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ABSTRACT In PC12 cells, cultured in the presence of nerve growth factor to increase their comple- 
ment of muscarinic receptors, treatment with carbachol induces muscarinic receptor-dependent 
rises in free cytosolic Ca 2+ as well as hydrolysis of membrane phosphoinositides. Experiments were 
carried out to clarify the relationship between these two receptor-triggered events. In particular, 
since inositol-l,4,5-trisphosphate (the hydrophilic metabolite produced by the hydrolysis of phos- 
phatidylinositol-4,5-bisphosphate) is believed to mediate intracellularly the release of Ca 2÷ from 
nonmitochondrial store(s), it was important to establish whether it can be generated at resting 
cytoplasmic concentration of Ca 2+ (~0.1 ~M). Cells incubated in Ca2+-free medium were depleted 
of their cytoplasmic Ca 2+ stores by pretreatment with ionomycin. When these cells were then treated 
with carbachol, their cytosolic concentration of Ca 2+ remained at the resting level, whereas inositol- 
1,4,5-trisphosphate generation was still markedly stimulated. Our results demonstrate that an increase 
in the concentration of cytosolic Ca 2+ is not a necessary intermediate between receptor activation 
and phosphoinositide hydrolysis, and therefore support the second-messenger role of inositol-l,4,5- 
trisphosphate. 

Hydrolysis of membrane phosphoinositides was initially de- 
scribed by Hokin and Hokin in pancreatic slices exposed to 
acetylcholine (17) and later shown to occur in many other 
systems as the consequence of the activation of a variety of 
receptors (muscarinic, a~ adrenergic, H~ histaminergic, sero- 
tonergic, and peptidergic receptors, references 4, 10, 1 l, 21- 
24, 27, 32). Recent developments in the understanding of the 
process of cell activation have stimulated great interest in this 
reaction. Two distinct mechanisms, one dependent on the 
concentration of free cytosolic Ca 2÷ ([Ca2*]i) ~, and the other 
dependent on the activation of protein kinase C, have been 
shown to act coordinately in the control of exocytosis and 
other forms of secretion, smooth muscle contraction, and, 
possibly, cell growth (4, 22-25, 27). Both ofthese intracellular 
transduction mechanisms can be activated by the hydrolysis 
of one type of membrane phosphoinositide, phosphatidyli- 
nositol-4,5-bisphosphate (PIP2). Indeed, of the metabolites 
generated by this reaction, diacylglycerol is believed to activate 

~ Abbreviations used in this paper. [Ca2+]i, concentration of free 
ionized calcium in the cytosol; [Ca2+]o, concentration of free ionized 
calcium in the extracellular medium; IPh inositol monophosphate; 
IP2, inositol bis phosphate; IP3, inositol iris phosphate; KR, modified 
Krebs-Ringer incubation medium; PIP2, phosphatidylinositol-4,5- 
bisphosphate. 

protein kinase C (4, 22, 24, 27), whereas inositol-l,4,5-tris- 
phosphate (IP3), once released to the cytoplasm, may trigger 
the release of Ca 2÷ from intracellular stores, thus causing 
[Ca2+]i to rise (4, 7, 18, 26, 30). 

Although the conclusions drawn above now appear sound, 
a number of important questions are still unresolved. In 
particular, the definition and the sequence of the events 
initiated by receptor activation are still debated. The problem 
of which event is first has not been settled, primarily because 
(a) no direct studies were reported in which [Ca2+]i rise and 
phosphoinositide hydrolysis were resolved, and (b) in some 
systems, phosphoinositide hydrolysis has been found to be 
strictly dependent on the presence of Ca 2÷ in the extracellular 
fluid (1-3, 12-14), suggesting that a rise in [Ca2+]i by increased 
influx might be the initial event of the transduction cascade 
triggered by receptor activation (1, 8, 12-14). 

In the present report, we characterize the relationship be- 
tween [Ca2+]~ and phosphoinositide hydrolysis in a line of 
neurosecretory cells (PCI2) exposed to muscarinic stimula- 
tion, and demonstrate that the hydrolysis of PIP2 can be 
stimulated even when [Ca2÷]i is at the level of resting cells 
(~0.1 #M). The cells used in our experiments were pretreated 
for 12-15 d with nerve growth factor to induce (in addition 
to a neuronal-like differentiation; see reference 16) a large 
increase in the number of muscarinic receptors (19) (in our 
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studies, f rom 2,600 to 36,000/ceU) a n d  thus  great ly increase 
the  size o f  the  t r a n s d u c t i o n  processes u n d e r  study. 

MATERIALS A N D  M E T H O D S  

Cells: Monolayers of PC I2 cells (initially provided by Dr. P. Calissano, 
Consiglio Nazionale delle Ricerche Laboratory of Cell Biology, Rome) were 
cultured as described by Greene and Tisehler (16) using RPMI 1640 medium 
(Flow Laboratories, Milan) supplemented with 10% horse serum, 5% fetal calf 
serum, and, during the last 12-15 d, nerve growth factor (50 ng/ml). Immedi- 
ately before the experiments, the cells were detached from the monolayers and 
then dissociated to yield single cells and small (2-5 cells) aggregates, as described 
elsewhere (25). Drugs were dissolved in either water or dimethyl sulfoxide. 
Controls received solvents only (maximal concentration, 1%). 

Incubation Media: A modified Krebs-Ringer medium buffered with 
Heoes (complete KR) was used which contained, in millimoles per liter: NaCI, 
125; KCI, 5; KH2PO4 and MgSO4, 1.2; CaCI2, 2; HEPES-NaOH buffer, pH 
7.4, 25; glucose. 6. Ca2+-free KR medium differed from the complete KR in 
having no Ca 2+ added and in containing twice as much MgSO4 (2.4 mM) and 
EGTA (1 mM). 

Quin2 Measurement of [Ca2+]i: PCI2 cells, suspended in RPMI 
1640 medium buffered with Hepes, pH 7.4 to a density of 12 x 106 cells/ml, 
were mixed with a 0.5-1% vol of 10 mM quin2 acetoxymethylester in dimeth- 
ylsulfoxide and incubated at 37"C for 1 h. Before use, the cells were pelleted 
and resuspended in either KR or Ca2+-free KR (0.5-0.8 x 106 cells/ml). Assays 
were carried out in a thermostated cuvette equipped with magnetic stirring, in 
a Perkin-Elmer 650-40 spectrofluorimeter (Perkin-Elmer Corp. Eden Prairie, 
MN; excitation, 339 +-. 2; emission, 492 -+ 10 nm). Calibration of the fluorescent 
signal was made as described (25). Whenever necessary, the data were corrected 
for changes in cell autofluorescence. 
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FIGURE 1 Effect o( carbachol (CCh, 0.5 raM), and acelylcholine 
receptor blockers hexamethonium (Hex, 0.5 mM) and atropine (Atr, 
2/~M), on [Ca2% in PC12 cells incubated in complete KR (A, C, D) 
or Ca2+-free KR (B). Concentration of cells, 0.6 x 106/ml; concen- 
tration of quin2, 2 nmol/106 cells. [Ca2% calibration is indicated on 
the left of each single trace. 

Phosphoinositide Hydrolysis: 24 h before the experiments, the 
growth medium was replaced with the basal medium Eagle's (which is free of 
inositol; Flow Laboratories), and supplemented with low concentrations of fetal 
calf serum (0.1%) and horse serum (0.2%), and with [3H]myo-inositol (1 uCi/ 
ml). The day after, the ceUs were detached, transferred to siliconized glass tubes, 
and washed three times with 10 ml of complete KR medium. After resuspension 
in appropriate volumes of incubation media (which were often supplemented 
with 10 mM LiCI to block inositol-l-phosphate phosphatase, reference 5), the 
cells were dissociated and incubated at 37"C in siliconized glass vials oscillating 
at 140 cycles/min in a water bath. The final cell concentration was 1-2 x 106/ 
ml. Drugs and other agents were usually added after 2 min of equilibration at 
37"C. Total phosphoinositols were extracted by trichloroacetic acid 15%, then 
bound to AG resin ( 1 x 8, 100-200 mesh, formate form, Bio-Rad Laboratories, 
Richmond, CA), and eluted with 0.1 M formic acid/l M NH4 formate (6). In 
order to separate the various phosphoinositols (inositol-l-phosphate, IP~; ino- 
sitol-l,4,-bisphosphate, IP2; and IP3), the elution protocol recommended by 
Berridge et al. (6) was employed, l-ml samples were mixed with 9 ml of 
Atomlight (New England Nuclear, Boston, MA) and counted in a Beckman SL 
30 spectrometer (Beckman Instruments, Inc., Fullerton, CA). 

Ma terials: 2.5s nerve growth factor was the kind gift of Dr. P. Calissano, 
Consiglio Nazionale delle Ricerche Laboratory of Cell Biology, Rome, Italy; 
[JH]myo-inositol was purchased from Amersham Corp., Amersham, England; 
carbachol, hexamethonium, atropine were from Sigma Chemical Co. (St. Louis, 
MO); and the source of the other chemicals is specified in reference 25. 

RESULTS A N D  D ISCUSSION 

Fig. 1 i l lustrates changes  in [Ca2+]i i nduced  in PC12 cells 
(different ia ted by  p r e t r e a t m e n t  wi th  nerve  growth  factor)  by  
an  op t ima l  c o n c e n t r a t i o n  of  ca rbacho l  (0.5 mM) .  These  effects 
were due  to the  ac t iva t ion  o f  the  musca r in i c  recep tor  because  
they were b locked  by  low (1 or  2 u M )  concen t r a t i ons  of  
a t ropine ,  and  unaffected by the  n ico t in ic  an tagon i s t  hexa-  
m e t h o n i u m .  In the  CaZ+-free E G T A - c o n t a i n i n g  m e d i u m  (Fig. 
I B), the  ca rbacho l - induced  [Ca2+]i rise was fast (max ima l  
wi th in  10 s) a n d  shor t - l ived (down to  the  rest ing level wi th in  
1-2 min) .  In comple te  KR,  the  rise was larger, a n d  [Ca2+]i 
r e m a i n e d  elevated for several minutes .  2 The  same concen t ra -  
t ion  of  carbachol  i nduced  a large, a t rop ine - inh ib i t ab le  in- 
crease o f  phospho inos i t ide  hydrolysis  (Fig. 2). Also in this  
case, a cons iderable  par t  of  the  response  was m a i n t a i n e d  w h e n  
the  cells were exposed to ca rbacho l  suspended  in the  Ca 2+- 
free m e d i u m .  

In the  expe r imen t s  i l lustrated in Fig. 2, the  var ious  inosi tol  
phospha t e s  genera ted  in s t imula ted  PC 12 cells were measu red  
together ,  a n d  therefore  the  c o n t r i b u t i o n  o f  the  var ious  phos-  
pho inos i t ides  as subs t ra tes  of  the  hydrolyt ic  reac t ion  was no t  
established.  To  invest igate  this  p rob lem,  the  t ime-course  ex- 
p e r i m e n t s  i l lustrated in Fig. 3 were carr ied out.  In  these 
expe r imen t s  (a) i ncuba t ions  were brief, (b) cells were no t  
pre t rea ted  wi th  LiCI to avo id  the  a c c u m u l a t i o n  o f  IP~ uphi l l  
o f  the  me tabo l i c  block,  and  (c) the  var ious  inosi tol  phospha te s  
released were separa ted  by  c o l u m n  ch roma tography .  Analo-  
gous to wha t  was observed  previously  in o ther  systems (3, 6, 
9, 10, 20, 28, 33), the  c o n c e n t r a t i o n  o f  the  var ious  [3H]- 
inosi tol  phospha te s  in rest ing PC12 cells was found  to be  IPl 
> IP2 > IP3 ( inset  o f  Fig. 3). 10 s af ter  the  appl ica t ion  o f  
carbachol ,  IP3 showed the  greatest  p ropo r t i ona l  increase,  con-  
t inued  to rise unt i l  20 s, a n d  then  dec l ined  progressively. IP2 
rose in parallel  to  IPl du r ing  the  first 10 s and  t hen  t e n d e d  to 
level off, and  IPj p lea teaued  at 20 s (Fig. 3). It shou ld  be 

2 The different size of the carbachol-induced responses suggests that 
different Ca 2÷ sources were involved: redistribution from the intra- 
cellular stores in the Ca2+-free medium; and redistribution plus in- 
creased influx across the plasmalemma in complete KR. Additional 
evidence supporting this interpretation will be reported elsewhere 
(Pozzan, T., F. Di Virgilio, L. M. Vicentini, and J. Meldolesi, man- 
uscript in preparation). 
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FIGURE 2 Effect of carbachol and/or acetylcholine receptor block- 
ers on the accumulation of labeled inositol phosphates (~H-IPs) in 
PC12 cells incubated in KR medium containing LiCl or Ca2÷-free 
KR medium containing 1 mM EGTA for 5 min at 37°C. n, control; 
l~1, atropine alone (2/~M); I~1, carbachol alone (0.5 mM); Ig, 0.5 mM 
carbachol + 2 /~M atropine; I~, 0.5 mM carbachol + 50 /~M d- 
tubocurarine. Values shown are averages of 4-6 determinations _ 
SE. Proteins in the analyzed samples ranged from 200 to 250 ~g. 
Basal radioactivities were 2,260 _ 120 cpm/mg protein in complete 
KR medium; 1,670 _+ 107 cpm/mg protein in Ca++-free-KR medium. 

emphasized that in the experimental conditions used, de- 
phosphorylation of inositol phosphates is expected to occur 
at high rates. The faster timecourse of IP3 appearance might 
therefore be interpreted as an indication that the phospho- 
diesteratic hydrolysis of PIP2 is the event most proximal to 
receptor activation and that the accumulation of IP2 and IP~ 
results from the stepwise degradation of IP3 (see references 4, 
6, 9, 15, 20, 28, and 33 for similar observations in other 
systems). However, the possibility that PIP and PI are hydro- 
lyzed as well cannot be excluded. 

From the data of Figs. l and 3, it appears that in PC12 
cells, Ca 2+ rise and phosphoinositide hydrolysis occur rapidly 
and, as far as we can judge, concomitantly after stimulation 
of the muscarinic receptor. In order to establish whether or 
not phosphoinositide hydrolysis requires a rise in [Ca2+]~ to 
occur, as has been suggested in other systems (l, 8, 12-14), 
attempts were made to dissociate the two processes. Quin2 
experiments (Fig. 4) revealed that, when PC12 cells were 
incubated in Ca2+-free, EGTA-containing medium, and then 
treated with the Ca 2+ ionophore ionomycin, no rise in [ C a 2 + ] i  

occurred upon application of carbachol. This result was ex- 
pected because the experimental conditions used preclude 
both Ca 2+ influx (due to the very low concentration of free 
ionized calcium in the extracellular medium [Ca2+]o) and 
Ca 2+ redistribution (due to the ionomycin-induced depletion 
of the stores, which in our experiments was documented by 
the transient increase in [Ca2+]i following the application of 
the ionophore). The experiments of phosphoinositide hydrol- 
ysis (without LiCl) carded out on a parallel aliquot of the 
same batch of quin2-10aded cells (Fig. 4) revealed that iono- 
mycin alone was without effect. In contrast, in the cells 
depleted of Ca 2+ by EGTA + ionomycin, the application of 
carbachol was still able to induce considerable responses. 
Compared with the results obtained in complete KR (Fig. 3), 
a larger accumulation of IP3 and a smaller accumulation of 
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IP~ was noted, suggesting that the lack of [Ca2+]i rise impairs 
dephosphorylation of IP3. 

A wide consensus exists at the present time on the fact that 
both [Ca2+]i rise and PIP: hydrolysis are crucial events in the 
signal cascade triggered by the activation of a variety of 
receptors, and leading to cell activation (4, 9, 10, 11, 20, 22, 
24, 27, 28, 30, 32, 33). Data obtained primarily on permea- 
bilized cells and/or isolated subcellular fractions (7, 18, 26, 
30) have provided evidence for a second-messenger role of 
IP3 in causing release of Ca 2÷ from nonmitochondrial store(s). 
According to this interpretation, PIP2 hydrolysis would be a 
reaction closely coupled across the membrane to receptor 
activation (4, 9, 15, 20, 22, 23). However, the kinetic com- 
petence of the two processes (i.e., whether IP3 generation 
precedes [Ca2+]i rise) has never been resolved in any systems 
so far investigated. In some systems, phosphoinositide hy- 
drolysis has been shown to depend on [Ca2+]o and/or to be 
triggered by Ca 2÷ ionophores (1, 8, 12-14), whereas in other 
systems ionophores were inefficient, and a large part of the 
response was maintained in Ca2÷-free medium (4, 9, 15, 22, 
23). It can be argued that the lack of effect of ionophores in 
the absence of receptor activation does not prove the Ca 2÷- 
independence of the reaction, but only that high [Ca2+]i alone 
is not sufficient to trigger it. Conversely, the observation that 
the receptor activation-triggered reaction takes place in some 
systems independently of [Ca2+]o does not prove that changes 
of [Ca2÷]i are not involved. On the one hand, [Ca2+]o could 
be needed not to raise [Ca2+]i but to couple individual recep- 
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FIGURE 3 Time course of the effect of carbachol (0.5 mM) on the 
accumulation of labeled IP1 (©), IP2 ((~), and IP3 (O) in PC12 cells 
(500 #g protein/sample) incubated in complete KR without  LiCI. 
The data show a typical experiment which was repeated three 
times. Basal radioactivities in counts per minute per sample for IP1, 
IP2, and IP3 were 872 __ 30, 441 _ 32, and 210 ± 20, respectively. 
The inset illustrates the separation of IP1 ( ,) ,  IP2 (~-), and IP3 (~1') 
accumulated in PC12 cells incubated for 30 s with (O) or wi thout  
(O) carbachol in LiCI-containing KR medium. 
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FIGURE 4 Effect of carbachol on [Ca2+]~ and accumulation of la- 
beled IP1, IP2, and IP3 in PC12 cells incubated in Ca2+-free KR and 
treated with ionomycin. Suspensions of PC12 cells, prepared from 
monolayers labeled for 24 h with [3H]inositol, were loaded with 
quin2 (concentration, 0.8 nmol/ lO 6 cells). Parallel aliquots of these 
suspensions were used for measuring [Ca2+]i and accumulation of 
labeled inositol phosphates. (Left) Quin2 fluorimetric trace; addi- 
tions of ionomycin (Iono, 0.2 ~.M) and carbachol (CCh, 0.5 mM) 
were made when indicated. (Right) Recoveries (averages of three 
determinations - SE) of labeled IP~, IP2, and IP3 (separated as 
illustrated in Fig. 3) in cells (600/~g protein/sample) incubated in 
Ca2÷-free KR medium and treated with ionomycin for 3 min fol- 
lowed by _ carbachol for 1 min. I-q, control; D, ionomycin alone; 
I ,  ionomycin and then carbachol (Iono + CCh). Basal radioactivities 
in counts per minute per milligram protein for IP1, IP2, and IP3 were 
1095 _+ 141,316 + 39, and 140 _+ 12, respectively. 

tors to the phosphoinositide hydrolyzing process; 3 on the other 
hand, [Ca2+]i can rise even in cells incubated in Ca2÷-free 
media, due to redistribution from intracellular stores. Until 
now, it has therefore been impossible to exclude the possibility 
that a rise in [Ca2+]i (due to stimulated influx and/or IPa- 
independent redistribution), could precede and cause PIP2 
hydrolysis. Even two recent studies (2, 3, 29) which specifically 
addressed the problem, did not go beyond the demonstration 
of a lack of quantitative correlation between [Ca2+]i rise and 
phosphoinositide hydrolysis. The answer provided by our 
results now seems unambiguous. In intact PC12 cells, Ca 2÷ 
influx and redistribution were prevented by incubation in 
Ca2*-free media and by depletion of cellular stores with io- 
nomycin. Under these conditions, [Ca2+]i remained un- 
changed at the resting level after carbachol application, yet 
IP3 generation was markedly stimulated. To our knowledge, 
this is the first demonstration that receptor-coupled phos- 
phoinositide hydrolysis can occur at resting [Ca2+]i. This 
excludes the possibility that a rise in [Ca2+]i is a necessary 
intermediate between receptor activation and phosphoinosi- 
tide hydrolysis, therefore strongly supports the hypotheses of  
both a close coupling between the two processes, and the 
second-messenger role of  IP3 in causing Ca 2+ redistribution. 

W e  wish to  t h a n k  Drs .  R.  Y. Ts ien  a n d  P. Cal i ssano for  suppor t  a n d  

advice ,  Mr .  G .  R o n c o n i  for  exper t  t echnica l  assis tance,  a n d  Dr.  H .  

Scheer  for  cri t ical ly r ead ing  the  text.  

Th i s  w o r k  was  s u p p o r t e d  in pa r t  by  g ran t s  o f  the  I ta l ian Dep a r t -  

m e n t  o f  E d u c a t i o n  ( M e m b r a n e  Biology a n d  Pa tho logy  P r o g r a m )  a n d  

3 O u r  w o r k  on  P C I 2  cells s e e ms  to be in a g r e e m e n t  with this possi- 

bility. H e r e  we d e m o n s t r a t e  tha t  the m u s c a r i n i c  r ecep to r - t r i gge red  

phospho inos i t ide  hydrolys is  is i n d e p e n d e n t  o f  [Ca 2÷] ([Ca2+]i as well 

as [Ca2+]o); however ,  the  s a m e  response  t r iggered by  the  ac t iva t ion  o f  

a n o t h e r  r ecep to r  ( the r ecep to r  for  the  neu ro tox in  a L T x )  d i sappea red  

w h e n  [Ca2*]o was  decreased  to a ve ry  low level by the  add i t ion  o f  

E G T A  to the  m e d i u m  (31). 

Consigl io  N a z i o n a l e  delle R ice rche  Pro jec t  O n c o i o g y  (to Drs.  P o z z a n  

a n d  Meldolesi) .  

R e c e i v e d  f o r  publ ica t ion  22  October  1984, a n d  in revised f o r m  12 

D e c e m b e r  1984. 
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