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Fura-2 antagonises calcium-induced calcium release
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Abstract

Calcium-induced calcium release (CICR) from the endoplasmic reticulum (ER) takes place through ryanodine receptors (RyRs) and it
is often revealed by an increase of the cytosolié'Ceoncentration ([C& ]c) induced by caffeine. Using fura-2-loaded cells, we find such
an effect in bovine adrenal chromaffin cells, but not in cerebellar granule neurones or in HEK-293 cells. In contrast, a caffeine-induced
[Ca2t]. increase was clearly visible with either fluo-3 or cytosolic aequorin. Simultaneous loading with fura-2 preventedfthie [Ca
increase reported by the other&arobes. Caffeine-induced &arelease was also measured by following changes df{{daside the
ER ([C&1]er) with ER-targeted aequorin in HEK-293 cells. Fura-2 loading did not modif/ @alease from the ER. Thus, fura-2, but not
fluo-3, antagonises the generation of the cytosolifGégnal induced by activation of RyRs. Cytosolic®duffering and/or acceleration
of C&* diffusion through the cytosol may contribute to these actions. Both effects may interfere with the generation of microdomains of
high [C&*]. near the ER release channels, which are essential for the propagation oftheave through the cytosol. In any case, our
results caution the use of fura-2 to study CICR.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction mechanism arose from investigation of caffeine-induced
[Ca?t]. elevation[13,16] Reports in the literature on the

Calcium-induced calcium release (CICR) is essential existence of CICR are often controversial. For example, in
for proper cardiac beatingl]. CICR is mediated by cerebellar granule neurones loaded with thé‘Carobe
sarco/endoplasmic reticulum (SR/ER) ryanodine receptorsfura-2 [17], caffeine has been reported both, to increase
(RyRs). Three different isoforms, RyR1, RyR2 and RyR3, [C&t]. [18] and not to modify it[19]. Similar contradic-
encoded by different genes, are expressed in mammalianions have been found in other cell systems. Since fura-2
tissues[2]. RyR1 and RyR2 are expressed predominantly (and other C&" probes) are indeed &4 chelators, we rea-
in skeletal muscle and heart, respectively, where they play asoned that they could buffer or otherwise modify €k
crucial role in muscle contractidB,4], but RyRs are widely  transients generated in the close proximity RyR, which are
distributed in several tissugg,5,6] The role of RyR in  essential for the autoregenerative CICR propagai@nit
non-muscle cells is uncledr,8]. It has been proposed that is well known, for example, that buffering [€8]c modi-
Ca* entry through voltage-dependent@achannels could  fies drastically C&-induced inactivation of voltage-gated
trigger CICR in neurones, thus, amplifying the cytosolic Ca+ channels[20]. On the other hand, fura-2 and other
Ceat ([Ca?™]c) signal[9,10]. The existence of CICR has Ca+ chelators accelerate &a diffusion through the cy-
been clearly demonstrated in peripheral sensory and sympatosol, thus, tending to dissipate high Rt microdomains
thetic neuronefl1-14]and in cerebellar Purkinje cel$5]. generated by the activity of €a channelg21-23] If the
In other central neurones, the amount offCaontained  effect of caffeine was dependent on the generation of such
in the caffeine-sensitive stores is very small under resting microdomains, it could certainly be disturbed by thé#€a
conditions and CICR is difficult to demonstrd&10,13] probe, and subtle differences in experimental conditions,

Caffeine triggers the opening of RyR at resting {Ch such as the degree of probe loading into the cells, could
levels and many important pieces of evidence for the CICR make big differences.

The above difficulties would not apply if the decrease of

* Corresponding author. Tel+34-083-423084: fax:+34-983-423588. [Ca%+]gR rather than the increase of [€d. was used as
E-mail addressjgsancho@ibgm.uva.es (J. GarSancho). the indicator of C&" release from the ER. The fluorescent
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probes used to measure ft4 cannot be selectively tar- to the ER[33,34] was achieved by infecting the cells
geted to inside ER (but s¢24,25])), but this problem can be  with a defective herpes simplex virus type 1 containing
circumvented using protein probes, which can be directed the gene[26,35] 12—-24 h prior to measurements. The cy-
to organelle by adding a targeting sequence. Aequorin, atosolic apoaequorin was reconstituted by incubation with
Cat-sensitive photoprotein, targeted to ER has been usedcoelenterazine h for 60—90 mii36]. For [C&']gr mea-
recently for direct demonstration of CICR in adrenal chro- surements, the ER was first depleted of Cay incubating
maffin cells[26]. Here, we address the question of whether the cells in C&"-free medium (0.5mM EGTA) contain-
fluorescent C& probes can mask CICR in three differ- ing 10uM 2,5 ditert-butyl-hydroquinone (an inhibitor of
ent cell preparations, adrenal chromaffin cells, cerebellar ER C&t-ATPase) for 10 min at room temperature, and
granule neurones and HEK-293 cells, by comparing the re- apoaequorin was reconstituted to aequorin by incubation
sults obtained with two different fluorescent cytosolic€a  for 1-2h in C&"-free medium containing (LM coelen-
probes and with the cytosolic and the ER-targeted aequorin.terazine n. For measurements, the cells were placed in
the luminometer (Cairn Research, Ltd.) and perfused at
5-7 ml/min with the different test solutions, as described

2. Materials and methods in Section 3 Emitted light was integrated every 1-s period.
The experiment was terminated by perfusion with a solution
2.1. Cell culture containing 10M digitonin and 10 mM CagGl to release

all the aequorin counts. Calibrations in {24 were done
Cerebellar granule neurones were prepared from 5- toas described previous[34,37]
7-day-old Wistar rat pups killed by cervical dislocation fol-
lowed by decapitation as described previolj§,27] Cells 2.4. Chemicals
were plated on poly-lysine-coated 11 mm diameter cover-
slips and cultured in Dulbecco’s modified Eagle’s medium  Fura-2/AM, fluo-3/AM and coelenterazines were obtained
(DMEM) containing 10% horse serum and 50§/ml gen- from Molecular Probes. Other reagents were of the highest
tamicin. HEK-293 cells were plated on polylysine-coated quality available from Sigma, Calbiochem or Merck.
coverslips and cultured in DMEM containing 10% foetal calf
serum, penicillin and streptomycin. Bovine adrenal chromaf-
fin cells were kindly provided by Dr. A.G. Gda; Instituto 3. Results
Tedfilo Hernando, Madrid, Spain. They were prepared and

handled as described previouly’,26,28,29] Fig. 1Aillustrates the increase of [€8]. induced by caf-
feine, as observed in fura-2-loaded chromaffin cells. Caf-
2.2. Measurements of [¢&] . with fluo-3 and fura-2 feine induced a large [&4]. increase which was very fast
and transient and almost equal in height to the’[Gapeak
Measurements of [Gd]. were performed by digital-  induced by depolarisation with high'K It was prevented by

imaging fluorescence microscopy in cells loaded with either Ry in a use-dependent fashion (not shown). When a second
fura-2 or fluo-3 by incubation with the corresponding ace- stimulation with caffeine was applied 1 min after the first
toxymethyl (AM) esters. All experiments were conducted at one, almost no increase in [€4. was observedrig. 1B).
37°C. The cells were under continuous perfusion with either When the interval between caffeine pulses was increased,
control or test solutions at 2—3 ml/min. This rate of perfusion the [C&*]. response also increased gradually, but restora-
allowed >95% exchange of the medium within 5-10s. The tion of the original response required at least 5 rfiig (1B).
standard control solution had the following composition (in  This likely reflects the time required for refilling the intra-
mM): NaCl, 145; KClI, 5; CaCl, 1; MgCbh, 1; glucose, 10; cellular stores with C& . These observations are consistent
Nat-HEPES, 10, pH, 7.4. The cells were epi-illuminated with previous findingg27,38]

alternately at 340 and 380nm and light emitted above We were unable to detect an effect of caffeine orf{Qa
520nm was recorded using a Magical Image Processorin cerebellar granule neurones loaded with furd-ig(2A).
(Applied Imaging, Newcastle, UK). Pixel-by-pixel ratios of We then repeated these experiments in cells loaded with
consecutive frames obtained at 340 and 380 nm excitationfluo-3. We were surprised to find that fluo-3 systematically
were produced and [&4]. was estimated from these ratios reported a quite large [G4] increase in most of the granule
by comparison with fura-2 standards. Additional details can neurones stimulated with caffeine. The size of the’{Ga

be found elsewherpf9,30-32] peak was comparable to the one obtained in cells depolarised
with high KT, even bigger in some individual cells, although

2.3. Measurements of [€&]. and [C&] gz with it was always more transienfig. 2B).

aequorin The response to caffeine seemed bigger in cells cul-

tured in vitro for shorter periods of time. For this reason
Expression of recombinant wild type (cytosolic) ae- we performed a systematical study, following the size of
quorin or mutated (low C& affinity) aequorin targeted the responses to caffeine, acetylcholine and highdfter
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Fig. 1. Effects of caffeine in bovine adrenal chromaffin cells. Fura-2-loaded chromaffin cells were stimulated with™high M) or caffeine (50 mM)
as shown. In panel B, cells were stimulated repetitively with caffeine. The interval between successive stimuli was 1, 2, 3.5 and 5.5 min,ytespectivel
The traces shown are the average of 40 (A) and 39 (B) individual cells present in the same microscope field.

different times of cultureFig. 3 summarises the results to caffeine. Both probes should be able to chelaté*Ca
of this study. There was a large decrease in the responsesimilarly, so that it is intriguing why only one is unable to
to caffeine (about fourfold) with the time of culture in report the increase of [€4]¢. Does it just do not report or
vitro (Fig. 3A). On the contrary, the response to hight K  does it really prevent the increase of f¢i? We decided
increased two to three times with culture, so that the differ- to investigate the effects of fura-2 in aliquots of the same
ence between both responses was very much increased witkeells loaded with either fluo-3, or fura-2 or with both probes
time in culture. The response to acetylcholine was similar at the same time. In the last case, we took advantage of the
at all times in cultureFig. 3B shows the changes with time  spectral differences among fura-2 and fluo-3 for measuring
of culture of the responses to caffeine and acetylcholine, [Ca?*]. simultaneously from both probes. Results are illus-
expressed relative to the response to highrdeasured in  trated inFig. 4. In cells loaded with fluo-3 only, there was
the same individual cell. The responses to caffeine tended toa typical transient response to caffeiridg 4A). In cells
be larger when they were preceded by an stimulation with loaded with fura-2 only, there was no response to caffeine
high K* (Fig. 2B). This response (afterK) was somewhat  (as reported by fura-2, not shown). In cells loaded with
better preserved after culture of the celsy 3B). both probes, fluo-3 still detected some response, although
Once established the effects of cell culture, we re-addres-atypical (transient phase lost) and very much inhibited
sed the specific effect of fura-2 and fluo-3 on the responses(Fig. 4B). Fura-2 did not detect any response in the same

(A) B)
1000 - 8r
7 =
800}
c 600 5r .
=, . o 1 min
=] 1 min o4 —
© 400} A w
) 3t
200} 2r
1 -
—1 | —1
0% [ — ot CAF K CAF
K CAF

Fig. 2. Effects of caffeine in cerebellar granule neurones. Cells were stimulated with Higi@&nmM) or caffeine (50 mM) as shown. They had been
loaded for 90 min with either 4M fura-2/AM (A) or 1M fluo-3/AM (B). Results are expressed either as3ta (A) or asF/Fq (B).
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Fig. 3. Effects of caffeine in granule neurones cultured for different periods of time. Cells were tested after different times in culture (DiV, days i
vitro). They were loaded with fluo-3 and stimulated sequentially with caffeine (50 mM, 30s), higtv@&mM, 15s), caffeine again, and acetylcholine
(10pM, 305s). The interval between stimuli was 1, 2, 5 and 5min, respectively. In panel (A) responses were quarfified Besults are meah S.D.

of 163-460 individual cells from at least three different coverslips. In panel B the responses to caffeine and acetylcholine were divided bypshe respo
to high K* for every single cell. Note logarithmic scale.
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Fig. 4. Comparison of the effects of fura-2 and fluo-3 on the response to caffeine in granule neurones. Cells were loaded either with flueh8/AM (1

90 min) (A) or with fluo-3/AM and fura-2/AM simultaneously (1 and.#, respectively, 90 min) (B-D). Then they were stimulated with caffeine and

high K+ as shown. In panels B-D, fluorescence was excited alternately at 340, 380 and 485nm ani/[itt{dB5 nm) (B) or [CAT]. (estimated

from Fz40/F3g0) (C) is shown on ordinates. In panel D, cruBgyo and Fsgo fluorescences are shown. Traces shown are the average of 55-86 individual
cells present in the same microscope field. Panel E shows grey images before stimulation (resting) or at the peak response with caffeine or high K
corresponding to the experiments of traces A—C.
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cells (Fig. 40). Fig. 4D shows the crude traces obtained for Fura-2 reported an increase of f3%. in HEK cells
each of the two excitation wavelengths for fura-2. Perfusion challenged with ATP, but caffeine did apparently give no
with caffeine produced a small increase in both fluores- responseKig. 5A). When cells were loaded with fluo-3 in-
cences, which cancelled out by doing the ratio. Panel E in stead of fura-2, the response to caffeine appedfed £B).
Fig. 4 shows grey images taken at selected time points dur- Fig. 6 compares the frequency distributions of the responses
ing these experiments. Caffeine is known to interact with to caffeine and to ATP in HEK-293 cells loaded with ei-
fluorescent C& indicator dyes modifying the fluorescence ther fluo-3 or fura-2. The loading with fura-2 did not make
emission with little effect on binding affinity for & [39]. much difference in the distribution of responses to ATP
Fura-2 fluorescence is enhanced for both th&'Cfaee and (panels A and B). In contrast, it decreased dramatically
the C&*-bound form, but most of the effect is cancelled on the responses to caffeine (panels C and D). These results
ratioing[39]. This effect is seen ifrig. 4E where both fluo-  were confirmed in cells expressing the cytosolic aequorin
rescencedsa4o andFago, Were increased by caffeine, butthe (Fig. 7). The caffeine-induced [CG&]c increase reported
effect was cancelled on ratioingrifg. 2B). Fluo-3 fluores- by aequorin was little modified by loading the cells with
cence is decreased by 25-30% by 60 mM caff¢dtd, so fluo-3, but it was inhibited by 80% by loading the cells with
that the [C&T]c-increasing effect induced by this drug could fura-2. The [C&t]c-increasing effect of caffeine was also
be slightly underestimated by the fluorescence changes.observed in HEK cells loaded with larger concentrations of
Overall, modifications of the fluorescence of the dyes in- fluo-3/AM (4 and 1QuM, results not shown).
duced by direct action of caffeine are unlikely to contribute  In order to study directly the effects of caffeine and ATP
important artefacts to the data presented here. In addition, theon the C&* contents of ER, HEK-293 cells expressing the
effects of fura-2 and fluo-3 on the [€8c-increasing ability ER-targeted aequorin were challenged with these stimuli and
of caffeine were confirmed by measurements with cytosolic [Ca?*]gr was monitored by chemiluminescence emission
aequorin (se€ig. 7 later). In summary, our results indicate (Fig. 8). The upper panels (A and B) compare the effects
that fura-2 really prevents the increase inf€k induced by obtained in control and in fura-2-loaded cells in experiments
caffeine. performed at 20C. Aequorin was reconstituted by incuba-
At this stage, it became critical to investigate whether tion with coelenterazine n in a-free medium and the ex-
fura-2 was really preventing release of%arom the ER periment was started by addition of €ain order to allow
or just the resulting increase of [€c. For these purposes  refilling of the ER. After 5min, [C&t]er reached a stable
we attempted to measure changes in4Qgr after chal- level of about 80QM. Stimulation with ATP at this stage
lenge with caffeine using ER-targeted aequorin. However, produced a rapid Ga release with decrease in [&dgr to
we were unable to perform these measurements becausabout 40QuM. On washing the stimulus [G&]gr increased
much of the aequorin was inside the glial cells contaminat- to the original level. Stimulation with caffeine at this stage
ing the neuronal cultures. These cells can be easily removedproduced a slow and sustained release otClaom ER.
from analysis in the imaging experiments with fluorescent Control and fura-2-loaded cells behaved similarly. The rates
probes described earlier, but this was not possible in the of [Ca?*]gr decrease (imM/s) in four similar experiments
batch experiments with aequorin. We, therefore, decided were (control versus fura-2-loaded cells; meaB.E.; n =
to repeat the experiments using another cell type that per-4): caffeine, 2+ 0.5 versus +0.4, and ATP, 72-4 ver-
mitted unbiased approach with the ER-targeted aequorins,sus 74+ 1, respectively. The bottom panelshig. 8 show

such as HEK-293 cells. results of similar experiments performed at°& At this
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Fig. 5. Effects of fura-2 and fluo-3 on the response to caffeine in HEK-293 cells. Cells were stimulated with caffeine (50 mM) or AV £5Gshown.
They had been loaded for 90 min with eithep fura-2/AM (A) or 1M fluo-3/AM (B). Results are expressed either as{ta (A) or asF/Fg (B).
Traces are the average of 27-35 single cells present in the same microscope field.
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Fig. 6. Frequency distributions of the responses to caffeine and ATP in HEK-293 cells loaded with either fluo-3 only (upper row) or fura-2 and fluo-3
(lower row). In all the cases the changesF#F, (from fluo-3 fluorescence) were used as the index of{aincrease. Other details are asHiy. 5.
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Control +Fluo-3 +Fura-2

Fig. 7. Effects of loading with either fluo-3 or fura-2 on the responses
to caffeine in HEK-293 cells expressing cytosolic aequorin. Cells were
loaded with fura-2 or fluo-3 as iRig. 5. Control cells were incubated in
standard medium containing no €aprobes for the same time. Aequorin
was reconstituted with coelenterazine h for 60-90 min and-f{zawas
estimated from chemiluminescence emission (Seetion 2. Each bar
represents the meanS.E. of four determinations.

temperature ER refilling was complete within 3 min after ad-
dition of C&*t. Addition of caffeine at this stage produced
a decrease of [Gd]gr which proceeded at a similar rate in
control and in fura-2-loaded cell§ig. 8C and D. In four
similar experiments, the rates of [€ggr decrease induced
by caffeine were (inM/s; meantS.E.; n = 4) 6.2+0.2 and
6.7+ 0.4 in control and in fura-2-loaded cells, respectively.

4. Discussion

Our results indicate that fura-2 masks caffeine-induced
release of C& from the ER, at least in the cell types where
this mechanism is not very prominent. This side effect may
be responsible for many of the controversial results found
in the literature on the presence or absence of CICR in
several cell types (seBection ). Modifications of the ac-
tivity of the different C&* transport systems with culture,
as shown here for cerebellar granule neurones, may also
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Fig. 8. Effects of caffeine and ATP on [€ggr in control (left) and fura-2-loaded (right) HEK-293 cells. Cells expressing the ER-targeted aequorin
(seeSection 3 were incubated for 100-130 min at 20 in C&*-free medium containing 2M coelenterazine n (control, left) or the same plusM
fura-2/AM (+fura-2, right). The experiment in the upper panel was performed a€2@hereas the one in the bottom panel was performed a€37
Calcium (1 mM, Cal), ATP (1.M) or caffeine (50 mM, CAF) were added as shown.

contribute to the discrepancies. Consistent with previous in- inhibitory effects of fura-2Fig. 7). In order to check whether
formation[18], we find that CICR activity decreases with the absence of a [€4]. increase was due to inhibition of
time in culture, whereas the activity of voltage-dependent release from ER, we measured directly changes iR [l

C&t channels increasesif. 3. It is difficult to decide in HEK cells stimulated with caffeine using ER-targeted ae-
whether this is the normal developing tendency of these quorin (Fig. 8). These experiments demonstrated that: (i) the
cells or it should be considered as an artefact generated byrelease induced by caffeine is much slower than the one in-
the culture. Caffeine-induced &a release was increased duced by inositol-trisphosphate-generating agonists, such as

in cells whose ER had been overloaded wittfCay pre- ATP, and (ii) ER release is indistinguishable in control and
vious stimulation with high K (Fig. 2B), as it should be in fura-2-loaded cells.
expected and had been reported bef@g3. In addition, re- Therefore, fura-2 interferes with the increase of{tidn

lease by caffeine from these overloaded stores was bettetthe cytosol rather than with the release of€Cérom the ER.
preserved after primary culture of the granule neurones for The simpler hypothesis is that fura-2 buffers the {0a
several daysKig. 3B). Again, it is difficult to decide which increase to such an extent that it becomes undetectable.
situation represents better the physiological state. It is intriguing, though, why fluo-3, which is also a &a
Fluo-3 allows detection of caffeine-inducedCaelease chelator, should not have the same effect. Either the cell
from the stores in the two cell types examined here, cere-loading or the ‘in situ’Kq for both dyes may diffef40,41].
bellar granule neurones and HEK-293, in which fura-2 pre- On the other hand, G4 buffers do also increase the dif-
vented observation. Therefore, use of this probe should befusion rate of calcium through the cytosol, thus, preventing
preferred over fura-2 for studies on CICR. It is intriguing, the establishment of microdomains with different fCh
though, what could be the mechanistic difference among concentration$21,22] This could somehow interfere with
these two C&" chelators. Fura-2 still prevented detection the generation of the [G4]. increase by release of &a
of CICR by fluo-3 in cells loaded with both dyeBig. 4), from the stores. It has been repeatedly proposed that release
indicating that fura-2 does really prevent the generation of of C&* from the ER generates high &amicrodomains
the [C&*]¢ increase rather than just being unable to re- near the release channels and that such microdomains are
port it. Measurements with cytosolic aequorin confirmed the important for propagation of the [€&]. wave[8]. Under
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this view, buffering by fura-2 could interfere in a subtle way [16] B.E. Ehrlich, E. Kaftan, S. Bezprozvannaya, |. Bezprozvanny, The
with the progress of such waves. In any case, our results pharmacology of intracellular Ga-release channels, Trends Phar-

. . . . macol. Sci. 15 (1994) 145-149.
caution the use of this dye for studies of CICR, at least in [17] G. Grynkiewicz, M. Poenie, R.Y. Tsien, A new generation ofCa

cells where this mechanism is little prominent, and demon- indicators with greatly improved fluorescence properties, J. Biol.
strates the existence of CICR in cerebellar granule neurones  chem. 260 (1985) 3440-3450.
and HEK cells, where it had been questioned previously_ [18] A.J. Irving, G.L. Collingridge, J.G. Schofield, Interactions between
C&* mobilizing mechanisms in cerebellar granule cells, J. Physiol.
(Lond.) 456 (1992) 667—680.
[19] L. Nufiez, A. Sanchez, R.l. Fonteriz, J. Garcia-Sancho, Mechanisms
Acknowledgements for synchronous calcium oscillations in cultured rat cerebellar neu-
rons, Eur. J. Neurosci. 8 (1996) 192—-201.
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