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Summary. Measurement of intracellular calcium activity (a~a) by 
ion-selective microelectrodes has previously been technically 
limited to relatively large cells (~ 20/xm). We now report results 
obtained with this technique in the small epithelial cells (~ 10 
txm) of split frog skin using microelectrodes having an outer tip 
diameter of < 0.2/xm. The basolateral membrane potential was 
measured with Ca2+-selective microelectrodes (E~a) and with ref- 
erence micropipettes (~sc) either sequentially or simultaneously 
in 15 successful experiments. Under baseline conditions, a~a was 
measured to be 215 • 39 nM (mean -+ SE), in close agreement 
with the mean values estimated from published data obtained 
with Necturus proximal tubule. Stimulation of Na + transport 
across six skins with 1 mM serosal 8 p-chlorophenylthio-3',5' 
cyclic AMP (CPTcAMP) increased a~a by a factor of 2.6 -+ 0.6. 
The increase in a~a preceded the CPTcAMP-induced increase in 
1=. The results of the present study indicate that electrometric 
determination of intracellular calcium activity is now feasible in a 
much wider range of cell systems than heretofore possible. CPT 
cAMP elevates intracellular Ca 2+ activity; this phenomenon is an 
early event, preceding the natriferic effect of CPTcAMP. 

Key Words ion-selective microelectrodes, short-circuit cur- 
rent �9 membrane potential �9 barium �9 basolateral impalements �9 
cyclic-3',5' AMP 

Introduction 

Cytosolic calcium activity is a critical regulator of a 
wide range of cellular functions, including excita- 
tion-contraction and excitation-secretion coupling, 
intercellular communication, and exocytosis. Cal- 
cium may also play an important role in regulating 
transepithelial transport of solutes and water. For 
these reasons, considerable effort has been devoted 
to developing techniques for measuring intracellular 
calcium activity (a~a) (Tsien & Rink, 1983). 

Optical techniques are not readily applied to 
classical models of transepithelial transport, such as 
frog skin and toad urinary bladder, because of the 
presence of multiple tissue layers within the prepa- 
ration. Although, in principle, calcium-selective mi- 
croelectrodes should permit direct monitoring of 

a~a, the technique has, until now, been successfully 
applied only to large epithelial cells, greater than 20 
/zm in diameter (Berridge, 1979; Lee et al., 1980a). 

We now report the development of microelec- 
trodes with very fine tips, and yet possessing high 
sensitivity and selectivity for calcium and ade- 
quately fast response times. The current manuscript 
reports the first measurements of intracellular cal- 
cium activity using these microelectrodes in small 
epithelial cells (~10 /xm in diameter) both under 
baseline transporting conditions and following stim- 
ulation of sodium transport with CPTcAMP. 

Materials and Methods 

PREPARATIONS AND SOLUTIONS 

The ventral abdominal skins were excised from doubly pithed 
frogs Rana pipiens pipiens obtained from West Jersey Biological 
Supply (Wenonah, N.J.). Before mounting, the underlying co- 
rium was removed using a modification of the technique of 
Fisher, Erlij and Helman (1980). The split frog skins were 
mounted inner surface up between the two halves of a Lucite | 
chamber and the skins were supported by a fine mesh stainless 
steel screen. Tissue areas of 1.9 cm: were exposed for experi- 
mental study. The serosal solution was aerated and both serosal 
and mucosal media were circulated separately, superfused 
across the tissue surfaces, and then discarded. 

The serosal and mucosal media consisted of a standard 
Ringer's solution containing in mM: NaC1 116, NaHCO3 2.3, KCI 
3.4, NaHzPO4 0.15, Na2HPO4 0.9, MgCI: 2, CaC12 0.9. The solu- 
tion had a pH of 7.6 and an osmolality of 226 mOsm per kg water. 

Transepithelial potential (qjm,, serosa with respect to mu- 
cosa) was measured with calomel half-cells connected to the 
solutions by 3 M KCl-agar bridges. Transepithelial current (I.~, 
positive mucosa to serosa) was applied with two AgCl-coated 
silver wires. During the experiments, the tissue was continu- 
ously short-circuited except for brief periods (3 to 10 sec) of 
hyperpolarization during which tO m~ was clamped to 10 mV. The 
resulting change in transepithelial current was used to calculate 
tissue resistance (Rr). 
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Fig. 1. Scanning electron micro- 
graph of a single representative 
micropipette tip at two different 
magnifications (courtesy of Paul 
Norton and Dr. Donald R. Di- 
Bona). The outer tip diameter is 
<0.18/xm 

Intracellular potentials (t0 'c) were measured with reference 
to the serosal bathing solution. The outputs of the micropipettes 
and microelectrodes were introduced into a differential-input 
preamplifier (Model FD 223, WP-Instruments, Inc., New Haven, 
Conn.). The transepithelial current and the voltage outputs of the 
calcium-selective microelectrode (E~a) and reference micropi- 
pette (tO) were continuously monitored with two dual-pen, strip 
chart recorders and a storage oscilloscope. 

Further details concerning the biological preparation and 
electronics employed have been published elsewhere (DeLong & 
Civan, 1983). 

MICROPIPETTES AND MICROELECTRODES 

Single-barrelled micropipettes and microelectrodes were drawn 
from omega-dot fiber-containing borosilicate capillary glass tub- 
ing having an outer diameter of 1.5 mm and an inner diameter of 
0.75 mm (Glass Company of America, Millville, N.J.). A Brown- 
Flaming micropipette puller (Model P-77, Sutter Instrument 
Company, San Francisco, Calif.) was used. A scanning electron 
micrograph of the tip of a representative micropipette is shown in 
Fig. 1 demonstrating an outer diameter of < 0.18/xm. The refer- 
ence open-tip micropipettes were filled with 0.5 M KC1 solution 
and when tested in Ringer's solution, displayed resistances of 60 
to 100 MII. 

Ca2+-selective microelectrodes were prepared by first bak- 
ing the micropipettes at 170~ for 2 hr and then exposing the 
inner surface of the glass to hexamethyldisilazane vapor (Pe- 
trarch Systems Inc., Levittown, Pa.). The microelectrodes were 
subsequently baked at 170~ for an additional 30 min and then 
backfilled with a small amount of calcium-selective resin (WP- 
Instruments, New Haven, Conn.). After the tip filled spontane- 
ously to a length of 400 /xm, the barrel was backfilled with a 
reference solution of 100 mM CaCI2. 

Solutions of 1 to 2 • 10 -3 through 1 to 2 • 10 7 M free Ca 2§ 
concentration were used to calibrate the microelectrodes. In 13 
of the 15 experiments, calibrations were performed both before 
and after impalements. In the initial experiments (1 to 6, Table 

1), the calibration solutions were similar to those of Lee et al. 
(1980a), made from a Ca z+ buffer containing EGTA. The Ca 2+ 
concentrations of the solutions were calculated with an apparent 
dissociation constant of 3.80 • 10 7 for Ca-EGTA (Marban et al., 
1980) at a pH of 7.0. Additional solutions containing 10 -3 and 10 4 
Ca 2+ were made by serial dilution of 0.1 M CaC12 solution. All the 
solutions contained 100 mM K +, 10 mM HEPES, and 1 mM Mg 2+ 
and had a pH of 7.0. The Ca-EGTA buffers additionally con- 
tained 10 mM acid EGTA (Sigma Chemical Company, St. Louis, 
Mo.). Ultrapure chemicals were used whenever possible. In ex- 
periments 7 through 15 (Table 1), the calibration solutions of 
Marban et al. (1980) were used. All solutions contained 100 mM 
K +, 5 mM Ca '-+, and 10 mM calcium ligand: nitrilotriacetic 
acid for pCa 5, N-Hydroxyethylethylene-diaminetriacetic acid 
(HEDTA) for pCa 6, and EGTA for pCa 7. The solutions also 
contained 10 mM HEPPS (pCa 5), HEPES (pCa 6) and BES (pCa 
7) and were titrated with N/10 KOH to the appropriate pH of 
8.42, 7.70 and 7.29, respectively. 

In the text below, the Ca 2+ concentrations of solutions will 
be expressed either directly in mol �9 liter t or as the negative 
logarithm of that number (pCa). 

The solutions all had the same ionic strength and hence, 
probably the same activity coefficient of Ca 2+. In this study, the 
Ca 2§ activity coefficient of 0.35, calculated by the extended 
Debye-Htickel equation (Buttler, 1964) was used to obtain the 
calibration curve shown in Fig. 3. This procedure is justified 
because calculated and measured Ca ~-+ activity coefficients at 
various ionic strengths are in reasonably good agreement 
(Schonhorn & Gregor, 1961; Moore & Ross, 1965; Lee et al., 
1980a), 

The voltage outputs from both reference micropipettes and 
calcium-selective microelectrodes were sensed with chlorided 
silver wires. Cells were impaled across the basolateral mem- 
branes. Minimal criteria for acceptability of penetrations in- 
cluded: (1) rapid changes in voltage on entering and leaving the 
cell; (2) a steady potential, constant within 1 mV for at least 1 
min; (3) constancy of the voltages measured by the reference 
micropipette and Ca2§ microelectrode in the external 
Ringer's solution, before and after impalement, to within 3 mV 
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Table 1. Summary of  intracellular and transepithelial electrophysiologic measurements  in split frog 
skin epithelium 

115 

Preparation I~ Rr  t0 ~' ( f~% E ~  (f~l)E ac~ 
(/zA �9 cm -2) ( k ~ -  cm 2) (mV) (mV) (riM) 

I 7.4 4.35 -57 .6  0.37 -137.0 0.33 282 
II 13.7 1.70 -67 .6  0.22 -157.0 0.16 361 
III 7.9 7.87 -72 .6  0.12 -172.4 0.14 228 
IV 7.4 3.01 -80.3  0.22 - 168.0 0.09 490 
V 4.2 3.01 -66.1 0.07 - 189.0 0.09 17 
VI 7.4 2.61 -78 .9  0.05 - 187.0 0.04 273 
VII 13.7 3.17 -60.1 0.21 -179.9 0.08 63 
VIII 21.1 4.22 -62 .9  0.45 -173.5 0.35 126 
IX 31.6 1.19 63.2 0.20 -156.8 0.17 316 
X 13.7 2.71 -71.8  0.12 188.2 0.11 224 
XI 15.8 2.38 -66 .4  0.36 -181.5 0.30 50 
XII 17.9 5.43 -84.8  0.12 -200.2 0.11 398 
XIII 7.4 2.24 -75.4  0.08 -188.8 0.18 314 
XIV 18.4 1.73 -65.7  0.18 187.9 0.07 35 
XV 4.2 1.65 -64 .9  0.11 -191.2 0.08 48 
Mean 13 3.2 - 6 9  0.19 -177 0.15 215 
-+ SE --+2 --+0.5 -+2 +0.03 -+4 --+0.03 --+39 

(usually less than 2 mV); and (4) similar estimates of  basolateral 
fractional resistance measured with the reference micropipette 
and the CaZ+-selective microelectrode. In addition, the intracel- 
M a r  position of  many of  the tips was verified by the transient 
addition of  serosal BaC12 (DeLong & Civan, 1983) which revers- 
ibly depolarizes the membrane.  

The intracellular calcium activity (a~a) was calculated utiliz- 
ing the empirical relationship: 

E~a = S log (a'c,/a~ca) + @" (1) 

where S is the sensitivity of  the microelectrode and where the 
superscript (s) refers to the serosal phase. In general, S is not 
constant  throughout the activity range of interest. Therefore, the 
calculation was carried out by relating the measured value of  
(E~  - 6 ' 9  and the known value of a~a to the calibration curve 
for E~a as a function of  a~,. All values recorded below are pre- 
sented as the mean -+ SE. 

Results 

The calibrating procedure for each microelectrode 
is illustrated in Figs. 2 and 3. Figure 2 demonstrates 
the time courses of the potential recordings of one 
representative microelectrode measured at the dif- 
ferent concentrations of  free Ca 2+ from 1 to 2 x 10 -3 
through 1 to 2 x 10 -7 M. Figure 3 presents three sets 
of  calibration data obtained with the microelectrode 
of  Fig. 2. The potentials recorded by the microelec- 
trode are plotted against the calcium activity before 
and after intracellular impalements; the two post 
impalement calibrations were performed an hour 
apart. The slopes of  the three calibration lines are 
the same to within 1 mV. Averaging the results for 

< 

I rain [ ]  

Time 

Fig. 2. Time courses of  voltage output (Eca) from Ca2+-selective 
microelectrode following changes in calibrating solutions 

all 15 experiments,  a decade change in Ca 2+ concen- 
tration produced an electrode response of 33.5 -+ 
1.0 mV over the range 1 to 2 x 10 -3 to 1 to 2 x 10 -6 

M, slightly in excess  of  the ideal Nernst slope of 
29.6 mV; this phenomenon has been previously 
noted with some CaZ+-selective microelectrodes 
(Lee & Im, 1984). Over the range in Ca 2+ concen- 
tration of  I to 2 x 10 -6 to 1 to 2 X 10 7 M, the slope 
was 30 -+ 2 mV. The ratio of  the microelectrode 
sensitivity at pCa 6 to 7 to that at pCa 3 to 6 was 
0.90 + 0.04. As illustrated by Fig. 3B, the electrode 
response in the Ringer's solution was close to that 
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Fig. 3. A. Calibration relationship between voltage output from Ca2+-microelectrode (Ec,) and calcium activity (ac~) before (solid 
circles) and after (open square and circles) intracellular impalements. B. Calibration relationship between voltage output from Ca R+ 
microelectrode (Ec,) and calcium activity in various calcium concentrations including Ringer's (PR) solution containing 0.9 mM Ca 2. 

5 

o 

E 

o 

-2C  

C - 4 0  

-2C - 6 0  

- 4 0  - 8 0  

- 6 0  

- 8 0  

Time 

I " -  
Imin 

B o  + +  

Ba++ 

Fig. 4. Simultaneous recordings of basolaterat membrane poten- 
tials using two reference micropipettes in two different cells be- 
fore, during and after transient administration of 0.5 mN serosal 
Ba2+ 

noted in the calibration solution at a pCa of 3. The 
adequacy of the response times of the electrodes 
can be assessed from Figs. 5 and 6; upon witb- 
drawn from the cells, the 90% response times were 
18 and 23 sec, respectively. 

The syncytial properties of frog skin epithelium 
have been previously documented by electron 
probe X-ray microanalysis (Rick et al., 1978) and 
intracellular electrical recordings (Nagel, 1976; De -~ 

Long & Civan, 1983). This forms a rational basis for 
intracellular measurements using separate micropi- 
pettes and microelectrodes in different cells. In or- 
der to confirm this in our preparation, basolateral 
membrane potentials were recorded simultaneously 
with two reference micropipettes in separate cells 
(Fig. 4). The potentials recorded were -80  mV 
(identical within 1 mV) and stable for several min- 
utes. The intracellular position of the micropipettes 
was verified by the addition of BaCI2 to the serosal 
medium. This resulted in a reversible and similar 
depolarization of each membrane potential. 

Our initial studies were performed by measur- 
ing 0 se with reference micropipettes and E~a with 
the Ca2+-selective microelectrode sequentially 
within the short-circuited frog skin epithelium. Sub- 
sequently, it proved possible to measure 0 s" and E ~  
simultaneously in 8 of the 15 preparations studied. 

A representative experiment with simultaneous 
recordings is illustrated in Fig. 5, which presents 
qjsc, E ~  and Isc as functions of time before, during 
and after applying 0.5 mM Ba 2+. With the reference 
micropipette within a cell interior, the Ca 2+ micro- 
electrode was introduced without resulting in a dis- 
placement of the t0 ~e signal. Following the rapid 
penetrations, the microelectrode voltages remained 
stable for a period of 5 min. Serosal BaC12 revers- 
ibly depolarized the membrane potential, sensed by 
the Ca 2+ microelectrode and reference micropipette 
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Fig. 5. Simultaneous recordings of transepithelial current (A) and the intraceUular potentials measured with a Ca2+-selective microelec- 
trode (B) and a reference micropipette (C) before, during and after the serosal administration of 0.5 mM Ba 2+. The apparent displace- 
ment of the arrows for the Efa and qj~c traces reflects the physical displacement of the pens on the chart recorder. Note that the mV/cm 
scale for the Ca2+-selective microelectrode is slightly smaller than that depicted for the reference micropipette 

to a similar extent, coincident with its effect to de- 
crease the transepithelial current. When the micro- 
electrodes were withdrawn from the cells, the volt- 
age outputs of both the reference micropipette and 
Ca 2+ microelectrode returned completely to their 
respective baseline values. 

Table 1 summarizes the results obtained from 
the 15 experiments under baseline conditions. The 
short-circuit current (Isc) was 13 -+ 2 txA �9 cm -2 and 
the total tissue resistance ( RJ  was 3.2 -+ 0.5 k a  �9 
c m  2. The mean basolateral membrane potential in 
the short-circuited state (qjsc) was - 69  -+ 2 mV and 
the mean value of E~, recorded under the same con- 
ditions was - 177 - 4 mV. As described above, one 
of the minimal criteria for acceptability of intracel- 
lular penetrations was the requirement that the ba- 
solateral fractional resistance recorded with the 
reference micropipette (fobg, and with the 
CaZ+-selective microelectrode (fbJ)e be similar. The 
mean value for (fob/), of 0.19 --+ 0.03 was not signifi- 
cantly different from that of 0.15 -+ 0.03 for (fbo~)e; 
the paired difference was 0.04 -+ 0.02. Assuming an 

extracellular calcium activity coefficient of 0.35, the 
absolute value of the intracellular calcium activity 
(a~a) obtained in the present studies was 215 -+ 39 
nM under baseline transporting conditions. 

Given the hypothesis that intracellular free cal- 
cium and cAMP are interrelated second messengers 
in many cells (Rasmussen & Tenenhouse, 1968; 
Rasmussen, 1970; Rasmussen & Goodman, 1977), it 
was of considerable interest to measure a~a not only 
under baseline conditions, but also following stimu- 
lation with cAMP. A total of six experiments were 
conducted before, during and after adding 1 mM 
CPTcAMP to the serosal medium. Of these, 5 skins 
were successfully studied with simultaneous pene- 
trations and continuous monitoring of the mem- 
brane potential and Eb% during the course of in- 
troducing CPTcAMP. As illustrated by Fig. 6, 
CPTcAMP depolarized both E~a and est. However, 
the depolarization of the calcium microelectrode 
trace was larger than that of the reference micropi- 
pette, so that the calculated value of a~a in this par- 
ticular experiment rose from 398 to 668 riM. In each 
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Table 2. Summary of intracellular and transepithelial electrophysiologic measurements in split frog skin epithelium: Effect of CPT 
cAMP 

Baseline transporting conditions CPTcAMP stimulation 

Preparation lsc RT q/c (fbj),, E~a (fbot)E aca lsc RT @~' (fbot), E~a (fbol)e aca 
(/~A " cm -2) (k.q . cm 2) (mV) (mV) (riM) (#A �9 cm -2) ( k ~ .  cm 2) (mV) (mV) (riM) 

III 7.9 7.87 - 7 2 . 6  0.12 -172 .4  0.14 228 19.7 4.75 - 2 7 . 7  0.34 113.1 0.21 643 
V 4.2 3.01 -66 .1  0.07 - 1 8 9 . 0  0.09 17 6.4 2.10 - 5 2 . 2  0.12 175.7 0.14 32 
XI 15.8 2.38 - 6 6 . 4  0.36 -181 .5  0.30 50 21.6 1.31 - 5 2 . 0  0.28 - 144 .8  0.47 282 
XII 17.9 5.43 - 8 4 . 8  0.12 -200 .2  0.11 398 44.2 1.90 34.8 0.51 - 139 .9  0.51 668 
x n I  7.4 2.24 - 7 5 . 4  0.08 -188 .8  0.18 314 19.5 1.09 - 5 5 . 2  0.27 -158.1  0.28 588 
XV 4.2 1.65 - 6 4 . 9  0.11 -191 .2  0.08 48 18.4 0.66 - 5 7 . 3  0.40 -176 .3  0.40 79 
Mean 9.5 3.76 - 7 2  0.14 - 1 8 7  0.15 176 22 2.0 - 4 7  0.32 -151  0.29 382 
-+ sE +4  +0.98 -+3 -+0.04 -+4 -+0.03 -+65 -+5 -+0.6 -+5 +0.05 -+10 -+0.07 -+117 

of the six experiments (Table 2), CPTcAMP was 
found to increase baseline a~a by factors of 1.65 to 
5.64; the mean + SE was 2.6 + 0.6. Therefore, even 
by nonparametric analysis, the probability of  the 
null hypothesis was less than 0.02. 

In order to consider the possible physiologic 
significance of  the CPTcAMP-induced rise in a~a, it 
was of  particular interest to compare the times of 
onset of  the increases in short-circuit current and 
intracellular calcium activity. Caution must be exer- 

cised in drawing such comparisons when dealing 
with a multilayered preparation like frog skin. For 
this reason, an analysis was first made of  the rela- 
tive times of onset of  the changes in E~a, qj~c and Isc 
after adding serosal Ba2+; these times of onset are 
symbolized by tca, t,  and t t ,  respectively. As illus- 
trated by Fig. 5, the three times of  onset were 
closely similar following addition of Ba 2+. In a se- 
ries of  seven comparisons,  ( t c a -  tD was 0.03 -+ 0.05 
min, and in a series of  29 experiments, ( t  o - t l )  was 
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0.02 - 0.03 min. Thus, the depolarizations of E~a 
and t0 '~ and fall in short-circuit current following the 
Ba 2+ occurred simultaneously. In contrast, in each 
of the five experiments in which simultaneous mea- 
surements were obtained, depolarization of E~a in- 
duced by cAMP was noted before any increase in 
short-circuit current could be observed. The mean 
-+ SE values for (tCa -- tl) was 1.92 --+ 0.67 rain, 
significant at the 0.05 probability level. The onset of 
depolarization of E~a can be taken to be a direct 
index of the onset of rise in a~a, since this depolar- 
ization preceded that of +,c in four of the five exper- 
iments. 

Discussion 

Intracellular calcium activity (a~) may be a critical 
regulator of transepithelial sodium and water trans- 
port (Grinstein & Erlij, 1978; Taylor & Windhager, 
1979; Windhager & Taylor, 1983). Cystosolic Ca 2+ 
(a~a) is presumed to modify, directly or indirectly, 
the sodium permeability of the apical membrane 
and thus play an important messenger role mediat- 
ing the effects produced by cyclic AMP in many 
biological cells (Rassmussen & Tenenhouse, 1968; 
Rasmussen, 1970; Rasmussen & Goodman, 1977). 
Given the possible central role of calcium, not only 
in transepithelial transport but also in a great range 
of cellular function, its measurement assumes appre- 
ciable importance. Because of various technical dif- 
ficulties encountered in measurements of a~,, only 
circumstantial evidence exists to support such a 
role and conclusions regarding the role of a~a in 
modifying transepithelial Na + transport remain con- 
flicting. It has been of particular interest to measure 
a~a in frog skin. This model system has been under 
investigation at least as long (Matteucci & Cima, 
1845) and by as broad a range of experimental tech- 
niques (Civan, 1983) as any other tight epithelium. 

Although CaZ+-selective microelectrodes per- 
mit direct measurement of intracellular calcium ac- 
tivity (Oehme et al., 1976; Armstrong et al., 1980; 
Lee et al., 1980a; Marban et al., 1980), miniaturiza- 
tion of the electrode tip to permit impalement of 
small cells has presented a technical challenge. In 
the present report, a method is presented for pre- 
paring microelectrodes with tips of < 0.2 /xm in 
outer diameter. The 90% response times upon with- 
drawn of the microelectrodes from the cells are as 
short as 18 to 23 sec (Figs. 5 and 6), and display 
satisfactory sensitivity and selectivity to concentra- 
tions of Ca 2+ as low as  10 -7 M (Fig. 3). Most impor- 
tantly, stable impalements can be performed with 
these microelectrodes (Figs. 5 and 6). Given the 
small size of the epithelial cells of frog skin (~ 10 

/xm in diameter), it is likely that the microelectrodes 
described here can be applied to a variety of other 
cell systems whose intracellular calcium activity 
has not yet been directly measured. 

Using these microelectrodes, the mean intracel- 
lular calcium activity in 15 succesful experiments 
was measured to be 215 + 39 nM (Table 1). This 
value is close to the estimates of 217 -+ 60 nM and 
133 -+ 13 nM which can be calculated from the pub- 
lished data obtained with Necturus proximal tubule. 
The reported values of 116 _+ 32 nM (Lee et al., 
1980a) and of 71 -+ 7 nM (Lorenzen et al., 1984), 
were based on a presumed value of 2.041 x 10 -7 M 
for the apparent dissociation constant of the EGTA 
buffer used in their calibration solutions. The cur- 
rently accepted estimate is 3.8 to 4.0 x 10 7 M 
(Blinks et al., 1982; Bers, 1982; Tsien & Rink, 
1983), so that their reported values of a~a should be 
revised upward by a factor of approximately 1.87. 

In sodium-transporting epithelia, the apical 
membrane permeability to Na + is the rate-limiting 
step in the regulation of transepithelial Na + trans- 
port. It has long been appreciated that in tight epi- 
thelia such as frog skin and toad bladder, cellular 
cyclic AMP is one mediator of hormonal effects on 
apical Na + permeability. However, the exact steps 
following cyclic AMP generation that directly mod- 
ulate the rate of Na + entry, remain incompletely 
understood. In particular, the generation of cAMP 
may be associated with a change in a~a (Rasmussen 
& Tenenhouse, 1968; Rasmussen, 1970; Rasmussen 
& Goodman, 1972); the finally expressed permeabil- 
ity changes may reflect the interplay of both Ca 2+ 
and cAMP. In order to examine this problem di- 
rectly, we have measured a~a before, during and 
after the serosal addition of CPTcAMP. In each of 
six experiments, intracellular calcium activity was 
indeed found to be increased; the ratio of the activi- 
ties after to before stimulation was 2.6 _+ 0.6. 

In principle, the increase in a~a and the natri- 
feric effect induced by CPTcAMP could be related 
in one of three ways: (1) the natriferic effect could 
cause the increase in a~a, presumably by slowing 
the rate of sodium-calcium exchange by the puta- 
tive antiport at the basolateral membrane (Blaus- 
rein, 1974; Grinstein & Erlij, 1978; Taylor & Wind- 
hager, 1979); (2) the elevation in cytosolic Ca 2§ 
activity may play a role in generating the natriferic 
response, or (3) the two effects could be parallel 
unrelated phenomena. The present data suggest 
that the first possibility is unlikely. Slowing of anti- 
port activity could arise from the membrane depo- 
larization and enhanced apical Na § entry produced 
by CPTcAMP. However,  the depolarization fol- 
lowed the increase in a~a in four of the five experi- 
ments where simultaneous measurements were 
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conducted. In all five preparations, enhanced Na + 
entry (as reflected by the rise in Lc) also followed, 
rather than preceded, the increase in a~a. 

The data do not allow a distinction between the 
second and third possibilities. The temporal rela- 
tionships, however, are certainly consistent with an 
effect of cytosolic calcium to modulate sodium 
transport, at least in part, by an increase in apical 
sodium conductance. Evidence for a relationship 
between aca and apical Na § conductance has also 
been obtained in studies using vesicles from another 
tight epithelium, the urinary bladder of the toad 
(Chase & AI-Awqati, 1983). In this preparation, 
however, intravesicular calcium was reported to in- 
hibit Na § transport across the vesicular walls. The 
mechanism by which changes in cytosolic calcium 
could alter apical membrane conductance and the 
precise role of Ca 2+ in modifying the final natriferic 
effect are currently not understood and could in- 
volve both direct and indirect actions. These stud- 
ies also do not address the source of the calcium 
and the mechanism by which CPTcAMP results in 
elevation of cytosolic calcium. Finally, it should be 
emphasized that these studies only report effects of 
an exogenous analog of cyclic AMP. Whether or 
not similar alterations in cytosolic calcium activity 
would occur with hormonal stimulation remains to 
be directly evaluated. 

In summary, we have been able to measure cy- 
tosolic calcium activity in split frog skin epithelium. 
The data indicate that CPTcAMP produces a signifi- 
cant increase in a~a which is detectable prior to a 
detectable change in membrane conductance and 
short-circuit current. Further studies to evaluate 
the mechanisms of this effect, the linkage between 
these events and the effects of hormonal stimula- 
tion, are underway. 
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