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Abstract A confocal spot detection optical setup was used to 
record fluorescence signals in response to calcium pulses, elicited 
by flash photolysis of DM-nitrophen, with the calcium indicators 
CaOrange-5N and Fluo-3. Our results yield the following conclu- 
sions: [Ca 2+] changes are almost perfect spikes at pCa 9 and 
broader transients followed by a step at pCa 7. The [Ca 2+] spikes 
were used to measure the dissociation rate constant of the Ca 2+ 
dyes. Experiments at pCa 7 were used to verify the kinetic rate 
constants of the dyes and to obtain those of DM-nitrophen. The 
association rate constant of this compound was found to be more 
than one order of magnitude faster than that suggested previ- 
ously. CaOrange-5N was able to track changes in [Ca2+l more 
accurately than Fluo-3. This latter dye introduced severe distor- 
tions which preclude a quantitative deconvolution of the fluores- 
cence transients into changes in the free [Ca2+]. 
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1. Introduction 

The 'caged Ca 2+' chelators Nitr-5 and DM-ni t rophen [1-3] 
have been increasingly used during the last five years as tools 
to investigate the role of  Ca 2+ in the regulation of  various 
biological processes [4-7]. Their  photolysis, elicited by illumina- 
tion with UV light, results in rapid increases in the concentra- 
tion of  Ca 2÷ [Ca2+]. DM-ni t rophen  is particularly effective in 
releasing massive amounts  of  Ca "°+ ions upon UV flash photo- 
lysis and thus, in spite of  Mg-binding limitations, has been the 
tool of  preference for investigation of  Ca 2+ signaling with these 
techniques [5,6]. Unfortunately,  attempts to provide a quantita- 
tive evaluation o f  the actual kinetics of  the Ca2+-transients 
elicited by flash photolysis of  DM-ni t rophen have been only 
moderately successful due to technical limitations in the Ca 2+ 
detection methodology,  and in the availability of  dyes that are 
able to track these transients [8,9]. There is a consensus in the 
literature that release of  Ca 2+ by flash photolysis o f  DM-ni t ro-  
phen leads to the creation of  '[Ca2+]-spikes ' [8-13]. However, 
the characteristics of  these spikes and the dependence of  their 
kinetic properties on the initial conditions at which the flash 
was delivered, have not been well documented. A consequence 
of  this lack of  information has been the open controversy 
[10,11,14-16] about  the interpretation of  data in relation to the 
opening of  muscle Ca2+-release channels in response changes 
in [Ca 2÷] versus their steady-state properties [14-16]. More  im- 
portantly, the usefulness of  flash photolysis techniques to inves- 
tigate the Ca 2÷ metabolism in living cells has been limited by 

*Corresponding author. Fax: (1) (310) 206-3788. 

the inability to measure the resulting [Ca2+]-transient. The pur- 
pose of  this paper is to demonstrate that by using the Ca 2+ 
indicator, CaOrange-5N [ 12,13,17], in combinat ion with novel 
features in the experimental device used to deliver a UV flash 
and to record fluorescence, we are able to measure the kinetic 
properties of  the transients elicited by flash photolysis of  DM-  
nitrophen. The comparison of  the fluorescence data with theo- 
retical predictions of  a model  that include both DM-ni t rophen 
and a calcium dye provide new values for the kinetic parameters 
of  DM-ni t rophen which partially confirm and modify previous 
values in the literature [9]. 

2. Materials and methods 

A confocal spot detection optical setup [18] was used to record 
fluorescence signals in response to calcium pulses, elicited by flash 
photolysis of DM-nitrophen, with the fluorescent calcium indicators 
CaOrange-5N and Fluo-3 (Molecular Probes, Eugene, OR). The source 
of light for excitation of the Ca z+ dyes was the 514 nm wavelength 
(about 1 W of power) of a multiline argon laser (Model 95, Lexel, 
Freemont, CA). A 20 x objective (Fluo20, NA 0.75, Nikon, Japan) was 
used to focus the illuminating beam and to collect light from a small 
spot (6 pm in diameter) centered with respect to a fiber optic used to 
deliver UV pulses. The fluorescence was detected with a PIN photodi- 
ode (HRC008, United Detector Technologies, Culver City, CA) con- 
nected to an integrating head stage of a patch clamp amplifier (Ax- 
opatch 200A, Axon Instruments, Foster City, CA; see [ 18] for a descrip- 
tion of the spot detection methodology). Flashes of UV light (347 nm; 
30 ns) were generated by a frequency-doubled ruby laser (Lumonics, 
UK) and guided through a cladded fused-silica fiber optic (diameter 200 
/zm) to 10/A droplets of solutions placed on a coverslip that constituted 
the bottom of a experimental chamber on the stage of an inverted 
microscope (Model IM, Zeiss, Oberkochem, Germany). The energy of 
every UV flash was measured by a peak detection circuit and acquired 
simultaneously with the fluorescence traces. 

The experimental solutions contained 100 mM KCI, 10 mM MOPS 
(pH 7), 7 mM DM-nitrophen (Calbiochem, La Jolla, CA) and 100ARM 
of a calcium indicator. Their pCa values were carefully adjusted to 
different values by successive titration with CaCI2, monitoring the free 
[Ca 2+] with Ca2*-selective electrodes [19,20]. This titration procedure 
was used to generate Scatchard plots [21,22] that predicted a dissocia- 
tion constant (Kd) for DM-nitrophen of 4.4 nM. The final pH of the 
solutions ranged between 7.2 and 7.5. The steady-state properties of 
Fluo-3 and CaOrange-5N were determined by fitting saturation curves 
to fluorescence data obtained in the same experimental setup where the 
flash transients were recorded. The K d and Fma×lFmi n ratio values thus 
obtained were, respectively, 0.75/IM and 30 for Fluo-3, and 53/~M and 
3.4 for CaOrange-5N [12]. It should be noted, however, that steady- 
state saturation curves for CaOrange-5N clearly suggested the existence 
of a lower affinity complex with a K d of about 150-180 pM. The 
implications that the formation of multiple complexes have in the the- 
oretical interpretation of the kinetic data presented here will be only 
briefly discussed later in this paper; it will be contained in detail in a 
manuscript currently in preparation. 

The bandwidth and sampling rate of the data acquisition system were 
selected to optimize the signal-to-noise ratio of the fluorescence traces 
but they could be as fast as 30 kHz and 6/,ts/sample, respectively. In 
order to prevent the saturation of the fluorescence recording system by 
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the UV flash artifact, the gain of the patch clamp amplifier was reset 
for 50 ,us to close to zero by short-circuiting the integrating capacitor 
of the patch clamp amplifier while the flash was delivered. As a conse- 
quence, the fluorescence records presented below show only the actual 
increase in fluorescence of the Ca 2÷ indicators in response to the release 
of Ca -,+ ions induced by flash photolysis. The fluorescence transients 
are expressed in terms of normalized fluorescence changes (AFt, defined 
a s :  

__ (F- Fm~.) 
A F -  

in which F is the fluorescence acquired in every record as a function of 
time, From is the basal fluorescence recorded at pCa->9, and Fm,~ is the 
fluorescence recorded at saturating [Ca 2÷] (pCa<3). Traces expressed 
as AF are normalized from 0 to 1. The advantage of this scaling method 
compared with the popular system of expressing fluorescence transients 
in terms of AF/F=: (F-Fr¢~,)/F~ units is that results obtained with 
different dyes are readily comparable due to the normalization. More- 
over, it can be readily demonstrated that for a fluorescent dye forming 
a single Ca-dye ([CAD]) complex 

AF = : [CaD]/D,o t 

where  Dto t iS the total dye concentration of the Ca -,+ indicator. The 
experiments were performed at a room temperature of 18°C. 

3. Results 

Fig. 1 shows flash-induced Ca2+-transients detected with the 
dyes CaOrange-5N (closed circles) and Fluo-3 (open circles) in 
a solution at pCa 9. Under these conditions both dyes report 
sudden fluorescence increases in response to UV flashes of 
identical energy (delivered at the instant indicated by the arrow) 
which are followed by exponential decays with very different 
kinetics. The Fluo-3 transient has a time constant of decay (r) 
of about 5 ms and the CaOrange-5N transient decays with a 
r of about 150/~s. From the dissociation constant (Kj) of 
DM-nitrophen (4.4 nM; see section 2) we can estimate that for 
this experiment at pCa 9, the concentration of Ca-DM-nitro- 
phen complex before flash photolysis was 1.3 raM, the rest of 

A 

the chelator (5.7 mM) being in its free form. As mentioned 
above, it has been suggested in several publications [8-13] that 
the existence of this very large concentration of free DM-nitro- 
phen predicts the generation of [Ca>I-spikes (rather than 
'[Ca2+]-steps ') in response to flash photolysis. The sudden de- 
struction of a fraction of the Ca-DM-nitrophen complex, which 
results in an equally rapid release of Ca 2+ ions and increase in 
the free [Ca 2+] of the solution, is followed by a subsequent 
re-binding of the Ca 2+ by un-photolyzed free DM-nitrophen. 
Fig. 1A illustrates the severe limitation of Fluo-3, a commonly 
used Ca>-indicator, in reporting the existence of a fast [Ca>] - 
spike at an optimal experimental condition to generate it. 
CaOrange-5N, on the other hand, does a much better job in 
monitoring the presumably very fast time course of a [Ca2+] - 
spike. The CaOrange-5N transient provides an experimental 
record with which the slowest estimation of the kinetics of the 
[Ca2+]-spike has to be compared. For example, it may be argued 
that the r of decay of the [Ca2+]-spike at pCa 9 is accurately 
tracked by CaOrange-5N, a suggestion compatible with the 
relatively slow ko, reported for DM-nitrophen (e.g. 1.5 x 106 
M-I 's- t ;  [9]). In order to test the validity of this as- 
sumption, we recorded flash photolysis transients with both 
dyes at a pCa close to 7. At these conditions, the concentration 
of the Ca- DM-nitrophen complex is about 6.7 raM, and that 
of free DM-nitrophen is only 0.3 mM. Fig. 1B shows that for 
approximately the same energy of flash photolysis, the ampli- 
tude of the transients recorded by Fluo-3 and CaOrange-5N 
increased by a factor of about five, in agreement with the higher 
availability of photoreleasable complex. It can be observed in 
Fig. IB that the Fluo-3 fluorescence trace reports a significant 
resting fluorescence at this pCa, also in agreement with the 
equilibrium dissociation constant measured for this dye (about 
0.8/IM). In contrast, the CaOrange-5N fluorescence trace does 
not report a significant resting Ca > complexation at this pCa 
due to its very low affinity. The transient responses of both dyes 
to the release of Ca 2+ by flash photolysis of DM-nitrophen are, 
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Fig. 1. Flash-induced CaZ+-transients recorded with Fluo-3 and CaOrange-5N at two different resting Ca 2÷ levels. (A) UV flashes of 820/dJ were 
delivered to droplets of solution containing DM-nitrophen and either 100,uM Fluo-3 (open circles) or 100 ¢tM CaOrange-5N (solid circles). The traces 
obtained with each dye correspond to an average of 4 sweeps. Fluo-3 and CaOrange-5N traces were superimposed for comparison of their time 
courses. The free [Ca 2+] of the solution was adjusted to pCa 9. The vertical bar indicates the same normalized fluorescence value (zf~ see section 
2) for both dyes. (B) Same as in panel (A) but with the [Ca 2+] adjusted at 80 nM (pCa 7.1) and energy 860 ~J. The traces obtained with each dye 
correspond to single sweeps. Also note that in this case the vertical calibration bar is 5 times larger than in (A). 
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Fig. 2. Predictions of a kinetic model of flash photolysis of DM-nitrophen and detection by one Ca 2+ indicator. The UV flash (arrow) photolyses 
a fraction (a) of DM-nitrophen with a time constant of 20 ps, changing its affinity from 4.4 nM to 3.3 mM [3]. The photoreaction has 2.5 higher 
quantum efficiency for Ca-DM-nitrophen than for free DM-nitrophen. Panels (A) and (B) were simulated for the same resting Ca 2. concentrations 
than the experiments shown in Fig. 1A and B, respectively. ~ was set at 5.2% and 5% for simulations in panels (A) and (B), respectively. The kinetic 
parameters for DM-nitrophen and the Ca 2+ dyes are given in the text. 

also at this pCa, very different from each other. The CaOrange- 
5N signal shows an initial transient that decays with a r of 
about 185/.ts followed by a small sustained step of about 5% 
of the amplitude. The Fluo-3 transient is similar to that re- 
corded at pCa 9, but with an even slower r of decay of approx- 
imately 20 ms. The surprising result in the comparison of the 
transients shown in Fig. 1A and IB is that the 100-fold change 
in resting [Ca 2+] of the solutions at which flash photolysis was 
performed, had a relatively small effect in the kinetics of the 
fluorescence transients. This is remarkable since, as said above, 
the concentration of free DM-nitrophen was reduced from 5.7 
mM to 0.3 mM by this manipulation, yet there is still a clear 
indication of a significant, fast transient component in the 
CaOrange-5N record. In terms of the time course of the [Ca 2+] 
induced by the photorelease of DM-nitrophen, the early tran- 
sient component in the CaOrange-5N fluorescence signals 
strongly suggests that 0.3 mM free DM-nitrophen is still able 
to chelate very rapidly the relatively large amounts of Ca 2+ 
released by the flash, an observation incompatible with the 
possibility that the kon of DM-nitrophen is relatively slow, as 
previously suggested. 

Fig. 2 illustrates the results of computer simulations solving 
a system of kinetic equations that represent the physico-chem- 
ical conditions of the experiments shown in Fig. 1. The model 
is quite similar to that described by Zucker [9]. Fig. 2A shows 
the simulated normalized fluorescence transients at pCa 9, and 
Fig. 2B at pCa 7.1. It can be observed that the model quantita- 
tively predicts the main features of the flash-induced transients 
with two vastly different Ca 2+ indicators at two distinct pCa 
conditions. The agreement between the model simulations and 
the data is remarkable considering that both the magnitudes 
and kinetics of the Fluo-3 and CaOrange-5N transients were 
predicted without changes in the model parameters other than 
the free [Ca 2+] of the solutions (for comparison of traces in Fig. 
2A and B) and the kinetic rate constants of the dyes (for com- 
parison between Fluo-3 and CaOrange-5N transients at each 

pCa). There are several features of the model that should be 
highlighted: (a) The association rate constant (kon) of DM- 
nitrophen was 8 × l 0  7 M - l  . s  - I ,  significantly faster than that 
reported by Zucker [9]. Simulations with slower values for this 
rate constant fail to predict the main features of the fluores- 
cence transients, mostly those of CaOrange-5N at the higher 
[Ca2+]; (b) the time constants of decay (r) of the fluorescence 
transients at pCa 9 is almost exclusively determined by the 
dissociation rate constants (kon.) of the Ca 2+ dyes, approxi- 
mately 7 x 103 s -1 for CaOrange-5N and about 170 s -~ for 
Fluo-3; (c) the amplitude of the fluorescence transients is 
mainly determined, at equal dye concentrations, by the associ- 
ation rate constants (ko,) of the dyes, approximately 1.3 x l0 s 
M -I .s -1 and 2.3 x 108 M -I .s -1 for CaOrange-5N and Fluo-3, 
respectively. 

4. Discussion 

We present a new methodology that allows for the detection 
of very rapid fluorescence transients in response to flash pho- 
tolysis of DM-nitrophen, The UV light used for flash photolysis 
of this photolabile chelator was an extremely short pulse (30 ns 
in duration) delivered, at a precise instant, through a fiber optic 
to droplets of solution on the stage of an epifluorescence micro- 
scope. The brief duration of the UV flash, combined with elec- 
tronic 'blanking' of the UV illumination artifact and with the 
use of a fast fluorescence detection system, allowed us to record 
accurately, not only the decaying phase of the fluorescence 
transients, but also their rising phases. Failure to resolve the 
entire time course of the fluorescence transients would preclude 
the comparison between the data presented in Fig. 1 and the 
model simulations shown in Fig. 2, thus considerably weaken- 
ing the determination of kinetic rate constants. 

We present data with the novel fluorescent Ca 2÷ indicator 
CaOrange-5N and demonstrate that it is well suited to track the 
very fast [CaZ+]-spikes elicited by flash photolysis of DM-nitro- 
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phen. Model simulations predict the time course of the 
CaOrange-5N fluorescence transients using values for Kd, kon 
and koff of 53/IM, 1.3 x 108 M -1 .s -~ and 6,800 s ~, respectively. 
Close inspection of the equilibrium binding properties of the 
dye, and the relatively fast decay time constant of the transient 
component at pCa 7, however, suggest the possible formation 
of two Ca2+-dye complexes. One of them would have very 
low affinity (Kd > 100 /~M) and very fast dissociation rate 
constant (kon-> 10,000 s -j) and the other moderate affinity 
(10 BM > Ka > 100 pM) and dissociation rate 
(1,000 < ko~r < 10,000 s l). The simulations shown in Fig. 2 are 
greatly improved with these new assumptions. Nevertheless, 
the kinetic properties of both Fluo-3 and CaOrange-5N fluores- 
cence transients are only compatible with the selection of ko,, 
values for DM-nitrophen at least 30 times faster than those 
reported by Zucker [9]. The discussion about the possible origin 
of this discrepancy goes beyond the scope of this report, but 
we believe that the use of a fast indicator dye and our improved 
methodology allow us to better discriminate between different 
values of this parameter. 

The experimental records and theoretical simulations 
strongly suggest that the [Ca2+]-spikes at pCa 9 are extremely 
fast transients that can be mathematically approximated to 
Dirac delta functions. Under these conditions the kinetic re- 
sponses of one-complex Ca 2+ indicators can be demonstrated 
to behave as a single exponential decays with r = l/kon, of the 
indicator. We used this approximation to calculate the dissoci- 
ation rate constants for Fluo-3 and CaOrange-5N given in 
section 3. In the future, this methodology may prove to be 
optimal to evaluate the kinetic responses of Ca 2+ indicators in 
vitro and in vivo. Based on the model we conclude further that 
for flashes at pCa 9, the heights of the normalized fluorescence 
transients are determined by the Ca 2+ indicators' association 
rate constants (kon). At pCa 7.1, on the other hand, the [Ca 2÷] 
waveform is significantly slower than at pCa 9 and CaOrange- 
5N is able to approximately track its time course. For example, 
in the simulation shown Fig. 2B, the peak [Ca 2+] was 220 p M  
and the peak of the CaD/Car transient was about 0.6, indicat- 
ing a complex formation of 60 pM. If the usual procedure of 
dye calibration is applied to estimate the free [Ca 2+] by assum- 
ing that the dye is at equilibrium, one would estimate that the 
peak [Ca 2+] (for that particular waveform) was 80/,tM, about 
1/3 of the true value. In contrast, using Fluo-3 one would 
estimate a peak free [Ca 2+] of about 4 pM, which is 1/50 of the 
true value. These experimental comparisons illustrate the ad- 
vantage of a faster dye (e.g. CaOrange-5N) over a slower dye 

(e.g. Fluo-3) in detecting rate limited processes. Moreover, 
since the kinetic rate constants can be measured with the flash 
photolysis methodology, it is possible to make the necessary 
corrections for the rate limitation of a dye, provided that the 
distortion introduced is not as severe as it is the case of Fluo-3 
for fast [Ca 2+] transients. 

Acknowledgements." We thank Dr. M. Fill and Mr. E Velez for helpful 
comments and Mr. D. DiGregorio for reading the manuscript. This 
work was supported by NIH Grant AR25201. F.C. belongs to the 
Graduate Program in Biology, Faculty of Sciences, University of Chile; 
his research was partially funded by Fondecyt (Chile) Projects 0060-92 
and 1940369. 

References 

[1] Adams, S.R,, Kao, J.P.Y., Grynkiewicz, G., Minta, A. and Tsien, 
R.Y. (1988) J. Am. Chem. Soc. 110, 3212-3220. 

[2] Ellis-Davies, G.C.R. and Kaplan, J.H. (1988) Proc. Natl. Acad. 
Sci. USA 85, 6571-6575. 

[3] Kaplan, J.H. and Ellis-Davies, G.C.R. (1988) J. Org. Chem. 53, 
1966-1969. 

[4] Land, L. and Zucker, R.S. (1989) J. Gen. Physiol. 93 1017 
1060. 

[5] Delaney, K.R. and Zucker, R.S. (1990) J. Physiol. 426, 473-498. 
[6] Vergara L.J. and Escobar, A.L. (1993) Biophys. J. 65, 37a (Abstr). 
[7] Morad, M., Davies N.W., Kaplan, J.H. and Lux H.D. (1988) 

Science 241,842 844. 
[8] McCray, J.A., Fidler-Lim, N., Ellis-Davies, G.C.R. and Kaplan, 

J.H. (1992) Biochemistry 31, 8856-8861. 
[9] Zucker, R.S. (1993) Cell Calcium 14, 87-1000. 

[10] Lamb, G.D., Fryer, M.W. and Stephenson, D.G. (1994) Science 
263, 986-987. 

[11] Lamb, G.D and Stephenson, D.G. (1995) Biophys. J. 68,946-948. 
[12] Escobar, A.L., Velez, P., Cifuentes, F., Fill, M. and Vergara L.J. 

(1995) Biophys. J. 68, 417a (Abstr.). 
[13] Ellis-Davies, G.C.R., Kaplan, J.H. and Barsotti, R.J. (1995) Bio- 

phys. J. 68, 417a (Abstr.). 
[14] Gyorke, S. and Fill, M. (1993) Science 260, 807-809. 
[15] Gyorke, S. and Fill, M. (1994) Science 263, 987-988. 
[16] Gyorke, S., Velez, P., Suarez-Isla, B. and Fill, M. (1994) Biophys. 

J. 66, 1879 1886. 
[17] Cifuentes, F., Escobar, A.L. and Vergara, J.L. (1995) Biophys. J. 

68, 419a (Abstr.). 
[18] Escobar, A.L, Monck, J., Fernandez, J.M. and Vergara L.J. (1994) 

Nature 367, 739-741. 
[19] Alvarez-Leefmans, F.J., Rink, T.J. and Tsien, R.Y. (1981)J. Phys- 

iol. 315, 531 548. 
[20] Bers, D.M. (1982) Am. J. Physiol. 242, 404-408. 
[21] Lopez, J.R., Alamo, L., Caputo, C., Dipolo, R. and Vergara, J. 

(1983) Biophys. J. 43, 1-4. 
[22] Lopez, J.R., Alamo, L., Caputo, C., Vergara, J. and DiPolo, R. 

(1984) Biochim. Biophys. Acta 804, I 7. 


