
J. Membrane Biol. 97, 53-62 (1987) The Journal of 

Membrane Biology 
�9 Springer-Verlag New York Inc. 1987 

Fluorescent Measurements of lntracellular Free Calcium in Isolated Toad Urinary 
Bladder Epithelial Cells 

William R. Jacobs and Lazaro J. Mandel 
Department of Physiology, Duke University Medical Center, Durham, North Carolina 27710 

Summary. Sodium-calcium exchange has been suggested to play 
a pivotal role in the regulation of cytosolic free calcium (Car by 
epithelial cells. Using isolated epithelial cells from the toad uri- 
nary bladder, Ca/has been measured using the intracellular Ca- 
sensitive fluorescent dyes Fura 2 and Quin 2. Dye loading did not 
alter cell viability as assessed by measurements of ATP and ADP 
content or cell oxygen consumption. When basal Ca s was exam- 
ined over a wide range of cell dye content (from 0.04 to 180 nmol 
dye/mg protein) an inverse relationship was observed. At low 
dye content, Car was 300-380 nM and, as dye content was in- 
creased, Ca/progressively fell to 60 riM. Using low dye content 
cells, in which minimal alteration in Ca steady state would be 
expected, the role for plasma membrane Na-Ca exchange was 
examined using either medium sodium substitution or ouabain. 
While medium sodium substitution increased Caf, prolonged 
treatment with ouabain had no effect on Ca/despite a clear in- 
crease in cell sodium content. The lack of effect of ouabain sug- 
gests that Na-Ca exchange-mediated Ca efflux plays a minimal 
role in the regulation of basal Ca I. However, exchange-mediated 
Ca efflux may play a role in Ca s regulation when cytosolic cal- 
cium is elevated. 
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Introduction 

Cytosolic free calcium (Ca/) has been implicated as 
a regulator of epithelial sodium transport, presum- 
ably by altering luminal Na permeability [37]. The 
proposed role for Ca regulation predicts that an in- 
crease in Caf decreases sodium permeability and is 
based on the observation that sodium transport is 
reduced by: (i) Ca ionophores in toad [44] and turtle 
[2] bladders; (ii) maneuvers believed to inhibit cellu- 
lar Ca efflux mediated by Na-Ca exchange such as 
reduced serosal Na [15, 24] and addition of either 
quinidine [3, 24] or ouabain [24, 25]; and (iii) the 
report that Ca reduces Na permeability in toad blad- 
der plasma membrane vesicles [11]. However, con- 
flicting evidence exists, questioning this simple 
scheme. Both ADH and theophylline, which stimu- 

late sodium transport, increase 45Ca efflux from in- 
tact toad bladder [12] and isolated bladder cells [8], 
presumably by release of intracellular Ca stores into 
the cytosol with subsequent efftux across the 
plasma membrane. Calcium ionophores have also 
been shown to increase sodium transport in frog 
skin to a similar extent as the stimulatory action of 
ADH [5] and in toad bladders, the inhibitory action 
of Ca ionophores can be reversed by ADH [37]. 
While ample suggestive evidence for an involve- 
ment of Car in transport regulation is available, the 
regulation of Ca/ in  intact cells is ambiguous and 
specific information regarding changes in Cafis min- 
imal. 

The plasma membrane Na-Ca exchange has 
been proposed to play a pivotal role in the regula- 
tion of Car [15, 24, 37]. In this scheme, an increase 
in intracellular sodium reduces the plasma mem- 
brane Na gradient available to drive efflux of Ca via 
Na-Ca exchange resulting in an increased Cal. Im- 
plicit to this model are the assumptions that (i) the 
Na-Ca exchange is sensitive to slight changes in cell 
Na concentration, particularly under conditions in 
which Car has been suggested to regulate Na trans- 
port and cell volume; and (ii) that the change in Ca 
efflux is sufficient to change Caf. The latter point 
assumes that other Ca transport mechanisms, in- 
cluding plasma membrane Ca-ATPase, endoplas- 
mic reticulum Ca uptake and mitochondrial Ca up- 
take, play a lesser role in regulation of Cal. 

The recent availability of intracellular Ca-sensi- 
tive fluorescent dyes [16, 40] provides a method for 
directly evaluating the regulation of Caf. In the 
present study, the role of Na-Ca exchange in the 
maintenance of Ca/was examined using both Fura 2 
and Quin 2 in isolated toad bladder cells. In the 
course of these studies a significant dye-Caf interac- 
tion was observed. The nature of the interaction has 
been partially characterized and appears to be re- 
lated to dye-induced alterations in cell Ca handling. 
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Materials and Methods 

ISOLATED BLADDER CELL PREPARATION 

Bladders from 3-6 doubly pithed toads (Bufo marinus) were per- 
fused in situ via the abdominal aorta with an amphibian Ringer 
solution containing (in raM) 102 NaC1, 3.5 KCI, 3 NaHz PO4, 1 
MgSO4, 0.9 CaC12, 5 glucose, pH 7.4 until free of blood. The 
bladders were removed and incubated for 1 hr at 25~ in Ringer 
solution to which 0.6% (wt/vol) dialyzed dextran and 1 mg/ml 
collagenase (type la, low trypsin, Sigma Chemical Co.) were 
added. Following collagenase incubation, the mucosal surface 
was scraped with a microscope slide to liberate the epithelial 
cells. Collected cells were diluted in Ringer + dextran (R + D) 
and centrifuged at 750 x g for 5 rain at 4~ Pellets were sus- 
pended in R + D, layered onto 60% (vol/vol) Percoll containing 
96 mM NaCI, 3 mM NaHzPO4, pH 7.4-7.6, and centrifuged at 750 
x g for 5 min to remove debris and trace red blood cells. Percoll 
centrifugation was repeated two times after which the cells were 
collected and washed in R + D. The resulting pellets were resus- 
pended in R + D and divided into polypropylene flasks to which 
either Fura 2 AM (0.5-10/*M) or Quin 2 AM (2-100 ~M) were 
added. Controls received equivalent volumes of DMSO alone. 
Cells were incubated for 15 rain to 2 hr at 25~ after which the 
suspensions were diluted in ice-cold R + D and washed two 
times. Dye-loaded cells were preincubated at 25~ for 30 rain 
prior to fluorescence measurement. 

FLUORESCENCE MEASUREMENT 

Fura 2 and Quin 2 fluorescence was measured using a custom- 
built ftuorometer, as described below. Excitation light from a 
150-W Xenon arc lamp was filtered through a grating monochro- 
mator followed by a UG-11 filter and directed to a quartz cuvette 
placed in a thermostatically controlled (25~ holder. Cell sus- 
pensions, 3 ml final volume, were continuously stirred with a 
magnetic stir bar. Emitted fluorescence was collected by a fiber 
optic bundle, passed through a second grating monochromator 
and directed onto a photomultiplier tube. Fura 2 was excited at 
350 nm while Quin 2 was excited at 340 nm. For both dyes the 
emitted fluorescence was monitored at 510 nm. 

Ca s was determined by a modification of previously re- 
ported methods [9, 27, 36, 41, 47J. After recording cell fluores- 
cence for 5 rain, (F0, 5 mM EGTA and 3.3 mM Tris base were 
added to estimate the amount of extracellular dye in the sample 
(F2). In both Fura 2 and Quin 2 studies, the use of EGTA to 
estimate extracellular dye was confirmed by random comparison 
of dye dependent fluorescence in parallel suspension superna- 
tants. For Quin 2 studies, additional verification was obtained by 
examining the effect of MnC12 (1.5/.~M), which quenches 50% of 
the dye signal [27]. In all comparisons a greater than 95% agree- 
ment was observed. Digitonin, 67/xg/ml, was then added to per- 
meabilize the cell membrane and, in the presence of EGTA, 
reduce dye fluorescence to a minimum value (F3), After a stable 
F3 had been recorded (2-5 rain), CaCI2, 5.5 mM, was added to 
saturate the dye and establish maximal fluorescence (F4). Parallel 
recordings of cell autofluorescence were obtained using non- 
loaded cells and used to correct dye fluorescence recordings. 

The value for Ca i was calculated based on the recorded 
fractional occupancy of the dye and Ka using the equation 

Ca~ = K~,  ((F2 - F3)l(F4 - F,)) 

The Ka for Fura 2 and Quin 2 were determined at 25~ in a buffer 
containing (in mM) 105 KCI, 20 NaC1, 1 MgC12, 10 MOPS, pH 
7.25. The Fura 2 Ka was 168 -+ 6.5 nM (n = 4), while that for Quin 
2 was 110 +- 15 nM (n = 3). The lower K~ observed for Fura 2 in 
these experiments as compared to previously published values 
[16] probably reflects both differences in the ionic strength and 
the temperature used. The Quin 2 Kd is in good agreement with 
the previously reported Ka for Quin 2 at 20~ [31]. 

To quantitate cellular dye content, known amounts of Fura 
2 or Quin 2 were added directly to the sample after recording F4. 
Content was calculated after correcting the cellular calcium-sen- 
sitive fluorescence for calcium-insensitive fluorescence and ex- 
pressed as nmol of dye/mg cell protein. Cell protein was deter- 
mined by the method of Bradford [7] using BSA as a standard. 

OXYGEN CONSUMPTION 

Cellular oxygen consumption (Q02) for control and dye loaded 
suspensions were determined in a sealed temperature controlled 
chamber at 25~ with an oxygen electrode and amplifier (In- 
stech). 

CELLULAR NUCLEOTIDES 

Nucleotides were extracted in HCIO4, prefrozen in liquid nitro- 
gen and quantitated by high performance liquid chromatography 
[20]. Cellular nucleotides were calculated as total minus extracel- 
lular (generally <2% of the total) and normalized per mg cell 
protein. 

CELLULAR ION CONTENT 

Ca content was determined after washing 1 ml of suspension in 
10 ml of Ba 2+ substituted Ca z+ free medium containing (in mM) 
102 NaCI, 3.5 KCI, 3 HEPES, 1 MgC12, 0.9 BaC12, pH 7.4 at 4~ 
The resulting pellet was resuspended in Ba buffer and centri- 
fuged through a 2 : 1 mixture of dibutyl/dioctyl phthalate. Na and 
K contents were determined after washing suspensions in n- 
methyl-D-glucamine substituted buffer as described for Ca con- 
tent. Ions were quantitated in perchloric acid extracts by atomic 
absorption and normalized per nag cell protein. 

STATISTICS 

All group data are expressed as mean -+ SD. Differences between 
groups were considered significant at P < 0.05, using the paired 
Student's t test. 

Results 

In i t i a l  s t u d i e s  e x a m i n i n g  c o n t r o l  v a l u e s  f o r  Ca f  us -  

ing  F u r a  2 o r  Q u i n  2 i n d i c a t e d  t h a t  t h e  t w o  d y e s  d id  

n o t  g i v e  i d e n t i c a l  v a l u e s  d e s p i t e  t h e i r  s i m i l a r  K d ' s  at  

25~ a n d  t h e  u s e  o f  i d e n t i c a l  p r o t o c o l s  to  d e t e r m i n e  
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Fig. 1. Relationship between measured Cayand log cell dye con- +Fura 2 
tent for Fura 2 (n) and Quin 2 (O) loaded cells. Cells were (n = 3) 
incubated at 25~ for 30 rain prior to Cay determination. The Control 
autofluorescence of nondye loaded cells was also measured and +Quin 2 
converted to Fura 2 ( � 9  or Quin 2 (A) equivalent fluorescence (n = 4) 
values per mg cell protein, and these values are plotted along the 

x axis 

CajJ. Fura 2 loaded cells provided an average con- 
trol "value for Cafof 234 + 13 nM (n = 39), while the 
average value using Quin 2 was 86 --- 9.4 nM (n = 
22). The Quin 2 value is in good agreement with 
previous studies of Casin isolated toad bladder cells 
using similar methods [36]. To determine if the dif- 
ference in Ca I between Fura 2 and Quin 2 loaded 
cells was due to differential dye loading, cellular 
dye content was varied from 0.04 to 180 nmol/mg 
protein by altering the concentration of Fura 2 ace- 
toxymethylester (AM) or Quin 2 AM incubated with 
cells as well as the incubation time. The combined 
results for these studies are shown in Fig. I, which 
clearly illustrates an inverse relationship between 

1 In preliminary studies, the ratio method for Cas determina- 
tion using Fura 2 [16] was attempted and found to be unsatisfac- 
tory in isolated toad bladder cells. In examining the excitation 
spectra from dye-loaded cells it was observed that, e v e n  fo l low-  

ing extensive washing and autofluorescence correction, a resid- 
ual Ca-insensitive signal, similar to the Fura 2 AM spectrum, was 
present. The residual signal substantially increased the observed 
380 nM fluorescence, thereby reducing the calculated 350:380 
ratio and seriously underestimating Cazwhen compared with val- 
ues obtained using fractional occupancy calculations and 350 nM 
excitation. Recent studies by Scanlon, Williams and Fay [33] 
identified a contaminating signal from Fura 2 loaded cells, w h i c h  
could account for the changes in excitation spectra observed in 
these  cells. A similar contaminant has been reported in isolated 
sarcoplasmic reticulum preparations [19]. 

9.1 + 1.6 13.5 _4- 2.7 5.7--- 1.3 
7.8 + 1.1 11.6 • 1.2 5.4 --- 0.7 2.67 • 1.2 

8.4 • 1.4 12.6 • 2.2 5.3 • 1.1 
9.1 • 1.5 14.8 • 2.9 5.4 • 1.3 36.8 • 17.3 

Nucleotide Content (nmol/mg protein) 

ATP ADP ATP/ADP nmol dye/rag 
protein 

11.4 • 1.7 1.5 -+ 0.5 7.6 
13.2 -+ 2.3 1.8 -+ 0.3 7.3 2.93 • 1.7 

8.9 • 0.6 1.2 • 0.2 7.4 
8.9 +- 1.7 1.2 • 0.1 7.4 20.3 • 10.8 

Oxygen consumption was determined polarographically as de- 
scribed in Materials and Methods. After a 10-min basal record- 
ing, nystatin, 25/xg/ml, was added and the increase in QOz re- 
corded for 5-10 min. Nystatin, a monovalent ionophore, 
increases intracellular Na +, thereby increasing Na-K-ATPase 
activity and mitochondrial respiration [17]. Following nystatin, 1 
mM ouabain was added to inhibit sodium pump activity and mea- 
sure Na+ independent QO2. Nucleotides were measured as de- 
scribed in Materials and Methods. 

cellular dye content and Caf. While previous inves- 
tigators using Quin 2 have not observed an effect of 
cell dye content on Caf, the range of dye content 
examined has generally been less than an order of 
magnitude. In the present study, examination of 
Fig. i over a limited range of Quin 2 content does 
not readily identify a relationship between Quin 2 
content and Cay. With the availability of Fura 2, 
however, the dye content range has been expanded 
to greater than four orders of magnitude in the 
present study, thereby revealing the effect of  dye 
content on Caf. A similar inverse relationship has 
been observed in suspensions of renal cortical tu- 
bules from the rabbit [21] but not in cortical tubule 
suspensions from the rat (unpublished observation). 

To determine the cellular mechanisms responsi- 
ble for this relationship, several possibilities were 
considered. The first was that dye loading altered 
cellular viability and/or metabolism, as previously 
reported for lymphocytes [18] and red blood cells 
[38]. Cellular QO2 and nucleotide content were de- 
termined in dye loaded cells to evaluate this possi- 
bility. As shown in Table 1, neither Fura 2 or Quin 2 
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Fig. 2. Effect of 10 /.LM Br-A23187 addition on Cay. Both 
ionophore treated (open symbols) and paired controls (filled 
symbols) are shown for Fura 2 ([~, m) and Quin 2 ((3, O) loaded 
cells. Values for Cay were determined 5 min after addition of 
ionophore or vehicle 

altered basal QO2 or cellular nucleotide levels and 
no differences in the QO2 responses  to nystatin or 
ouabain were  observed.  The possibility that trace 
amounts  of  Zn 2+ may  have  artificially increased the 
Fura  2 signal [16] and reduced the Quin 2 signal [4, 
18] was evaluated by incubating loaded cells with 45 
/zM of  the cell pe rmeant  heavy  metal  chelator te- 
t rakis[2-pyridylmethyl]ethylenediamine (TPEN),  
which has negligible affinities for Ca z+ or Mg z+ [4], 
for 5-10  min prior  to determination of  Caf. T P E N  
slightly increased mean  Caf f rom 200 -+ 45 nM to 227 
- 33 nM (n = 5) for Fura  2 and f rom 107 _+ 23 nM to 
120 -- 19 nM (n = 4) for Quin 2 loaded cells. Nei ther  
change was statistically significant, and no relation- 
ship be tween T P E N  effect and dye content  was 
noted. 

The dependence  of this relationship on external 
Ca was examined in two types of  experiments.  
First, suspensions loaded with Fura  2 in the pres- 
ence of  1 mM Ca were  subsequently incubated for 
30 min in a low (0.1 mM) Ca medium. This ma- 
nuever  reduced Cay f rom 192 --- 38 nM to 128 --+ 22 
nM, n = 4 P < 0.05, suggesting that reduced Ca 
entry may  be partially responsible for  the effect  of  
increasing dye content  on Caf. Second, the total Ca 
content  of  the cells was measured  in the presence  
and absence  of  Quin 2 to determine whether  the Ca 
bound to the dye comes  mainly f rom internal 
sources or f rom net influx. Cells loaded with Quin 2 
(18.0 --+ 2.0 nmol Quin 2/mg protein; Cay = 79 -+ 17 
nM; n = 5) showed no significant difference in total 
cell calcium as compared  to unloaded cells (17.7 _+ 
1.9 vs. 18.5 -+ 2.9 nmol Ca/mg protein). This result 
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Fig. 3. The effect of 300 t/,M CN on control Ca I and Ca s in the 
presence of 10/zM Br-A23187. Control Caf (O, m) and Car in the 
presence of ionophore ((3, V1) are plotted along the x axis, while 
Cay in the presence of CN or CN- plus ionophore are plotted 
along the y axis. Regression analysis indicated a correlation of 
0.95 with a slope of 1.35 (n = 14) 

suggests that  most  of  the Ca bound to the dye 
comes f rom internal Ca redistribution, suggesting 
that the rate of  Ca influx into these cells is low. 

The inverse relationship between cell dye con- 
tent and Cafwas  further  character ized by examining 
the effects of  Ca ionophores  and C N -  on Caf. At 
low Fura  2 content  (<0.5  nmol dye/mg protein), 10 
/ZM Br-A23187 increased Car to 700 nM or higher, 
reaching dye saturat ion in many  cases (Fig. 2). At 
higher Fura  2 loading (>0.5 nmol dye/mg protein) 
and all levels of  Quin 2 loading, Br-A23187 pro- 
duced a subsaturating increase in Car (Fig. 2). The 
latter response  was achieved in about 1-2 rain to a 
new value, which then remained constant  through 5 
rain. At high Quin 2 content  addition of  Br-A23187 
increased C a f f f o m  57 - 8.4 to 131 -+ 24 n M  (n  = 8) 

and a delay in ionophore mediated increase in Caf 
was somet imes  observed,  consistent  with studies in 
neutrophils [39]. Interestingly,  the value for Caf in 
the presence  of  ionophore is close to the Kd of  Quin 
2 (115 nM), suggesting that the blunted ionophore 
effect reflects, in part ,  buffering of Car by the dye 
[39]. Similar results were  obtained using 30 /~M 
ionomycin,  except  that signal saturation at low Fura 
2 content  was not observed.  When lower concentra-  
tions of  ionophores  were  tested,  either transient or 
small stable increases in Caf were  observed consis- 
tent with previous studies in a variety of  cell types 
[18, 31, 36, 41]. When either ionophore was added 
to cells in the presence  of  5 mM EGTA,  no consis- 
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Fig. 4. Effect  of  reduced medium Na  on Ca I.  Data  is plotted as described in Fig. 3. (A) Cells were incubated with 3 mM Na,  n-methyl-D- 
glucamine subst i tu ted medium,  for 30 rain at 25~ Only Fura  2 loaded cells were examined.  Control Cas (11) and Ca l in  the presence  of  
Br-A23187 ([~) are plotted along the x axis while Ca s in Na subst i tuted medium is plotted along the y axis. Regress ion  analysis  indicated 
a correlat ion of  0.88 with a slope o f  1.51. (B) In three exper iments  the effect of  varying medium Na  on Ca I was examined .  Cells were 
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tent increase in Ca/was observed, but rather a slow 
decline in Caf was noted. For both Br-A23187 and 
ionomycin, further addition of ionophore had no ef- 
fect on the new Cal. However, digitonin addition 
always produced dye saturation in the absence of 
EGTA. 

The effect of CN- was tested to determine 
whether the limited increase in Caf after ionophore 
addition was due to a metabolically dependent pro- 
cess. Addition of 300 txM KCN increased Caf in 
both Fura 2 and Quin 2 loaded cells (Fig. 3). The 
increase in Ca s was proportional to the control Ca s 
over the range examined. When CN- and Br- 
A23187 were added simultaneously, Caf was ele- 
vated to a higher level than observed with 
ionophore alone. Again, the increase in Caf with CN 
plus ionophore was proportional to the Car ob- 
served with ionophore alone. This result suggests 
that "the limited ionophoretic effect was not due to 
quenching of intracellular dye but to a combination 
of Ca buffering and a metabolically dependent Ca 
transport process. 

To determine the role of Na-Ca exchange in the 
regulation of Caf the effects of medium sodium sub- 
stitution (with n-methyl-D-glucamine) and ouabain 
on Ca s were examined. Following a 30-min incuba- 
tion in medium containing 3 mM Na, Car was higher 
than in the presence of normal Na (Fig. 4A). As 
observed in the presence of CN- the increase in Caf 
was proportional to the Ca I in normal Na medium. 
In three studies the effect of varying medium Na on 

Cay was examined (Fig. 4B). The apparent Km for 
the effect of medium sodium on Caf was 10-20 mM. 
Previous studies in toad bladder cells [36, 47], cul- 
tured epithelial cells [6, 35], rabbit proximal tubules 
[26] and Necturus proximal tubule [24] have also 
reported an increase in Ca s following Na substitu- 
tion. While increased Caf has been interpreted as 
evidence for Na-Ca exchange mediated Ca efflux, 
the use of nonpolarized cell suspensions in the 
present study makes this conclusion tenuous. For 
example, a reduction in medium Na may alter both 
Na-Ca exchange activity and mucosal Na channel 
activity, thereby altering intracellular sodium con- 
centration. Previous studies have shown that reduc- 
tion of medium Na reduces cell Na content [24, 28], 
and preliminary studies in this preparation have 
shown a greater than 50% reduction in cell Na and a 
slight decline in K content (unpublished observa- 
tions). 

To clarify the role for Na-Ca exchange in the 
regulation of Caf, the effect of ouabain on Caf was 
examined. Ouabain increases intracellular Na, 
thereby reducing the Na gradient for Na-Ca ex- 
change. When low Fura 2 content suspensions (0.73 
+ 0.25 nmol Fura 2/mg protein, n = 8) were pre- 
incubated with 1 mM ouabain for 30 rain no signifi- 
cant change in Car was observed (232 _+ 36 nM vs. 
221 --+ 39 riM). Short-term (<5 min) ouabain treat- 
ment had no effect on Ca s and ouabain treatment of 
Quin 2 loaded suspensions also had no effect on Caf 
(data not shown). When the concentration of oua- 
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bain was increased to 5 mM and the incubation time 
extended to 60 min, no increase in Caywas observed 
despite a clear increase in cell Na content (Fig. 5). 
No change in Na + K content was observed (788 --- 
65 vs. 773 - 82 nmol/mg protein), suggesting that 
ouabain did not alter cell volume. The changes in 
cell K and Na content in the presence of ouabain 
were identical in Fura 2 loaded and nonloaded cells. 
However, in the presence of-ouabain, addition of 
Br-A23187 or CN- produced a greater increase in 
Caf than was observed in paired nontreated cells 
(Table 2). This difference in Caf observed with Br- 
A23187 and CN- addition provides some evidence 
for the presence of Na-Ca exchange (see Discus- 
sion). 

Discussion 

The present study was undertaken to compare the 
use of Fura 2 and Quin 2 for measurement of Ca s in 
isolated toad bladder cells and examine the role of 
Na-Ca exchange in the regulation of Cay. The com- 
bined results of basal measurements of Caf clearly 
demonstrate an inverse relationship between cellu- 
lar dye content and Caf. The mean value of Ca/for 
Quin 2 loaded cells is in good agreement with previ- 
ously reported values for toad bladder cells in 
which extracellular dye fluorescence was corrected 
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Table 2. 

Control +5 mM Ouabain 

+Br-A23187 589 -+ 55 796 -+ 67* 
(n = 5) 
+ C N -  325 -+ 20 451 -+ 57* 
(n = 4) 

Effect of  10/xM Br-A23187 and 300/zM K C N  on Cay in control 
and ouabain pretreated Fura  2 loaded cells. Cells were incubated 
for 1 hr  in the presence  or absence  of  5 mM ouabain prior to 
addition of  either 10 ~M Br-A23187 or 300/~M CN . The effect of  
ionophore or C N -  was determined 2-3  min after addition. *P < 
0.05 compared  to control. 

[36] but lower than noncorrected values [9, 47]. At 
higher Quin 2 loading (50-180 nmol/mg protein), an 
apparent minimum value for Casof 58 _+ 8.4 nM (n = 
8) was observed, a value consistent with Ca s mea- 
sured in Quin 2 loaded toad bladder cells incubated 
in medium containing 0.1 mM Ca [36]. Conversely, 
at low Fura 2 loading (0.05-0.2 nmol/mg protein), 
no clear plateau value for Caf was observed. In light 
of the dye-dependent effect on basal Caf, it was 
anticipated that at low dye content the observed Caf 
would reach a constant value (due to minimal dye- 
Ca s interaction), thereby indicating the true resting 
Caf. However, lower levels of Fura 2 content were 
not reliably measured due to the progressive domi- 
nance of cellular autofluorescence in the record- 
ings. Although a clear plateau for Caf was not ob- 
served, the present data indicates a minimal value 
for resting Caw between 250-350 riM. This estimate 
is in good agreement with previously reported val- 
ues for Ca s in amphibian epithelial cells using C a  2+ 

microelectrodes [23, 24]. 
In an attempt to explain this inverse relation- 

ship, various possibilities were explored. This be- 
havior does not appear to be due to dye-induced 
alterations in cell viability based on the observation 
that basal, nystatin-stimulated, and ouabain-inhibit- 
able Q O 2  a r e  not altered by dye loading. The latter 
two variables are sensitive indicators for early 
changes in cell viability [34]. Additionally, dye load- 
ing does not adversely affect cellular ATP or ADP 
content, in contrast to previous studies [38, 41]. The 
difference between the Fura 2 and Quin 2 values for 
Caf does not appear to be related to a trace heavy 
metal effect [4, 18] in that TPEN does not signifi- 
cantly alter the observed Ca s. Another possibility 
could be intracellular dye compartmentation, since 
recent studies in toad smooth muscle cells have 
shown that Fura 2 distributes into both the nuclear 
and sarcoplasmic reticulum, as well as cytosol, and 
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that these subcellular compartments have higher 
values for Car than is observed in the cytosol [46]. 
In smooth muscle cells the concentration of Fura 2 
in subcellular compartments tended to increase 
with larger dye loading and therefore would cause 
an overestimation of Ca s using macroscopic tech- 
niques at high dye content. However, this type of 
phenomenon would not account for the present ob- 
servation that Ca/decreases  with increasing dye 
content in toad bladder cells. The question of dye 
microcompartmentalization in toad bladder cells 
awaits more detailed analysis. 

The data obtained with Ca ionophores suggests 
that the inverse relationship may be due, in part, to 
a dye-dependent buffering of Cal. Numerous inves- 
tigators have suggested a Quin 2 dependent buf- 
fering action based on limited effects of ionophores, 
altered cellular responses to stimulate in the pres- 
ence of Quin 2 [14, 22, 42, 45] and an effect of high 
vs. low dye content on basal Car [36, 45]. However, 
buffering alone does not appear to account for the 
present data taken as a whole. Rather a combina- 
tion of buffering and an alteration in cell Ca han- 
dling is suggested by the present data. A dye-depen- 
dent alteration of Ca handling is implicated by the 
following observations. First, Caf is constant for up 
to 2 hr after dye loading (longer time points have not 
been examined), suggesting that Ca/is held at a new 
set point rather than transiently buffered to low lev- 
els as observed in hepatocytes [29]. Second, the 
effect of increasing dye content on Car can be mim- 
icked by incubating suspensions in a reduced Ca 
medium (see Results and Ref. 36), suggesting that a 
reduction in Ca permeability may account for the 
effect of dye content on basal Cal. Third, consistent 
with the second point, total cell Ca does not signifi- 
cantly increase in Quin 2 loaded cells, in contrast to 
studies in lymphocytes [18], red blood cells [38], 
and hepatocytes [10]. At a dye content of 18 nmol 
Quin 2/mg protein and a Caf of 79 riM, the calculated 
Ca bound to the dye is 7.4 nmol/mg protein. Had 
the cells accumulated Ca during dye loading and 
pre-incubation to offset the increasing dye content, 
a 7.4 nmol/mg protein increase in total cell Ca 
should have been observed. The lack of significant 
increase in total Ca content with Quin 2 loading 
suggests that the Ca bound to the dye is predomi- 
nantly obtained from intracellular stores. This phe- 
nomenon may account for the inability to detect 
releasable Ca when ionophores are added to the 
absence of medium Ca. Fourth, the observation that 
CN- increases both basal and ionophore-mediated 
Cay suggests that free calcium concentration is be- 
ing maintained, in part, by energy-dependent pro- 
cesses even in the presence of the ionophore. Fi- 
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Fig. 6. Proposed pathways for cellular Car regulation. See text 
for discussion 

nally, the minimum value for Caf, 58 riM, observed 
with high Quin 2 is not the Kd for the dye, implying 
that this value of Caf is not just due to dye buf- 
fering 2. 

To explore the effect of dye content on basal 
Cafwe considered a simple scheme for cell calcium 
handling shown in Fig. 6. For Ca influx, two path- 
ways may be considered, including a Ca channel 
and/or Na-Ca exchange, whereas Ca efflux may oc- 
cur via a Ca-ATPase and/or Na-Ca exchange. Na- 
Ca exchange may be considered as either a Ca 
influx or efflux pathway, depending on the re- 
lationship between plasma membrane Na and Ca 
gradients. While Na-Ca exchange has classically 
been predicted to operate as a Ca efflux pathway 
[43], recent studies have suggested that in epithelial 
cells Na-Ca exchange-mediated Ca influx may oc- 
cur under normal cell conditions [35]. Using this 
scheme, the present observation that increasing dye 
content results in a sustained reduction in Caf may 
be attributed either to a reduction in Ca influx or an 

2 If the reduction in Car was simply due to the introduction 
of a strong Ca buffer to a cell with inherently low Ca permeabil- 
ity, we would predict that Car would plateau at the Ka for the 
dye, 168 nM for Fura 2 and 115 nM for Quin 2 loaded suspen- 
sions, respectively, as the increasing dye content becomes the 
dominant Ca buffer [39]. By analogy, addition of a strong basic 
buffer (Tris base) to an acetate buffered solution progressively 
increases pH. When Tris becomes the dominant buffer the solu- 
tion pH will plateau at 28.2 (the pK for Tris). While pH will 
eventually become more alkaline as Tris base is added in excess, 
a clear plateau precedes alkalizination beyond the pK for the 
buffer. 
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increase in Ca efflux such that a new steady state is 
achieved. 

Most of the results obtained in this communica- 
tion suggest that a reduction in Ca influx occurred. 
First, based on the observation that Cafis stable for 
2 hr after dye loading and total Ca content does not 
increase in proportion to dye content, it would ap- 
pear that a dye-dependent reduction in Ca influx 
occurs such that Ca entry is reduced. Second, using 
low Fura 2 content suspensions, incubation in a re- 
duced Ca medium decreases Caf, demonstrating 
that a reduction in Ca entry mimics the effect of 
liigh Quin 2 content on Caf. Interestingly, the ap- 
parent minimum value for Ca s (58 nM) observed 
with high dye loading is in good agreement with the 
minimum value (54 nM) previously reported in Quin 
2 loaded toad bladder cells incubated in reduced Ca 
medium [36]. The latter value was clearly due to a 
reduced Ca influx since readdition of Ca 2+ to the 
medium progressively increased Caf to 89 nM. 
Third, while an increase in Ca efflux could, in the- 
ory, account for the effect of dye content on basal 
Caf (Fig. 1), the relationship observed in Fig. 3 
would not be anticipated. For example, if a primary 
increase in Ca efflux accounted for the reduced ba- 
sal Caf, it would be predicted that addition of CN- 
to high dye content suspensions (low basal Caf) 
would have a greater effect on Ca s than the same 
treatment in low dye content (high basal Car) sus- 
pensions (assuming equitable reduction of ATP in 
both cases). These considerations taken together 
suggest that increasing dye content primarily re- 
duces Ca influx. However, a simultaneous increase 
in Ca efflux, at high dye content, cannot be ex- 
cluded by the present data and may in fact contrib- 
ute to the limited effect of Br-A23187 at high Quin 2 
content (Fig. 2). Further studies are needed to eval- 
uate whether a simultaneous increase in Ca efflux 
contributes to the reduction in basal Cal. 

While it is not clear by which mechanism the 
increase in dye content causes a reduction in Ca 
influx, one possibility is that Ca entry via Na-Ca 
exchange is reduced. Previous studies in squid axon 
have shown that reduction of cytosolic Ca, using 
either Quin 2 [1] or EGTA [13], paradoxically re- 
duces Ca entry in exchange for cytosolic Na. It is 
important to note that in these studies reduction of 
cytosolic Ca did not alter Ca efflux in exchange for 
medium Na. Alternatively, a dye-dependent reduc- 
tion of Casmay inactivate a Ca channel, also result- 
ing in a sustained reduction of Ca s. 

To test for the presence of Na-Ca exchange ac- 
tivity the effect of increased intracellular Na, 
through ouabain treatment, and the effect of me- 
dium Na substitution were examined. Ouabain 
treatment alone did not elevate Car despite a clear 

increase in intracellular Na content. Previous stud- 
ies in cultured renal cells and proximal tubules have 
reported either an increase [6, 24] or no change [21, 
26, 32, 35] in Car with ouabain. In the present study 
ouabain inhibited QO2 and altered cell ion content 
to the same extent in Fura 2 loaded and nonloaded 
cells, demonstrating that Fura 2 did not interfere 
with ouabain inhibition of the sodium pump. The 
lack of effect of ouabain on basal Caf suggests that 
Na-Ca exchange does not significantly contribute to 
Caf regulation under basal conditions. On the other 
hand, the facilitated effect of Br-A23187 and CN- in 
ouabain pretreated cells may indicate that Na-Ca 
exchange may become an important Ca efflux path- 
way only at elevated Ca s. 

In contrast to the lack of effect of ouabain on 
Ca s, medium Na substitution resulted in a sustained 
elevation of Ca s. Previous studies mainly in non- 
epithelial [27, 28, 30] cells have shown an increase 
in Ca s with either ouabain or medium Na substitu- 
tion, consistent with Na-Ca exchange-mediated Ca 
efflux. The disparity found in the present experi- 
ments between the effect of medium Na substitution 
and ouabain suggests that the effect of Na substitu- 
tion may not be mediated via Na-Ca exchange [26]. 
Medium sodium substitution alters a number of cell 
variables, including reducing total cation content 
and altering external plasma membrane ion binding, 
which are not affected by ouabain. These additional 
nonspecific effects of medium Na substitution may 
elicit changes in Caf by mechanisms unrelated to 
Na-Ca exchange. Alternatively, recent studies have 
suggested that Na-Ca exchange may not be a sym- 
metrical transport system [1, 13]. In particular, ex- 
tracellular Na competes for the extracellular Ca 
binding site and may reduce Ca influx via Na-Ca 
exchange [13]. A reduction in medium Na concen- 
tration would then facilitate Ca influx via Na-Ca 
exchange by (i) providing a more favorable gradient 
for Na exit [35] and (ii) removing Na inhibition of 
extracellular Ca binding. If Ca influx is mediated, in 
part, by Na-Ca exchange and if a reduction in me- 
dium Na facilitates Ca entry, then an increase in Caf 
similar to the effect of Ca ionophores would be ob- 
served. By contrast, the increase in intracellular Na 
with ouabain treatment would not alter Na competi- 
tion for extracellular Ca binding and, therefore, 
may not perturb Ca influx sufficiently to produce a 
measurable increase in Ca s. Further studies are 
needed, however, to clarify the role of Na-Ca ex- 
change as a Ca influx pathway. 

With regard to the role of Car in the regulation 
of Na transport, it is interesting to note that neither 
Fura 2 nor Quin 2 altered basal QO2 or  the response 
to nystatin and ouabain (Table 1). Nystatin stimula- 
tion of QO2 reflects the effect of increased Na entry, 
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while ouabain inhibition of QO2 represents the mini- 
mum, zero transport, QO2.  Within this range of Na- 
dependent QO2, changes in Caf from control values 
(presumably 250-350 nM as inferred from Fig. 1) to 
203 nM (Fura 2) or 91 nM (Quin 2) had no effect on 
basal QO2. This observation, although indirect, sug- 
gests that profound changes in Na transport do not 
occur when Cafis reduced over the range examined 
in the present study. 

The current availability of Fura 2 and Quin 2 to 
measure Ca: has extended the range of experimen- 
tally obtained dye contents and revealed a strong 
dye-dependent effect on Cafin isolated toad bladder 
cells. The mechanism by which dye content alters 
Cay is not understood in detail but appears to be 
related to an alteration in cell Ca: set point and buf- 
fering action of the dyes. At low Fura 2 content, 
minimal alterations in Ca steady state were ob- 
served, suggesting that at this level of dye loading 
useful information regarding regulation of Ca: can 
be obtained. In this context, the absence of signifi- 
cant changes in Ca: following ouabain treatment 
suggests a minimal role for Na-Ca exchange as a Ca 
efflux pathway. Alternatively, the strong dye-de- 
pendent effect on Ca: suggests that Fura 2 and Quin 
2 may be useful agents by which Ca: can be 
"clamped" and the effects of physiological stimuli 
examined at documented values for Ca:. Further 
studies in intact epithelial preparation are needed, 
however, to evaluate whether the effect of dye con- 
tent on Ca handling is unique to isolated cells. 
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