
Determination of Time-Dependent Inositol-1,4,5-Trisphosphate
Concentrations during Calcium Release in a Smooth Muscle Cell

Charles C. Fink, Boris Slepchenko, and Leslie M. Loew
Department of Physiology and Center for Biomedical Imaging Technology, University of Connecticut Health Center,
Farmington, Connecticut 06030

ABSTRACT The level of [InsP3]cyt required for calcium release in A7r5 cells, a smooth muscle cell line, was determined by
a new set of procedures using quantitative confocal microscopy to measure release of InsP3 from cells microinjected with
caged InsP3. From these experiments, the [InsP3]cyt required to evoke a half-maximal calcium response is 100 nM.
Experiments with caged glycerophosphoryl-myo-inositol 4,5-bisphosphate (GPIP2), a slowly metabolized analogue of InsP3,
gave a much slower recovery and a half-maximal response of an order of magnitude greater than InsP3. Experimental data
and highly constrained variables were used to construct a mathematical model of the InsP3-dependent [Ca2�]cyt changes; the
resulting simulations show high fidelity to experiment. Among the elements considered in constructing this model were the
mechanism of the InsP3-receptor, InsP3 degradation, calcium buffering in the cytosol, and refilling of the ER stores via
sarcoplasmic endoplasmic reticulum ATPase (SERCA) pumps. The model predicts a time constant of 0.8 s for InsP3

degradation and 13 s for GPIP2. InsP3 degradation was found to be a prerequisite for [Ca2�]cyt recovery to baseline levels and
is therefore critical to the pattern of the overall [Ca2�]cyt signal. Analysis of the features of this model provides insights into
the individual factors controlling the amplitude and shape of the InsP3-mediated calcium signal.

INTRODUCTION

Inositol-1,4,5-trisphosphate (InsP3)-mediated calcium re-
lease is an important intracellular signaling mechanism in
many cell types (Berridge, 1993). How the amplitude and
duration of an [InsP3]cyt signal leads to a specific spatial and
temporal [Ca2�]cyt pattern has great bearing on many phys-
iological functions. Heterogeneity in the molecules in-
volved in InsP3-mediated calcium release for different types
of cells suggest that a good deal of specificity can be set at
this level. Variability exists in the multiple isoforms of the
InsP3 receptor expressed from cell to cell (Wojcikiewicz,
1995; De Smedt et al., 1997); the isoforms have been shown
to have different calcium release properties in response to
InsP3 and calcium (Bezprozvanny et al., 1991a; Hagar and
Ehrlich, 1998; Ramos-Franco et al., 1998b; Ramos-Franco
et al., 1998a). How these multiple isoforms function to carry
out a specific signaling role within a cell is a topic under
active investigation. InsP3 degradation and production path-
ways vary among cell types (Glanville et al., 1989; Sims
and Allbritton, 1998); these differences can allow cells to
finely control their [InsP3]cyt in response to a variety of
stimuli (Dupont and Erneux, 1997). In addition, the amount
of InsP3 needed to evoke a calcium transient appears to be
different from cell to cell. For example, Purkinje cells have
been shown to require micromolar concentrations of
[InsP3]cyt to evoke calcium release, while other cell types
have been shown to require more than an order of magni-

tude lower [InsP3]cyt for the same size response (Khodakhah
and Ogden, 1993; Ogden and Capiod, 1997). Clearly, cel-
lular control over [InsP3]cyt and [Ca2�]cyt is finely regulated
and is of great importance for the specificity of signal
transduction from external stimuli.

However, the fundamental question of how much InsP3 is
required to initiate calcium release from the endoplasmic
and sarcoplasmic reticular stores has been difficult to ad-
dress. As of yet, there is no fluorescent indicator for InsP3

as there is for calcium and other ions, so visualization of in
vivo dynamics during a calcium release event is not possi-
ble. Despite this limitation, a variety of techniques have
been introduced with the goal of ascertaining the relation-
ship between [InsP3]cyt and the characteristics of calcium
signals. Much has been learned about cellular [InsP3]cyt

dynamics using in vitro experimental approaches. Compet-
itive radioactive binding assays have been used to determine
relative changes in [InsP3]cyt during a signaling event
(Wang et al., 1995; Burgess et al., 1985). Much has been
learned about the biochemical and electrophysiological
properties of InsP3 receptors using lipid bilayer and micro-
somal preparations (Watras and Benevolensky, 1987; Bez-
prozvanny et al., 1991). A number of experimental tech-
niques have been introduced with the goal of assaying
[InsP3]cyt in situ. Permeabilized cell preparations have been
used to study the InsP3-mediated release in a smooth muscle
cell line (Missiaen et al., 1992, 1995, 1996) by assaying
release of preloaded 45Ca. An ingenious idea has been
proposed (Luzzi et al., 1996) for using a cellular biosensor
to measure dynamic InsP3 concentration from nanoliter
volumes of cytoplasm sampled by capillary electrophoresis.
The introduction of caged InsP3 (Walker et al., 1987;
Walker et al., 1989), photolyzable upon exposure to uv
light, has provided a powerful tool for introducing con-
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trolled quantities of InsP3 into the cell with minimal distur-
bance of the intracellular environment. Assays for calibra-
tion of uncaging efficiency have been performed, typically
substituting caged ATP for InsP3 (Wootton et al., 1995)
because of complications involved in directly assaying
InsP3. These calibrations are typically performed in a cu-
vette or microfilament. Dose-dependent calcium responses
to InsP3 exposure can be used to assay how InsP3 regulation
of calcium release occurs in an intact cell system (Khoda-
khah and Ogden, 1995; Oancea and Meyer, 1996).

In this paper, we determine the levels of InsP3 required
for calcium release in A7r5 cells, a well characterized
cultured smooth muscle cell line from embryonic rat tho-
racic aorta (Kimes and Brandt, 1976). A7r5 cells have been
used as a model for InsP3-mediated calcium release from
endoplasmic reticulum (ER) and sarcoplasmic reticulum
(Missiaen et al., 1992; Sugiyama and Goldman, 1995; Mis-
siaen et al., 1997) and have been shown to generate InsP3-
mediated calcium waves in response to hormonal stimula-
tion (Blatter and Wier, 1992). A relatively simple method
for accurately calibrating InsP3 uncaging efficiency, based
on quantitative confocal fluorescence microscopy (Fink et
al., 1998), is introduced. The sensitivity of calcium release
to [InsP3]cyt is characterized by a half-maximal sensitivity in
the range of 100 nM InsP3. The dependence of calcium
recovery on InsP3 degradation has been investigated by
determining the time course of cytosolic calcium levels
following stimulus by InsP3 and glycerophosphoryl-myo-
inositol 4,5-bisphosphate (GPIP2), a slowly hydrolyzable
analogue of InsP3. The GPIP2 experiments indicate that the
calcium uptake and extrusion processes cannot reduce
[Ca2�]cyt until [InsP3]cyt is degraded. To derive the rates for
InsP3 production and degradation, the experimental results
were simulated using Virtual Cell, a modeling tool devel-
oped in our laboratory (Schaff et al., 1997). By combining
the experimental and modeling approaches, we can directly
compare [InsP3]cyt and [Ca2�]cyt time courses after uncaging.

MATERIALS AND METHODS

Cell culture

A7r5 cells, a rat smooth muscle cell line from the thoracic aorta, were
obtained from American Type Culture Collection (Manassas, VA). After
thawing, cells were maintained in plastic petri dishes in Dulbecco’s mod-
ified Eagle’s medium with 4 mM L-glutamine adjusted to contain 1.5 g/L
sodium bicarbonate, 4.5 g/L glucose, and a 1.0-mM solution of 90%
sodium pyruvate and 10% fetal bovine serum. Cells were plated on
coverslips and kept in a 5% CO2 incubator at 37°C. When cells grew to
confluence the coverslips were affixed to an open-welled plastic chamber,
covered with Earle’s balanced salt solution, and subsequently used for
experimentation.

Microinjection and calcium imaging

Cells were microinjected with a solution containing 1–10 mM 1-(2-nitro-
phenyl)ethyl (NPE)-caged InsP3 (Calbiochem, San Diego, CA) and 0.4–
0.67 mM Calcium Green-1 conjugated to 10 kD Dextran (CG-1, Molecular
Probes, Eugene, OR) in a solution containing 135 mM potassium, 10 mM

aspartate, and 10 mM HEPES, buffered to pH 7.2. Later calculations
showed that injections typically ranged from 3–5% of the cytosolic vol-
ume. Cells were imaged on an inverted Ziess LSM410 confocal micro-
scope (Ziess, Thornwood, NY) after a 30-min recovery period. All exper-
iments on the Ziess were performed at room temperature (22–24°C). A
z-section through the soma was taken to quantify the concentration of
CG-1; thus, the dilution of NPE-InsP3 that occurred upon injection can also
be calculated. A z-slice was selected with the soma in focus in the plane of
maximal fluorescence intensity and initial CG-1 fluorescence was scanned
at 488 nm with a 515- to 560-nm emission. For uncaging, the cell was
subjected to a 364-nm scan, followed immediately by a time series of CG-1
fluorescence (excitation 488 nm, emission �515 nm) at 1-s intervals.

To determine the dilution factor for CG-1 (and therefore for NPE-InsP3

or NPE-GPIP2), calibration slides of CG-1 were scanned at the same
confocal microscope settings as were used for the microinjected cell using
the procedure detailed in Fink et al. (1998). These slides were prepared
from various concentrations of CG-1 in a calcium buffer solution with
approximately the same calcium concentration found in the A7 cells (64.5
nM); the dye was imaged between two coverslips with the same parameters
used for the cellular CG-1 imaging. In order to check whether the cells had
resting calcium levels near 64.5 nM, 10 cells were injected with equal
concentrations of Texas Red-10 kD dextran and CG-1; dilution factors
calculated from both dyes indicated that the cytosolic CG-1 was overesti-
mated systematically by 6%. After this correction to all of the CG-1
dilution factors, a paired t-test gave a confidence level of 0.999987 for the
correlation of the intracellular concentrations of Texas Red-10 kD dextran
and CG-1.

Bleaching during the course of an uncaging series varied from almost
negligible to about 25% of the initial CG-1 signal; each run was therefore
individually corrected for the approximately linear dependence of bleach-
ing on the duration of light exposure. The data are presented with this
correction already included. To obviate the problem of accurate calibration
of [Ca2�]cyt with in vitro calibration solutions, calcium changes for un-
caging experiments are expressed relative to the maximum change for a
given cell (see below).

For some experiments, cells were imaged on an inverted NORAN
confocal microscope; these experiments were performed at 37°C. CG-1
calcium imaging and concentration calibration was done as described
above; however, because of the fast scanning capabilities of the NORAN,
images were obtained at speeds up to 32/s. Another difference is that the
uv source for uncaging is an arc lamp whose exposure length is controlled
by a computer-controlled shutter, instead of the uv laser. The amount of
InsP3 released was a small percentage of the caged InsP3 contained in the
cells, and many calcium responses to repeated uv flashes could be obtained
from a single cell.

After some experiments, calcium signals were recorded after addition of
bradykinin (500 nM) to ascertain what calcium levels were produced by
physiologically relevant levels of InsP3. To determine fluorescence levels
of CG-1 in saturating [Ca2�]cyt, 10 �M ionomycin was added after some
experiments. In general, fluorescence changes following uncaging or bra-
dykinin stimulation were well below values corresponding to saturating
[Ca2�]cyt.

Uncaging efficiency calibration

The efficiency of uncaging was calibrated in our systems by assaying the
production of protons with the uncaging of NPE-caged ATP (generously
provided by Dr. Yale E. Goldman), which is known to uncage similarly to
NPE-InsP3 (Walker et al., 1989). Calibrations cannot be performed in this
manner on NPE-InsP3 itself because of the tendency of the phosphate
groups to act as buffers. However, at pH � 6.5 and in the presence of
magnesium, the phosphate groups in NPE-ATP and ATP do not act as
buffers to the released protons. Solutions were prepared of 1 mM NPE-
ATP, 10 mM MgCl, 100 mM KCl, 10 �M SNARF-1, and 0.5 to 10 mM
Tris (pH 8.3) in double distilled water. Droplets of this solution small
enough to fit inside the entire field of view used for uncaging were injected
under paraffin oil onto a coverslip mounted to a plastic-welled chamber
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identical to the one used for cellular experiments. Before and after uncag-
ing of a droplet on the confocal microscope, SNARF-1 was ratio-imaged
using an excitation wavelength of 488 nm and emission filters of 510–560
nm and �630 nm. Calibration slides were imaged under the same condi-
tions; these slides were of the bubble solution (minus the NPE-ATP) with
increasing amounts of added acid (HCl).

As a double check of this method, some experiments were performed in
which quantum efficiency of uncaging was calculated directly on the
NPE-InsP3 by preparing a solution of 1 mM NPE-InsP3 and 0.67 mM CG-1
in a solution containing 135 mM potassium, 10 mM aspartate, and 10 mM
HEPES, buffered to pH 7.2. Bubbles of this solution were placed on a
coverslip immersed in paraffin oil as described above; wax was used to
create a well of even smaller volume (�50 �l), which facilitated extrac-
tion. After uncaging, a z-series of the CG-1 fluorescence was obtained and
the volume of the bubble was calculated using VoxelView software (Vital
Images, Minneapolis, MN) on Silicon Graphics (Mountain View, CA)
workstations. The InsP3 that was uncaged was calculated using competitive
radioligand binding assay (Benevolensky et al., 1994).

Mathematical modeling

The calcium response to uncaging InsP3 (or GPIP2) and its time course
during the subsequent degradation of InsP3 were modeled using Virtual
Cell software (Schaff et al., 1997). Calcium release from the ER within the
overall model is based on the 8-state model for the InsP3 receptor originally
proposed by DeYoung and Keizer (1992); in addition to the requirement
for InsP3 binding to open the calcium channel, it includes separate calcium-
dependent activation and inactivation processes. As the channel becomes
inhibited, [Ca2�]cyt is restored to resting levels via action of the SERCA
pump and calcium buffers. Thus, the calcium dynamics is governed by the
ordinary differential equation (Sneyd et al., 1995),

��Ca�

�t
� ��Jchannel � Jpump � Jleak� (1)

where Jchannel, Jpump, and Jleak are the rates of the calcium concentration
change due to the channel release, pump uptake, and leak, respectively.
The factor � describes calcium buffering (Wagner and Keizer, 1994).

We use the simplified version (Li and Rinzel, 1994) of the model
proposed by De Young and Keizer (1992) to describe the calcium release
through an InsP3-sensitive channel. In this model,

Jchannel � Jmax�� �I�

�I� � KI
�� �Ca�

�Ca� � Kact
�h�3�1 �

�Ca�

�Ca_ER��
(2)

where Jmax is the maximal possible rate; [I] stands for the concentration of
InsP3 (or GPIP2), and [I] 	 ([I]unc)exp(
t/	) � [I]0, where [I]unc is the
uncaged concentration, [I]0 is the steady state concentration, t is the time
following uncaging, 	 is the time constant for InsP3 degradation; KI is the
dissociation constant for InsP3 (GPIP2) binding to a channel; Kact is the
dissociation constant for calcium binding to an activation site; [Ca_ER] is
the calcium concentration in ER; and h is the probability that Ca2�

occupies its inhibitory binding site. The governing equation for h is

�h

�t
� kon�Kinh � ��Ca� � Kinh�h� (3)

where kon is the on-rate of calcium binding to the inhibitory site and Kinh

is the corresponding dissociation constant.
We describe the sarcoplasmic endoplasmic reticulum ATPase pump

uptake by a Hill-type equation (Lytton et al., 1992; Sneyd et al., 1995),

Jpump � Vmax

�Ca�2

�Ca�2 � Kp
2 (4)

where Vmax is the maximal rate and Kp is the corresponding dissociation
constant.

Fast calcium buffering is described within the steady state approxima-
tion by the expression (Wagner and Keizer, 1994)

� � �1 �
�B�end

Kend
�

�B�exKex

��Ca�ex � Kex�
2�
1

(5)

where [B]end, Kend, [B]ex, and Kex stand for the concentrations and disso-
ciation constants of endogenous and exogenous buffers. Finally,

Jleak � L�1 �
�Ca�

�Ca_ER�� (6)

where the leak constant L is to be determined from the condition of a
steady-state flux balance. The system of ordinary differential equations,
Eqs. 1 and 3, with the initial conditions

�Ca�0 � 0.05 �M

h0 �
Kinh

�Ca�0 � Kinh

and �I��t � 0� � �I�unc � �I�0

were integrated numerically by the Euler forward method with a time step
of 1 ms.

Parameter values used in the simulations are given in Table 1. They are
constrained by the published experimental data, experimental results ob-
tained in the present work, and the steady state stability requirement, which
reduces to the system of inequalities:

L 
 0

and

d�Jchannel � Jpump � Jleak�

d�Ca�
� 0.

TABLE 1 Parameter values for uncaging InsP3

Parameter Value References

Jmax 2880 �M s
1 Bezprozvanny et al., 1991;
Kupferman et al., 1997

Kact 0.17 �M Constrained by stability conditions
Kinh 0.1 �M Constrained by stability conditions
kon 8.0 �M
1 s
1 Fit to experiment
[Ca_ER] 400 �M Miyawaki et al., 1997; Meldolesi

and Pozzan, 1998
[Ca]0 0.05 �M Estimated from indicator

fluorescence
[I]0 0.01 �M Present work and Missiaen et al.,

1996
[I]unc 0.858 �M Experimentally determined
KI 0.03 �M Fit to experiment
Vmax 5.85 �M s
1 Gill and Chueh, 1985; Lytton et al.,

1992
Kp 0.24 �M Gill and Chueh, 1985; Lytton et al.,

1992
[B]end/Kend 40 Xu et al., 1997
[B]ex 11.35 �M Measured [CG-1]cyt

Kex 0.26 �M Eberhard and Erne, 1991
L 0.0804 �M s
1 Determined by the steady state

balance condition
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Thus, the values for Jmax, Vmax, Kp, [I]0, and binding ratio for endogenous
buffers are estimated from the published experimental data. The values of
Kact and Kinh are bounded by the requirement of a steady state stability on
one hand and by the delay between the light flash and the maximum
calcium response (�1 s under conditions of saturated response) on the
other. The experimentally determined concentration and the published
(Eberhard and Erne, 1991) dissociation constant of the fluorescent indica-
tor Calcium Green-1 were used for [B]ex and Kex of the high-affinity
exogenous buffer. The kon value is constrained by the actual maximal
calcium concentrations under the saturation conditions, which were esti-
mated to be in the range of 0.5–0.7 �M.

The determination of the final set of parameters was substantially
facilitated by sensitivity analysis, a component of the Virtual Cell system.
We determined which parameters were most responsible for controlling the
key features of the calcium response: the lag time, the maximum ampli-
tude, and the time course of the recovery phase. The logarithmic sensitiv-
ities (� log[Ca]/� log�), � is a parameter) for the parameter set, used for the
simulation of a calcium response to a InsP3 uncaging, are presented in
Table 2.

To compare simulation results with the experimental data, we first
translated the normalized fluorescence response f 	 (F 
 Fmin)/Fmax 

Fmin), where F, Fmax, and Fmin are the current fluorescence, maximal
fluorescence following a saturating level of uncaged InsP3, and baseline
fluorescent intensity, respectively, into a relative calcium response

�Ca� � �Ca�min

�Ca�max � �Ca]min
� f

F� � Fmax

F� � fFmax � �1 � f�Fmin
, (7)

where F� is the fluorescent intensity at a saturating calcium concentration
experimentally determined following addition of 10 �M ionomycin. Eq. 7
can be directly derived from the standard equation for calculating [Ca2�]
from a single wavelength indicator (Grynkiewicz et al., 1985),

�Ca� � KCG

F � F0

F� � F

where KCG is the Calcium Green dissociation constant and F0 is the
fluorescent intensity at a zero calcium concentration level. Because Eq. 7
represents a ratio of differences, both F0 and KCG drop out. Thus, using the
dimensionless relative change in [Ca2�]cyt as expressed in Eq. 7, obviates
the problem of accurate in vivo calibration of the [Ca2�]cyt in each
experiment and permits us to relate the modeling results to an accurately
determined experimental variable.

RESULTS

InsP3 uncaging efficiency

Establishing the concentration of InsP3 that is uncaged in
the cell when subjected to a measured uv flash is a two-step
process: first, the concentration of caged molecules must be
measured in the cell, and second, the fraction of caged
molecules uncaged with a uv flash of known intensity must
be determined.

In previous work (e.g., Khodakhah and Ogden, 1993), the
whole cell patch configuration was employed to introduce a
known concentration of InsP3 within a single cell. We
wished to microinject many cells on a coverslip in order to
facilitate the collection of statistically significant data and to
minimize perturbation of the intracellular milieu. Accord-
ingly, we devised a new method for determining the intra-
cellular concentration of the injected caged InsP3. In order
to calculate the concentration of caged InsP3 inside the cell,
the concentration of coinjected Calcium Green-1-dextran is
determined. Because the concentrations of both molecules
are known in the injection pipette, the dilution factor for the
cell multiplied by the initial caged InsP3 concentration in
the microinjection pipette will give the final concentration
of caged InsP3 inside the cell. The concentration of a fluo-
rescent dye can be calculated by a method outlined in an
earlier paper (Fink et al., 1998). Briefly, before an uncaging
flash, a confocal image with narrow pinhole settings is
acquired within a central plane of the soma where the
intensity is maximal; this intensity level should not vary
over several microns along the optical axis. Our earlier work
demonstrates that the fluorescence intensity measured in the
center of such a slice is not diluted by contributions from
planes outside the cell. Thus, the intensity measured under
these conditions represents the true intensity of fluorescence
inside the cell. Under the same microscope settings used to
collect these confocal images, a series of slides made up
with calibration solutions of varying concentrations of Cal-
cium Green-1-dextran were imaged in order to determine
the relationship between concentration of dye and measured
fluorescence intensity. The dye slides were composed of
varying concentrations of Calcium Green-1 in a solution of
the approximate ionic strength, pH, and resting calcium
concentration found inside the A7 cells (64.5 nM calcium,
100 mM KCl, 10 mM MOPS, pH 7.2). The dye slides were
imaged in a plane at least 5 �m above the coverslip; the
relationship between fluorescence intensity and dye concen-
tration could be fitted to a straight line (Fig. 1 a). The
resulting linear calibration can now be used with each
cellular image in order to calculate the concentration of
Calcium Green-1 inside the cell. Cells showed similar di-
lution factors, typically ranging from 3–5% of the cytosolic
volume (3.3% � 0.3%). Multiplying this dilution factor by
the concentration of caged InsP3 in the pipette yields the
concentration of caged InsP3 in the cytosol. To check this
approach, especially the assumption that 64.5 nM is close to
the resting calcium level, experiments were performed in

TABLE 2 Sensitivity Analysis

Parameter t 	 0.25 s t 	 0.75 s t 	 7.0 s

Vmax 
0.0228 
0.0644 
1.2674
Jmax 1.8604 0.9096 0.8579
[I]0 
0.0350 
0.0062 
0.0193
[I]unc 0.2207 0.1452 0.2147
KI 
0.1857 
0.1390 
0.1955
Kact 
3.8125 
0.9980 
0.7723
Kinh 0.2438 0.4455 0.7736
Kp 0.0377 0.0209 0.5587
kon 
0.0819 
0.7291 
0.6711
[B]ex 
0.7061 
0.1623 0.0361
Kex 0.3833 0.0180 0.0320
[B]end/Kend 
1.1038 
0.6662 0.3643
	 0.0353 0.0711 0.3477

Logarithmic sensitivities, �log[Ca]/�log�, for uncaging 0.86 �M InsP3.
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which cells were injected with Texas Red-10 kD dextran
along with an equal concentration of CG-1. As discussed in
the Methods section, cytosolic [CG-1] was found in this
way to have a systematic overestimate of 6% and this
correction was applied to the cytosolic concentrations of
both CG-1 and caged InsP3. This slight overestimate is most
likely reflective of a somewhat higher average baseline
[Ca2�]cyt than the 64.5 nM chosen for our reference solu-
tion.

Next, the fraction of caged compound uncaged with a uv
flash of a given light intensity needs to be determined.
Efficiency of uncaging can be calibrated by taking advan-
tage of the fact that for each molecule uncaged, a proton is
released (Walker et al., 1988). A fluorescent pH indicator,
such as SNARF, can be used to monitor pH change and the

number of caged molecules uncaged could be back-calcu-
lated. Unfortunately, caged InsP3 can’t be calibrated by this
method, since InsP3 itself will act as a buffer throughout the
effective pH range of SNARF, the pH indicator. Therefore,
caged ATP is used; NPE-ATP has been shown to have a
similar uncaging efficiency to NPE-InsP3, and when in the
presence of excess magnesium, does not act as a proton
buffer above pH 6.5 (Walker et al., 1988). We wanted to be
able to measure the proton formation under conditions as
similar as possible to the physiological experiments. To do
this, cell-sized droplets of aqueous solution were placed on
the surface of a coverslip affixed to the same open-welled
plastic chamber used for cells. The chamber was filled with
paraffin oil so that the droplets would stay affixed to the
coverslip on the inverted microscope. The droplets con-

FIGURE 1 Quantitative calibration of uncaging. (a) Calibration plot of [CG-1] versus fluorescence intensity. A series of dye slides of increasing
concentrations of CG-1 in 64.5 nM of calcium solution were imaged on the confocal microscope under identical settings. A straight line, intersecting near
zero, was fitted with the equation y 	 3.36 � 0.325x (R 	 0.99755). This equation was then used to calculate [CG-1]cyt for microinjected cells imaged
under the same conditions. (b) An example of the calibrations performed on an aqueous droplet under paraffin oil. The droplet contains SNARF, a
dual-emission pH indicator dye, NPE-ATP, and a Tris buffer. When flashed with uv light, a proton is released for each molecule of ATP uncaged; this can
be measured by the drop in pH. (c) The pH indicator is calibrated by imaging another series of dye slides. The slides contain solutions of the Tris buffer
used for the aqueous droplet experiments, SNARF, and increasing [H�] (HCl). By ratio imaging the dye slides, a linear calibration curve can be determined
for SNARF ratio (or, alternatively, pH) versus [H�]. (d) The relationship between uncaging percentage and light dosage was found to be linear, with an
intersect near zero. An average of 0.0091% uncaging was seen to occur for 1 ms of unattenuated uv light exposure.
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tained 1 mM NPE-ATP, 10 mM MgCl, 100 mM KCl, 10
�M SNARF-1, and 0.5–10 mM Tris (pH 8.3) in d/d water;
the concentration of Tris buffer was varied in order to assay
increasingly sensitive (lower uncaging efficiency) events.
SNARF is a dual emission ratiometric indicator; it is excited
at the laser line 488 nm and a ratio is formed from emissions
510–560 nm and �630 nm. With increasing numbers of
protons (lower pH) fluorescence from the �630 nm emis-
sion will decrease from the �630 nm emission and increase
from the 510–560 nm emission. To be accurate, measure-
ments made with SNARF should be obtained with physio-
logical ranges (pH 7.0–8.0). Examples of the fluorescence
changes in the aqueous droplets, displayed here as red/green
emission ratios, are shown in Fig. 1 b. Ratio changes are
converted to [H�] via calibration with solutions titrated with
increasing concentrations of HCl in the same solution used
for the aqueous bubbles, minus the caged ATP (Fig. 1 c).
With each uncaging event, the change in [H�] divided by
the concentration of caged ATP gives fraction of uncaging
of that particular uv light dosage. The relationship between
proton release and the intensity of the light flash is linear;
this is illustrated in Fig. 1 d for the Zeiss LSM410. A
separate calibration was performed when doing experiments
on the NORAN confocal microscope (with a Xe arc lamp as
the uv light source).

A check on the validity of these numbers was obtained by
doing a limited number of direct calibration experiments on
caged InsP3 itself. In these experiments, a droplet of aque-
ous solution containing caged InsP3 was placed on the
surface of a coverslip, as was done for the NPE-ATP
calibrations. A well of less than 50 �l was constructed from
wax in order to facilitate the separation of the aqueous
liquid from the oil. After uncaging with a specific uv flash
intensity, the aqueous bubble was extracted from the oil and
InsP3 binding assays were performed. This provided the
total mass of InsP3 in the droplet; to obtain concentrations,
this value is divided by the volume of the droplet, which
was estimated by creating a three-dimensional reconstruc-
tion through multiple z-sections. Equivalent uncaging effi-
ciencies were calculated by the two calibration methods.

Calcium responses from uncaged inositol
phosphates (InsP3 and GPIP2)

When a caged InsP3-loaded cell is uniformly exposed to a
uv flash, a uniform calcium increase is observed within
0.5 s, followed by a gradual recovery of calcium levels. Fig.
2 a shows an example of such a collection of images; in this
particular instance, the cell is subjected to a 250-ms flash
which uncages 3.4 �M of InsP3. The time course of the
calcium response can be seen more clearly in a calcium-
versus-time plot (Fig. 2 b). At room temperature, complete
recovery is typically seen within 20 s. As long as the amount
of InsP3 released was a small fraction of the total amount
injected, many responses can be obtained from the same
cell.

Some experiments were performed with caged GPIP2, a
poorly metabolized analogue of InsP3. GPIP2 is reported to
be 10–200 times more slowly degraded than InsP3 in var-
ious cell types (Bird et al., 1992). The amount of GPIP2

uncaged in this example (Fig. 2 b) is somewhat higher (9.6
�M) than the amount of InsP3 uncaged. In general the
amount of GPIP2 required to evoke a given calcium re-
sponse was higher, consistent with its known lower effec-
tiveness compared to InsP3 in initiating calcium release
(Bird et al., 1992). Although the rise to peak calcium levels
is similar for both GPIP2 and InsP3, the recovery time is
greatly prolonged for GPIP2 (Fig. 2 b), requiring �30 s to
return to baseline. With GPIP2, it is usually not possible to
evoke repetitive responses within the same cell, although a
second and sometimes a third response can be evoked if
sufficient time is allowed between uv flashes. This suggests
that the long-lived calcium responses following GPIP2 may
desensitize the channel and/or deplete the stores. The fact
that the GPIP2-induced calcium signal decays more slowly
than the signal following InsP3 uncaging, suggests that the
relaxation of [Ca2�]cyt back to baseline levels must be
preceded by the decay of InsP3 (or GPIP2).

Measurement of physiological InsP3 response
and check for indicator saturation

In order to check that the InsP3-induced calcium release is
physiologically relevant in this system, some experiments
were performed in which an agonist stimulates InsP3 pro-
duction. Bradykinin is a nonapeptide that stimulates InsP3

production in many cell types (Hall, 1992; Regoli et al.,
1994), which ultimately results in a transient calcium ele-
vation. Here, bradykinin was added to the bath at concen-
trations (500 nM) corresponding to a saturating dose in
other cell types. Response versus time is shown for a sample
cell in Fig. 2 b; after a short latency following agonist
application, calcium levels can be seen to increase and
subsequently return to baseline in 30 s. The calcium changes
are consistent with the magnitude of the response seen in the
uncaging experiments, suggesting that the InsP3 production
in response to bradykinin stimulus is at least as high as the
threshold values calculated in the uncaging experiments.
Application of a calcium ionophore, 10 �M ionomycin, to
saturate the calcium green indicator gave still higher fluo-
rescence and allowed us to perform a calibration of the
calcium concentrations during uncaging and bradykinin
stimulation (see methods and Fink et al., 1998).

Measurement of the sensitivity of calcium release
to InsP3

Experiments were done at 37°C on the NORAN confocal
microscope, with incremental steps in flash exposure and
light intensity. Fig. 3 a shows the calcium response from a
typical experiment; the data were recorded at 8 images/s,
and the concentration of InsP3 uncaged with each flash is
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indicated. The data from this experiment is shown in graph-
ical form in Fig. 3 b, y-axis values are the relative change in
[Ca2�]cyt following a uv flash, normalized so that the max-
imum change is 1.0. To establish an empirical dose-re-
sponse relationship, the data is fit with a line in the form of
the Hill equation:

y � �xn/�kn � xn��

where y is the change in calcium green fluorescence inten-
sity normalized to 1.0 at the maximum, x is the concentra-
tion of InsP3 uncaged (in �M), k is the concentration of

InsP3 needed to elicit a half-maximal calcium response
(EC50), and n is the Hill coefficient (a value that indicates
the apparent cooperativity of InsP3 binding to its receptor in
this reaction). For this cell, k is 73.8 nM and n is 1.8. This
analysis was done for each cell and mean values (� SE)
were obtained for k (0.099 � 0.023 �M) and n (2.50 �
0.41) (analyses of 10 cells).

By way of comparison, some experiments were done with
uncaging GPIP2. As noted above, at most three uncaging
events per cell were possible with GPIP2, so it was not
possible to determine k for individual cells. When single

FIGURE 2 [Ca2�]cyt responses in
A7r5 cells following InsP3 or GPIP2

stimulation. (a) A typical experiment in
which CG-1 fluorescence is imaged after
uncaging of 3.4 �M InsP3 by a uv flash
at time 0 s. Images are shown as ratios of
Fn over F0. This experiment was per-
formed at 22°C on the Ziess confocal
microscope. (b) Time courses of various
calcium responses elicited in A7r5 cells,
expressed in terms of percentage peak of
the CG-1 fluorescence. Examples are
shown for three conditions: InsP3 uncag-
ing (squares), GPIP2 uncaging (trian-
gles), and exposure of the cells to 500
nM bradykinin in the medium (dia-
monds). Each cell was imaged as illus-
trated in (a), a region of interest was
selected in the cell body, and normalized
CG-1 fluorescence changes were plotted
against time. The cell shown in (a) was
used for the InsP3 trace; for the GPIP2

experiment, the amount of GPIP2 un-
caged was estimated to be 9.6 �M. All
three experiments were performed at
22°C on the Ziess confocal microscope.
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experiments on a large number of cells (n 	 61) are fitted
to the Hill equation, an EC50 value of 1.228 � 0.476 �M
was obtained. This indicates that the InsP3R is approxi-
mately 10-fold more sensitive to InsP3 than to GPIP2. It
should be noted that the Hill equation is used here as a
phenomenological equation that permits us to compare the
sensitivity of the InsP3R to InsP3 in our cells to other
preparations and also to permit comparison of its sensitivity
to InsP3 vs. GPIP2. Thus k should not be confused with the
dissociation constant (KI in Table 1) for InsP3 binding to its
receptor. The fit of the experimental data to a mechanistic
model for the calcium dynamics following uncaging will be
explored in the next section.

Analysis of calcium dynamics

In order to gain a more detailed understanding of the InsP3

dependence of the calcium signal in the A7r5 cells, we

performed simulations based on a limited model of the
process. The model was based on the interaction of four
components: 1) calcium release through the InsP3-depen-
dent ER channel, 2) calcium uptake into the ER via the
SERCA pump, 3) calcium buffering by both endogenous
and exogenous (i.e., the calcium indicator) buffer, and 4)
InsP3 degradation. In addition, a small steady-state calcium
permeability is assigned to the ER membrane to maintain
the resting calcium level. Calcium extrusion or entry
through the plasma membrane and calcium release through
the ryanodine receptor are assumed to be of minor impor-
tance for the time scale of our experiment. The most im-
portant component is the InsP3 receptor that forms the
calcium channel; it consists of four subunits, each of which
contains an InsP3 binding site as well as two binding sites
for calcium that, respectively, activate and inhibit opening
of the calcium channel (Bezprozvanny et al., 1991a; De
Young and Keizer, 1992). The details of this kinetic model
and those associated with the other three components of the
overall model are given in the Methods section and in Table 1.

Fig. 4 a shows averaged calcium recovery curves follow-
ing stimulus with uncaged InsP3 or GPIP2; each data point
is the mean of 10 experiments, and has been normalized
within each cell to 1. Each of the 10 uncaging events chosen
for Fig. 4 a has a calcium response approaching the maxi-
mum with an average concentration of uncaged InsP3 of
0.86 �M, i.e., well above the EC50. Also in this figure is the
corresponding fit derived from the mathematical modeling
for the same conditions. Using the set of parameters from
Table 1, we obtained the best fit for the average calcium
response to the InsP3 uncaging with KI 	 0.03 �M and the
InsP3 degradation time 	 	 0.8 s. Using the same set of
parameters we were able to fit the experiment on the GPIP2

induced calcium release with KI 	 0.11 �M and a degra-
dation time 	 	 13.0 s. This supports the idea that InsP3 and
GPIP2 operate on the InsP3 receptor channel via the same
molecular mechanism. This is a prerequisite for the hypoth-
esis, based on the different time courses for InsP3 and
GPIP2, that calcium recovery must be preceded by the
degradation of InsP3. To facilitate this comparison, we have
also included the results of the simulation for the InsP3 and
GPIP2 degradation in Fig. 4 a. As can be seen, InsP3

(GPIP2) degrades at a significantly faster rate than the
recovery of [Ca2�]cyt.

We are able to simulate the titration curve (Fig. 4 b), for
the dependence of [Ca]max on the amount of uncaged InsP3

for a typical single cell with the same model. As opposed to
the empirical fit in Fig. 3 to a generic Hill equation, in Fig.
4 b the data is fit to our four-component model; small
adjustments to some of the average parameters in Table 1
were necessary to account for cell-to-cell variations and the
particular CG-1 level measured in this cell (15 �M). The
theoretical curve is in good agreement with the experimen-
tal data for this typical cell. The same model and set of
parameters could then be used to fit the full time courses of
the [Ca2�]cyt changes in the same cell following varying
levels of InsP3 uncaging as shown in Fig. 4 c; for this

FIGURE 3 Titration of calcium release with varying concentrations of
caged InsP3 in a single cell. (a) Dose-response experiment on a single A7r5
cell, microinjected with CG-1 and NPE-InsP3. The CG-1 fluorescence was
monitored over time while the cell was exposed to a series of increasing uv
light dosages. The amount of InsP3 uncaged with each flash is shown above
the trace. This experiment was performed at 37°C on the NORAN confo-
cal. (b) Measured dose-response of [Ca2�]cyt to [InsP3]cyt from the example
in (a) is plotted. For each flash, the percent increase of calcium was
calculated from Eq. 7. These increases were normalized to 1 within the
experiment to the maximum increase observed, and plotted against [InsP3]
uncaged (open circles). The data was fit (fitted curve is shown as black
trace) with a high correlation (R � 0.98) to the Hill equation: y 	
xn/(kn�xn); where k is the concentration of InsP3 needed to elicit a half-
maximal calcium response (EC50), and n is the Hill coefficient, a value
which indicates the apparent cooperativity of InsP3 binding to the receptor
in this reaction. For this cell, k 	 73.8 nM and n 	 1.8.
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particular cell, the best fit is found at 	 	 1.3 s, as opposed
to 0.8 s found for the average data in Fig. 4 a. The lag before
the onset of the response, the maximum amplitude of the
response, and the decay of the response are all fit nicely by
the model for levels of uncaging corresponding to just
above threshold, close to half maximal, and close to maxi-
mal stimulation of Ca release. It should be emphasized that
many of the parameters in Table 1 are either specified or
highly constrained by our experiments and data from the
literature. The fact that the data in all three parts of Fig. 4
display good correspondence between experiment and sim-
ulation supports the adequacy of the model for our purposes.

DISCUSSION

In this paper, we have measured the [InsP3]cyt required to
evoke calcium release in A7r5 cells. By fitting the Hill

equation to individual cell data for the calcium response to
increasing concentrations of uncaged InsP3, values for EC50

and Hill coefficient could be determined for the A7r5 cells.
We obtained an EC50 for half-maximal InsP3-mediated cal-
cium release of approximately 100 nM. This value agrees
quite well with previous estimates of InsP3 necessary for
calcium release in these cells using alternate methods (Mis-
siaen et al., 1996; Sienaert et al., 1997). The molecular basis
for the Hill coefficient of 2.5 is most likely the requirement
for the binding of multiple InsP3 molecules to initiate chan-
nel opening. Our value for the Hill coefficient is in agree-
ment with values obtained for the Type 1 InsP3 receptor in
other cell types, using reconstituted channels in lipid bilay-
ers (Bezprozvanny et al., 1991a) and quantitative uncaging
(Oancea and Meyer, 1996). However, it should be noted that
the primary purpose of using the Hill equation to fit the data
was to compare our results to those of others and to compare

FIGURE 4 Mathematical modeling of InsP3-induced calcium dynamics in A7r5 cells. (a) The time course of calcium levels following uncaging of either
InsP3 (closed circles) or GPIP2 (open circles); each point represents the average of 10 experiments, each of which is normalized internally to 1.0 for the
peak calcium concentration. These experiments were performed at 37°C on the NORAN confocal microscope; the average concentrations of metabolite
uncaged is 0.858 �M InsP3 and 0.52 �M GPIP2. The fitted lines are the calculated values for the time course of [Ca2�]cyt based on the simulations for
InsP3 and GPIP2 stimulation (at the same concentrations measured in the experiments). The rate for metabolite degradation was determined for the two
conditions to optimize the fit to each set of averaged experimental points; the resultant time constants were 0.8 s for InsP3 and 13 s for GPIP2. For
comparison, degradation curves for InsP3 are also included as dotted curves. (b) The model can also be used to simulate a dose response series for the
calcium response to varying levels of uncaged InsP3 in a single cell. The cell used for Fig. 3 is shown again here (open circles); simulation results are shown
as a solid line. (c) Using the same parameters as for the dose-response in (b), we simulated the full time course for four concentrations of uncaged InsP3.
Experimental data are shown as light curves and simulation results as heavy curves.
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the behavior of InsP3 and GPIP2. The Hill equation should
be considered phenomenological and does not formally
represent a mechanistic model. We have been able to model
the behavior of the system via a combination of models for
the InsP3 receptor (De Young and Keizer, 1992; Li and
Rinzel, 1994), SERCA pumps (Lytton et al., 1992; Sneyd et
al., 1995), and calcium buffers (Wagner and Keizer, 1994).

Our method for calibrating [InsP3]cyt after uncaging is an
adaptation of previous uncaging experiments, and we used
these calibrations to obtain dose response curves for InsP3-
mediated calcium release. Previous methods for determin-
ing uncaging efficiency have involved solutions in either a
cuvette or a micropipette. Here, we wished to calibrate the
efficiency of uncaging with an optical path similar to that
employed for cells. We used a cell-sized aqueous droplet of
solution on a coverslip and assayed uncaging efficiency as
a function of pH change measured with a fluorescent pH
indicator. The assumption that caged ATP will uncage with
the same efficiency as caged InsP3 (Walker et al., 1989) was
validated with a limited number of calibrations with caged
InsP3, directly measuring the concentration released by uv
light by means of a competitive radioligand binding assay.
The relationship obtained for uncaging efficiency versus
light dosage was linear and intersected at the origin,
strengthening the validity of our methods. Another internal
validation was that similar InsP3 sensitivities were measured
from two microscope setups, each individually calibrated.

In addition to uncaging efficiency, it was important to
know the concentration of caged InsP3 in the cell to accu-
rately determine uncaged [InsP3]cyt. With whole cell patch
experiments, this is not a concern, as the pipette solution
equilibrates with the cytosol. However, this could seriously
disrupt the intracellular milieu and not properly reflect the
InsP3-mediated calcium release in a fully intact cell. We
have developed a method for accurately determining intra-
cellular fluorescent probe concentrations by confocal mi-
croscopy (Fink et al., 1998) and applied these methods to
calculating concentrations here. In this particular case, the
fluorescence of a coinjected indicator dye measured in the
middle of the soma was imaged with confocal microscopy;
based on convolution of a solid model with the confocal
point spread function, this region of the cell is known to be
unaffected by intensity blurring (Fink et al., 1998). This
measurement is not only convenient, but also provides the
intracellular concentration of exogenous Ca2� buffer (i.e.,
Calcium Green-1 dextran) needed as input to the modeling.
Our calculations are accurate as long as the caged InsP3 and
the dye are distributed uniformly throughout the cell. An-
other source of error would be from altered calcium levels
in the injected cells; this would give a brighter Calcium
Green signal and cause us to overestimate the concentration
of InsP3 uncaged. Checking our measurement techniques
with controls of injected Calcium Green and Texas Red-
dextran showed that we had made a reasonable estimate of
the resting level of calcium in these cells. If a particular cell
has an unusually high resting level of calcium (and Calcium
Green fluorescence), the cell is most likely damaged and

would fail to produce a good dose response to increasing
concentrations of uncaged InsP3.

Degradation rates for InsP3 and calcium extrusion effi-
ciencies can be calculated by analyzing [Ca2�]cyt recovery
after stimulus with a pulse of InsP3 or GPIP2, a slowly
metabolized analogue of InsP3. The effectiveness of GPIP2

to initiate calcium release was several times lower than that
of InsP3, which is in agreement with previous findings (Bird
et al., 1992). Some events crucial to the [Ca2�]cyt recovery
mechanisms are not dependent on a decline in InsP3 con-
centration; these include, among others, InsP3 channel in-
hibition, calcium store refilling, calcium extrusion across
the plasma membrane, and calcium uptake by mitochondria.
It is possible that these processes might dominate the re-
covery of [Ca2�]cyt to baseline levels if they are sufficiently
active or up-regulated during the signaling process. How-
ever, the fact that there is a difference in the [Ca2�]cyt

relaxation for the two metabolites suggests that InsP3 deg-
radation is required before [Ca2�]cyt can recover to baseline
levels. Thus, in these cells, the negative feedback associated
with Ca2� binding to the inhibitory site on the InsP3 recep-
tor channel is insufficient, by itself, to close the channel as
long as InsP3 remains high.

Using the Virtual Cell, an interactive model construction
program (Schaff et al., 1997), we were able to derive
parameters that could fit the time courses of [Ca2�]cyt

relaxation back to baseline following stimulation of Ca
release by uncaging either InsP3 or GPIP2. The data are
consistent with a time constant of 0.8 s for the degradation
of InsP3 in the cell, similar to previous estimates in other
cell types (Wang et al., 1995; Burgess et al., 1985); in
particular, the time constant of InsP3 has been measured to
be 
1 s in smooth muscle cells from the rabbit main
pulmonary artery (Walker et al., 1987). In addition, we
determined a 13-s time constant for the degradation of
GPIP2. It should also be noted that the parameter set (Table
1) was highly constrained by the experimental values de-
rived in this study and taken from the literature.

The validity of the model is further supported by its
ability to fit the dose-response relationship of [Ca2�] release
to [InsP3]cyt in a typical single cell and to fit the complete
time course for the calcium response to various levels of
uncaged InsP3 in the same cell (Fig. 4, b and c). Clearly, not
all the individual components of the calcium handling ma-
chinery of the cell were explicitly included, but are probably
included implicitly in the parameters of components with
similar functions. For example, uptake by mitochondria
may be subsumed within the generalized endogenous buff-
ers and the plasma membrane Ca pump may be implicitly
covered by the SERCA activity. The mechanism for the
Type 1 InsP3R in our model is based on an analysis (De
Young and Keizer, 1992; Li and Rinzel, 1994) of the single
channel recordings obtained for this receptor reconstituted
in planar lipid bilayers (Bezprozvanny et al., 1991). Other
models for the Type 1 InsP3R have been proposed, includ-
ing a significant reformulation based on patch clamp data
from the nuclear membrane of Xenopus oocytes (Mak et al.,
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1998). We have not attempted to determine in detail how
well our data might be accommodated by these alternative
mechanisms for the InsP3R. However, a qualitative consid-
eration of the mode of InsP3 R channel gating proposed by
Mak et al. (1998) indicates that several parameters associ-
ated with other components of the overall model would
have to be significantly altered, including the degradation
time for InsP3.

It is instructive to consider the sensitivity analysis in
Table 2 in order to better appreciate the key factors that
control the shape of the calcium curve. It is important to
understand that these sensitivities are dimensionless quan-
tities representing the relative change in calcium divided by
a small relative change in the parameter. This is, therefore,
equivalent to �log[Ca2�]cyt/�log�. The times tabulated in
Table 2 correspond to the end of the lag time between the
uncaging event and the start of the calcium rise (0.25 s), the
peak amplitude of the calcium transient (0.75 s), and a point
during the calcium recovery phase (7.0 s). The initiation of
the calcium rise is most strongly controlled by the dissoci-
ation constant of the activating calcium binding site on the
InsP3 receptor (Kact) and the calcium flux through the chan-
nel (Jmax); thus, positive feedback by calcium is a primary
determinant of the lag time before the start of the calcium
signal. These two parameters are also important for the
maximum amplitude of the [Ca2�]cyt rise, but, interestingly,
the rate for binding of calcium to the inhibitory site (Kinh,
kon) now exerts an important negative influence at t 	
0.75 s. Calcium binding to the inhibitory site remains an
important factor during the recovery period, when the turn-
over of the SERCA pump (Kp, Vmax) becomes the dominant
component. Interestingly, the parameters associated with
InsP3 binding to its receptor ([I]0, [I]unc, and KI), have a
uniform influence on the calcium signal throughout the time
course. Although this sensitivity is moderate, its constancy
helps to explain the prerequisite for InsP3 degradation be-
fore the [Ca2�]cyt can return to baseline levels. It should
also be noted that Table 2 refers to an experiment with 0.858
�M uncaged InsP3 (corresponding to Fig. 4 a). At lower
levels of InsP3, the sensitivity to [I]0, [I]unc, and KI all would
increase. Finally, sensitivity to 	 becomes significant only
for the [Ca2�]cyt recovery phase. This is satisfyingly con-
sistent with our conclusions from the experimental differ-
ence between InsP3 and GPIP2 uncaging. This analysis,
thus, provides insights into how the various factors govern-
ing individual molecular events can alternately come into
play to control the features of the calcium signal.

In conclusion, we demonstrated a method for quantitative
measurement of InsP3 uncaging in microinjected A7r5 cells.
This method can be used to determine the amount of InsP3

required in intact cells to initiate calcium release. A full
model for the time course of InsP3-dependent [Ca2�]cyt

changes in this cell can be constructed from a model of the
InsP3 receptor together with considerations of calcium buff-
ering in the cytosol and calcium reuptake into the ER via
SERCA pumps; plasma membrane influx or efflux need not
be included, at least for uncaged InsP3. A pair of important

values were derived from our combined experimental and
modeling analysis: the concentration of InsP3 required for
50% activation of calcium release from the ER in these
smooth muscle cells is 
100 nM; the intracellular degra-
dation rate of InsP3 has a time constant of 0.8 s. Although
the overall process is only moderately sensitive to InsP3,
InsP3 degradation is a prerequisite for calcium recovery to
prestimulus levels. Furthermore, the 8-state model of De-
Young and Keizer (1992) is sufficient to describe the be-
havior of the type I InsP3 receptor in these cells. The
approaches we have developed and the insights gained for
the A7r5 cells should form a good basis for detailed studies
of InsP3-mediated calcium signals initiated by physiological
stimuli.
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