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The Effects of Exogenous Calcium Buffers on the Systolic Calcium
Transient in Rat Ventricular Myocytes

M. E. Diaz, A. W. Trafford, and D. A. Eisner
Unit of Cardiac Physiology, Department of Medicine, The University of Manchester, Manchester M13 9PT, United Kingdom

ABSTRACT The aim of this work was to characterize the effects that two commonly used “caged” calcium buffers
(NP-EGTA and nitr-5) have on the amplitude and time course of decay of the calcium transient. We made quantitative
measurements of both free and total calcium using the measured buffering properties of the cell. Intracellular calcium
concentration ([Ca®*],) was measured with fluo-3 in rat ventricular myocytes. Incorporation of the buffer NP-EGTA decreased
both the amplitude and rate of decay of the caffeine response. The slowing could be quantitatively accounted for by the
measured increased buffering. These effects were removed by photolysis of NP-EGTA. Similar results were obtained with
nitr-5 except that the effects were not completely removed by photolysis. This was shown to be due to the persistence of a
component of the increased buffering after photolysis. Both buffers decreased the amplitude of the systolic calcium transient.
However, although nitr-5 produced a simple slowing of the decay, NP-EGTA resulted in an initial rapid phase of decay. This
rapid phase of decay is attributed to calcium binding to NP-EGTA. This work represents the first quantitative analysis of the
effects that extra buffering by a fast and a slow calcium chelator may have on the calcium transient.

INTRODUCTION

Many biological processes are controlled by changes of the We have recently described a method to determine the
free intracellular calcium concentration, [€3,. These re- cytoplasmic buffering properties for €a and the time
sult from fluxes of calcium ions across cellular membranescourse of changes in sarcoplasmic reticulum (SR) calcium
in particular, the surface membrane and that of the endoduring systole (Trafford et al., 1999). We also exploit the
plasmic or sarcoplasmic reticulum. The magnitude and kifact that the degree of buffering in a cell can be changed
netics of the changes of [€4]; depend, however, not only rapidly by photolysis of caged calcium buffers. The results
on the underlying fluxes, but also on the calcium bufferingshow that, although calcium buffers produce the expected
properties of the cytoplasm (Bers and Berlin, 1995). Inslowing of the rate of decay of the caffeine response and
addition to endogenous buffers, fluorescent indicators thaincrease in the cytoplasmic calcium buffering capacity, the
are used to measure [€4; have been reported to have effect on the systolic calcium transient depends on the
effects on calcium buffering (Noble and Powell, 1991; kinetics of the caged-calcium compound used. Although
Berlin and Konishi, 1993). The buffering produced by ex-extra buffering by nitr-5 (a fast calcium buffer) decreases
ogenous buffers has also been used deliberately to studiie amplitude and rate of decay of the calcium transient,
calcium sparks (Song et al., 1998). Manipulation of freeNP-EGTA (which has a slower binding rate for calcium)
[C&*]; by photolabile “caged” calcium compounds has (Ellis-Davies and Kaplan, 1994; Ellis-Davies et al., 1996)
become a very common tool to study different calcium-has more complicated effects.

regulated mechanisms in cardiac muscle (Gurney et al.,

1989; Lipp and Niggli, 1998; Lipp et al., 1996; Niggli and

Lederer, 1991; Naauer et al., 1989; Valdeolmillos et al., MATERIALS AND METHODS
1989; Patel et al., 1995). Although it is very important, for Cardiac ventricular myocytes were isolated (from rats killed by stunning
the quantitative interpretation of the signal obtained, toand cervical dislocation) using a collagenase-protease digestion technique
know the possible effects that such exogenou’ Qaiffers ~ as previously described (Eisner et al., 1989).

may have on the time course and magnitude of the physi-

ological events under study, no reports are yet availabl¢ca®+], measurements

regarding the effects that caged-calcium compounds ma
have on the cytoplasmic buffering capacity of the myocytes
and, therefore, on the calcium transient. (

his was achieved by loading the cells with the penta-acetoxy-methyl
AM) ester form of the calcium-fluorescent indicator fluo-3 (M) for 5

min. Fluorescence was excited at 488 nm and measured between 520 and
620 nm. Fluorescence measurements were calibrated in terms of absolute
values of [C&"]; as described previously (Trafford et al., 1999). Briefly,
Received for publication 3 October 2000 and in final form 24 January when recording was finished, the cell was damaged with the patch pipette.
2001. This produced an immediate rise of 3 and fluorescence (F) followed
Address reprint requests to M. E.’@, Unit of Cardiac Physiology, DY & slow decay. The initial peak fluorescence is taken to be the fluores-
Department of Medicine, The University of Manchester, 1.524 StopfordCence at saturating [€&]; (Fy.,). Because the fluorescence of fluo-3 is
Building, Manchester M13 9PT, United Kingdom. Tel.: 0161-275- 2702; Nedligible in the absence of calcium, this results in the expression,
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Manipulation of [(_‘,asz]i different method of loading the fluorescent indicator affects the measure-
ments. We found that the mean value for the maximum bufferBg,J

To study the effects of exogenous buffers on the calcium transient, the celigas 128+ 18 umol/l cell volume in acid loaded and 162 15 umol/l cell

were loaded with the AM-forms of one of the caged-calcium compoundsyolume in AM loaded. Thé&, was 526+ 125 nM (1 = 8) and 447+ 38

NP-EGTA (5 uM) or nitr-5 (10 uM) for 10 and 5 min, respectively. nM (n = 10), respectively. Neither of these parameters is significantly

Control superfusion solution was then added to excess to stop the loadingjfferent between free acid and AM loaded cejts> 0.05).

process. This solution contained (in mM): NaCl, 134; KCl, 4; MgQl2;

HEPES, 10; glucose, 11; CaLl1-5; titrated to pH 7.4 with NaOH.

Photolysis of the caged-calcium compounds with an intense flash (25OStatistics

360 J) of ultraviolet light £-350—360 nm [Ellis-Davies and Kaplan, 1994;

Adams et al., 1988]) was achieved by using a xenon-flash photolysis unill values are presented as the mearSEM of n experiments. Statistical

(Cairn, Sittingbourne, UK). The light from the flash lamp passed throughsignificance was assessed using paired or unpditest at the level

a beamsplitter where it was combined with the fluo-3 excitation light. The of 0.05.

beamsplitter transmitted 80% of the flash and reflected 20% of the fluo-3

light to the microscope. The dichroic mirror under the objective (part

72100 Chroma Technology, Battleboro, VT) reflected both lights to theRESULTS

objective while allowing the light emitted from fluo-3 to pass through it.

Flash photolysis allowed rapid changes of the extra buffering capacityThe effects of calcium buffers on the

added by the caged compounds, thus allowing control and test measurgaffeine response

ments to be performed on the same cell. All our postflash records were

taken after complete photolysis of the caged compound under study, iThe effects of NP-EGTA on the caffeine response

which case further flashes did not generate any increase &f [Ca
Figure 1 shows the effects of the caged-calcium chelator
NP-EGTA on the caffeine response. NP-EGTA was added

Perforated patch recording as the AM ester before experimenting on the cells. This

compound initially buffers calcium with &, of 80 nM

Voltage clamp was imposed using the perforated patch technique witl . . .
amphotericin-B (Horn and Marty, 1988). Microelectrodes (made from?EII'S_'Da‘_v'eS and Kaplgn, 1994)'_ Howev_er' photolysis by
borosilicate glass) had resistances of 2.5-3@ when filled with (mM);  Illumination with ultraviolet light irreversibly cleaves the
KCH0,S, 125; KClI, 20; NaCl, 12; HEPES, 10; Mggh; K.EGTA, 0.1;  chelator, thus yielding photoproducts with a much lower
titrated to pH 7.2 with NaOH. Amphotericin-B was dissolved in DMSO ¢alcium affinity K4 of 1 mM), which therefore do not
and added to the pipette filling solution to a final concentration of 240 buffer calcium appreciably at the [65] tested in these
ug.ml~L. All the experiments were performed at room temperature (23°C).eX eriments. Fiaure A shows a caffein;e response from a
During the patch clamp experiments, 4-aminopyridine (5mM) and BaCl p - FI9 ) p
(0.1 mM) were added to the bathing solution to block interfering outwardCell that had not been loaded with NP-EGTRf( trace
currents. control). The middle trace (preflash) is from a cell loaded
with NP-EGTA. Compared to the control cell, the transient
. increase of [C&"], produced by caffeine is dramatically
Buffering curves reduced. In addition, the decay of the fC} transient is
Changes of [C&'], were converted to changes of total f[C} using the a|SO_S|OW6I’ than ?n control. This _Iatter effect is more obvi-
cytoplasmic calcium buffering properties of the cell obtained as previouslyous in the normalized traces of FigB1To see whether the
described (Trafford et al., 1999). Briefly, the transient increase of cyto-difference between the caffeine responses in the cells illus-
plasmic free calcium resulting from the application of caffeine (10 mM) trated as control and preflash is due to the extra calcium

generates an inward electrogenic current as calcium is extruded from th fferi th ffei in the right | tflash
cell via the sodium/calcium exchanger. This electrogenic current, whic utiering, the caiiéiné response In the rignt pane (pOS as )

can be measured under voltage clamp, gives a direct measure of the rateW@'S obtained after photolyzing NP-EGTA. This resulted in
which calcium is being pumped out of the cell by sodium-calcium ex-an increase in the magnitude and rate of decay of the

change. To calculate the total rate of calcium removal from the cytoplasmggffeine response to levels similar to those found in un-

it is necessary to correct for that fraction of calcium that is removed frommaded cells. On average both the amplitude and rate of
the cytoplasm by nonelectrogenic mechanisms. The major such mechanis : '

is the sarcolemmal Ca-ATPase (Choi and Eisner, 1999) but there may alsa]ecay of the caffeine résponse were Slgmflcamly less in

be a contribution from mitochondrial sequestration. As in previous work, NP-EGTA-loaded cells than in control (see FigCland

we have corrected for the nonelectrogenic calcium removal by measurind able 1). After photolysis, the amplitude and rate of decay
the rate constant of decay of the rise of {Ch evoked by 10 mM caffeine.  increased to levels similar to those in control cells. In other
This was measured under both control conditidqg,) and with sodium— words, the effects of NP-EGTA on the caffeine response are
calcium exchange inhibited with 10 mM i (ky;). Multiplying a mea- ' . .
sured sodium-calcium exchange flux iy, /(k..n — ky) gives the cor- remov_ed by photolysis and are therefore due to caIC|_um
rected total flux. It should also be noted that the magnitude of thisPuffering rather than nonspecific effects. The concentration
correction factor is constant over the range offCaencountered (Choiet 0of NP-EGTA we tested (pM) did not show any significant

al., 2000). The calculated total calcium efflux gives a measure of thegffects on the diastolic level of calcium (867 8.89 nM;

change of total calcium, which produces a measured change of free calciurﬁ _ 11) in Comparison with the control cells (85+4 7.4
and therefore allows construction of a buffering curve (see FB). 2 nM: n = 8) -

In our previous paper (Trafford et al., 1999), we used the free acid form . . . .
of fluo-3 to measure [G4]; and buffering properties. In the present paper, ~Subsequent experiments were designed to obtain quanti-
the AM ester was used. We have therefore checked to see whether thative measurements of changes of cytoplasmic calcium
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FIGURE 1 The effects of loading with NP-EGTA on the caffeine respo®eOtiginal data. The bars above the traces show when caffeine (10 mM)
was applied. The left-hand panel was obtained from a control cell (not loaded with NP-EGTA). A second cell loaded with NP-EGTA was used for preflash
and postflash traces. The preflashiddle tracg was obtained before and the postflashl{t trace) after photolysis. B) Superimposed traces normalized

to the same amplitude. Note that the record from the control eetitinuous lingis indistinguishable from that after photolysaofted ling. (C) Histogram

of the mean amplitude of the caffeine response (from Table 1) in the three conditions (bars show the 8tinfor 12 control cells and 11 pre- and

postflash).

buffering and relate these to the differences in calciumboth the magnitude of the Na-calcium exchange current and
handling. The experiment illustrated in FigA2shows an- its integral. The fact that the integral was increased by
other caffeine response. Again, photolysis increased botphotolysis indicates that the total amount of calcium
the magnitude of the caffeine-evoked calcium transient angumped out of the cell and presumably stored in the SR was
the rate of decay. This was accompanied by an increase itecreased by the exogenous calcium buffer. On average, in

TABLE 1 Effects of exogenous buffers (NP-EGTA and nitr-5) on the Ca transient

NP-EGTA nitr-5

Control Pre flash Post flash Pre flash Post flash
Caffeine amplitude (nM) 1064 149 (12) 262+ 40 (11)** 960+ 68 (11) 422+ 50 (17)** 741+ 98 (17)*
Caffeine halftime (sec) 1.68 0.22 (9) 16.37+ 2.39 (11)** 1.79+ 0.38 (11) 8.13+ 1.19 (16)** 2.79+ 0.35 (16)*
Systolic amplitude (nM) 519 79 (12) 236+ 24 (13)** 534+ 63 (13) 218+ 18 (14)** 356 + 29 (14)*
Systolic halftime (sec) 0.18 0.02 (9) — 0.16+ 0.02 (21) 0.89*+ 0.05 (7)** 0.54=+ 0.05 (7)**
Biax (mol/l) 162+ 15 (10) 829+ 79 (10)** 218+ 32 (10) 754+ 151 (8)** 345+ 53 (8)*
Ky (uM) 0.45+ 0.04 (10) 0.25+ 0.03 (10)** 0.53+ 0.13 (10) 1.56+ 0.86 (8) 0.40+ 0.08 (8)

The amplitude and rate of decay were measured both during stimulation (systolic parameters) and during application of 10 mM caffeine (caffeine

parameters).
Control values correspond to cells only loaded with fluo-3 recorded the same days as the caged-compound loaded cells.

The values represent meansSEM of (n) cells; *p < 0.05, **p < 0.001 when compared to controls.
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12 cells, the SR calcium content was 6% umol/l inthe  whereB,,,, is the maximum binding capacity; then,
preflash condition, a value that was significantly lowgk(

0.001) from that measured in postflash photolysis (131.4 d(Cap)/d[C&"] = Brax* KJ([CE'] + Ky (2)

13 pmol/l). Figure 2B shows measurements of calcium

buffering before and after photolysis performed in the samé herefore, for each cell, we calculatds},,, and Ky by

cell (Trafford et al., 1999). Itis clear that, over the measureditting Eq. 1 to data such as that of FigB2Using Eq. 2, we
range, before photolysis, a much larger increase of totathen calculated the buffer power as a function of{Qafor
calcium concentration (G is required to increase free each cell. The data were then averaged at 10 nM intervals,
calcium by a certain amount. To present mean data an@living the graphs of Fig. £.

make comparisons between different conditions, we have Figure 2C shows that, as expected for a saturating buffer,
calculated the [C4],-dependence of the buffering power. the buffer power is greater at low [€4;. At any given

This is defined as value of [C&"],, the buffer power is greatly increased
) . before compared to after photolysis. It should also be noted
buffering power= d(Ca)/d[C&"]). that the buffering curves for control cells superimpose on

those after photolysis. The mean data (Table 1) show that
cells loaded with NP-EGTA have a higher mean maximum
Car = (Bpax' [CET/([CETT + Ky), (1)  calcium binding capacityR,,,,) than do control cells, and

If we assume that
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that this increased buffering, like the effect on the caffeineThe effects of nitr-5 on the caffeine response
re?l'F;]C:an(Sai’p:;irrﬁg]nige(?egé/rﬁ)zcgoe%z\jé show that addition o'f\“tr'.5 's a calcium chelatqr with a very _high affi_n _ity for
NP-EGTA increases the calcium buffering capacity of theCaICIum Ko = _145 nM)_, Wh'Ch can be rapldly mod|f|ed_ b_y
cytoplasm and slows the rate constant of decay of [Ga flash photolysis, res_ultlng in a product with fa lower affinity
Figure 3 addresses the question of whether the measuréﬁd = 6 uM)for Ca'c'““_“ (_Adams et_al., 1988, Gurney et_al.,
changes of cytoplasmic calcium buffering can accountt987)- AlSo, because itis synthesized from BAPTA, nitr-5
quantitatively for the observed slowing of the calcium tran-haS_VeW faS_t kinetics of blhdlng and release _of C.a|CIum,
sient. The graph in Fig. B shows the rate of decay of free Particularly if compared with NP-EGTA (which is an
calcium (—d[C&*]./dt) plotted as a function of [CG4],. As EGTA derivative). Figure A illustrates thg effects of nltr—5.
expected from the decrease of the rate constant of decay 8! the peak and decay rate of the caffeine-evoked calcium
[Ca2*],, the slope of this relationship is greatly decreased b);ran3|ent. The controll€ft trace was taken from a (;ontrol
NP-EGTA. Figure 3B shows the rate of fall of total calcium cell that had not been loaded with the caged-calcium com-
(—d[Ca"],/dt) as a function of [C&"],. There is much less pound. The application of caffeine in the preflashiddle
effect on the slope of this relationship than was the case foiface) shows that the extra-buffering by nitr-5 clearly de-
the relationship between-d[C&"],/dt and [C&"],. The creases the peak and slows the rate of decay of the calcium
curves are easier to distinguish in the expanded plots belowfansient. The effects of nitr-5 are decreased by flash pho-
which show the data over the lower range of f{Cawith  tolysis as shown by the postflashight trace) (see also
fitted straight lines. In this experiment, the addition of summary data in Table 1). However, even after photolysis,
NP-EGTA decreased the slope of the relationship betweethe mean value of the amplitude of the calcium transient
—d[C&"]/dt and [C&'], to 3.3% of the control value, was still less than in unloaded cells (Table 1). Again, no
whereas that betweend[C&*],/dt and [C& "], was only  significant effects were observed on the resting level of
decreased to 83%. On average, the addition of NP-EGT/A&alcium among nitr-5-loaded cells (85196 nM; n = 11),
decreased the slope of the relationship betwedfCa "],/  after flash photolysis (90.4 6 nM; n = 11), or the control

dt, and [C&"]; to 22 + 7% (n = 8). cells (85.4+ 7 nM; n = 8). Analysis of the half time of
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FIGURE 3 The effects of NP-EGTA on the rate of fall of free and total calcium during a caffeine respdRaté of fall of free calcium-¢d[Ca*],/dt)
plotted as a function of [d];. The solid symbols were obtained before and the open symbols after photolysis. The lower panel shows an expanded version
of the lower range of [C&];. The lines are linear regressions to the daB).Rate of fall of total calcium {dCa/dt) as a function of [C&']; .
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FIGURE 4 The effects of nitr-5 on the caffeine respong¢.Q@riginal data. Caffeine (10 mM) was applied for the periods shown. The left-hand record
was obtained from a control cell. The other two records were from the same cell loaded with nitr-5 and were obtainednimftgeo( after fight)
photolysis. B) Data from @) normalized to the same amplitud€)(Buffer power plotted as a function of [€8]; (mean data from 10 control cells and

8 loaded with nitr-5). From top to bottom, the curves represent preflash, postflash, and control cells.

decay of the caffeine-evoked calcium transient also showettansient (iddle trace preflash) and that both effects can
a significant increase in the presence of nitr-5 (8.1.2 s;  be removed, at least in part, by flash photolysight trace,
n = 16) in comparison to the controls (177 0.2 s;n = 9; postflash). The normalized average traces in Fig.show
p < 0.001). This effect was also not completely removed bythat, although photolysis of nitr-5 results in a much larger
flash photolysis (2.8 0.3 s;n = 16). This partial effect of and faster decaying calcium transient (Table 1) this value is
photolysis is emphasized by the normalized traces of Figstill significantly slower p < 0.001) than expected from a
4 B. Figure 4C shows the buffering power as a function of control (Fig. 5A, left trace cell. The partial effects of
[C&*];. It demonstrates that nitr-5 increases the bufferingphotolysis are presumably due to the fact (FigC 4nd
power at any given [Cd];, and that flash photolysis does Table 1) that the photolyzed form of nitr-5 is still an
not completely remove this effect. This is emphasized byeffective calcium buffer.
the data of Table 1. Figure 6 presents a quantitative study of the effects of
nitr-5 on the rate of decay of both free and total calcium. As
would be expected from a much slower decay rate in the
The effects of exogenous buffers on the systolic presence of nitr-5, the slope of the relationship between
calcium transient d[C&*]/dt and [C&T]; is much lower during the preflash
records compared to those obtained after photolysis (Fig.
6 A). This point is emphasized in the expanded data in the
Experiments such as the one illustrated in Fig. 5 werdottom panel. In contrast, the relationship between dffa
designed to investigate the effects of adding nitr-5 on theand [C&"]; is unaffected by nitr-5. This observation shows
peak and decay rate of the systolic calcium transient. Figurthat the slowing of the decay of the systolic calcium tran-
5A shows that extra-buffering by nitr-5 has a dramaticsient (like that of the caffeine response) can be attributed
effect on both the peak and the decay of the calciunguantitatively to increased calcium buffering.

The effects of nitr-5 on the systolic calcium transient
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FIGURE 5 The effects of nitr-5 on the systolic calcium transieAj. Qriginal data. Each panel shows the calcium transients produced by 5 (100-ms
duration) voltage clamp pulses from40 to 0 mV every 0.33 Hz. The left-hand record was obtained from a control cell. The other two records were from
a cell loaded with nitr-5 and were obtained either befonéd(lle or after fight) photolysis. B) Normalized data.

The effects of NP-EGTA on the systolic calcium transient and caffeine-evoked calcium transient. Previous studies

The experiment illustrated in Fig. 7 compares systolic cal—.have shown that cytoplasmic calcium buffers produce var-

cum ransiets fom NP EGTAlosced cls before (i 20 2125 0 CelUt e hanaing, netudng » s
7 A, left traced and after photolysis. It is clear that loading P y Y

calcium transient (Brandes et al., 1993; Kirschenlohr et al.,

with NP-EGTA re_sults na markeq decrefasg in the ampI|-1988; Berlin and Konishi, 1993). The major advance of the
tude of the systolic calcium transient. This is reversed by resent paper is to make simultaneous quantitative measure-
photolysis (Fig. 7A, right trace). It is also evident that P bap q

NP-EGTA loading has complicated effects on the kineticsmen.ts of both free and total calcium as well as sarcolemmal
) . . calcium fluxes.
of decay of the systolic calcium transient that are best seen
in the superimposed and normalized traces of Fig. The
addition of the caged chelator produces a marked slowing
the final phase of the decay of the calcium transient, a ”
would be expected. However, there is an initial very rapidcaffelne response
phase, which is faster than that seen in the control cellsThe caffeine response is a useful probe of cell function
That the effects of NP-EGTA buffering on the decay of thebecause, after the calcium is released from the SR, the
systolic calcium transient are removed by flash photolysis isubsequent kinetics depend only on sarcolemmal fluxes and
demonstrated by the fact that the mean half time of decajntracellular calcium buffering. The results show that the
obtained after flash photolysis (Table 1) was not signifi-amplitude and rate of decay of this response are decreased
cantly different from the mean half time measured fromby both nitr-5 and NP-EGTA. These effects are accompa-
control (noncaged compound-loaded) cells. nied by an increase of intracellular calcium buffering power
as measured directly. One difference between the two com-
DISCUSSION pounds is that, although the _effects of NP_-EGTA are re-
moved completely by photolysis, those of nitr-5 only partly
The results of this paper show that incorporation of exogedisappear. This difference correlates with the effects on the
nous calcium buffers alters the kinetics of both the systolidouffering power. The increase of buffering produced by

he effects of exogenous buffers on the
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The closed symbols were obtained before and the open after photolysis. The lower panel shows an expanded version of the data®aflo{@Tj@al
calcium. The data show dCa/dt as a function of [C&'];. The straight lines are linear regressions to the data.

NP-EGTA is reversed by photolysis. In contrast, althoughsimply due to calcium buffering is provided by the obser-
photolysis decreases the buffering produced by loading witlvation that the incorporation of these buffers does not affect
nitr-5, it is still greater than in control (unloaded) cells. This the relationship between the rate of fall of total calcium (as
difference presumably reflects the difference in the affinitycalculated from the buffer curves) and fC%. One unex-
for calcium of the photolysed products. That for photolyzedplained result is that the SR calcium content, as estimated by
NP-EGTA is 1 mM (Ellis-Davies and Kaplan, 1994), a the caffeine response, was decreased by the exogenous
value that is much greater than the ranges of calcium erbuffer. Resting calcium was not affected, so the decrease of
countered in the cytoplasm. The photolyzed form of NP-SR calcium content cannot be the result of decreased uptake
EGTA will not, therefore, contribute significantly to cal- from the cytoplasm due to decreased resting calcium. The
cium buffering. In contrast, th&, for photolyzed nitr-5 is  explanation of the decrease of SR calcium content is there-
much lower (about M), and some buffering is therefore fore unclear.
to be expected in our loading conditions. This remaining
buffering by the photolysed form of nitr-5 has previously
been reported (Pat(_al etal., 1995). The effects of exogenous calcium buffers on the

Both caged calcium compounds decreased the rate of - - )
decay of the caffeine-evoked increase of{€ja This could systolic calcium transient
arise simply as a function of increased buffering leading toThe incorporation of nitr-5 decreased both the amplitude
a lower rise of free calcium and thence of less activation ofand rate of decay of the systolic calcium transient. This
the sodium—calcium exchange. Alternatively, it could beeffect was largely reversed by photolysis. The residual
due to some other effects of the compounds. That this igffect after photolysis (compared to unloaded cells) is pre-
unlikely is supported by the observation that, at least forsumably (see above) due to buffering by the photolyzed
NP-EGTA, the effects of the compounds are removed bycompound. Exogenous calcium buffers have been found to
photolysis. Further evidence that the changes of kinetics ardecrease the amplitude and rate of decay of the systolic
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FIGURE 7 The effects of NP-EGTA on the systolic calcium transief}.@riginal data. The records show systolic calcium transient resulting from
depolarizing (100-ms) pulses from40 to 0 mV applied at 0.33 Hz in the same cell either beftet)(or after ¢ight) photolysis. B) Normalized traces
for the average of 20 systolic transient in each condition.

calcium transient in several previous studies (Backx and tethen pumped back into the SR and out of the cell. This
Keurs, 1993; Berlin and Konishi, 1993). One of these studexplanation is demonstrated by the model of Fig. 8. We
ies (Berlin and Konishi, 1993) concluded that the slowing ofassume that, during the systolic calcium transient, a certain
the decay might be due to effects of the exogenous buffequantity of calcium is released from the SR into the cyto-
(in that case fura-2) on the systems removing calcium fronplasm. The subsequent behavior is determined by three
the cytoplasm. That this is not the case in the present workrocesses.
is shown by the fact that the relationship between the rate of. Binding to intrinsic calcium buffers. We assume that
decay of total calcium and [G4]; was unaffected by nitr-5. these are fast buffers such that, at any instant, the cal-
This again suggests that the effects of nitr-5 are simply cium bound to them is
those expected from additional cytoplasmic buffering.

More complicated results were produced with NP-EGTA, Bmax* [C&Ti/(Ky, + [C])). 1)
where the normally monotonic decay of the calcium tran-
sient became split into two distinct components. One of2. Pumping out of the cell, which we assume to be propor-
these components was faster than control and the other tional to [C&"]; (rate = « - [Ca®"];). Set against this,
slower. A plausible explanation for these biphasic kineticsis  there is a fixed entry of calcium into the cell of magni-
as follows. NP-EGTA is an EGTA-based compound and tudel. Therefore,
therefore has slow calcium-binding kinetics (Ellis-Davies et
al., 1996). When calcium is released from the SR, it will dCa/dt = — «-[C&"]. 2
therefore initially go into the cytoplasm and then, after a ) ) o _
delay determined by the time constant of calcium binding3: Finally, calcium will bind to NP-EGTA according to the
will bind to NP-EGTA. The kinetics of decay of the fast ~ réaction,
component will therefore represent those of calcium binding )
to NP-EGTA, whereas the slow component is the rate at Ca+ NP-EGTA= Ca- NP-EGTA.
which calcium is taken back off the combined buffers and k
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FIGURE 8 Simulation of the effects of NP-EGTA on the calcium transient. See text for a description of the Mpdeéie (left-hand panel shows a
simulated transient in the absence of NP-EGTA and the right-hand one in the presenceudfl 3®-EGTA. B) Superimposed records. The following
parameters were used in the modeliBg;,,, 175 umokl~*; K, 0.59 uM; «, 300 ts™%; I, 30 wmols™ % k;, 17 wmol *s™ % k, 1.36 s *.

The values for all the parameters are given in the legend toalcium immediately thereby decreasing the size of the
Fig. 8. Those fork, and k; were obtained from published rapid component.
data (Ellis-Davies et al., 1996) and those for the parameters In summary, the data in this paper provide a quantitative
of the endogenous buffers from our previous work (Traffordanalysis of the effects of two caged calcium buffers on
et al.,, 1999). The other parameters were selected to givealcium signaling in cardiac cells. The effects of these
reasonable control calcium transients. It is obvious that theompounds can be understood in terms of their (measured)
inclusion of NP-EGTA reproduces the initial fast and sub-effects on cell calcium buffering and their kinetics. The
sequent slow components of the decay of the systolic caleffects that fast and slow exogenous calcium buffer exert on
cium transient. This acceleration of the decay of the calciumthe cytoplasmic calcium buffering, and therefore on the
transient is very similar to that reported using EGTA (Songdecay of [C&"],, may have implications on the interpreta-
et al., 1998). It is also reminiscent of other markedly bipha-tion of data obtained in previous work.
sic calcium transient decays in the literature (Sipido et al.,
1998), which may result from the use of Kraft-Brisolu-
tions containing EGTA. This work was supported by grants from the British Heart Foundation and
It is also obvious that NP-EGTA does not produce anthe wellcome Trust.

acceleration of the initial phase of decay of the caffeine
response. One difference between the caffeine and the sys-
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