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Spontaneous and vasopressin-induced Ca2+ oscillations in cultured vascular smooth
muscle (A7r5) cells were further examined and characterized. Intracellular Ca2+ concentra-
tions ([Ca2+],) were measured by use of a high-performance laser cytometer. When the
oscillatory patterns in [Ca2+] ( were analyzed with a power spectrum method, about 80% of
cells exhibited spontaneous Ca2+ oscillations with the frequency of 0.02-0.5 Hz. Nifedipine
abolished these repetitive spikes, whereas pinacidil partially attenuated their amplitude
and frequency. When vasopressin (100 nM) was applied to A7r5 cells, there was an initial
rise in [Ca2+] „ followed by a delayed sustained increase in [Ca2+],. The one-pool, nonoscil-
latory model was employed to fit this biphasic change, and the difference between the
observed response and the simulated response was then analyzed with a power spectral
method. About 50% of cells were noted to display oscillatory patterns in [Ca2+], after
sustained increase in [Ca2+],. The present study indicates that spontaneous Ca2+ oscilla-
tions in A7r5 cells are modulated by the activity of ATP-sensitive K+ channels and are not
related to pertussis toxin-sensitive GTP-binding protein(s). On the basis of the one-pool,
nonoscillatory model, it is suggested that the buffering capacity of internal stores appears
to be stronger in the cells with spontaneous Caz+ oscillations than in those in a quiescent
state, and the vasopressin-mediated inhibition of accumulation by internal stores was
attenuated when the cells exhibited spontaneous Ca2+ oscillations. The implementation of
this minimum kinetic model integrated with a power spectrum method would be an
alternative to understand the oscillating behavior in [Ca2+],.
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The alteration of cytosolic Ca2+ ([Ca2+]i) is essentially matical models presented in the form of a pure sinusoid
related to smooth muscle contraction (1), whereas tension pattern cannot readily represent. Besides, only a single
oscillations in vascular smooth muscle are mediated via population of intracellular stores could clearly be demon-
cytosolic Ca2+ oscillations existing in vascular smooth strated in A7r5 cells (3), while most theoretical models for
muscle cells (2). Cultured vascular smooth muscle (A7r5) this oscillatory phenomenon were designed on the basis of
cells have been reported to undergo spontaneous Ca2+ either a two-pool version (6-9) or the periodic increase in
oscillations, which required good structural and electrical the level of intracellular inositol trisphosphate (IP3) (10).
contact among cells (3, 4). Although this type of Ca2+ Even though these models may in part qualitatively fit the
oscillations was thought to be attributable to intrinsic experimental data, their explanation of the geneses of Ca2+

activity derived from the surface membrane, little is oscillation is not realistic (9). Recently, Dupont and
known about whether the concentration of intracellular Goldbeter (11) proposed a one-pool model for Ca2+ oscilla-
ATP contributes to the occurrence of spontaneous Ca2+ tions involving CaJ+ and EP3 as co-agonists for Ca2+ release
oscillation, or whether the activity of ATP-sensitive K+ from internal stores. However, in our view, this model is
channels (5) is required for the maintenance of spontaneous still unsatisfactory, because the simulation result showing
Ca2+ oscillations. that the first Ca2+ spike is always larger than the following

Cytosolic Ca2+ oscillations have been qualitatively ones appeared not to be in agreement with some experi-
modelled in an attempt to understand their underlying mental data, at least in our preparations. For instance,
mechanisms (6). However, in a variety of cell types, the agonists produced an initial large peak in [Ca2+], and an
oscillatory pattern in the agonist-evoked Ca2+ spikes ensuing sustained increase in [Ca2+],. Immediately after
appeared to show rather wide variation that most mathe- the sustained increase in [Ca2+],, a train of Ca2+ spikes was

noted (12, 13). To clearly understand this diverse pattern
better maiiematical model needs to

Council (NSC-85-2331-B-076B-012), Taiwan. ** designed and analyzed. Therefore, in the present study,
2 To whom correspondence should be addressed. Tel: 886-7-3422121- we chose the one-pool, nonoscillatory model originally
1507, Fax: 886-7-3468056, E-mail: shengaecc.nsysu.edu.tw described by Rotnes and Rtittingen (14) and examined its fit
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Analysis of Calcium Oscillations 43

to the vasopressin-induced biphasic change in [Ca2+],.
Subsequently, a power spectrum method was analyzed
between the observed and simulated response in order to
quantitatively understand the behavior of Ca2+ oscillations
in A7r5 cells.

MATERIALS AND METHODS

Materials—Molecular Probes (Eugene, OR) supplied
indo-1 acetoxymethyl ester (AM) and pluronic F-127.
Arginine8-vasopressin (vasopressin) and endothelin-1 were
obtained from Peptide Institute (Osaka). Ionomycin, nife-
dipine, EGTA [ethylglyc»l-bis-(£-ammc«thyl)-iV;iV,iV~',Ar'-
tetraacetic acid], HEPES (iV-2-hydroxyethylpiperazine-
iV'-2-ethanesulphonic acid), and ATP (5'-adenosine tri-
phosphate) were all purchased from Sigma Chemical (St.
Louis, MO). Pinacidil was from Leo Pharmaceuticals
(Denmark). Nicorandil was from Chugai Pharmaceuticals
(Tokyo). Pertussis toxin was from List Biological Labora-
tories (Campbell, CA). Tissue culture media, penicillin-
streptomycin, and trypsin were from Gibco (Grand Island,
NY). All other chemicals were obtained from regular
commercial sources and were of reagent grade.

Cell Culture—Rat thoracic aorta smooth muscle cells
(clonal cell line A7r5, originally obtained from American
Type Culture Collection, [CRL1444], Rockville, MD) were
maintained and subcultured in Dulbecco's modified Eagle's
medium (DMEM) supplemented with fetal bovine serum
(10%), penicillin G (10,000 units/ml), and streptomycin
(lOmg/ml), and equilibrated at 37'C with a humidified
atmosphere of 95% air/5% CO2 air. Cells were subcultured
weekly after detachment by using culture medium contain-
ing 1% trypsin. The experiments were performed after
cells reached confluence (usually 5-7 days). In some experi-
ments, cells were incubated with pertussis toxin (500 ng/
ml) at 37*C for 24 h.

Cytosolic Free Ca2+ Concentration Measurements—Mono-
layer cultures of A7r5 vascular smooth muscle cells were
grown in an experimental chamber which consisted of a
modified 35 mm plastic Petri dish, with an 18 mm diameter
hole in the center. A glass coverslip was glued over the hole
so as to allow visual observation, dye excitation and
detection of dual emission in an inverted microscopy with a
D Apo 100X UV oil immersion objective (numerical aper-
ture, 1.3) (IMT-2, Olympus, Tokyo) connected with the
fluorometer.

On the day of experiment, the culture medium in the
Petri dish was replaced with a "loading solution" containing
3 fiM indo-1 acetoxymethyl ester (indo-1/AM) and 3/zM
pluronic F-127. The dish was incubated for 60 min, then
washed three times with normal Tyrode solution containing
(in mM): NaCl, 136.5; KC1, 5.4; CaCl,, 1.8; MgCl2, 0.53;
glucose, 5.5; HEPES, 5; and NaOH to adjust pH to 7.4.

The dynamic change in cytosolic free Ca2+ concentrations
([Ca2+]i) was measured at room temperature using the
ratiometric approach with the fluorescent, calcium indica-
tor indo-1/AM (15-17). The control of the microscope
stage position, excitation of the calcium probe, and record-
ing of dual emission were performed by an interactive laser
cytometer ACAS 570 (Meridian Instruments, Okemos,
MI). In the present experiments, the laser intensity was set
to 10-20% of the 20 mW output and a neutral density filter
which only passes 10% of the light was also used. The

excitation laser beam (about 0.6//m in diameter) was
directed to the specimen through the epi-illumination port
of the microscope and a cube containing an excitation filter
(350 nm, band pass) and a dichroic mirror (380 nm). The
dual emission of the excited probe was collected through
this dichroic mirror and a barrier filter (390 nm, long pass)
and two band pass filters (485/45 nm and 405/45 nm). This
allowed the detection of fluorescence emissions of both free
and Ca2+-bound forms of the dye by two separate photo-
multiplier tubes. The other important parameters, includ-
ing sampling frequency (100, 20, or 5 Hz in the present
experiments), illumination intensity, detector gains, and
the number of measurements (generally 256) averaged for
each set of sampled data were adjusted by means of the
control software of the Northgate computer (Minneapolis,
MN). The initial fluorescent intensities were always adjust-
ed to be near mid-range on the fluorescent scale to obtain
sufficient dynamic range. To obtain the highest time resolu-
tion, Ca2+ measurements were made in the "point scan"
mode; that is, a single point within the cell is continuously
monitored in milliseconds.

Calculation of Intracellular Ca2+ Concentrations—The
in vivo calibration of indo-1 fluorescence was performed by
use of the established protocols (17). Briefly, the baseline
fluorescence was recorded from indo-1-loaded cells in
control solution. The cells were then permeabilized by
exposure to 10 /*M ionomycin under depolarizing condi-
tions at pH 8.6. Cells were then exposed in a bathing
solution containing 10 mM Ca2+, and RmSX (fluorescence
ratio for the bound dye) was measured as the peak ratio
during this preparation. The bathing solution was replaced
with one containing 10 mM EGTA and no added Ca2+ (0
Ca2+ bathing solution), and Rm,n (the fluorescence ratio for
the unbound dye) was determined as the ratio minimum.
Finally, the autofluorescence was determined by exposing
cells to 20 mM Mn2+ and 10 //M ionomycin. [Ca2+]i values
were calculated from measured indo-1 fluorescence ratios
with the following formula

where IQ is the apparent dissociation constant of the Ca2+/
indo-1 complex and is taken as 250 nM (15). Sn/Sbi is the
ratio of the 485 nm fluorescence obtained with the Ca2+-
free and Ca2+-bound forms of the dye. Although the values
observed in the resting [Ca2+], were within the acceptable
range for living cells, the measurements required care
because of the great variability in indo-1 fluorescence (18).

Power Spectral Analysis and Computer Simulations—
The frequency and amplitude of cytosolic Ca2+ oscillations
were characterized by transforming the oscillating signals
from their time domain to their representation in the
frequency domain with the aid of power spectrum analysis.
Spectral analysis was done using a discrete Fourier trans-
form algorithm (19). The main spectral component was
taken as the frequency which showed greatest amplitude in
the power spectrum. In other words, an oscillating signal
throughout the observation interval would be presented as
one outstanding spike at the corresponding frequency with
a positive correlation between the height of the spike and
the amplitude of the oscillating signal. Accordingly, a
measure of the tendency of the cells to oscillate in [Ca2+] (

was defined by the height of the spike with its correspond-
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ing frequency.
The vasopressin-induced biphasic change in [Ca2+], was

simulated by use of the one-pool, nonoscillatory model
originally designed by Rdtnes and Rdttingen (14). This
nonlinear mathematical model, which is defined by five
adjustable parameters, is a relatively simple scheme and
was thought to be capable of fitting our experimental
results with A7r5 cells (20). Therefore, the simulations
shown herein were generated according to the model of
Rdtnes and Rdttingen (14), using similar numerical param-
eters.

The equations for a one-pool, nonoscillatory model (14)
are:

-^jj-= (V X Jz~+ k, x Y- kx Z

dY
dt Y + kxZ

k=k,X

where Y and Z are the Ca2+ in internal stores and cytosolic
Ca2+, respectively; kt and k denote the rate constants of
Ca2+ ions out of and into the internal stores, respectively;
Uqr refers to the quantal release of Ca2+ from internal
stores, which is elicited by Ca2+ ions and EP3; K« and K, are
the threshold constants for Ca2+ release induced by Ca2+

ions and IP3, respectively; rt denotes the time constant for
EP3 production; a is the steady-state value; and u(t) is a
unit step function. Based on this model, there are five
parameters that are adjustable, i.e., Y(to), VQH, k,, r,, a,
and to.

When a strong correlation was found between the ob-
served and the simulated responses, the difference between
them was taken and a power spectrum method was then
implemented to analyze the fundamental frequency of Ca2+

oscillations.
Data Recording and Analyses—The image data were

captured with a Northgate computer using the PEPPER
SGT Plus board (Number Nine Computer, Cambridge,
MA), which was built into the Meridian integrated system.
The digital data were stored into an optical disk and
subsequently analyzed by use of the Meridian DASY 9000
workstation. Hard-copy graphic printouts were obtained
using a Hewlett-Packard PaintJet printer (San Diego, CA).

The data were analyzed by standard statistical tech-
niques, including the calculation of mean values, standard
error of the mean (SEM), paired or unpaired t test, linear
regression and correlation coefficient. The level of
significance was taken at p<0.05. All analyses were
performed by a general-purpose personal computer equip-
ped with an Intel 80486 microprocessor.

RESULTS

As illustrated in panel A of Fig. 1, a typical pattern of
spontaneously sinusoid Ca2+ oscillations was observed in an

indol-loaded A7r5 cell. When the signals shown in panel A
were transformed from their time domain to their repre-
sentation in the frequency domain with the aid of power
spectrum analysis, a large peak became apparent in the
power spectrum with a corresponding frequency of 0.35 Hz
(panel B of Fig. 1). When the power spectrum analysis was
applied, about 80% of cells were noted to display spontane-
ous Ca2+ oscillations, the frequency of which is rather
variable, ranging between 0.02 and 0.5 Hz. However, once
normal Tyrode's solution was replaced with Ca2+-free
solution containing 10 mM EGTA, spontaneous Ca2+ oscil-
lations failed to be detected. Furthermore, during the
spontaneous and regular Ca2+ oscillations, the addition of
nifedipine (3//M) remarkably suppressed the amplitude
and frequency of the spiking pattern (Fig. 2), and 2-3 min
later, the rhythmical activity was completely abolished.
However, caffeine (10 mM) failed to abolish this spontane-
ous rhythmical activity. These findings indicated that
spontaneous Ca2+ oscillations present in A7r5 cells were
dependent on extracellular Ca2+ concentration and related
to the activity of the L-type voltage-dependent Ca2+

channel (3).
To understand whether the ATP-dependent K+ channel

is involved in the activity of spontaneous Ca2+ oscillations,
the effect of pinacidil, an opener of the ATP-activated K+

channel, was also examined. As shown in Fig. 3, when the
A7r5 cells were constantly exposed to pinacidil (100 ^M),
the frequency and amplitude of spontaneous Ca2+ spiking
was slightly reduced, and 5-10 min after the addition, the
quasi-regular Ca2+ oscillations were still observed. Similar
results were obtained in five different cells. The application
of nicorandil (100//M) produced similar results. These

300

0.4 0.6
Frequency (Hz)

0.8

Fig. 1. Spontaneous Cal+ oscillations in an A7r6 cell. Panel A is
the repetitive change in CaI+ transients and panel B shows the
frequency domain to which spectral analysis function transformed
time-domain signals derived from panel A. The arrow indicates a
large peak which corresponds to the frequency of CaI+ oscillations.
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effects appeared to be relatively less than that caused by
nifedipine. Moreover, spontaneous repetitive Ca2+ spikes
can still be observed in pertussis toxin-pretreated cells,
which indicates that spontaneous Ca2+ oscillations in A7r5
cells do not involve the activity of pertussis toxin-sensitive
protein(s).

Vasopressin-induced change in [Ca2+] i in A7r5 cells was
also studied. During the time that the Ca2+ transients were
not oscillatory, the addition of vasopressin (100 nM)
produced an initial rapid rise in [Ca2+]i, followed by a
delayed and sustained increase in [Ca2+] i. However, imme-
diately after the vasopressin-induced biphasic change in
[Ca2+],, a train of repetitive, quasi-regular Ca2+ spikes was
always observed. One example is illustrated in panel A of
Fig. 4. Similar results were also observed in the application
of endothelin-1 (100nM) on [Ca2+],. In addition, neither
nifedipine nor pinacidil caused any significant change in
vasopressin-induced Ca2+ oscillations (data not shown).
These findings indicate that the mechanism of vasopressin-
induced Ca2+ oscillations is different. To analyze quantita-
tively this unique pattern of vasopressin-induced Ca2+

oscillations, the one-pool, nonoscillatory model originally
designed by Rdtnes and Ro'ttingen (14) was used to fit our
experimental results. As shown in panel A of Fig. 4, the
smooth line denotes a convincing fit to the real event when

0.68 - i

0.61 —

0 5 4 - 1

n500

60 6

-300 —

L-100

Fig. 2. Effect of nifedipine on spontaneous Ca1+ oscillations in
an A7r5 cell. The addition of nifedipine (10//M) suppressed the
amplitude and frequency of Ca'+ oscillations.
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Fig. 3. Effect of pinacidil on spontaneous Ca'+ oscillations in
an A7r5 cells. The application of pinacidil (100//M) partially
attenuated the amplitude and frequency of CaJ+ oscillations.

the numerical parameters were appropriately chosen. The
observed and the simulated values were found to correlate
in a linear manner (panel B of Fig. 4). Panel C of Fig. 4
shows the power spectrum calculated from the difference
between these two responses. Of particular interest is the
evidence that the fundamental frequency reflected by the

1 100

2000

£ 100
100 300 500 700 900

Obtkrvod cdcium coocenlralioo (nM)
1 100

Fig. 4. Analyses of vasopressin-induced Ca1+ oscillations in
an A7r6 cell. Panel A is the time course of vasopressin effect on Ca2+

transients. The addition of vasopressin caused a large rise in [CaI+],
and a delayed and sustained increase in [Ca2+],. Of note, immediately
after the sustained elevation in [Ca2+],, a train of Ca1+ spikes with
smaller magnitude developed. The smooth line indicates the best-fit
curve with Y(t>) = 1,100 nM, VQB = 100s-', r, = 130s, t, = 689s, a =
0.23 and *f = 0.020s~'. A detailed explanation of the one-pool,
nonoscillatory model is given in "MATERIALS AND METHODS"
and Ref. 14. Panel B shows the linear relationship of observed values
versus simulated values with r=0.99 and slope = l. Panel C illus-
trates the result of power spectral analysis which was done when the
difference of simulated values and observed values were taken. The
arrow indicates a large peak which corresponds to the frequency of
Ca1+ oscillations.
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outstanding peak turned out to be 0.025 Hz. Similar
experiments were done with 12 different cells. If the
analytical studies were not performed, only about 10% of
cells were found to develop Ca2+ oscillations following the
sustained increase in [Ca2+],. However, with the aid of this
kind of analytical method, vasopressin-induced Ca2+ oscil-
lations could be either predicted or found in up to 50% of
cells.

Likewise, when A7r5 cells which displayed Ca2+ oscilla-
tions were exposed to vasopressin (100 nM), a large rise
and the ensuing sustained increase in [Ca2+]i were also
observed. The oscillatory pattern became small and irregu-
lar immediately after the biphasic change in [Ca2+], caused
by vasopressin (panel A of Fig. 5). To further characterize
this biphasic change in [Ca2+]i and Ca2+ oscillations, the
one-pool, nonoscillatory model was again implemented to
fit these experimental data. The simulated line shown in
panel A of Fig. 5 revealed a linear correlation between the
observed and the simulated values (panel B of Fig. 5).

Panels C and D of Fig. 5, respectively, demonstrate the
power spectra in which the main spectral component, taken
as the frequency with the greatest amplitude, was 0.036
and 0.009 Hz, respectively. In other words, after the
vasopressin-induced biphasic change in [Ca2+]i, the fre-
quency of Ca2+ oscillations was reduced from 0.036 Hz
(panel C) to 0.009 Hz (panel D). When a higher concentra-
tion of vasopressin (1 ̂ M) was applied, the biphasic change
was still observed but the Ca2+ spikes became silent.

Table I summarizes the difference in these parameter
values obtained from the simulated response of A7r5 cells
to vasopressin (100 nM) between the absence and presence
of spontaneous Ca2+ oscillations. Interestingly, the simulat-
ed value of Y(to), which refer to the basal Ca2+ concentra-
tions inside the internal stores, was significantly larger in
cells with spontaneous Ca2+ oscillations, whereas measured
basal [Ca2+]i did not significantly differ between Ca2+-
oscillating and nonoscillating cells, i.e., 210±10 versus
202±9nM (n=7). Conversely, the rate constant for

1 0 0 -
200 600 BOO 1000 1200 U

Second
OO 0 0 0 2 0 . 0 4 0 0 6 0 0 E 0 1 0 1 2 0 W 0 1 6 0 1 8 0 2

frtQjtricy (rtz)

200 400 600 800 1000
Obserytd cocium conctntralion (nM)

1200

Fig. 6. Analyses of Ca1+ oscillations superimposed upon the
biphasic changes in [CaI+], induced by the addition of vasopres-
sin. As illustrated in panel A, when spontaneous, regular CaI+

oscillations existed, further application of vasopressin (100 nM)
caused a biphasic change in Ca1+ transients and a train of Ca*+ spikes
with quasi-regular frequency was noted. The corresponding parame-
ters derived from the one-pool, nonoscillatory model were then
employed to fit the nonlinear, biphasic change in [Ca1+],. The smooth
line indicates the best-fit curve. The corresponding parameters are as
follows: Y(t>) = 2,800 nM, V0B = 38 s"1, T, = 120 S, 4, = 66OS, a=0A5
and £, = 0.020 s"1. A detailed explanation of the one-pool, nonoscil-
latory model is given in •MATERIALS AND METHODS" and Ref. 14.
The arrows shown in panel A indicate that the power spectrum
analysis was divided to two periods, Le., before and after the bipha-

0.01 0.02 0.03 0 0* 0.05 0.06 0 07 0 08 0 09 0.1
Frequency (Hz)

sic change. The validity of good correlation between the observed
values and the simulated values was shown in panel B with r=0.99
and slope =1.0. Subsequently, the difference between the observed
values and the simulated values was taken and the power spectral
method was then employed. Panel C indicates the result derived from
the digital values prior to the development of a large peak in Ca1+

transients, whereas panel D is the result showing the frequency
domain immediately after the initial rise in Ca1+ transients. The
arrows in panels C and D denote the outstanding peaks which corre-
spond to the frequency of CaI+ oscillations. Of note, the large peak
representing the outstanding frequency domain analyzed from the
occurrence prior to the biphasic change is different from that after
biphasic change.
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TABLE I. The parameter values obtained from the simulated
responses of A7r5 cells to vasopressin with the one-pool,
nonoscillatory model. Values are mean+SEM. These parameters
are explained in detail in "MATERIALS AND METHODS." NS, not
significant.

Y (k) (nM)
VQ, (1/s)
r, (s)
a
*r (1/8)

A7r5 cells without
spontaneous Ca2+

oscillations (n=7)
1080±140
102±10
130±7

0.23±0.08
0.021 ±0.008

A7r5 cells with
spontaneous CaI+

oscillations (n = 5)
2750±150

39±5
124±8

0.44±0.08
0.020±0.007

P

0.05
0.05
NS

0.05
NS

maximal quantal release of Ca2+ from the internal store is
greater in nonoscillating cells. However, there are no
significant differences in r, and k, between oscillating and
nonoscillating cells.

DISCUSSION

The present studies support the evidence that spontaneous
Ca2+ oscillations in A7r5 cells are derived from the pace-
maker activity of the surface membrane (3). However, the
finding that caffeine does not suppress these oscillations is
against the notion that it is related to the release of Ca2+

from internal stores (21). This Ca2+ spike was abolished by
the blocker of L-type voltage-dependent Ca2+ channel,
nifedipine, and was attenuated by the opener of ATP-
dependent K+ channel, pinacidil. The later finding suggests
that (i) mild membrane hyperpolarization caused by pin-
acidil will affect spontaneous Ca2+ oscillations, and (ii) the
basal concentration of ATP inside the cells could be suffi-
cient to keep ATP-sensitive K+ channels closed even though
pinacidil (100 //M) was present. Thus, under appropriate
conditions, the ATP-dependent K+ channel may play an
essential role in the regulation of pacemaker activity in
A7r5 cells as described in the other types of cells (5, 22).

A previous report showed that the pacemaker activity of
locus coeruleus neuron could be activated via the cyclic
AMP-dependent protein phosphorylation pathway (23).
Therefore, when the cells were pretreated with pertussis
toxin, which ADP-ribosylates a--subunits of inhibitory
GTP-binding protein(s), the Ca2+ oscillations related to the
pacemaker activity in surface membrane could be in-
creased. However, this was not the case. In pertussis toxin-
treated A7r5 cells, the spontaneous Ca2+ oscillations were
still observed and their amplitude and frequency remained
unaltered, which indicates that pertussis toxin-sensitive
GTP-binding protein(s) are not related to the basal pace-
maker activity in A7r5 cells. However, it is also hard to
exclude the possibility that A7r5 cells may lack a subunits
of inhibitory GTP-binding protein(s).

The method for calculating the power spectrum is not
unique. A variety of techniques are available for power
spectral analysis (19). The power spectrum method adopt-
ed in the present study is a conventional technique based on
the fast Fourier transform, because the simplest fast
Fourier method could be applicable to determine the
fundamental frequency as the frequency which has the
greatest amplitude within the spectrum. In fact, the
efficiency of this analytical procedure shown in the present
study was validated by the analyses of various sinusoid

signals. Nevertheless, the selection of any power spectrum
method is considerably aided by the availability of a model
of the mechanisms that generate the phenomenon. In the
present study, with the aid of the power spectral analysis
which converts the time domain to the frequency domain,
the fraction of the population of A7r5 cells which exhibits or
tends to have spontaneous Ca2+ oscillations was noted to be
increased. Its frequency appeared to be regular with the
range of 0.02-0.5 Hz. The reason for the variable oscillating
frequency of Ca2+ transients in our preparations could be a
dependence on electrical and/or structural coupling among
cells (4). In addition, because Ca2+ oscillation was noted to
be encoded through a frequency-dependent cellular re-
sponse, such as protein phosphorylation and dephosphor-
ylation (7), the implementation of the power spectral
method to determine the pattern of frequency domain
would be useful to study the extent to which this kind of
encoding process is linked.

There are three reasons why part of the observations of
vasopressin-induced biphasic change in [Ca2+]i could be
defined within the framework of this one-pool, nonoscil-
latory model. First, the latency for the development of
vasopressin-induced biphasic response is not constant.
However, one of numerical parameters, i.e., t(0), could be
chosen to simulate this time difference. More interestingly,
this different latency for the vasopressin response in
individual cells existing in the same dish is suggested to be
involved in the electrical coupling among the cells (4).
Second, the initial rise in [Ca2+], produced by vasopressin
is also dose-dependent. As long as the parameters were
suitably adjusted, the diverse biphasic change arising from
different concentrations of vasopressin could also be simu-
lated (14). Third, because cellular and subcellular heter-
ogeneity of [Ca2+] i were present (13, 24-26) and vasopres-
sin-induced Ca2+ oscillations appeared to be irregular and
not constant, it is not easy to detect or predict the oscillating
change in [Ca2+]i. Once the biphasic change was simulated
and removed, the implementation of power spectral analy-
sis would become a good approach to predict many aspects
of the behavior of repetitive Ca2+ spikes. Interestingly,
since electrically coupled cells are noted to be related to
spontaneous Ca2+ oscillations (4), whether the power
spectral analysis for each cell might be useful to understand
the function of the tight junction is worthy of further
examination.

A recent report shows that internal stores, particularly
beneath the surface membrane, serve as a physiologically
regulated barrier to Ca2+ diffusion into the cell interior
(25). However, it is not easy to directly and precisely
measure the Ca2+ concentrations inside the internal stores.
By comparison with the present results derived from
panels A of Figs. 4 and 5, the simulated basal Ca2+ concen-
tration in internal stores (Y(to)) appeared to be larger in
spontaneously Ca2+-oscillating A7r5 cells than in cells
without the presence of Ca2+ spikes (Table I), although the
basal [Cal+] i in the two groups of cells was not significantly
different. However, the cells with the spontaneous Ca2+

oscillations have less capacity to cause TP3-activated Ca2+

release (VQR) than the quiescent cells (Table I). Therefore,
these results extend the implication that when the pace-
maker activity is present, the refilling of the internal stores
of Ca2+ is facilitated by the periodic change in membrane
potential (27). Furthermore, it is likely that the existence
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of spontaneous Ca2+ oscillations prevents the EP,-induced
inhibition of Ca2+ accumulation by internal stores and any
alteration in pacemaker activity leads to affect the buffering
capacity of internal stores (17, 28).

Although GTP-binding protein(s) are essentially compo-
nents of the transduction mechanisms whereby the vaso-
pressin action occurs, the present model used for the
quantitative measurement of Ca2+ oscillations did not take
these proteins into account for the sake of simplicity.
However, the concept of the quantal release of Ca2+ ions
from internal stores (29) was introduced to this model;
hence the proposal for periodic release of rP3 caused by
agonists (10) would not necessarily be allowed to be
included. In fact, agonist-induced Ca2+ oscillations should
not require the periodic change in intracellular IPs (30).

In summary, the present studies provide the experimen-
tal and analytical methods to understand the spontaneous
Ca2+ oscillations and vasopressin-induced biphasic changes
in Ca2+ transients and the ensuing repetitive Ca2+ oscilla-
tions in A7r5 cells. This new approach in quantitative
measurements of the oscillating behavior in [Ca2+]i shown
in the present experiments should be of great help in the
study of the underlying mechanisms of rhythmic behaviors
inside cells.
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