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Abstract —Oscillations in cytosolic free calcium concentrations ([Ca2+]) can be elicited in
REF52 fibroblasts by three different modes of stimulation. We have previously
demonstrated that [Ca "l oscillations result when these cells are simultaneously
depolarized and stimulated with a hormone linked to phosphoinositide breakdown. Further
evidence is now presented that such oscillations are Ilnked to quctuatlons in the
concentration of IP3 and the Ca’" content of an IPs-sensitive ca’* store. [Ca *1i oscillations
can also be generated in REF52 cells either by direct stimulation of G-proteins with GTPyS
or AlIF4~ or by destabilizing the membrane potential and opening voltage-dependent calcium
channels. This report compares the different types of oscillations and their mechanisms.

produced. Each is shown as a row of Figure 1 and
describes a different mechanism for calcium
oscillations already proposed in the literature:
Model 1 — Payne et al. [7] and Parker and Ivorra
[8] have noted that high [Ca®*}; inhibits the ability
of TIP3 to release more Ca in  Limulus

At least four different models have been proposed to
explain calcium oscillations in non-excitable cells
{for reviews see [1-5]). We have chosen to classify
the models according to the following criteria [4, 6]:

(@) Does PIP; breakdown to IP3 and DG

oscillate as well as [Ca’*]i?
(b) Does [Ca’*]; feed back positively or
negatively on itself?

By choosing a positive or negative answer to each
of the two criteria, four types of models can be
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photoreceptors and Xenopus oocytes. This negative
feedback could generate oscillations if appropriate
kinetic delays are introduced. Model 2 — Berridge
and others have proposed [9-13] that IP3 releases
Ca** from one 1ntracellular pool causing ca**
overload and Ca® —dependent Ca®* release (CICR)
from an IPs-insensitive store. A mathematical
formulation of this model has been developed [14,
15]. Model 3 — A third model, proposed first by
Cobbold and colleagues [10, 16-18], suggests that
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P
CICR from \exhaustion
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3 YES NEGATIVE HAH—-DG——PPLCTIP:,——> Ca?*release
N - \ DG
T=-S=PKC
4 YES POSITIVE HR——»G—»PLCTIF},-——» Ca®* relegse :nexheustion
DG e
Model 1 Model 2 Model 3 Model 4
2+
IP3 releases Ca™ at any phase _ _ + +
Caffeine and ryanodine have no effects + - + +
Ca?* overload without hormone does not start oscillations + - + n
Ca? spike (nitr-7) elicits delayed amplification ~ + _ +
Amplification needs hormone, is blocked by heparin _ "
{P3 levels oscillate - - ¥ +
PKC down regulation does not prevent oscillations -
IPS3 does not start oscillations - - + +
Thapsigargin stops oscillations + - n +
Effect of DG pulse lasts several cycles _
GTPyS causes oscillations at lower [Ca®"; _ _ _ +
GTPyS-induced oscillations are insensitive to PDBuU _
Ca?* waves spread from local wound _ + - +

Fig. 1 Mechanisms proposed in the literature [1-19] to explain how [Ca®']; oscillations may be generated in electrically nonexcitable
cells. Abbreviations are as follows: HR, hormone-receptor complex or other activated receptor on the plasma membrane; G,
GTP-binding coupling protein; PLC, phospholipase C; DG, diacylglycerol; IP3, myo-inositol-1,4,5-trisphosphate; CICR, Ca**-induced
Ca®" release; PKC, protein kinase C. Stimulatory linkages are shown as solid arrows, inhibitory as dashed arrows. The dashed pathways
labeled ‘exhaustion’ indicate that positive feedback of CaZ* on its own release is soon limited by exhaustion of those stores. The matrix
below shows the experimental tests applied, where + and — respectively indicate agreement and disagreement with each theoretical
mechanism, and a blank indicates that the theory makes no strong prediction. The first seven rows within the ruled matrix represent
tests described in previous papers [6, 20]; the last six rows are the observations reported in the present work
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phosphorylations due to protein kinase C are the
dominant feedback mechanism controlling the
interspike interval. Model 4 — A fourth model,
proposed by Meyer and Stryer [19], is based on
positive cooperativity of IP3 releasmg Ca** from
internal stores, together with Ca?" stimulation of
phospholipase C to denerate additional IPs.

Cytosolic Ca oscillations of  unusual
metronomic rhythmicity are elicited in REF52
fibroblasts by a combination of (a) stimulation by
any of a variety of hormonal agonists and (b)
depolarization by any of several pharmacological
treatments [20]. Among the effective agonists are
serumn, vasopressin, thrombin, bradykinin, bombesin,
and ATP. What they all have in common is an
ability to stimulate phosphoinositide breakdown and
IP; formation. Effective means of depolarization
include high external K', the pore-forming antibiotic
gramicidin, monovalent cation ionophores nigericin
and monensin, sodium-pump inhibition by ouabain,
removal of external K*, or replacement of external
Na* by Li*. Either the hormone or depolarization
alone elicit a single spike of [Ca i decaying to a
moderately elevated plateau, but applied together
they synergistically stimulate repetitive spikes of
several hundred nM amplitude and several seconds
duration, with an interspike interval in the order of a
minute, and contmumg for hours. Graded reduction
of extracellular Ca>* causes the interspike interval to
lengthen with little or no effect on the peak
amplitude; this observatlon suggests that each spike
represents release of Ca?* from 1nternal stores,
which then need extracellular Ca®* to refill.
Blockers of L-type voltage-sensitive ca** channels
mimic reduction in extracellular Ca®*; this
pharmacology suggests that the role of the steady
depolarization is to keeg L-type channels open and
maintain a trickle of Ca”" influx into the cytoplasm.
This influx helps replenish the internal stores that
actually generate the spikes.

Previous tests [6, 20] aimed at distinguishing
between the possible feedback mechanisms in these
cells have given results most consistent with the
fourth model [19], in which IP3 levels oscillate
because of positive feedback from [Ca2+]i onto
phospholipase C once the latter has already been
partially stimulated by G protein coupling. These
results are tabulated as the first seven rows of the
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ruled matrix in Figure 1 and are as follows:

(a) IP3 can be released suddenly inside the cell
by flash photolysis of microinjected caged IP3. In an
otherwise unstimulated cell, this causes a single
spike of [Caz+]l, never oscillations. In cells that are
already undergoing oscillations, the IP3 pulse always
generates its own fresh spike of [Ca2 )i even when
the flash coincides with or just follows the falling
phase of an endogenous spike. Furthermore, the
interval between the exogenously triggered pulse
and the next self-generated oscillation is often
abnormally long These results [20] argue that IP3
release of Ca’" is not sufficient by itself to start
oscillations, and favor models in which the ca*
stores are continually semsitive to IP3 fluctuations,
rather than those in which IP3 is already statically
elevated and the Ca* stores’ sensitivity to IPs3 is
what oscillates. The unusually long gap following an
exogenously forced, large-amplitude pulse of IP3
would be most simply explained if the interspike
interval is the time required to refill the IP3-sensitive
ca** store.

(b) In cell types where calcium-induced ca**
release (as postulated in Model 2) has been well
documented, this process can be stimulated or
pre-exhausted by caffeine and  ryanodine
respectively [21-26]. However, these drugs have no
detectable effect on these fibroblasts, either in
unstimulated or in oscillating cells [6].

(©) Direct introduction of small or large amounts
of Ca** into the cytoplasm, e1ther by flash
photolysis of the photolabile Ca** chelator nitr-7
[27] or by wounding the cell with a micropipet,
never causes oscillation by itself, whereas in Model
2 such a Ca?* overload should mimic dumping of
the IP3-sensitive store in triggering repetitive CICR.
However, once hormone is present, wounding then
does stimulate oscillation [6].

(d) Detailed examination of the response of an
already oscillating cell to flash photolys1s of nitr-7
shows that the initial trigger pulse of Ca** can be
temporally  separated from a  subsequent
amplification phase peaking about 10 s later [6].
The delayed amplification shows that Ca*" feedback
on itself is positive and could be consistent with
either CICR (Model 2) or Model 4. However, the
amplification is not obscrved if hormone is absent.
and is blocked in the presence of hormone by
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Fig. 2 Ionophore added to oscillating cells further stimulates IP3
production

(A) 2.5 pM ionomycin halts oscillations and increases [Ca2+]i in
each of 3 cells stimulated to oscillate asynchronously with 50 nM
vasopressin and 1 pM gramicidin in a solution of Dulbecco’s
phosphate buffered saline (DPBS) containing 0.9 mM Ca® and
5.6 mM glucose. [Ca2+]i increases to a level approximately equal
to that seen at the peak of the oscillatory spikes in each cell

(B) Average [Ca2+]i for 15 cells including the 3 cells plotted in
(A)

(C) IP3 levels measured using an IP3 mass assay as described
previously [6]. Note that both IP3 mass and average [Ca2+]i
approximately double with roughly the same time course. All
measurements were performed at 30°C

intracellular heparin, an antagonist of the IP3
receptor [28-30]. It is most readily explained by
Ca** stimulation of IPs production leading to release
of more Ca®*

(e) Direct measurements of IP3 can still only be
done on populations rather than single cells, so to
test whether IP3 concentrations oscillate it is
necessary to synchronize the population. This can be
roughly accomplished by a protocol of withdrawing
then restoring extracellular Ca**. The first spike of
the  resuming  oscillations  occurs  fairly
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synchronously about 30 s after external ca®* is
added back; parallel measurements indicate a similar
spike in IP3 at this time. Afterwards the individual
oscillations fall out of synchrony, so that the
average [Ca gt decays to an intermediate value; the
IPs assayed in the population does the same [6].

Further confirmation of the ability of cytosolic ca*t

to influence IP3 levels comes from experiments with
the Ca** ionophore ionomycin. When ionomycin is
used to elevate [Ca2+]i in otherwise unstimulated
cells to the level found at the peak of normal
oscillations, IP3 levels do not change significantly.
Stimulation of oscillations with hormone and
depolarization, without ionomycin, gives a modest
(1.8 fold) elevation of IP3 above control. Addmon
of ionomycin to oscillating cells clamps the [Ca i
to its previous peak levels and gives IP3 levels 4.5
fold over unstimulated controls (Fig. 2). Thus
[C32+]i elevation further stimulates phospholipase C
but only after the latter has been initially activated
by hormone receptor occupancy coupled through G
proteins. Phospholipase C activity has usually been
found to be enhanced by increased ca*t [31-39],

though contrary reports exist [40].

(f) Though oscillations are very easily inhibited
by acute addition of low doses of phorbol ester to
activate protein kinase C, such sensitivity does not
prove that cyclical activation of protein kinase C is
an essential part of the oscillation mechanism. When
PKC is inhibited pharmacologically or thoroughly
removed by downregulation, oscillations can still be
elicited in the normal way by hormone plus
depolarization [6], showing that PKC is nonessential
and arguing strongly against Model 3.

We now present additional pharmacological
results in favor of Model 4 and show how two
additional modes by which oscillations may be
stimulated can be fitted in.

Materials and Methods

General methods for culturing the REF52 cells, for
stimulating them and measuring [Ca *1i oscillations
in single cells by digital ratio imaging, and for
photolyzing caged compounds have been descnbed
previously [6, 20, 41]. Fura-2 was used as the Ca

indicator in most experiments because [Ca T
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concentrations could be quantified via the excitation
ratio. Fluo-3 was used for experiments involving
photolysis of caged compounds, since the UV
excitation required for Fura-2 would start the
photolyses prematurely. Intracellular pressure
microinjections are described in terms of the
solutions filling the pipet; because the injected
volume was 1-10% of the cell volume, the final
intracellular concentrations are roughly 1-10% of
the filling solution. Details of specific experiments
are given in the appropriate figure legends.
. Caged sn-1,2-dioctanoylglycerol, 3-(4,5-
dimethoxy-2-nitrobenzyl)-sn-1,2-dioctanoylglycerol,
was prepared as follows: (4,5-dimethoxy-
2-pitrophenyl) diazomethane was prepared from
4,5-dimethoxy-2-nitrobenzaldehyde mesitylene-
sulfonylhydrazone by the method of Dudman &
Reese [42]. The diazomethane (18 mg or 80 pmol)
and 25 mg (72.5 pmol) of sn-1,2-dioctanoylglycerol
(diCg, Calbiochem Corp., La Jolla, CA, USA) were
mixed in 0.2 ml CHCl3. Upon addition of BF3<Et20
(7 umol as 1 M solution in CHCI3), nitrogen gas
was rapidly evolved. Thin layer chromatography (on
silica with ethyl acetate-hexane as eluant) indicated
complete reaction yielding one major product,
purified by column chromatography with the same
system. The product was isolated as a yellow oil,
which eventually solidified to a white powder on
storage at —20°C — m.p. 39°C; yield 15 mg (38%).
It gave the expected "H NMR spectrum (CDCls,
200MHz): 5 0.85 ppm (broad triplet, 6H, CH3), 1.26
(broad multiplet, 16H, (CH2)4), 1.61 (multiplet, 4H,
—COCH2CH2-), 2.32 (triplet, 2H, -COCH>-), 2.33
(triplet, 2H, -COCH>-), 3.76 (doublet, J = 5.4 Hz,
2H, CH> of glycerol position 3), 3.96 (singlet, 3H,
—QCH3), 4.01 (singlet, 3H, —OCH3), 4.22 (doublet
of doublets, 1H, CH> at glycerol position 1), 4.39
(doublet of doublets, 1H, CH> at glycerol position
1), 4.94 (singlet, 2H, ArCH>~), 5.36 (m, 1H, CH at
glycerol position 2), 7.26 (singlet, 1H, H at aryl
position 3), 7.72 (singlet, 1H, H at aryl position 6).
It was stored at —20°C until use; stock solutions
were made up in DMSO Its extinction coefficient at
365 nm was 5500 M lem™. Its photolysis quantum
yield at that wavelength, monitored by actinometry
[27] and HPLC loss of starting material, was 0.09 in
CH3CN:H20 (7:3 v/v) containing 10 mM K*-MOPS
pH 7.2.
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Results and Discussion

Effects of agents to release the IP3-sensitive ca*
store

A major argument that [Ca2+]i oscillations in other
cell types do not involve IP3 oscillations has been
that direct introduction of IP3, or better yet its
poorly hydrolyzable analog myo-inositol-1,4,5-
trisphosphorothioate [43, 44] (herein abbreviated as
IPSs) is sufficient to generate apparently normal
[Ca ], oscillations [12, 45, 46]. As mentioned
previously, IPs by itself does not cause oscillations
in REF52 fibroblasts, but it was still of interest to
try IPS3. Injections of IPS3 at pipet concentrations
of up to 20 mM were therefore made. In all cases a
fransient [Ca "1 increase followed by a smooth
non-oscillatory return to baseline was observed (Fig.
3A). Some but not all of the [Ca®*}; transient could
have been due to impalement damage, since when
injections were perfoxmed in the absence of
extracellular Ca +, [Ca " transients were still
observed, albeit smaller in amplitude (Fig. 3B).
These results would suggest that non-oscillatory
activation of the IP3 receptor is insufficient to
generate [Ca "1 oscillations in these cells. One
qualification is that we have no proof of how long
the IPS; persists after each injection; the
successively diminishing responses to repeated
injections in Figure 3B hints that some effectiveness
is persisting.

The effect of the tumor promoter thapsigargin on
both oscillating and non-oscillating cells was
examined. Thapsigargin has been reported to mh1b1t
the endoplasmic retlculum ATP-dependent ca®*
pump and to release Ca** from the associated store,
with little or no effect upon plasma membrane and
sarcoplasmic reticulum ca** pumps [47-49]. When
REF52 cells were exposed to 2 uM thapsigargin,
[Ca ]1 increased from 85 oM to a stable value of
250 nM, but no [Ca *1i oscillations were observed
(Fig. 4A), even if the cells were simultaneously
depolarized with 1 pM gramicidin. However,
oscillations started in the nommal way were
quenched by thapsigargin (Fig. 4B). Thus the
intracellular Ca** store Wthh is emptied and refilled
during the course of [Ca *1i oscillations in REFS52
fibroblasts appears to be sensitive to thapsigargin.
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Fig. 3 Responses to inositol 1,4,5-trisphosphorothioate
(A) Records of [Ca2+]1 in three cells just after injection with a
solution containing 10 mM IPS3 (triethylammonium salt,
racemic), S00 pM Fura-2 (K" salt), and 20 mM K-HEPES. Note
the absence of [Ca2+]i oscillations (compare with Fig. 7A). The
extracellular medium was DPBS containing 0.9 mM Ca®* and 5.6
mM glucose; temperature 30°C. The actual injections occurred
1-3 min before the time zero of this plot; the time delay resulted
from having to inject several cells, then to place the measurement
spots. However no oscillations were noticed in the [Ca2+]i images
taken between the injections and the start of the quantification.
Pipet concentrations in other runs were 0.1, 0.3, 1, 3, 10, and 20
mM, but oscillations were never observed
(B) Arrows indicate 3 successive injections of a single cell with a
solution of 5 mM IPS3, 20 mM K-HEPES, and 1 mM EGTA to
chelate any contaminating Ca?* in the nominally Ca®* free
injectate. Pressure injections were performed in calcium-free
DPBS containing 100 pM EGTA, 10 mM Mg®" and 5.6 mM
glucose; temperature 30°C. The Fura-2 was preloaded via the
acetoxymethyl ester. The diminished response with successive
injections was not due to accumulation of intracellular EGTA,
because control experiments in which 1 mM IP3, 1 mM EGTA
was injected showed that at least six separate releases of Ca?*
could be elicited under the same conditions
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This result is in sharp contrast to those recently
reported in pancreatic acinar cells [26]. In these
cells thapsigargin causes oscillations, apparently by
specifically depleting the IP3-sensitive Ca 2+ pool,
which then provokes cyclical CICR from another
pool that is insensitive to thapsigargin and IP3 but
sensitive to caffeine and ryanodine.

Effects of diacylglycerol

Though phorbol esters have profound acute
inhibitory effects on the Ca** oscillations, a
diacylglycerol such as diCs, sn-1,2-dioctanoyl-
glycerol [50}, would be a more realistic analog of
the endogenous activators of protein kinase C. DiCg
at 2-4 uM concentrations in the bath slightly
increased the interspike interval (by up to a factor of
2 at most) with variable effects on spike amplitude.
Higher concentrations of diCs did not increase the
effect. In order to examine the kinetics of the effect
in greater detail, it was desirable to deliver a pulse
of diCg at a well-defined time in the oscillation
cycle. Because of the uncertain time required for
bath-applied diCs to cross the plasma membrane and
bind to intracellular protein kinase C, it would be
useful to have caged diCs, a physiologically inert
derivative which could be photolyzed in situ to
release the active material with minimal diffusional
delays. The caging moiety was chosen to be the
dimethoxynitrobenzyl group [51] because of its
efficient photolysis with relatively long-wavelength
ultraviolet. The caged diCg behaved as desired, with
no effect on the oscillations until photolyzed, at
which point the interspike interval increased. In the
experiment of Figure 5, the first interval (averaged
over 16 cells) after the flash was about 30% longer
than before the photolysis. Interestingly, the effect
lasted for several oscillation cycles before decaying
away. If the interspike timing mechanism were
metabolism of diacylglycerol and reversal of protein
kinase C-mediated phosphorylations as in Model 3,
one would expect that an exogenous pulse of
diacylglycerol would give just one abnormally long
waiting penod until the excess was consumed and
the next CaZ* spike was allowed to occur, after
which no memory would persist. The actual result
suggests that PKC modulates the oscillations over a
slower time scale than postulated in Model 3;
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oscillations in [Ca?*}i. Oscillations could also be
elicited by photolyzing caged-GTPyS which had
been preinjected into cells or by treating cells with
AlF4 (10 mM NaF and 10 pM AICls). The
convenience of extracellularly applied AlF4 was
offset by its tendency to cause gradual deterioration
of the cells, presumably by nonspecific toxicity.
These oscillations did not require additional
depolarization of the membrane potential
Furthermore they were not inhibited by blockers of
voltage-dependent Ca2+ channels, removal of
extracellular Ca** (Fig. 6A), or even high doses of
phorbol esters (Fig. 7A), unlike hormone-stimulated
oscillations (Figs. 6B and 7B). However, many
responses of the timing mechanism did appear to be
shared between the two modes of stimulation:
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Fig. 4  Responses to thapsigargin. (A) In previously

unstimulated cells, 2 pM thapsigargin causes a monotonic
increase of [Ca®*}; by more than two-fold in 3 cells. Temperature
was 30°C. No oscillations were observed in any of 45 REF52
cells treated with thapsigargin. (B) Thapsigargin (2 uM) halts
[Ca2+]i oscillations initiated by 1 pM gramicidin and 50 nM
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vasopressin. In this experiment thapsigargin halted oscillations in
5 of 5 oscillating cells. Temperature was 33°C. Thapsigargin was

obtained from LC Services Corp., Woburm, MA, USA

however, it must be acknowledged that the diCs is
still not the same as endogenous diacylglycerol

either in structure or in intracellular location.

Calcium oscillations are elicited by direct activation
of G-proteins

Direct activation of G-proteins elicits calcium
oscillations in several different tissue types
including golden hamster eggs [52], pancreatic
acinar cells [13], hepatocytes [53, 54], and smooth
muscle-like cells (AT Harootunian, unpublished
results). We found that injection with pipets
containing 1-18 mM GTPYS reproducibly produced

Fig. 5 Photolysis of caged diacylglycerol increases [Ca2+]i
oscillation period for several cycles. The normalized oscillation
period, averaged over 16 cells from three separate experiments,
increased by a factor of 1.3 following photolysis of caged
diacylglycerol, which was loaded into the cells by continuous
incubation at 20 pM (two experiments) or 40 uM (one
experiment) in HEPES-buffered saline. Photolysis was performed
as described previously [20] with a 1 s exposure to broadband
UV illumination from a 150-watt xenon lamp introduced through
the epi-illumination system, and is indicated by the vertical
dashed line. The average oscillation period for the 16 cells
before photolysis was 40 + 9 s. Temperature was 33°C. To
control for the effects of illumination and the
4,5-dimethoxy-2-nitrosobenzaldehyde byproduct of the photolytic
reaction, analogous experiments were performed with caged
methanol, ie. 4,5-dimethoxy-2-nitrobenzyl methyl ether.
Photolysis of this material (at similar concentrations to caged
diCs) to produce the above benzaldehyde plus methanol had no
effect on the oscillations
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Fig. 6 (A) Ca?* oscillations elicited by G-protein hyperactivation
persist after removal of extracellular [Ca2+]i. G-proteins were
activated by injection with a solution containing 15 mM GTPS,
500 uM Fura-2 and 25 mM K*-HEPES. Temperature 27°C

(B) Conversely, removal of extracellular [Ca2+]i rapidly halts
oscillations elicited by hormone and depolarization (50 nM
vasopressin and 1 pM gramicidin). Temperature 29°C

photorelease of caged IP3 released ca®" at any
phase of the cycle and was followed by one

abnormally long 1ntersp1ke interval (Fig. 8);
photorelease of caged Ca** from nitr-7 reset the
oscillation phase; thapsigargin stopped the
oscillations. One key observation was that

GTPyS-induced oscﬂlatlons usually occurred at a
lower absolute [Ca "} than those elicited by
hormone plus depolarization (Fig. 9; also compare
Figs 6A and 6B with 7A and 7B).

These seemingly paradoxical results fit nicely
into Model 4 if one postulates that hyperactivation
of the G protein shifts the Ca® —dependence of
phospholipase C down to resting or lower [Ca i
concentrations. Just such a shift has been reported in
several studies of G protein effects on the
phospholipase in vitro [36—39] One must also
postulate that reuptake of Ca®" into the IP3-sensitive
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stores still occurs at these lower [Caz+]i levels,
whereas extrusion across the plasma membrane 1s
disfavored. Continual entry of extracellular ca%*

through the voltage-dependent channels would no
longer be needed to keep [Ca ]1 in the region
where it could exert positive feedback, but
otherwise the mechanism would be unchanged. The
lack of effectiveness of protein kinase C feedback
emphasizes that PKC is not essential for oscillations
and argues that its modulatory effect is normally
exerted upstream from the activated G protein, for
example at the hormone receptor or its promotion of
the GTP-bound state of the G protein, rather than
downstream, for example at phospholipase C. This
conclusion in REF52 cells may differ from
indications in hepatocytes [53] that phorbol esters
may inhibit G proteins or PLC there. With any of
the alternative oscillation mechanisms, one would
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Fig. 7 Protein kinase C activation differentially affects

oscillations. (A) Treatment with even a high level, 2 uM, of
phorbol dibutyrate (PDB) only transiently slows oscillations
elicited by G-protein activation in a manner analogous to Figure
6A. Temperature was 25°C. (B) A much lower dose of PDB, 29
nM, immediately halts oscillations elicited by mitogen (5% fetal
calf serum) and depolarization (144 mM K*"); temperature 30°C
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Fig. 8 After photolysis of caged IPs, the time interval until the
next endogenous spike can be more than twice the normal
oscillation period. Oscillations were elicited by G-protein
hyperactivation by injection of a solution containing 11 mM
GTP1S, 10 mM Fluo-3, 1 mM caged IP3 and 20 mM K*-HEPES.
Temperature 30°C. Photolysis was performed with 1 s ultraviolet
as in Figure 5; this exposure should have been sufficient to
photolyze most of the caged IP3. To control for the effects of
illumination as well as the 2-nitrosoacetophenone and H* also
released by the photolytic reaction, analogous experiments were
performed with caged phosphate, ie. 1-(2-nitrophenyl)ethyl-
phosphate. When this material was injected analogously to caged
IP; and photolyzed to 2-nitrosoacetophenone and phosphoric
acid, the oscillations were unaffected

have to postulate that G protein hyperactivation
shifts the Ca? -dependence of inhibition of
IP3-mediated release, activation of CICR, or PKC
activation, though there is no evidence that any of
these processes are directly linked to G proteins.
One further aspect of oscillations due to GTPYS
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is that sometimes they can be clearly seen as
repetitive waves, wh1ch originate from a region of
slightly elevated [Ca *1i where the injection pipet
had wounded the cell. As the wound heals, the
[Ca2+]i elevation becomes more nearly synchronous
throughout the cell. These observations support the
idea that CaZ* feedback exerts positive rather than
negative feedback on itself. The details of such
waves and whether they also underlie the responses
to hormone and depolarization have not yet been
studied, partly because the time resolution of the
imaging  setup would need considerable
improvement.

Synchronized [CaZ+]i oscillations can be generated
by destabzllzmg membrane potential and opening
L-type Ca*" channels

The existence of L-type voltage-sensitive ca**
channels in fibroblasts is supported both by our
pharmacological results and by the patch-clamp
analysis of Chen & Hess in 3T3 cells [55]. It would
be interesting if those channels could give rise to
voltage-linked [Ca ]1 spiking as classically
observed in excitable cells. To encourage voltage
fluctuations, 1 mM 4-aminopyridine and 10 mM
tetraethylammonium were added to block K'
channels and 5-20 uM BaykK 8644 added to
encourage the opening of L-type ca* channels
This third mode of stimulation did produce [Ca i
oscillations, as shown in Figure 10. A remarkable
feature of channel-driven oscillations was that in
confluent cultures all the cells in the field (typically
15-20 cells) rhythmically oscillated in unison (Fig.
Fig. 9 [Ca2+]i is lower in cells stimulated to oscillate by
G-protein activation (solid trace) than in cells in which
oscillations are elicited by hormone and depolarization (dashed
line). Temperature 34°C. Although the maximum [Ca2+]i levels in
oscillating cells were somewhat variable from cell to cell, the
baseline [Ca']l for oscillations elicited by G-protein was
typically 50 nM while the baseline [Ca® *i for oscillations elicited
by hormone and depolarization was usually near or greater than
100 nM. Because neither form of stimulation was easily
reversible, this comparison had to be made on closely parallel
experiments rather than sequentially on the same cells. Although
the absolute overall numerical calibration of the [Ca "k
measurements is probably good only within a factor of two, the
relative [Ca2+]; levels produced by the two modes of stimulation
can still be assessed with reasonable confidence
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Fig. 10 Channel-driven [Ca2+]; oscillations elicited by 1 mM
4-aminopyridine (4AP), 10 mM tetracthylammonium (TEA), and
20 pM BayK 8644. After these drugs were washed away, the cell

could be restimulated into oscillations with 1 pM gramicidin and
50 nM vasopressin. Temperature was 35°C

Time

11A), whereas in oscillations induced by the
previous two modes of stimulation, each cell was
independent of its neighbor (Fig. 11B). Another
difference was that channel-driven oscillations were
halted by static depolarization of the cells either
with high potassium or gramicidin. The IP3 sensitive
internal store remained replete with Ca? throughout
channel-driven oscillations, since addition of a
hormone such as vasopressin to the channel
modulators always gave a large spike of [Ca "l
(experiments not shown). Subsequent behavior in
the combined presence of hormone and channel
modulators was variable from cell to cell.

A tentative interpretation of these results is that
the encouragement of L -type Ca** channels and
blockage of resting K* channels would permit
spontaneous slow Ca** ‘action potentials’, in which
the upstroke would be driven by regenerative
opening of the Ca** channels, and repolanzatlon
might be caused by a Ca*-activated XK'
conductance. Synchronization of the entire field of
cells would be via electrotonic coupling. By
contrast, oscillations caused by hormone plus static
depolarization would not be synchronized, since
electrotonic coupling would be irrelevant when all
the cells were already clamped to the same
depolarized potential, and a chemical messenger
such as IPs would spread much less efficiently than
a membrane potential change. To confirm this

[Ca™]

[Co2+ ]

CELL CALCIUM

interpretation, it would be desirable, though
difficult, to conduct electrical recordings from the
cells undergoing channel-driven oscillations and to
use localized illumination of caged IP3 to show the
extent to which IPs action can spread from cell to
cell. Though IPs is believed to be able to cross gap
junctions in liver [56] and epithelial {57] cells, the
REFS52 fibroblasts may not pack together as closely,
so the few contacts they make at the tips of their
processes may be insufficient for effective chemical
coupling.

Conclusion
REF52 fibroblasts have been an interesting system

for studying [CaZ+]i oscillations because they are
relatively easy to microinject, because their

0.5
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Fig. 11 Expanded [Ca2+]i traces from three cells from the same
experiment as Figure 10 show that the oscillations elicited by
4AP, TEA, and BayK 8644 (A) were synchronized within the
population, whereas the subsequent oscillations elicited by
vasopressin and gramicidin (B) were asynchronized
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oscillations are unusually accurate in timing, thus
permitting phase analysis, and because they have
given many lines of evidence (Fig. 1) in favor of a
fascinating oscillation mechanism (Model 4 [19])
other than the currentl 3/ most popular explanation
(Model 2), based on Ca *_induced Ca * release. The
comparison between the three modes of stimulation
is particularly instructive. However, the REF52
system does have drawbacks. The hormonal agonists
are of high affinity and hard to wash off, so that
dose-response curves and investigations of store
refilling are difficult. The need for pharmacological
depolarization to accompany hormonal stimulation
casts doubt on the physiological role of oscillations,
and there is no obvious cell function that can be
monitored as an immediate response to [Caz+]i
elevations. Our eventual understandmg of the
mechanisms and functions of [Ca *1i oscillations
will have to be based on comparison of a wide
variety of systems, without the prejudice that they
must all use a single mechanism or have a common

purpose.
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