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Abstract. Fura-2 imaging microscopy was used to 
study [Ca2+]i in nerve growth factor-differentiated 
PC12 cells exposed to agonists (bradykinin, carbamyl- 
choline, and ATP) binding to receptors coupled to poly- 
phosphoinositide hydrolysis. With all the treatments 
employed, the response to an individual agonist was 
often incomplete, i.e., composed of either release from 
intracellular stores or influx only. In individual cells 
the responses were closely similar when only one and 
the same agonist was employed, and markedly hetero- 

geneous, with considerable variation of the release/influx 
ratio, when different agonists were delivered in se- 
quence. In a recently isolated PC12 cell clone, hetero- 
geneity of the receptor-induced [Ca2+]i responses was 
markedly lower than in the overall population, although 
the release/influx ratio was still variable. We conclude 
that the large response heterogeneity observed in the 
overall PC12 cell population is due (a) to the coexis- 
tence of multiple clones; and (b) to the variable activa- 
tion of intracellular transduction mechanisms. 

p cl2 is a neurosecretory cell line very frequently em- 
ployed as a nerve cell model since its establishment 
by Greene and Tischler (1976). The cells of this line, 

particularly after long-term treatment with nerve growth fac- 
tor (NGF), ~ express a variety of properties shared by neu- 
rons, including the overall phenotype (Greene and Tischler, 
1976, 1982), specific voltage-gated ion channels (e.g., the 
N-type Ca 2÷ channel; Plummer et al., 1989), and the sen- 
sitivity to the presynaptic stimulatory toxin, oMatrotoxin 
(Rosenthal and Meldolesi, 1989). During the last several 
years PC12 cells have been intensely investigated also for 
changes of the cytosolic free Ca 2+ concentration, [Ca2+]~, an 
effect induced by numerous neurotransmitters and various 
other treatments, such as plasma membrane depolarization 
(Di Virgilio et al., 1987; Pozzan et al., 1986; Fasolato et al., 
1988 and 1990; Inoue and Kenimer, 1988). Up to now, how- 
ever, these studies have been conducted primarily on popula- 
tions of detached cells, first loaded with a specific dye (ini- 
tially quin-2, Tsien et al., 1982; more recently fura-2, 
Grynkiewicz et al., 1985) and then analyzed while sus- 
pended in the cuvette of a conventional fluorimeter. Clearly, 
the results obtained by this approach represent averages of 
the [Ca2÷]~ changes occurring in the analyzed cell popula- 
tion, and provide no information attributable to either in- 
divldual cells or cellular regions. Fura-2 studies at the single 
cell level have been already carried out, by applying com- 
puterized imaging ratio microscopy at two excitation wave- 

1. Abbreviations used in this paper: BK, bradykinin; CCh, carbamylcho- 
line; NGF, nerve growth factor; PP1, polyphosphoinositide. 

lengths to a number of preparations, including primary 
cultures of neurons from both the central and peripheral 
nervous systems (see references within Connor et al., 1988; 
Tank et al., 1988; Lipscombe et al., 1988; Hockberger et al., 
1989; Mayer and Miller, 1990), as well as chromaftin cells 
(O'Sullivan et al., 1989). However, a nerve cell line had 
never been investigated in detail by this technique. The pres- 
ent results demonstrate that, when PC12 cells are exposed 
to specific agonists binding to receptors coupled to poly- 
phosphoinositide (PPI) hydrolysis, their [Ca2+]t responses 
can be highly heterogeneous, not only in size but also in their 
sustaining mechanisms, i.e., intracellular release and influx 
across the plasma membrane. Such heterogeneity, which ap- 
pears to be primarily due to the coexistence of multiple cell 
clones in the investigated PC12 cell population, was instru- 
mental to the identification of specific response patterns 
which enabled us to reconsider various problems of receptor 
signaling and [Ca2+]~ response control. 

Materials and Methods 

Cell Culture 

PC12 cells (Greene and Tischler, 1976) were cultured at 37°C in the RPMI 
medium containing 2 mM glutamine, 10 % horse serum, and 5 % FCS (bio- 
chemicals from Gibco Laboratories, Grand Island, NY), under a humidi- 
fied atmosphere with 5% CO2. They were plated weekly 1:3 in 10-cm Petri 
dishes. For experimental use, cells were cultured on 22-mm glass coverslips 
coated with polyornithine (Sigma Chemical Co., St. Louis, MO) which 
were glued to the bottom of perforated 35-mm Petri dishes. To obtain syn- 
chronization and neuron-like differentiation, one day after the final plating 
the cells were first serum-deprived for 24 h and then treated with 50 ng/ml 
mouse 2.5S NGF for one day in the same serum-free medium (Rudkin et 
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al., 1989), after which culture was continued for at least one week in com- 
plete RPMI medium supplemented with NGE 

PC12 Subcloning 
Since initial attempts with limiting dilution and coculturing with irradiated 
macrophages failed to produce persistent clones, PC12 cells were trans- 
fected with the pMV7 vector containing the neo gene (generous gift of Dr. 
H. Bourne, University of California, San Francisco, CA) essentially as pre- 
viously described by Schweitzer and Kelly 0985). 3 x 106 cells were 
plated on 10-cm polyornithine-coated plastic tissue culture dishes. One day 
later, the plasmid DNA was added to the HeBS rinsed cells (20/~g/3-106 
cells) in the form of a calcium phosphate precipitate. After 20 min incuba- 
tion at room temperature, cells were supplemented with DME containing 
5 % FCS, incubated at 370C for 6 h, osmotically shocked with 25 % glycerol 
in DME for 1 rain, and then rapidly washed. The entire population of cells 
was grown in standard culture medium for 72 h before adding 0.8 mg/ml 
of G418 (Geneticin; Gibeo Laboratories) to select for stable transfectants. 
60 individual colonies were isolated by this procedure, and one (#15) was 
used for the present studies. 

Fura-2 Loading 

Cells were incubated for 30--45 rain at 37°C with 0.5-4/~M fura-2 penta- 
acetoxymethylester (Calbiochem Co., San Diego, CA) in RPMI medium 
containing 5% FCS, and then washed and further incubated for 15-30 rain 
in the same medium to allow deesterifieation of the dye. Cells were then 
rinsed in Krebs-Ringer solution buffered with Hepes (150 mM NaC1, 5 mM 
KC1, 1 mM MgSO4, 2 mM CaC12, 10 mM glucose, 10 mM Hepes/NaOH, 
pH 7.4) and transferred to the heated stage of the microscope, where tem- 
perature was maintained at 36"C throughout the experiment. Incubations 
were carried out in 2 mi of either the same medium, which was then addi- 
tioned with 3 mM EGTA in the course of the experiment; or in its Ca 2+- 
free version, which contained no CaCl2 added but 1 mM EGTA. Rein- 
troduction of 3 mM Ca 2+ was made to reach the final [Ca2+]o concentration 
of "~ 2 mM. Rapid addition of the various reagents was obtained by loading 
appropriate volumes of 100x concentrated solutions into a 2-ml syringe 
connected to the incubation chamber via a small tube. Aspiration to the sy- 
ringe of 1 mi incubation medium followed by reintroduction of this mixture 
into the chamber yielded accurate and rapid (<1 s) delivery and mixing of 
the agents. 

Fura-2 Videomicroscopy 
The digital fluorescence-imaging microscopy system was built around a 
Zeiss inverted IM 35 light microscope equipped with a controlled heating 
stage which will be described in detail elsewhere. Briefly, excitation light 
beams were provided by two 150 W Xenon arc lamp sources (Oriel Co., 
Stratford, CT) appropriately placed over an optical bench and individually 
focused on two monochromators (Oriel Co.). Electronic shutters, operated 
by the main computer, were located at the exit of each monochromator. Op- 
tical and mechanical components were arranged in order to combine (by 
a semirefiecting mirror) the monochromatic beams and provide Koehler epi- 
illumination. A Nikon 40x,  1.3 NA objective lens, and a 41g-nm long pass 
emission filter were used. Fluorescence and bright field images were en- 
larged by a home-made zoom (fitted on the side port of the microscope) and 
collected with a low-light level ISIT camera (2400-09, Harnamatsu Pho- 
tonics, Herrsching, FRG) which allowed the use of low level illumination 
intensities. The camera output was fed into a digital image processor (Argus 
100; Hamamatsu Photonics) where video frames were digitized and in- 
tegrated in real time on four 0.5 Mbyte memory boards. 

In the present study, the electronic shutters were operated by the Argus 
100 image processor to yield the following sequence of events: (a) illumina- 
tion at 350 nm excitation wavelength and integration of five consecutive 
video images (256 x 256 x 16 bits) on part of the first memory board; (b) 
dark interval of 200 ms to eliminate persistence of the previous image on 
the sensitive target of the camera (<2% at the end of the lag interval); (c) 
illumination at 385 nm and integration of five consecutive video images as 
above on part of the second memory board; (d) dark interval of 200 ms. 
This sequence of commands was run continuously. When the first tv~ mem- 
ory boards were filled up, the next images were stored in the two remaining 
boards; meanwhile, the digital data present in the two filled memories were 
transferred at high rate (more than 1.5 Mbyte/s) via a connecting board 
placed on the VME bus of Argus 100 into a Motorola 68020 based host 
computer, and stored in two 300 Mbyte hard disks. By this procedure, 

which did not interfere with the activity of the Argus 100 image processor, 
up to 4,000 digital images (two images/s) could be stored in a single experi- 
ment. After background and calibration images were similarly acquired at 
the two wavelengths, the calculation of Ca 2+ concentration was carried out 
pixel by pixel on pairs of corresponding 350 and 385 images according to 
Grynkiewicz et al. (1985). Since thresholding of cell intensity did not pro- 
vide accurate definition of cell boundaries and, in addition, varied during 
the experiment, bright field images were acquired from time to time to be 
later used to prepare masks matching the cell shape. The masks were su- 
perimposed to the final Ca 2+ images before visualization on the monitor as 
16 level pseudocolor images. Mean values of the pixel intensity in the areas 
of interest could be calculated from the entire sequence of frames, thus, 
providing a quantitative temporal analysis in spatially distinct areas during 
the experiment. 

Materials 

Most of the fine chemicals used were purchased from Sigma Chemical Co., 
while fura-2 was from Calbiochem Behring Corp. (La Jolla, CA). Nitrendi- 
pine and Verapamil were the gift of Bayer and Knoll AG, respectively. 
~conotoxin was purchased from Peninsula Lab. (Belmont, CA), while the 
B2 antagonist Arg°[Hyp 3, Thi 5~, D-Phe7]BK was the gift of Dr. D. Regoli 
(University of Sherbrooke). 

Results 

PCI2 Cells at Rest 

Under the conditions of our experiments, the overall pheno- 
type of the NGF-pretreated PC12 cells was variable. Many 
cells appeared just spherical or exhibited only one neurite, 
whereas other cells were endowed with a well-developed and 
arborized neurite tree. To minimize artifacts, and focus our 
study at the cellular level, most of the measurements were 
made on either single or small groups of cells where bound- 
aries could be easily identified on the bright field image, as 
described under Materials and Methods. 

In the resting cell population investigated, [Ca2÷]i ap- 
peared often moderately uneven (see Fig. 1; discussion in 
Tsien and Tsien, 1990). No consistent correlation was no- 
ticed between the areas with relatively high or low apparent 
[Ca2+]i values and specific intracellular structures identified 
on the bright field image, such as nuclei. Interestingly, in 
many (but not all) cells low signal areas remained apprecia- 
ble even after stimulation, because [Ca2*]~ apparently in- 
creased in parallel there and in the surrounding, higher sig- 
nal areas. Moreover, no major differences of apparent resting 
[Ca2+]~ were observed among the various cell regions, i.e., 
body, dendrites, and varicosities (see Fig. 1). In a series of 
experiments the [Ca2+]o of the medium bathing resting cells 
was varied from 2 mM down to ~10 -9 M (addition of ex- 
cess EGTA) and back. Except for a very few (<1%), clearly 
damaged cells, these treatments had only marginal effects on 
the resting [Ca2÷]~. 

Receptor Stimulation 
In most of our experiments, receptor stimulants, bradykinin 
(BK), ATP, and carbamylcholine (CCh), were applied at 
concentrations inducing maximal [Ca2÷]~ responses (0.1, 
100, and 500 #M, respectively). The standard experimental 
protocol consisted of adding the agonist to cells bathed in a 
Ca2÷-free, EGTA-containing medium, and reintroducing 
Ca 2÷ to the medium, most often ~2  min later. A and B of 
Fig. 1 show [Ca2+]~ pseudocolor representations of a cell 
endowed with a single neurite and a large terminal varicosity, 
exposed to BK according to the protocol described above. 
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Figure 1. [Ca2+]i changes induced by 100 nM BK in an NGF-differentiated PC12 cell. (A and B) Pseudocolor representation of [Ca2÷]~. 
The cell shown in A was bathed in Ca2*-free medium containing 1 mM EGTA. The numbers indicate seconds after BK addition. Notice 
that [Ca2÷]i changes occurred simultaneously and to the same extent in both the soma and the varicosity. A roundish area with apparent 
10w [Ca2+]i was present in the soma at rest and remained appreciable also during stimulation. B shows the same cell after addition (at 
time 0) of 3 mM CaC12 to the BK and EGTA-containing medium. [Ca2÷]i reached values similar to A but the kinetic was different. C is 
the temporal plot of [Ca2÷]i changes occurring in the soma and varicosity. In this and the other plots shown in this paper, thin bars mark 
the presence of the agonist and thick bars the presence of [Ca2÷]o. Moreover, in the morphological panels the color scale gives [CaZ÷]i 
expressed in nM and the white bar corresponds to 20 #m. 

The time-course plot of the [Ca2÷]i changes recorded in the 
cell body and terminal varicosity is shown in C. As can be 
seen, a sudden increase occurred both in the soma and in the 
neurite, with a short delay (,,o2 s) from the application of BK 
to the Ca2÷-free medium (A and C). The increase peaked at 
4 s and then declined in parallel in the entire cell, to reach 
resting values after 1 min. The subsequent [Ca2*]~ increase 
triggered by addition of Ca 2+ to the incubation medium 
(Fig. 1, B and C) resembled the Ca2÷-free response both in 
size and intracellular distribution. However, the time-course 
was different, with a slower rise leading in ,025 s to a plateau 
which persisted almost unchanged as long as BK was main- 
tained in contact with the ceil. 

Additional series of experiments were carried out to vali- 
date the standard experimental protocol by the use of recep- 
tor blockers, i.e., Arg°[Hyp 3, ThiS, 8, D-PhC]BK (10/~M) 
for the B2 receptor (Regoli et al., 1990) and atropine (1 
/zM), for the muscarinic receptor. These blockers were ad- 
ministered to the cells either before or at various times after 
BK or CCh. In the first case, in agreement with the previous 
fluorimetric results (Pozzan et al., 1986; Fasolato et al., 
1988), the blockers completely prevented the [Ca2÷]~ in- 
crease responses induced by their corresponding receptor 
agonists (not shown). Fig. 2 illustrates results obtained with 
atropine, administered after Ca 2÷ reintroduction into the 
medium bathing five cells, three responsive and two un- 

responsive to CCh, As can be seen, the blocker dissipated 
quickly the [Ca2÷]~ increase sustained by influx in the re- 
sponsive cells, with return to values close to those preceding 
the stimulation. Likewise, atropine dissipated the [Ca2*]i in- 
crease sustained by intracellular release when administered 
shortly after CCh. Results similar with these with CCh and 
atropine were obtained with BK and the B2 blocker (not 
shown). 

We next investigated the possibility that voltage-gated 
Ca 2÷ channels (of L and N type), known to be expressed in 
PC12 cells (Plummer et al., 1989; Sher et al., 1988), partici- 
pate in the influx phase of the receptor-triggered [Ca2+]~ re- 
sponses. To this end, blockers (nitrendipine and verapamil, 
1 #M, for L type; o~-conotoxin, 1.2 #M, for N type channels) 
were applied to the cells, individually or in sequence, after 
reintroduction of Ca 2÷ into the medium. In no case was any 
effect of these substances observed on the receptor-triggered 
responses, while parallel responses triggered by high K ÷ 
(via depolarization-induced activation of voltage-gated Ca 2÷ 
channels) were markedly inhibited by nitrendipine and ver- 
apamil (not shown). 

The results of Figs. 1 and 2, where responsive ceils exhibit 
both release and influx, do not represent the rule in the ana- 
lyzed cell population. Indeed, a large heterogeneity both in 
the intracellular distribution (to be described elsewhere) and 
in the size and type (see below) of the responses was ob- 
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Figure 2. [Ca2+]~ effects induced by 500/~M CCh and 1 #M atropine in a group of five PCI2 cells. The six (A-F) morphological panels 
illustrate [Ca2+]i images of the cells incubated in the Ca2+-containing medium (A); after addition of excess EGTA (B); at the peak of the 
intracellular release response induced by CCh (C); at the end of the latter response (D); at the top of the [Ca2+]a increase sustained by 
influx, after reintroduction of Ca :+ into the medium (E); and after application of atropine (F). Notice that two cells were unresponsive 
while three exhibited both release and influx responses to CCh. The latter response was dissipated by atropine addition. The temporal 
plots of the [Ca2+]i changes in these three cells (labeled 1-3, see A), with indication of the times of addition of EGTA, CCh, and atropine, 
are shown to the right. 

served. An example of the various response patterns to BK 
is given in Fig. 3. Of the six ceils present in the field, three 
were unresponsive to BK. Of the others, cell 3 showed re- 
lease only, cell 2 influx only, and cell 1 both processes. A 
similar heterogeneity was seen using ATP or CCh. The 
results obtained with the three agonists in the overall PC12 
cell population are summarized in Table I. The percentage 
of responsive cells varied depending on the agonist, from 
'~80% with ATP to <50% with CCh. Also, the nature of the 
responses varied. The complete response, (i.e., both release 
and influx) was observed in only ~1/3 of the population 
when treated with any of the agonists. Of the remaining cells, 
,~40% exhibited appreciable release with no detectable 
influx stimulation, with the remaining group exhibiting 
influx but no release. A more detailed analysis of the results 
with the three agonists is provided in Fig. 4 A. Notice that, 

even in the cells exhibiting both release and influx, the ratio 
between the two components varied considerably. 

On the other hand, in individual cells the response patterns 
to a single agonist, and thus the release vs. influx ratio 

Table L [Ca2+]j Response Patterns in PC12 Cells 

Cells exhibiting 

Analyzed Responsive release and 
Agent cells cells release influx influx 

% % % 

100 nM BK 320 219 43.0 23.4 33.6 
500/~M CCh 177 78 38.8 28.8 32.4 
1130/~M ATP 105 82 41.2 24.1 34.7 
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Figure 3. Heterogeneous responses to 100 nM BK in a group of PC12 cells. BK applied in Ca2+-free medium activated [Ca2+]i release 
from intracellular stores in cells 1 and 3 (compare B and A); after Ca 2÷ readdition, Ca 2+ influx responses occurred in cells 1 and 2 but 
not in cell 3 (compare D and C). Three unresponsive cells were also present in the field. E shows the temporal plots of [Ca2+]i changes 
measured in the three responsive cells. Arrows with letters indicate the timing of the images shown in A-D.  

Figure 4. Frequency distribution of the release/influx ratios in PC 12 cells treated with BK, ATP, and CCh according to the [Ca2+]o - 
free/[Ca2+]o reintroduction protocol (A and B) and [Ca2+]i temporal plot in a single cell exposed to four subsequent pulses of ATP (100 
#M) delivered according to the above protocol (C). Release/influx ratios were calculated by dividing the maximal [Ca2+]i values mea- 
sured after agonist treatment in Ca2+-free medium with those measured after Ca 2+ readdition. (A) Overall PC12 cell population; number 
of cells analyzed: BK = 219, ATP = 82, and CCh --- 78. (B) Cells of the clone #15; number of cells for each agonist is 52. (C) Single 
cell of the overall population. Washes were for 20 rain in the Ca2+-containing incubation medium. 
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Figure 5. [Ca2+]i changes induced by low concentrations of BK. In 
all of the three cells shown, influx was already elicited by BK at 
concentrations as low as 1 nM (left panels), while intracellular release 
was detectable only at 10 nM BK (right panels) and above. 

values, were reproducible. When, in fact, a treatment (con- 
sisting of a 7-min [Ca2*]o free/[Ca2+]o readdition pulse fol- 
lowed by a 20-min washing in the Ca2+-containing medium) 
was administered repeatedly (up to five times), the responses 
were found to vary only marginally. An example of these 
results (with ATP) is shown in Fig. 4 C. Results of this kind 
were obtained also with agonist concentrations higher (up to 
100-fold) than those commonly employed. With lower con- 
centrations some quantitative and qualitative changes were 
observed, which were investigated in detail with BK. In cells 
responding with both release and influx at 100 nM BK, only 
the second component of the response was appreciated with 
1 nM BK (Fig, 5, left plots). Both components were elicited 
at agonist concentration of 10 nM; however, the [Ca2÷]~ rise 
occurring during the release phase of the experiment was 
usually slower and smoother than that usually observed with 
higher BK concentrations (compare the right plots in Fig. 5 
with those in Figs. 1 C and 3 E). 

Single Cell Responses to Different Agonists 

A final series of experiments carried out with the overall 
population was aimed to further characterize the specificity 
of the response patterns as a function of the agonists em- 
ployed. To this end, a total of 29 cells were exposed in se- 
quence to CCh, BK, and ATP as described in Fig. 6 legend. 
Of these cells, 7 were found to respond to three, 13 to two 
(BK and ATP), and the remaining 9 to only one of the 
agonists. Examples of the response pattern in these 29 cells 
are given in Fig. 6. In none of the five cells shown was the 
release vs. influx ratio strictly the same with the three 
agonists. In particular, note that in cell 3 CCh elicited a 
negligible release and a large influx, while with BK and ATP 
the release response was predominant. Similar discrepancies 
in the response pattern are also evident in cells 4 and 5. Here, 
BK induced sustained changes of [Ca:+]i during both the re- 
lease and the influx phases of the experiment, while ATP in- 
duced predominantly influx in cell 4 and release in cell 5. 

Although the population used for this part of the study is 
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Figure 6. Temporal variations of [Ca2+]i induced in single cells by 
subsequent treatment with 500 #M CCh, 100 nM BK, and 100 #M 
ATP applied according to the [Ca2+]o-free/[Ca2+]o reintroduction 
protocol. After challenge with one agonist, the cells were exten- 
sively washed with complete incubation medium for 20-30 min. The 
five cells shown are examples of the response heterogeneity to the 
three agonists. 

too small to draw detailed conclusions, it is clear from the 
results that the patterns induced in individual cells by differ- 
ent agonists were often markedly different, at variance with 
the similarity observed when multiple pulses of the same 
agonists were delivered (see above). 

PC12 Cell Clone//15 

The marked [Ca2+]i response heterogeneity observed in the 
experiments reported so far could be due to the coexistence 
in the overall population investigated of multiple, heteroge- 
neous PC12 cell clones. To investigate this possibility, the 
population was subcloned; one of the clones obtained (#15) 
was selected because of its good responsiveness to the three 
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Figure Z [Ca2÷]i responses induced by 100 nM BK in the cells of the PC12 clone #15. The pictures were taken before (A), at the peak 
(B) and at the end (C) of the response to 100 nM BK administered in the Ca2÷-free medium, and at the peak after Ca 2÷ readdition (D). 
Notice that [Ca2÷]i increases occurred in all ceils of this field during both the release and the influx phases of the experiment, although 
to different extents (asterisks mark three hyporesponsive cells). Numbers indicate the cells whose responses to CCh, BK and ATP are 
plotted in Fig. 8. 

agonists employed (measured in the fluorimeter cuvette; 
Grynkiewicz et al., 1985) and investigated at an early stage 
of its life (eighth passage). Indeed, the degree of heterogene- 
ity was much smaller in the clone than in the overall popula- 
tion. Almost all the cells investigated (52 out of 54) were 
responsive to the three agonists and exhibited both release 

and influx. However, the intensity of the responses to a given 
agonist still varied among cells (see Fig. 7 for BK), and the 
release vs. influx ratio in individual cells was not strictly the 
same with the three agonists (Fig. 8). In general, the [Ca2÷]~ 
changes occurring during the release and the influx phases 
of the experiment tended to be similar when cells were chal- 
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Figure 8. PC12 clone #15. Temporal plots of [Ca2+]i changes in- 
duced by 500 #M CCh, 100 nM BK, and 100 #M ATP. The four 
cells illustrated here are those numbered in A of Fig. 7. Note that 
in cells 1, 2, and 3 the responses to BK and ATP were nearly identi- 
cal in both shape and intensity, whereas in cell 4 they differed, 
although moderately. Responses to CCh were variable, with pre- 
dominance of influx in cells 2 and 3. 

lenged with either BK or ATP, while influx predominated 
with CCh. This is shown in the frequency distribution histo- 
gram in Fig. 4 B. With BK and ATP the plot revealed a ten- 
dency to unimodal distribution, with >60% of the cell ex- 
hibiting release vs. influx ratios close to 1, while with CCh 
the plot was flatter, and a relative dominance of influx ap- 
peared. 

Discuss ion  

The PC12 cells investigated in the present studies had been 
synchronized first by culture without serum (Rudkin et al., 
1989), and then treated for a week with NGF. Together with 
the development of the neuron-like phenotype, we expected 
from this procedure a marked decrease of mitoses, with con- 
sequent decrease of the heterogeneity depending on cell cy- 
cling. This strategy proved however to be insignificant. Al- 
though heterogeneity of PC12 cells was previously reported, 
and several specialized clones isolated, (Bothwell et al., 
1980; Hatanaka, 1981; Greene and Tischler, 1982; Green et 
al., 1986; Hempstead et al., 1989; Chijiwa et al., 1990), the 
extent observed in the [Ca2+]i responses elicited in the over- 

all population was unexpected. The much lower degree of 
heterogeneity observed in the isolated PC12 clone we have 

I investigated, strongly suggests that the overall population 
available in our laboratory (and, presumably, in others), 
consists in a mixture of numerous clones, characterized by 
peculiar patterns of [Ca2+]i response. Such heterogeneity 

1 proved useful because it offered the opportunity of investigat- 
ing various steps of transmembrane signaling by studying the 
[Ca2+]~ responses elicited in individual cells of the popula- 
tion. Interesting results were obtained by the use of agonists 
binding to various PC12 receptors coupled to the hydrolysis 
of PPI: BK (B2 receptor; Fasolato et al., 1988), CCh (an 
atypical M3 receptor; Michel et al., 1989), and ATP (P~y 
receptor; Fasolato et al., 1990). Based on previous results 
in bovine chromaffin cells (O'Sullivan et al., 1989), the pos- 
sibility (and indeed observed, see Table I) of a nonuniform 
expression of the three receptors in the cell population was 
expected. This mechanism, however, cannot account en- 
tirely for the heterogeneity we have observed. 

The Ca2÷-free, Ca 2÷ Reintroduction Protocol 

The [Ca2+]~ increase induced by receptor activation is 
known to consist of at least two components: release from 
intracellular Ca 2÷ stores, triggered by Ins-P3; and influx 
across the plasma membrane (Pozzan et al., 1986; Fasolato 
et al., 1988; Berridge and Irvine, 1989). To investigate 
separately these two components, our experiments were 
most often carried out according to a two-step protocol, 
largely and successfully used in the past by us and others in 
conventional fura-2 cuvette experiments: application of an 
agonist to ceils bathed in a Ca2+-free, EGTA-containing 
medium followed (~2 min later, i.e., after the end of the 
transient Ca 2÷ release response) by the reestablishment of 
the physiological [Ca2÷]o, via simple addition of the cation 
to the medium. 

In view of its key role in our studies, it was important to 
establish whether this protocol can be appropriately em- 
ployed even with single attached PC12 cells. Our results 
demonstrate that the two-step protocol does not affect 
unspecifically the responsiveness of individual PC12 cells, 
and that, therefore, the results obtained reflect the events 
generated after receptor activation. In fact, (a) without stim- 
ulation cells could be repeatedly switched from the high to 
the low [Ca2÷]o media, and vice versa, with only marginal 
changes of [Ca2+]i; (b) the receptor-triggered [Ca2+]~ re- 
sponses were prevented or largely dissipated when specific 
antagonists were administered either before or after the cor- 
responding agonists (BK or CCh); and (c) cells exposed ac- 
cording to the protocol to multiple cycles of stimulation with 
a single agonist yielded reproducible responses. 

Mechanisms of  Ca 2÷ Influx Stimulation 

Of the two phases of the receptor-induced [Ca2+]i re- 
sponses, one, the Ins-P3-induced release, appears now well 
characterized (see Berridge and Irvine, 1989; Meldolesi et 
al., 1990). In contrast, the mechanisms and regulation of the 
stimulated influx are not yet clear. In previous fura-2 cuvette 
experiments, the possible involvement of voltage-gated Ca :÷ 
channels of the L and N type (both expressed in PC12 cells; 
Di Virgilio et al., 1986; Sher et al., 1988; Plummer et al., 
1989) had been excluded based on the inefficacy of specific 
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blockers and on the observation that membrane potential in- 
creases (via the activation of Ca2÷-dependent K ÷ channels) 
rather than decreases, after treatment with either BK or CCh 
(Pozzan et al., 1986; Fasolato et al., 1988). The lack of inhi- 
bition observed now with L and N-type channel blockers 
(nitrendipine, verapamil, and o~-conotoxin), administered 
during the influx phase, confirms this conclusion also in sin- 
gle, attached PC12 cells. Other channels that might be con- 
sidered to account for influx are those participating directly 
in the receptor structure. Of these, however, the nicotinic 
receptor has been specifically investigated and found not to 
be expressed in the PC12 cells employed in this work (see 
Pozzan et al., 1986), at variance with the original cell line 
(Greene and Tischler, 1976) and numerous preparations 
originated therefrom. In contrast, the ATP-activatable P2w 
receptor is expressed. However, as demonstrated by Fasolato 
et al. (1990), this receptor desensitizes rapidly and therefore 
is not expected to contribute significantly to the influx phase 
initiated by Ca 2÷ reintroduction ~2  min after application of 
the nucleotide trisphosphate. In contrast, the involvement of 
a third group of channels, designated as second messenger 
operated (Meldolesi and Pozzan, 1987; Berridge and Irvine, 
1989; Tsien and Tsien, 1990), appears consistent with our 
atropine and B2 receptor blocker results. At the moment, 
however, these channels are still poorly understood. 

Various second messengers have been proposed to be 
responsible for their operation: Ins-P3, alone (Kuno and 
Gardner, 1987) or together with its phosphorylation prod- 
uct, Ins-P4 (see Berridge and Irvine, 1989); and increased 
[Ca2÷]~ (Von Tscharner et al., 1986), but none have been 
identified with certainty. Recently, evidence has been 
provided suggesting the multiplicity of these channels and 
possibly also of their regulation mechanisms (Sage et al., 
1989, 1990; Rink, 1990). At least one of these channels has 
been suggested to become indirectly activated when the Ins- 
P3-sensitive stores are depleted of Ca 2÷ (Takemura et al., 
1989; Hallam et al., 1989; Taylor, 1990). Whatever their ac- 
tivation mechanisms, these channels are known to remain 
open for considerable periods of time (>10 min) after the ap- 
plication of the agonists to PC12 cells. This explains why 
their contribution was revealed in the two-step protocol we 
have employed. 

Release-Influx Dissociation 

The most important result obtained in the present study is 
the dissociation of the two receptor-induced [Ca2*]~ re- 
sponse components, release and influx, observed in over half 
of the overall cell population investigated. Moreover, the re- 
sponse pattern, dissociated or not, of a cell could vary com- 
pletely when individual cells were exposed in sequence to 
the three receptor agonists, at variance with the reproducible 
patterns observed when multiple pulses of a single agonist 
were applied. Occurrence ofintracellular release without ap- 
preciable stimulation of Ca 2÷ influx indicates expression of 
receptors, generation of Ins-P3 and stimulation of intracel- 
lular Ca 2÷ stores together with the lack of functioning of the 
second messenger-operated channels, which however may 
be recruited after the activation of another receptor. The op- 
posite finding (lack of appreciable intracellular release with 
stimulation of influx) is also interesting. In these cells recep- 
tors are in fact activated, however, Ins-P3 appears to be 

generated to a subthreshold level. The alternative explana- 
tion, i.e., that intracellular Ca 2÷ stores are insensitive to the 
second messenger, can be ruled out at least in those cells in 
which administration of another agonist caused intracellular 
Ca 2÷ to be released. It should be noted that, to our knowl- 
edge, neither of these two possibilities, lack of enough Ins- 
P3 generation and insensitivity of the Ca 2÷ stores, in other- 
wise responsive cells had ever been even considered. 

Together with the different concentration dependence of 
Ca 2÷ release and influx, observed with BK, the dissociation 
results discussed so far provide information on the regulation 
of the influx process. Based on our data, we can in fact ex- 
clude that influx is triggered only by increases of either Ins- 
P3 or [Ca2÷]~ (two mechanisms considered in other cell 
types, Von Tscharner et al., 1986; Kuno and Gardner, 1987). 
Moreover, a persistence of empty stores cannot account for 
influx stimulation in Ca 2÷ release-negative cells. In fact, if 
this were the case, influx in these cells would be stimulated 
also independently of receptor activation, and receptor 
blockers would be inactive, two possibilities excluded by our 
experimental results. A regulation mechanism apparently 
compatible with the observed high degree of independence 
between release and influx could be based on the involve- 
ment not of bona fide second messengers but of multiple G 
proteins mediating the direct interaction of receptors with 
various effectors, in particular phospholipase C and multiple 
channels. Although well established for the modulation of 
their voltage-gated counterparts (see Birnbaumer et al., 
1990), a model of this kind has been considered only on theo- 
retical grounds for the second messenger-operated channels 
(Fasolato et al., 1988; Rink, 1990). Specific experimental 
results are therefore still needed. 

Conclusion 

The large heterogeneity, up to the complete release-influx 
dissociation, of the [Ca2+]~ responses induced in individual 
PC12 cells, together with the variable patterns revealed after 
stimulation of different receptors, document an unexpected 
complexity of transmembrane signaling in this and, presum- 
ably, other types of nerve cells. Our imaging results open 
multiple problems, particularly in the field of second mes- 
senger-operated channels, which however cannot be solved 
by the single experimental approach employed so far. In this 
respect, the results already obtained with the recently iso- 
lated clone #15 are particularly encouraging. Many additional 
PC12 clones are in fact already available and they are now 
being characterized for receptor-induced [Ca2+], responses. 
When available, a full panel of appropriately different cell 
clones will, in fact, enable us to pursue our studies at the bio- 
chemical and molecular level, in order to identify the mecha- 
nisms responsible for the observed cell biological events. 

We thank Dr. R. Fesce for suggestions and help, Elesys (Hamamatsu Pho- 
tonics, Italy) for technical assistance, and Lorella Di Giorgio for typing as- 
sistance. 

This work was supported by the Consiglio Nazionale delle Ricerche Tar- 
get Project Biotechnology and Bioinstrumentation (G. F. and J. M. units). 

Received for publication 26 October 1990 and in revised form 12 March 
1990. 

References 

Berridge, M. L, and R. F. Irvine. 1989. Inositol phosphates and cell signalling. 

Grohovaz et al. Ca 2÷ Imaging in PC12 Cells 1349 



Nature (Loud.). 341:197-205. 
Birnbaumer, L., J. Abramowitz, and A. M. Brown. 1990. Receptor-effector 

coupling by G proteins. Biochem. Biophys. Acta. 1031:163-224. 
Bothwell, M. A., A. L. Schechter, and K. M. Vanghn. 1980. Clonal variants 

of PC 12 pbeochromocytoma cells with altered response to nerve growth fac- 
tor. Cell. 21:857-866. 

Chijiwa, T., A. Mishima, M. Hagiwara, M. Sano, K. Hayashi, T. Inoue, K. 
Naito, T. Toshioka, and H. Hidaka. 1990. Inhibition of forskolin-induced 
neurite outgrowth and protein phosphorylation by a newly synthesized selec- 
tive inhibitor of cyclic AMP-dependent protein kinase, N-[2-(p-bromoeinna- 
mylamino) ethyl]-5-isoquinolinesulfnnamide (H-89), of PC12D pheochro- 
mocytoma cell. J. Biol. Chem. 265:5267-5272. 

Connor, J. A., W. J. Wadman, P. E. Hockberger, and R. K. S. Wong. 1988. 
Sustained dendritic gradients of Ca 2+ induced by excitatory amino acids in 
CA1 hippocampal neurons. Science (Wash. DC). 240:649-653. 

Di Virgilio, F., D. Milani, A. Leon, J. Meldolesi, and T. Pozzan. 1987. 
Voltage-dependent activation and inactivation of calcium channels in PC 12 
cells. J'. Biol. Chem. 262:9189-9195. 

Fasolato, C., A. Pandiella, J. Meldolesi, and T. Pozzan. 1988. Generation of 
inositol phosphates, cytosolic Ca 2+, and ionic fluxes in PC12 cells treated 
with bradykinin. J. Biol. Chem. 263:17350-17359. 

Fasolato, C., P. Pizzo, and T. Pozzan. 1990. Receptor mediated calcium influx 
in PC12 cells: ATP and bradykinin activate two independent pathways. J. 
Biol. Chem, 265:20351-20355. 

Green, S. H., R. E. Rydel, J. L. Connolly, and L. A. Greene. 1986. PC12 cell 
mutants that possess low- but not high-affinity nerve growth factor receptors 
neither respond to nor internalize nerve growth factor. J. Cell Biol. 
102:830-843. 

Greene, L. A., and A. S. Tischler. 1976. Establishment of a noradrenergic 
clonal line of rat adrenal pheochromocytoma cells which respond to nerve 
growth factor. Proc. Natl. Acad. Sci. USA. 76:2424-2428. 

Greene, L. A., and A. S. Tischler. 1982. PCl2 pheochromocytoma cultures 
in neurobiological research. Adv. Cell Neurobiol. 3:373-414. 

Grynkiewicz, G., M. Poenie, and R. Y. Tsien. 1985. A new generation of 
Ca 2+ indicators with greatly improved fluorescence properties. J. Biol. 
Chem. 260:3440-3450. 

Hallam, T. J., R. Jacob, and J. E. Merritt. 1989. Influx of bivalent cations can 
be independent of receptor stimulation in human endothelial cells. Biochem. 
J. 259:125-129. 

Hatanaka, H. 1981. Nerve growth factor-mediated stimulation of tyrosine 
hydroxylase activity in a clonal rat pheochromocytoma cell line. Brain Res. 
222:225-233. 

Hempstead, B, L., L. S. Schleifer, and M. V. Chao. 1989. Expression of func- 
tional nerve growth factor receptors after gene transfer. Science (Wash. DC). 
243:373-375. 

Hockberger, P. E., H. Y. Tseng, and J. A. Connor. 1989. Fura-2 measure- 
ments of cultured rat Purkinje neurons show dendritic localization of Ca 2÷ 
influx. J. Neurosci. 9:2272-2284. 

Inoue, K., and J. G. Kenimer. 1988. Muscarinic stimulation of calcium influx 
and norepinephrine release in PCl2 cells. J. Biol. Chem. 263:8157-8161. 

Kuno, M., and P. Gardner. 1987. Ion channels activated by inositol 1,4,5- 
trisphosphate in plasma membrane of human T-lymphocytes, Nature 
(Loud.). 326:301-304. 

Lipscombe, D., D. V. Madison, M. Poenie, H. Reuter, R. W. Tsien, andR. Y. 
Tsian. 1988. Imaging of cytosolic Ca 2+ transients arising from Ca 2+ stores 
and Ca 2+ channels in sympathetic neurons. Neuron. 1:355-365. 

Mayer, M. L., and R. J. Miller. 1990. Excitatory amino acid receptors, second 
messengers and regulation of intracellular Ca 2+ in mammalian neurons. 
Trends Pharmacol. Sci. 11:254-260. 

Meldolesi, J., and T. Pozzan. 1987. Pathways of Ca 2+ influx at the plasma 
membrane: voltage-, receptor-, and second messenger-operated channels. 
Exp. Cell Res. 171:271-283. 

Meldolesi, J., L. Madeddu, and T. Pozzan. 1990. Intracellular Ca 2+ storage 
organdies in non muscle cells: heterogeneity and functional assignment. Bio- 
chim. Biophys. Acta. 1055:130-140. 

Michel, A. D., E. Stefanich, and R. L. Whiting. 1989. PC12 pheochromocy- 
toma cells contain an atypical muscarinic receptor binding site. Br. J. Phar- 
macol. 97:914-920. 

O'Sullivan, A. J., T. R. Cheeck, R. B. Moreton, M. J. Berridge, and R. D. 
Burgoyne. 1989. Localization and heterogeneity of agonist-indnced changes 
in cytosolic calcium concentration in single bovine adrenal chromatfin cells 
from video imaging of fura-2. EMBO (Eur. Mol. Biol. Organ.) J. 8:401- 
411. 

Plummet, M. R., D. E. Logothetis, and P. Hess. 1989. Elementary properties 
and modulation of calcium channels in mammalian peripheral neurons. Neu- 
ron. 2:1453-1463. 

Pozzan, T., F. Di Virgilio, L. M. Vicentini, and J. Meldolesi. 1986. Activation 
of muscarinic receptors in PC12 cells. Biochem. J. 234:547-553. 

Regoli, D., N. Rhaleb, S. Dion, and G. Drapeau. 1990. New selective bradyki- 
nin receptor antagonists and bradykinin B2 receptor characterization. 
Trends Pharmacol. Sci. 11:156-161. 

Rink, T. J. 1990. Receptor-mediated Ca :+ entry. FEBS (Fed. Eur. Biochem. 
Soc.) Left. 268:381-385. 

Rosenthal, L., and J. Meidolesi. 1989. c~-Latrotoxin and related toxins. Phar- 
macol. Ther. 42:115-134. 

Rudkin, B. B., P. Lazarovici, B. Levi, Y. Abe, K. Fujita, and G. Guroff. 1989. 
Cell cycle-specific action of nerve growth factor in PCI2 cells: differentia- 
tion without proliferation. EMBO (Fur. Mol. Biol. Organ.) J. 8:3319-3325. 

Sage, S. O., J. E. Merritt, T. J. Hallam, and T. J. Rink. 1989. Receptor- 
mediated calcium entry in fura-2 loaded human platelets stimulated with 
ADP and thrombin. Biochem. J. 258:923-926. 

Sage, S. O., R. Reast, and T. J. Rink. 1990. ADP evokes biphasic Ca 2+ influx 
in fura-2 loaded human platelets. Biochem. J. 265:675-680. 

Schweitzer, E. S., and R. B. Kelly. 1985. Selective packaging of human growth 
hormone into synaptic vesicles in a rat neuronal (PCI2) cell line. J. CellBiol. 
101:667-676. 

Sher, E., A. Pandiella, and F. Clementi. 1988. w-Conotoxin binding and effects 
on calcium channel function in human neuroblastoma and rat pheochromocy- 
toma cell lines. FEBS (Fed. Eur. Biochem. Soc.) Lett. 235:178-182. 

Takemura, H., A. R. Huges, O. Thastrup, and J. W. Putney Jr. 1989. Activa- 
tion of calcium entry by the tumor promoter thapsigargin in parotid acinar 
cells. J. Biol. Chem. 264:12266-12271. 

Tank, D. W., M. Sugimori, J. A. Connor, and R. R. Llinas. 1988. Spatially 
resolved calcium dynamics of mammalian Purkinje ceils in cerebellar slices. 
Science (Wash. DC). 242:773-777. 

Taylor, C. W. 1990. Receptor-regulated Ca 2+ entry: secret pathway or secret 
messenger? Trends Pharmacol. Sci. 11:269-271. 

Thayer, S. A., T. M. Perney, and R. J, Miller. 1988. Regulation of calcium 
homeostasis in sensory neurons by bradykinin. J. Neurosci. 8:4089-4097. 

Tsien, R. W., and R. Y. Tsien. 1990. Calcium channels, stores, and oscilla- 
tions. Annu. Rev. Cell Biol. 6:715-760. 

Tsien, R. Y., T. Pozzan, and T. J. Rink. 1982. Calcium homeostasis in intact 
lymphocytes: cytoplasmic free calcium monitored by a new intracellularly 
trapped fluorescent indicator. J. Cell Biol. 94:325-334. 

Von Tscharner, V., B. Prod'hom, M. Baggiolini, and H. Reuter. 1986. Ion 
channels in human neutrophils activated by a rise in free cytosolic calcium 
concentration. Nature (Lond.). 324:369-372. 

The Journal of Cell Biology, Volume 113, 1991 1350 


