction 
of  [Ca*+],. As it is shown in Fig. 3a, an increase of Ca2+ influx 
was detected by this approach for several min after BK 
addition. Such an increased influx was completely dependent 
on BK since it was not seen in cells simply switched from a 
Ca2+-free to a  Ca2+-containing medium (Fig. 3b).  An alterna- 
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FIG. 3. Time dependence of Ca2+ influx induced by BK and 
effects of a BZ specific inhibitor on the [Ca2+Ii transients 
induced by the peptide. Panel a, conditions as in Fig. 1. The 
continuous trace refers to cells stimulated in the presence of 1 mM 
CaC12 in the medium. Where indicated 1.5 mM EGTA was added. 
The interrupted  traces refer to different aliquots from the same  batch 
of fura-2-loaded cells stimulated with BK (200 nM) in the presence 
of  1.5 mM EGTA. The arrows refer to  the time of addition of 1.5 mM 
CaC12 to  the medium (see text for further  details). Panel b, this trace 
refers to cells of the same batch as those shown in panel  a which  were 
not  treated with BK. Where indicated 1.5 mM EGTA and 1.5 mM 
CaC& were added. Panel c, 20 nM BK was added before (continuous 
line) or 2 min after  (interrupted line) addition of the Bz inhibitor, 
Argo [Hyp3,ThiSss,~-Phe]BK, (I-B2, 10 p ~ ) .  Typical traces from ex- 
periments repeated more than five times. 

tive procedure employed to indirectly evaluate Ca2+ influx at  
various times  after BK addition was based on the measure- 
ment of the initial  rates of [Ca2+]i decline observed after 
chelation of [Ca2+l0 by the addition of excess EGTA, sub- 
tracted of the decline occurring in parallel samples  without 
EGTA  addition (26). Such an approach has  the advantage of 
being applicable even during the first min after BK, i.e. when 
redistribution of Ca2+ from intracellular  stores  predominates. 
With  both these procedures the  [BKJ threshold was found to 
be 0.1 nM, the half-maximal effect was observed around 1.5 
nM, and maximal effects above 200  nM. 

A variety of treatments was used to  further characterize the 
[Ca2+]i response of PC12 cells to BK. Cells  were treated with 
0.3 FM ionomycin in Ca2'-free medium + 1 mM EGTA for 10 
min at 37 "C. After washing with the same medium supple- 
mented with 2% bovine serum albumin to remove the iono- 
phore,  addition of either  BK or ionomycin (in Ca2+-free- 
EGTA medium) failed to induce any significant [Ca2+Ji  in- 
crease, indicating the depletion of the intracellular stores. In 
contrast, addition of BK + Ca2+ to cells pretreated  as above 
resulted in  a  [Ca2+Ii increase much larger and faster than  that 
induced by Ca2+ alone,  indicating  a  stimulation of Ca2+ influx 
by the peptide. Stimulation of Ca2+ influx without pre-empt- 
ing of the stores was demonstrated by measuring [Ca2+Ji in 
cells treated with BK after hyperloading with quin-2 to  mark- 
edly increase the cytosolic Ca2+ buffer capacity. Under  these 
conditions the [Ca"'], increase from intracellular stores is 
severely blunted (not shown in figures, Ref. 20). 

Preincubation with pertussis  toxin  under  conditions (0.1 
pg/ml; 4-18 h) known to block various Gi proteins (21) was 
without effect on  both the resting [Ca2+]i and on the responses 
induced by BK (release from intracellular stores  and stimu- 
lated influx). The same was observed for the  CAMP analog, 
8Br-CAMP (500 FM), administered to  the cells 10 min before 
BK (not shown in figures). Likewise, no effect was observed 
with the blockers of voltage-gated Ca2+ channels, nifedipine 
(up  to 1 p ~ )  and verapamil (20 PM), with  a blocker of the 
cyclooxygenase pathway,  indomethacine (10 pM), as well as 
with a blocker of BK receptors of the B, subtype, des-Arg 
[Leu'IBK  (4-10 FM, not shown) (32). In contrast,  the [Ca2+]; 
increase by BK was competitively blocked by other inhibitors, 
[ThiS.',~-Phe7]BK  and especially the more potent derivative, 
Arg0[Hyp3,Thi5.',o-Phe7]BK (100% inhibition of the effect of 
2 nM BK with 1 p~ inhibitor), which are specific for B2 
receptors (33 ) .  These B2 inhibitors, when administered  after 
BK, were also able to rapidly dissipate the plateau  phase, and 
to bring [Ca2+]i back to  the resting level (Fig. 3c).  

Another agent that induced a clear inhibition of the  BK- 
induced [Ca2+]i transients was PMA, the well-known activator 
of protein kinase C. The effects of PMA  on  BK-induced 
[Ca2+Ji redistribution and influx were investigated separately. 
Fig. 4  illustrates the dependence of the initial  redistributive 
[Ca2+Ii peak on the concentration of both BK (a) and PMA 
(b f  and  on  the length of the preincubation with the phorbol 
ester ( c ) .  As it  has been described for other receptors (34-37),  
the inhibition required PMA concentrations  in the lov9 M 
range, and became appreciable within  a few seconds after 
PMA addition.  Different from other receptors, however, the 
inhibition,  although marked at  low peptide concentration, 
disappeared above IO-' M BK. In order to investigate the 
inhibition of Ca2+ influx, the protocol described in Fig. 2a 
(reintroduction of  Ca" into  the medium bathing cells chal- 
lenged with BK in Ca2+-free medium 2 min earlier) was 
employed. Fig. 5 shows that  the size of the [Ca2+]i increase 
attained after Ca2+ reintroduction into  the medium and, even 
more clearly, the  rate of  [Ca'+Ii rise were both reduced mark- 
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FIG. 4. PMA inhibition of CaZ+ redistribution induced by BK: dependence on the  concentrations of 
BK and of PMA, as well as on time. Conditions as in Fig. 1, with addition of 1.5 mM EGTA 2 min before BK. 
In panel a 100 nM PMA was added 5 min before BK. In panel b different concentrations of PMA were added 5 
min before 2 nM BK. In panel c 100 nM PMA was added at different times before 2 nM BK. Results in panels a 
and b are expressed as % inhibition compared to controls without PMA. The maximal effect of panel c was 60% 
inhibition (see panel b ) .  Values given are means from four to six experiments k S.E. 
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a variety of experimental conditions. These experiments were 
carried out by the use of the voltage-sensitive fluorescent 
probe, bis-oxonol. In the complete, Caz+-containing KRH  the 
A$ response to BK was found to be biphasic: hyperpolariza- 

the resting level. A net depolarization became appreciable 30- 
60 s after the application of the peptide (Fig. 6a).  Both  these 

Argo [Hyp3,ThySS8,~-Phe7]BK. Hyperpolarization was most 
likely due to  the  transient opening of Caz+-activated K+ 
channels, occurring as  a consequence of the initial [Ca2+]i 
increase. In fact, hyperpolarization was  blocked by inhibitors 
of that type of K+  channels,  apamin  and  tetraethylammo- 
nium, and even better by a combination of both  these drugs 
(38) (Fig. 6b),  as well as by the trapping within cells of high 
concentrations of the fluorescent Ca2+ chelator, quin2 (Fig. 
6c). In the  latter condition changes of [Caz+]i that originate 
from limited sources, such as  the intracellular microsomal 

Z 50 ". tion appeared initially, followed  by a recovery to  and above 

0, -D responses were  blocked competitively by the BZ antagonist, 

FIG. 5. PMA inhibition of Ca2+ influx induced by BK. Con- 
ditions as in Fig. 1. Panels a and b, 1.5 mM EGTA, 100 nM PMA, and 
1.5 mM Ca2+  were added where indicated. The inset illustrates the 
dependence on [BK] of the inhibition induced by 100 nM PMA (means 
of four experiments * S.E.): (W) maximal [Ca2+Ii rise and (0) initial 
rate of [Ca2+Ii rise measured after Ca2+ readdition to cells treated 
with BK in the Ca2+-free, EGTA-containing medium (same protocol 
as in panels a and b ) .  

edly  by PMA. An important difference with respect to  the 
inhibition of the redistributive peak described earlier (Fig. 4a) 
was that influx was appreciably reduced by PMA not only at 
low, but also at high concentrations of BK, with a degree of 
inhibition almost constant over a large range of peptide con- 
centrations (lo-' - M, inset in Fig. 5). The inhibition of 
the BK-induced [Caz+]i plateau by PMA was observed when 
the phorbol ester was administered  not only before but also 
after the peptide (not  shown). 

A final series of experiments were carried out with PC12 
cells that had been pretreated for 7-10 days with nerve growth 
factor (50 ng/ml). This  treatment causes the cells to acquire 
a neuronal-like phenotype (18, 19), which is accompanied by 
the increased expression of some receptors, such as  the mus- 
carinic receptor (19-21). In  the case of BK, however, the 
response in  terms of [Caz+]i was found to be the same, irre- 
spective of whether  these cells had been treated or not with 
nerve growth factor (not shown in figures). 

Effects of BK on Membrane Potential-Figs.  6 and 7 illus- 
trate  the effects of BK on A$ in PC12 cells investigated under 

store,  are known to be  effectively blunted (20). In  contrast, 
the BK-induced hyperpolarization was  largely preserved in 
the cells incubated in the Caz+-free medium (Fig. 6 4  and was 
mimicked by ionomycin (Fig. 6e),  a Caz+ ionophore, used in 
Ca2+-free, EGTA-containing medium at a  concentration (2 x 

M) that causes [CaZ+li rises similar in size to those 
induced by - M concentrations of BK. In cells 
treated  first with ionomycin in the Caz+-free-EGTA medium, 
and  then challenged with BK, the hyperpolarizing effect of 
the  latter was no longer seen (Fig. 6e). This result confirms 
that hyperpolarization is the consequence of the redistributive 
[Caz+]i peak. In fact, Caz+ ionophores are known to discharge 
intracellular Ca2+ pools, and  thus  to prevent  CaZ+  redistribu- 
tion. Finally, the effect of phorbol esters was investigated. By 
itself PMA had no detectable effect on A$ but induced a 
partial inhibition of hyperpolarization at BK concentrations 
<lo nM (compare Fig. 6, panel a with f ,  and panel g with h).  
This result parallels the result on Caz+ redistribution, illus- 
trated  in Figs. 3  and 5. 

As already mentioned, an additional effect of BK  on A$ is 
a prolonged depolarization, which  was of small size under 
standard incubation conditions (Fig. 6a). When, however, 
either blockers of Caz+-activated K+  channels, or treatments 
that inhibit the redistributive [Ca2+]i increase were  employed, 
BK-induced depolarization was much greater (Fig. 6, b, c ,  e, 
and 1 ) .  Under these conditions the concentration dependence 
of depolarization was similar to  that of Caz+ influx described 
above: threshold at 0.2  nM [BK], half-maximal effect at 2 nM, 
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FIG. 6. Effects of BK on membrane potential. Cells (1 X 106/ml) in Ca'+-containing KRH medium, were 
pre-equilibrated with 100 nM bisoxonol for 5 min at 37 "C. The traces shown are typical results of experiments 
that were  repeated 4-20 times. 0.4 pM apamin (Ap) ,  10 mM tetraethylammonium (TEA),  0.2 pM ionomycin ( lono) ,  
100 nM PMA, and 1.5 mM EGTA  were  added  where indicated. Whether or not CaZ+ was present at the time of BK 
addition is indicated in each panel (+Ca2+). The cells used for the experiments of panel c were first loaded with 30 
p~ quin2/AM as described  in Ref. 22. The vertical bar on the right hand side of panel a represents the fluorescence 
increase caused by 15 mM  KC1 in a parallel batch of cells. This calibration refers to all the experiments presented 
in this figure. 

maximal effect  above 200  nM. The depolarization induced by 
the  latter [BK] was similar to  that of 15 mM  [K'], (Fig. 7a). 

When blockers of Ca2+-activated  K+  channels were  used, 
the bisoxonol signal of depolarization appeared with no ap- 
preciable lag phase after BK addition (Fig. 6, b and 1), partic- 
ularly when Ca2+-free incubation media  were  used. In the 
latter medium depolarization was slightly reduced in size and 
distinctly shorter lived  (6-8 instead of >10 min). As was the 
case with the BK-induced [Ca2+]i plateau, depolarization was 
inhibited by PMA administered both before (compare Fig.  6, 
i  and b )  and  after (Fig. 61) BK. The inhibition by PMA was 
visible at all BK concentrations employed. 

The dependence of the BK-induced depolarization on ex- 
tracellular monovalent cations was investigated by the use of 
various Ca2+-free media. Predepolarization of the cells by 
increased [K+l0 caused the inhibition of the BK-induced sig- 
nal (Fig. 7a and  inset).  When NaCl of the medium  was 
substituted with choline-HC1, depolarization was still ob- 
served (Fig. 7b). On the contrary, no depolarization was 
triggered when BK was applied in  a sucrose (250 mM)-based 
medium (containing also KHC03,  5 mM,  MgC12, 1 mM, Hepes- 
Tris buffer, apamin and  tetraethylammonium,  but  neither 
Na+ nor Ca2+) (Fig. 7c). Under these experimental conditions 
BK  was able to induce a normal Ca2+ redistribution from 
intracellular stores (not shown in figures). Na+ or Ca2+ added 
to  the sucrose-based medium caused BK-induced depolariza- 
tion to reappear, although with different efficacy. In fact, as 
illustrated in Fig. 7 (compare d and e ) ,  the BK effect was 
found to be approximately %fold greater with 1 mM [Caz+l0 
than with 30 mM [Na+],. 

In  a final series of experiments, the role of [Ca2+]i in the 

BK-induced depolarization response was investigated. When 
cells were pretreated with ionomycin in the Ca2+-free medium 
(under these conditions resting [Ca2+], is unaffected by BK), 
the depolarization induced by the peptide was still observed. 
In  contrast, when  [Ca2+]i  was reduced well  below the resting 
level  by loading the cells with quin2 in  the Ca2+-free, EGTA- 
containing medium (22), depolarization was markedly (50- 
100%) inhibited. Such an inhibition was not due to  an unspe- 
cific side-effect of quin2 because, even in the cell batches 
where depolarization was totally abolished (four of eight ex- 
periments), reintroduction of Ca2+ into the medium (a  treat- 
ment that causes the rapid return of [Ca2+]; to  the resting 
level,  Ref. 22) resulted in the prompt resumption of the BK- 
induced depolarization response (not shown in figures). 

Patch Clamp Studies-The bis-oxonol studies of A$ were 
complemented by electrophysiological studies carried out in 
the whole-cell configuration of the patch clamp technique 
(27). Although performed under voltage clamp conditions 
previously applied with success to other cell types, such  as 
neurons (28), these  studies were difficult in PC12 cells essen- 
tially for the following  two reasons: instability of membrane 
conductance at A$ more negative than -80 mV and rapid 
deterioration of membrane conductance after BK application. 
Because of these problems, the information obtained by this 
approach was limited, and concerned primarily the first 1-2 
min immediately following BK addition. 

When the peptide ( 5  nM) was applied to cells internally 
dialyzed with a  standard solution (K-aspartate, 150 mM; 
[Ca"] buffered with EGTA at 200  nM) it induced within a 
few seconds the appearance of a  persistent, inwardly directed 
current. At -45 mV A$, such a  current (visible in  13 of 15 
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FIG. 7. Effects of external cations on the BK-induced 
changes of membrane potential. General conditions as in Fig. 6. 
The traces shown are typical of more than five experiments. Cells 
were suspended in media containing Cazc, which  was chelated by 
excess EGTA before addition of BK (-Ca2+), except for panel d, 
where the medium  was initially without Ca2+, and  the latter was 
introduced at  the beginning of the experiments (+Ca2'). The substi- 
tutions in the medium of NaCl with either choline or sucrose are 
indicated in panels b-e. Panel a, KRH medium. Panel b, NaCl in the 
KRH medium was substituted with choline-HC1. Panels c-e, NaCl in 
the KRH medium  was substituted with sucrose. Where indicated 1.5 
mM EGTA, 0.4 ~ L M  apamin ( A p ) ,  10 mM tetraethylammonium (TEA) ,  
200 nM ionomycin (Zono), 15 mM KCl, 30 mM NaC1, 2 mM CaClz 
were added. The fluorescent signal induced by 15 mM KC1 is shown 
by the uertical bar to  the right hand side of panel a. Inset, the cells 
were equilibrated in  Caz+-containing  KRH medium in which different 
concentrations of NaCl had been replaced with KCl. Two min before 
receiving 200 nM BK the cells were challenged with 2 mM EGTA and 
200 nM ionomycin. Results (means of two consistent experiments) 
are expressed as % of the depolarization induced by 200 nM BK 
administered in  a medium containing 1 mM  KC1. 

cells investigated) caused membrane conductance to approx- 
imately double. Moreover, in two cells an initial,  short-lasting 
outward current was also observed. The inward current was 
induced by  BK also at -75  mV (six of six cells). When however 
the [Ca"]  of the intracellular perfusion fluid was decreased 
below lo-' M,  the BK-induced inward current failed to appear 
in three of four cells and was  very small and  transient in the 
fourth. 

Effects of BK on Inositolphosphate Generation-Treatment 
with BK in the concentration range (10"' - M )  active 
on [Caz+]i and A$ was found to induce a rapid accumulation 
of various Ins-P, in  PC12 cells, as revealed by standard  HPLC 
analyses (29). In particular,  a  prompt  and marked increase of 
Ins-1,4,5-P3 was observed (Fig. 8). Various other  Ins-P, also 
increased markedly, namely an inositolmonophosphate, a bis- 
phosphate  as well as  Ins-P4 (Fig. 8). As far  as Ins-1,3,4-P3 is 
concerned, both the resting concentration  and the percent 
increases with BK  were quite variable, the highest the basal 
level, the lowest the percent increase induced by BK. 

Recently, the  Ins-P4 peak separated by the  standard HPLC 
procedure (29) was shown to contain at least three isomers, 
coeluting with 32P standards of the Ins-D-1,3,4,6-, -~-1,3,4,5-, 
and -~-1,4,5,6-P~ (31). In order to establish whether the  Ins- 
P4 increase noted after BK was due indeed to Ins-1,3,4,5-P4 
(i.e. the only isomer for which a second messenger role has 
been proposed (9, IO)) ,  further studies were carried out by a 

new HPLC procedure, which  yields a good Ins-P4 isomer 
resolution (31). As can be seen in Fig. 8 (inset),  three Ins-P4 
peaks could indeed be separated from PC12 cells by this 
procedure. Of these, however,  only the central peak (which 
coelutes with the Ins-1,3,4,5-P4 standard  and which under 
resting conditions accounts for only a small fraction of the 
conventional Ins-P4  peak) was  massively (over 7-fold) in- 
creased at 20 s after BK. At 2 min Ins-1,3,4,5-P4 was  more 
than 10-fold basal, while the other two isomers were increased 
by about 50% (not shown). These results  demonstrate that 
the changes of the  Ins-P4 isomer pattern induced by BK are 
complex and  cannot be adequately investigated by the con- 
ventional HPLC procedure. On the other  hand, the new 
procedure is very laborious and  cannot be used routinely (31). 
Therefore, although the changes of the total Ins-P4 pool  were 
systematically measured, the contribution of the various iso- 
mers in the different experimental conditions could not be 
evaluated. 

The time course of the accumulation of various Ins-P. 
induced by  200 nM BK was investigated by the  standard 
HPLC procedure (29) in a variety of experimental conditions. 
Fig. 9  illustrates  results obtained with Ins-1,4,5-P3 and  Ins- 
P4. The prompt  initial peak increase of Ins-1,4,5-P3 lasted 
less than 40 s (Fig. 9a)  and was  very much the same in the 
cells incubated in the complete, Ca2+-containing medium, in 
the Ca2+-free, EGTA-containing medium, and also in the cells 
both incubated in the  latter medium and  treated with iono- 
mycin (2 x M) 2 min before  BK (not shown). In the 
Ca2+-containing medium, Ins-1,4,5-P3 remained slightly ele- 
vated for a few more minutes, and the resting level  was 
reached -5 min after BK addition (Fig. 9a and loa), while in 
the Ca2+-free-EGTA medium (+ ionomycin pretreatment)  the 
trend was the same, but  the elevation over resting was smaller 
(not  shown).  In  contrast,  in  the cells  hyperloaded  with 
quin2 in the Ca2+-free-EGTA medium (a condition in which 
[Ca2+Ii is reduced below 15 nM, Ref.  20) the Ins-1,4,5-P3 
increase by BK was almost entirely abolished (Fig. 9a). As far 
as  Ins-P4 is concerned, the time course was distinctly different 
from that of Ins-1,4,5-P3. In both the Ca2+-containing  and the 
Ca2+-free-EGTA media, a linear increase of Ins-P4 was ob- 
served during the first 20 s after BK, with a slower increment 
for up to 2 min (Fig. 9b). In the ionomycin-pretreated cells, 
on the other  hand, the initial rise, similar to  that in the other 
experimental conditions, was  followed  by a decline, which 
however  was quite variable from experiment to experiment. 
Finally, in the cells loaded with quin2 and incubated in the 
Ca2+ free-EGTA-medium the  Ins-P4 increase was much 
smaller and slower than in the other experimental conditions 
(Fig. 9b). A large variability of the BK-induced response was 
observed also for Ins-1,3,4-P3 accumulation. In some experi- 
ments  the maximal increase did not exceed 50%, whereas in 
the group shown in  Fig. 10b it reached 300-400%. Even in 
these cases the initial kinetics of Ins-1,3,4-P3 increase was 
quite different from Ins-1,4,5-P3, with the maximum reached 
only at 1 min, followed  by a less precipitous decline (back to 
control at 6 min, Fig. lob). Similar to [Ca2+];  and A$, also the 
BK-induced generation of Ins-1,4,5-P3, Ins-1,3,4-P3, and  Ins- 
P4 was partially inhibited by PMA (not shown). 

Correlation between Inositolphosphate Generation, Ca2+ In- 
flux, and  Plasma Membrane Depolarization-The time course 
of Ins-1,4,5-P3 accumulation in PC12 cells stimulated with 
200 nM BK in the Ca2+-containing medium  is plotted in Fig. 
10a together with the corresponding data on Ca2+ influx 
obtained from  efflux rate measurements after EGTA addition 
(26). In  the 2-8-min time period, similar results were obtained 
by the other procedure of influx measurement, i.e.  by Ca2+ 
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FIG. 8. HPLC profiles of aqueous 
[SH]inositol-labeled cell extracts. 
Extracts prepared from parallel cell ali- 
quots incubated for 10 s in Ca2+-contain- 
ing KRH medium either without (con- 
trols, 0) or with 200 nM BK (A) were 
separated on a  Partisil SAX column. Zn- 
set, partisphere 5 WAX HPLC profiles 
of [3H]-Ins-P4 isomers from controls (0) 
and cells stimulated with 200 nM BK for 
20 s in Ca2+-containing KRH medium 
(A). 

FIG. 9. [SH]Ins-(1,4,5)-Ps  and ['H]Ins-P4 changes in BK- 
stimulated cells. Panels  a and b, time course of [3H]Ins-(1,4,5)-P3 
(0 and 0, panel a )  and  [3H]Ins-P4 (A and A, panel b )  increases 
induced by 200 nM BK. Conditions: solid symbols, Ca*+-containing 
KRH medium; open symbols, KRH medium plus 2 mM EGTA with 
cells first loaded with 30 PM quin2/AM in RPMI-1640 medium 
supplemented with 2 mM EGTA as described in Ref. 22. Under these 
latter conditions [Caz+]i drops below 15 nM. Values shown are means 
of  five experiments k S.E., expressed as % increase compared to 
unstimulated samples. 

reintroduction into the medium (Fig. 3a). As can be seen, 
after  the  initial, rapid increase, Ca2+ influx was dissociated 
from Ins-1,4,5-Pa, in particular -40% of the maximal influx 
still remained after  5  min, when Ins-1,4,5-Pa was back to 
resting. 

A dissociation between Ins-1,3,4-Pa  and Ca2+ influx was 
also observed. In particular, the peak of Ins-1,3,4-Pa was 
reached 1-2 min after BK addition, while influx was already 
declining at  that time (not shown). An even clearer dissocia- 
tion (Fig. 10) was observed in cells pretreated with ionomycin 
in Ca2+-free + EGTA medium between the two Ins-Ps isomers 
on the one hand and depolarization on the other. Under these 

experimental conditions the Ins-Pa isomers reached basal 
values with 5-6 min (Fig.  10, a  and b )  when cells were still 
depolarized (Fig. 1Oc). This effect was not due to unspecific 
damage or to  the slow response of bisoxonol because, when 
the Bz inhibitor Argo [Hyp3,Thi6,8,~-Phe7]BK was added to 
these ionomycin-treated cells, A$ rapidly returned to resting 
(Fig. 1Oc). In contrast, an excellent agreement was observed 
in all cases between Ca2+ influx and plasma membrane depo- 
larization in  Ca2+-containing medium. Both  these effects of 
BK remained elevated and inhibitable by the Bz blocker for 
periods longer than 8-10 min. 

DISCUSSION 

In the present work, a spectrum of triggered events was 
investigated in PC12 cells treated with the  natural nonapep- 
tide, BK, under a variety of experimental conditions. Based 
on their time course, the events investigated could  be grouped 
into two classes. The first included a number of transient 
phenomena, i.e. the marked initial accumulation of Ins-1,4,5- 
Pa,  the peak [CaZ+li increase due to redistribution from intra- 
cellular stores,  and the concomitant, marked plasma mem- 
brane hyperpolarization. While these  initial phenomena were 
subsiding, at least in part,  the much more persistent phenom- 
ena of the second class became discernible or reached their 
peak accumulation of various other Ins-P., (Ins-P4  and  Ins- 
1,3,4-P3), stimulation of Ca2+ influx, and plasma membrane 
depolarization. Inhibitor  studies  demonstrated that  the BK 
receptors responsible for all  these phenomena were of the Bz 
type (32). Similar to sensory neurons (39), but different from 
neuroblastoma cells (15,17) the BK effects in PC12 cells were 
unaffected by pertussis toxin. They were also unaffected by 
8Br-cAMP, verapamil, nifedipine, and indomethacine, indi- 
cating that neither the adenylate cyclase-CAMP system, nor 
the voltage-gated Ca" channels, nor the cyclooxygenase path- 
way were  involved. 

Transient Phenomena-By and large, these phenomena 
closely resembled those elicited in  the same cells by the 
activation of other receptors (such as  the muscarinic MI 
receptor (20, 21)),  as well as  the initial phenomena induced 



Ins-P,, Ca2+, and Ion Flux in BK-treated PC12 Cells 17357 

b 

50 

0 
1 2 3 4 5 6 7 8 m i n  

I 
t 4  
1 min 

FIG. 10. Time course of [3H]Ins-(1,4,5)-P3 and [3H]Ins- 
(1,3,4)-P3 production: comparison with Ca2+ influx and 
plasma membrane depolarization. Data from panels a and b 
(means f S.E. n = 5) come from separate experiments carried out as 
in Fig. 9. Panel a, incubations in Ca2+-containing KRH medium. a, 
0, [3H]Ins-(1,4,5)-P3; W, Ca2+ influx, measured by the EGTA protocol 
in steady state described under "Experimental Procedures." b, incu- 
bations  in Ca2+-free + EGTA medium with cells pretreated with 0.3 
p M  ionomycin for 3 min. This panel shows the results of the five 
experiments  in which [3H]Ins-(1,3,4)-P3 (A) increases were the largest 
(peaks = 300-400%  of basal). 0, [3H]Ins-(1,4,5)-P3. Panel c illustrates 
the effects of BK and of a Bz antagonist on AI), under the incubation 
conditions used for panel b and Fig. 6e. Where indicated 1.5 mM 
EGTA, 200 nM ionomycin (Zona), 30 PM Arg", [Hyp3,Thi538,~-Phe7] 
BK (Z-B2),  and 15 mM KC1 were added. 

by BK in other cell types (11-17,39). A large  body of literature 
indicates that these  transient phenomena are  not  independent 
from each other,  but  rather causally related. Thus, Ins-1,4,5- 
P3, a primary metabolite of PIP' hydrolysis, is  known to cause 
release of Ca2+ from a microsomal intracellular  store (1, 2). 
The ensuing increase of [Ca'+]i,  on the other  hand,  can trigger 
the opening of Ca2+-activated  K+  channels.  These  channels, 
which are known to be largely expressed in PC12 cells (38), 
are in turn responsible for the hyperpolarization response, as 
demonstrated by a)  the blocking effect of inhibitors, apamin 
and  tetraethylammonium,  and (b) the disappearance of hy- 
perpolarization in cells either  pretreated with ionomycin in a 
Ca2+-free medium, or heavily loaded with the fluorescent Ca2+ 
chelator, quin2. The first  treatment mentioned in b causes 
the discharge of intracellular Ca2+ stores, and therefore pre- 
vents the receptor-triggered Ca2+ redistribution; the second 

markedly increases the cytosolic Ca2+ buffering capacity (20, 

As it has been reported for a number of other receptors 
coupled to PPI hydrolysis (34-37), the generation of Ins-1,4,5- 
Ps at  the Bz receptors of BK  was inhibited by PMA, presum- 
ably through the activation of the enzyme target of this drug, 
protein kinase C. It may therefore be hypothesized that in 
PC12 cells BP receptors operate under a negative auto-feed- 
back control mediated by diacylglycerol, the physyological 
activator of protein kinase C  and  another second messenger 
generated by PPI. Under the same experimental conditions, 
inhibition by PMA of  Ca" redistribution was also observed, 
but only at submaximal BK concentrations.  This nonlinear 
relationship between Ins-1,4,5-P3 generation and Ca2+ redis- 
tribution will  be discussed in detail elsewhere.' 

Activation of a Channel May Account for Both Ca" Influx 
and  Plasma Membrane Depolarization-Compared with the 
transient phenomena, the more persistent phenomena trig- 
gered by the activation of receptors coupled to  PPI hydrolysis 
have received, up to now, much less attention.  Stimulation of 
Ca2+ influx unaffected by the usual blockers of voltage-gated 
Ca'+ channels was reported in a large number of studies 
(review Refs. 1-3), yet the  nature of the process (involvement 
of either  a  channel  or  a  transporter) was investigated only in 
a few, and  a variety of control mechanisms were proposed (4- 
10). As far  as BK-induced depolarization is concerned, work 
in neuroblastoma (but  not in other cells, such as sensory 
neurons (39))  demonstrated the predominant involvement of 
an outward K+  current, the M current, which appeared to be 
inhibited by diacylglycerol generated by receptor-triggered 
PPI hydrolysis (13, 15, 16). In addition,  in the same neuro- 
blastoma cells an inward cationic current  stimulated by  BK 
was described, but  its  nature  and physiological relevance were 
not established (13). 

In  the present work, information on the persistent effects 
of BK in PC12 cells was obtained by the parallel study of 
[Ca2+]i, A+ and ionic currents, investigated by Fura-2, bis- 
oxonol, and  patch clamping, respectively. The whole-cell elec- 
trophysiological studies (carried out under conditions in 
which  [Ca'+]i  is clamped at M or less,  in order to prevent 
activation of Ca'+-dependent K+ channels)  demonstrated that 
BK triggers a  persistent inward current, with doubling of the 
plasma membrane conductance. This result excludes a main 
role  for the M  current (whose attenuation by  BK  would  be 
expected to cause a decrease and  not an increase of membrane 
conductance) and indicates in contrast that activation of an 
inward cationic current is taking place. Because of the prob- 
lems encountered in PC12 patch clamping, the channel re- 
sponsible for such a  current was not characterized in detail 
by  electrophysiology. The bis-oxonol results, particularly 
those with sucrose medium, demonstrated however that  this 
BK-activated  channel is permeable to Ca2+ with some pref- 
erence over Na+. Moreover, when  BK  was applied in a divalent 
cation-free medium,  even choline became able to sustain 
depolarization. These  features suggest the involvement of a 
cation channel of  low specificity that might be similar to  the 
channel opened by ATP in smooth muscle cells (4). 

Since this BK-activated cation channel  appears permeable 
to Ca'+, it was a logical candidate to account for the Ca'+ 
influx elicited by the peptide. This conclusion is supported 
also by the results of other experiments in which Ca'+ influx 
and depolarization were found to remain associated in  a 
variety of conditions. In fact, both these processes were found 
to be persistent,  they exhibited very similar concentration 
dependence for BK,  and were both  inhibited by PMA over 

22). 

C. Fasolato and T. Pozzan, manuscript  in  preparation. 
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the entire range of BK concentrations, while Ca2+ redistri- 
bution was inhibited at low BK only (see above). On the other 
hand, Ca2+ antagonists, nifedipine and verapamil, failed to 
modify the effects of BK. L-type channels, which are  the 
targets of these drugs and the voltage-gated Ca2+ channels 
expressed in undifferentiated PC12 cells (26, 40), appear 
therefore to play no major  role in  the spectrum of action of 
BK, presumably because depolarization by the peptide re- 
mains subthreshold for their activation. The recognition that 
Caz+ influx and depolarization induced by BK in PC12 cells 
may  be due to one and  the same process was particularly 
important.  In  fact, at variance with Ca2+ influx studies, that 
require reasonable [Ca"], to be carried out, A+ studies could 
be extended to other experimental conditions, including the 
use of various Ca2+-free media as well as  the large decrease of 
[Ca2+Ii and discharge of intracellular Ca2+ stores, obtained by 
loading the cells with quin2 and by treatment with ionomycin 
during incubation in such media, respectively. 

The BK-induced Ca2+ influx and depolarization were not 
stimulated  but  rather  inhibited by PMA. This result is again 
at variance with those in neuroblastoma cells, where PMA 
was found to inhibit the M  current,  and  thus to cause depo- 
larization (13, 16, 17). We conclude that in PC12 cells the 
endogenous PMA analog and  protein kinase C activator, 
diacylglycerol, cannot be the trigger of the BK-activated  chan- 
nel but  in  contrast could act  as  a negative modulator. Both 
Caz+ influx stimulated by BK applied together with Ca2+ 
reintroduction into  the medium, and depolarization induced 
by the peptide in Ca2+-free media were still visible after 
discharge of intracellular Ca2+ stores (by ionomycin) and 
increase of [Ca2+'Ii buffer (by high quin2). Since in  both these 
conditions [Ca2+Ii is clamped near the resting level (10" M), 
our  results exclude that  in PC12 cells the trigger of the BK- 
activated channel is [Ca2+]i increase above resting, as  it was 
suggested in granulocytes activated with the chemotactic pep- 
tide, fMLP  (5). [Ca2+Ii, however, appears to have  some per- 
missive  role in  channel opening. In fact, when [Ca2+Ii was 
decreased to very low levels (lo-' - M) both depolariza- 
tion revealed by bis-oxonol, and  the inward current revealed 
by patch clamping were inhibited to a large extent. 

Role of Ins-P, in Channel Operation-In previous studies, 
microinjection within various cell types of different Ins-P,  (in 
particular, Ins-1,3,4-P3, Ins-1,4,5-P3, and  the combination of 
the  latter with Ins-1,3,4,5-P4) was reported to induce the 
activation of cation influx (6-10). Based on these  data, the 
receptor-triggered generation of these various Ins-P metabo- 
lites was suggested to be responsible for the activation of the 
cation influx also in intact cells. From the present  studies of 
the BK  effects  in PC12 cells, a causal role of Ins-1,3,4-P3 in 
the influx stimulation  appears unlikely because the increase 
of this metabolite was quite variable from experiment to 
experiment, whereas CaZ+ influx and depolarization were not, 
and  its kinetics dissociated from that of Ca2+ influx and 
depolarization. Ins-1,4,5-P3, on the other  hand, increased 
rapidly after BK addition, but  then returned to  the base-line 
level much earlier than Caz+ influx and depolarization. Be- 
cause of the complexity of the  Ins-P4 isomer spectrum, and 
the technical problems in  the separation of the various com- 
ponents,  a detailed analysis of the Ins-1,3,4,5-P4 time course 
after BK  could not be carried out. This metabolite was found 
to increase rapidly, but  its persistence during BK treatment 
remains undefined. In  spite of this  limitation,  our results 
provide new information in this field. In fact, microinjected 
Ins-1,3,4,5-P4 always required the presence of Ins-1,4,5-P3 for 
activity (9, 10). The results obtained with the combination of 
the two Ins-P, were embodied into  a model, where Ins-1,4,5- 

P3 and Ins-1,3,4,5-P4 act in tandem, the  latter by activating  a 
Ca2+ pathway directly from the extracellular space to  the 
microsomal store (possibly located in close apposition to  the 
plasma membrane), the former by causing Ca2+ discharge 
from the store to  the cytosol (4,41). Because of the relatively 
rapid return of Ins-1,4,5-P3 to  the resting level, our  present 
results in intact PC12 cells appear incompatible with this 
model. Thus, Ins-1,4,5-P3 could, at the best, only prime the 
channel to a  persistent activation by Ins-1,3,4,5-P4. Alterna- 
tively, Ins-1,4,5-P3 and Ins-1,3,4,5-P4 could be responsible for 
only a part of influx regulation, for example they could  work 
in  the initiation  and/or positive modulation of a response 
sustained by the direct receptor-channel interaction  in the 
plane of the membrane. This type of interaction  has been 
reapeatedly suggested to account for the modulation of voltage 
gated K+ and Ca2+ channels (42,  43). The alternative model 
is appealing also because it combines in one single proposal 
two mechanisms that were envisaged separately. At  the pre- 
sent time, however, no specific supportive evidence is avail- 
able, and  the model can therefore be regarded only as an 
initial guideline for future work in  the field. 
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