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Summary. The ion activities in the lateral spaces of the unilater- 
al preparation of the gallbladder of Rana catesbiana were mea- 
sured by double-barrelled ion-selective microelectrodes. The 
bladders were bathed in a saline solution with a low osmolarity 
(62 mOsm) containing, in raM: 27 Na +, 27 CI- ,  2 K +, 1 Ca + + 
4 HCO~. Working at reduced osmolarities had the advantage 
of an increased volume transport  and of widened intercellular 
spaces. The reference barrel recorded an electrical potential of 
+2.7  mV in the spaces; they contained a solution similar to 
the external solution. The electrodes recorded a Na + concentra- 
tion of 27 raM, a K + concentration of 1.7 raM, a Ca + + concen- 
trat ion of 0.69 mM and a C1- concentration of 28.5 raM. In 
the spaces there was a lower resistance between the tip of the 
electrode and the serosal bath than that  recorded with the tip 
in the lumen, and injection of fluorescent dye (11 A diameter) 
via the electrodes did not  stain the cells. The concentrations 
in the secretion were similar to those in the spaces. The intracel- 
lular compartment  had an apparent  K + concentration of 
95 raM, and the concentrations of Na + and C1- were both  
about  5 mM. These data indicate that  when the gallbladder is 
bathed with hypotonic solutions and is transporting fluid at 
approximately three or four times the normal rate, there are 
no significant osmotic gradients between the lumen and the 
lateral spaces. It is suggested that  transcellular t ransport  of 
water is implemented by a combination of high osmotic perme- 
abilities across both  mucosal and serosal cell membranes and 
low reflection coefficients (for K + salts) at the serosal cell mem- 
branes. 

Key Words ion-selective microelectrodes.lateral intercellu- 
lar spaces- osmolarity, water transport-  epithelia, cellular osmo- 
larity 

Introduction 

The theory for transcellular water transport across 
leaky epithelia is based on three assumptions: i) 
cell cytoplasm has an osmolarity which is higher 
than the osmolarity of the luminal solution causing 
influx of water into the cell; ii) solution in the 
lateral intercellular spaces has an osmolarity which 
is higher than the solution in the cell causing flux 
of water into the spaces; iii) hydrostatic pressure 
of a few cm of water causes the solution in the 
spaces to flow into the serosal compartment. 

The purpose of this paper was to estimate the 
concentrations of Na+, K § and C1- in the lateral 

intercellular spaces and thereby to estimate the os- 
molarity in this compartment. Similarly, informa- 
tion was gathered on the osmolarity of the cellular 
compartment. 

The ion concentrations were measured by ion- 
selective microelectrodes in gallbladders of  the 
bullfrog. These gallbladders were adapted to trans- 
port solutions of low osmolarities (62 mOsm). This 
had several advantages: i) The rate of transepithe- 
lial transport was higher than at normal osmolari- 
ties (210 mOsm), ii) The lateral spaces were wider. 
iii) The ion-selective microelectrodes are more sen- 
sitive at low ionic strengths. 

The present measurements confirm the expecta- 
tion that the cell is hyperosmolar to the luminal 
solution. Thus water can move from the lumen 
into the cell by simple osmosis. The solution in 
the lateral intercellular spaces, however, had the 
same osmolarity, within a few mOsm, as the lumi- 
nal solution. This suggests that simple osmosis 
across both the mucosal and the serosal cell mem- 
brane is not a general mechanism for transepitheli- 
al transport of  water unless the reflection coeffi- 
cient for some ion or salt across the serosal mem- 
brane is low. 

Several fresh-water organisms, like the hydra 
and some amoebas, appear to have osmotic gra- 
dients across their cell membranes similar to the 
epithelial cell adapted to transport at low osmolari- 
ties in this study. Perhaps all these cells are in an 
osmotic steady state because the membranes have 
a low reflection coefficient for K + ions or a K + 
salt. 

Materials and Methods 

MOUNTING OF THE TISSUE AND SOLUTIONS 

Mature, healthy and feeding bullfrogs (Rana catesbiana, sup- 
plied from Nasco) were decapitated and pithed. The gallbladder 
was removed within 3 rain and the exterior rinsed in saline 
(in raM): Na + 115, K + 2, Ca ++ 1, Mg ++ 1, HCO 3 25, C1- 
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94, SO 2 -  1, saturated with 5% CO2, 95% O2~ pH 7.4, 
210 mOsm. The gallbladder, still containing bile, was fastened 
with tissue-glue (isobutyl 2-cyanoacrylat monomer, Ethicon) 
onto a Plexiglas plate (1 mm thick) over a round hole of a 
diameter of 6 ram. The gallbladder was then opened and rinsed 
on both sides with normal saline and excess tissue was removed. 
Openings, i mm long, separated by 100 gm, were cut in the 
mesothelium by means of a hypodermic needle. Thus a flat 
layer of epithelial cells was obtained, with the same degree of 
stretch as found in the intact animal, and in which the hydrosta- 
tic resistance of the mesothelium had been reduced (Bundgaard 
& Zeuthen 1982). The tissue was then immersed for 30 rain 
in a saline solution where the osmolarity had been reduced 
to 115 mOsm by removing NaCI from the saline described 
above. Finally the tissue was placed for 30 rain in (in mM) Na + 
27, K + 2, Ca ++ 1, Mg ++ 1, HCO~- 4, CI- 27, S O 2 -  1, satu- 
rated with 1% CO2, 99% 02,  pH 7.4, 62 mOsm. This saline 
solution was used for all the experiments. 

After adaptation to low osmolarities the tissue was placed 
in chamber for microscopic observation (previously described, 
Zeuthen, 1982). The tissue was placed at an angle of 20 ~ from 
the horizontal plane of a 40 x water immersion lens combined 
with Nomarski optics. The microscope was also equipped with 
an epifluorescence unit. All microscopic equipment was from 
Zeiss Optical Co. (Nomarski condenser no. 465273, objective 
no. 5180741, epifluorescence no. 488032-9902). 

Transepithelial currents could be applied and the fractional 
resistance recorded. This resistance was defined as the voltage 
evoked between the tip of the electrode and the serosal bath, 
divided by the voltage evoked across the whole tissue. Only 
the mucosal side of  the tissue was perfused. The serosal surface 
was bathed in its own secretion exposed to air saturated with 
water vapor. This is the so-called sweating or unilateral prepa- 
ration, The secreted solution could be collected from the serosal 
side for weighing and analysis as previously described (Zeuthen, 
1982); samples of  solution were held under oil and probed 
with microelectrodes. 

MICROELECTRODES 

All microelectrodes were double-barrelled, in order to avoid 
contamination, the reference barrels of the microelectrodes were 
filled with the bath solutions given above; they had impedances 
of 109 to 10 l~ ~. However, the intracellular electrical potentials 
were obtained in separate experiments in which the reference 
barrels were filled with 2 M KC1. 

The other barrel was filled with either a fluorescent dye 
when the lateral spaces were stained, or with liquid ionex- 
changer when ion activities were recorded. The electrodes were 
similar in terms of glass type, dimensions and tip diameters as 
those used in a recent publication (Zeuthen, 1980; see also 
Zeuthen, Hiam & Silver, 1974; and Zeuthen, 1982). These elec- 
trodes have tip diameters of approximately 0.3 lain and the two 
barrels had resistances of 40 to 200 Mr2 when filled with 2 M 
KC1 and measured in physiological salines. 

Electrodes for Staining 
Fluorescein-sodium (Uranin, C2oH1005Na2) has a molecular 
weight of 376 and a diameter of 11 A. The electrodes were 
filled with a 1% solution. Negative current pulses of up to 
10 nA lasting 0.3 sec were passed every second through the 
electrode. The current carried the fluorescein dye from the tip 
of the electrode. The ejected dye was excited by blue light from 
the epifluorescence unit (450 to 490 nm) and analyzed via a 
yellow filter (510 to 520 nm). 

T. Zeuthen: Ion Activities in Gallbladder Epithelium 

Table 1. 

Electromotive forces (corrected electrode potential) measured 
in the lateral spaces" 

s~,~ [mV] EN.+ [mV] EK+ [mV] Ec.++ [mV] Eel- [mV} 

2.7_+0.5 0.0_+0.7 - 4 . 7 + 0 . 8  --4.8_+0.5 +1.48_+0.5 
P<0.01 N.S. P<0.01 P<0.01 P<0.02  

Concentrations b in the lateral spaces 

CN,+ [raM} CK+ [mM] Cc,+ + [mM] Cc, [mM] 

27.• 1.66_+0.06 0.69--+0.03 28.6-+0.67 
N.S. P<0.01 P<0.01 P<0.05 

(35,8) (23,5) (14,4) (18,4) (16,4) c 

Relative to lumen (Na + 27 raM, K + 2 raM, Ca + + 1 raM, C1- 
27 raM), corrected for Ca ++ influence; ENd+ c,++ = - - 2 . 0  mV 
+_0.12 (n = 29): EN~+,true = EN, + . . . . . . . .  d--ENa+.Ca § + = 
(--2.0 mV+0.7)--(2.0 mV• = 0.0 mV_+ 0.7. 
u These are apparent concentrations which equal the true con- 
centrations if the activity coefficients are the same in the muco- 
sal solution (about 0.86, Robinson & Stokes, 1959) as in the 
spaces. 

The brackets are number of observations and number of 
animals. Statistics (t-test) apply for both the electromotive 
forces and the concentrations in comparison with luminal 
values. 

T h e  I o n - S e l e c t i v e  E l e c t r o d e s  

These electrodes had properties which have been described pre- 
viously (Zeuthen etal., 1974; Zeuthen, 1980; Hansen & 
Zeuthen, 198:1; Zeuthen, 1982). The K + ion exchanger was 
Corning 477317, the Na + exchanger was the one described by 
Gfiggi, Oehme, Pretsch and Simon (1976) supplied by Science 
Trading, to which 3% vol/vol of K + exchanger was added. 
This decreased the response time to about 1 sec, without de- 
stroying the selectivity to K + which was 0.01. (For details, see 
Bindslev & Hansen, 1981.) The Ca + + exchanger was a generous 
gift to the laboratory from Prof. W.Simon. The C1- exchanger 
was Coming 477315. The electrodes had sensitivities and selecti- 
vities described previously. The Ca + + electrodes had a sensitivi- 
ty of 29 mV for a 10-fold change in the Ca + + concentration 
within the range of Ca + + concentration used. 

All electrode measurements were corrected for non-Nern- 
stian behavior and influence from other ions. The resulting 
potentials, the electromotive force, are presented in Tables 1 
and 2. Potential measurements are translated into apparent con- 
centrations which equals the true concentration if the activity 
coefficient at the point of measurement is the same as in the 
test solutions, about 0.86 (Robinson & Stokes, 1959). All values 
are mean _+ SEM. 1 

1 According to Waddell and Bates (1969) it may be incorrect 
to present data as activity (raM) +_standard error of mean. 
They argue that the recorded potential, which approximates 
the electromotive force, might have a normal distribution and 
only relates to the activity via a logarithmic transformation; 
the derived activities might not therefore be normally distrib- 
uted. I have circumvented this problem by presenting statistics 
and significances both for the corrected electrode potential (the 
electromotive forces) and for the derived concentrations. The 
differences between the two evaluations are small and have 
little or no influence on the conclusions. 
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Table 2. 

Electromotive forces (corrected electrode potential) measured 
in the secreted solution a 

G G.+ [mV] E~. [mV] Ec.++ [mY] Ec,- [mV] 

3.7_+0.4 1.2_+2.1 --12.8_+1.4 --16.5+2.1 1.8+0.3 
P<0 .01  N.S. P<0 .01  P<0 .01  P<0 .01  

Concentrations in the secreted solution 

CNa* [mM] CK* [naN] (?ca++ [raM] Ccl [mM] 

28.3-+2.5 1.24+--0.06 0.33+_0.03 29.0+-1.4 
N.S. P<0 .01  0<0.01 N.S. 

(15,3) (33,4) (17,4) (20,4) (4,3) 

Relative to lumen (Na + 27 raM, K + 2 mM, Ca + + 1 mM, C1- 
27raM) corrected for Ca + + influence; E~,+ c, + §  
14.3 mV_+0.8 (5); see text in Table 1. 

Correction for  the Tip-Potential Dependence 
on NaCl-Concentrations 

Any hyperosmolarity in the lateral spaces is most likely made 
up by additional NaC1. The reference barrels, filled with the 
low osmolarity test solution, were sensitive to changes in exter- 
nal concentrations. For  example, the electrodes recorded a po- 
tential which was 17.9 mV more positive if the external NaC1- 
concentration was increased 10-fold; thus an erroneous refer- 
ence potential would be recorded in the lateral spaces if the 
NaCl-concentrat ion (osmolarity) in these spaces was different 
from the NaCl-concentration (osmolarity) of the luminal solu- 
tion. 

Due to simultaneous measurement with the ion-selective 
electrodes and the reference barrel, any influences from differ- 
ence in NaC1 concentration could be assessed : 

E~r = ELI  s + 17.9 mV l o g . ~  (1) 
1"1 at~llume n 

ENa = ELI s q- 58 mV l o g ~  Is- (2) 
Nalumen 

or if the C1- concentration is proportional  to the Na + concen- 
tration: 

, NaCIHs 
EN. = ELI s-4- 58 mV log . ~ - -  . (2a) 

IN aC,llurnen 

Era is the potential recorded by the reference barrel, ENa+ the 
potential recorded by the Na+-sensitive barrel (corrected for 
non-Nernst ian behavior). EL~ s is the true potential in the lateral 
intercellular space. Equations (1) and (2a) are equations with 
two unknowns which can be solved algebraically. As it turns 
out (see Table 1 and p. 117) the correction, the second term 
in Eq. (1), is of the order of only 1 mV for all ions. 

Correction for Ca + + During Na + Reading 

The Na + ion exchanger is sensitive to Ca ++ (Bindslev & Han- 
sen, 1981): less Ca + + will give a reading which can be misinter- 
preted as there being less Na +. The Na + exchanger was tested 
in salines similar to the test solution (62 mOsm) but in which 
the Ca + + concentration, [Ca + +], was varied from 1 to 0 mM 
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Ca +*- concen t ra t ion  [mM]  

Fig. 1. Change in potential of a Na+-sensitiye electrode when 
Ca + + concentration is varied in the medium. The solution con- 
tained (in my):  Na + 27, K + 2, Mg ++ 1, C1- 27, SO 2 -  1, 
HCO~ 4, but  Ca + + was varied from 1 mM (equal to the test 
solution) to 0 mM + SE. For example, in the lateral spaces, where 
the Ca + § concentration was 0.69 mM (see Table 1) the reading 
of the Na § electrode will be about  2 mV lower compared to 
the case where the Ca § concentration was the same in the 
lumen and in the spaces, I mM 

(Fig. 1). In the range 1.0 to 0.6 mM the change EN,+,c,+. was 
linear and could be expressed as 

ENa+,ca+ + = c((1.0 raM--[Ca + +1) (3) 

where ~ = -  6.52 mV mM-1_+ 0.38 (n=29).  In the range 0.4 to 
0.2 mM the dependence was best described by 

Era+ca § * =33.3 mV mM -1 x [Ca + +]--23.7 mV (4) 

where the correlation is described by r 2 =0.85. The true Na + 
potential (or electromotive force), ENa+ t,.u, was obtained as the 
difference of the measured electrode potential EN,+ and 
EN,+ c,+ +, the latter being determined by the actual Ca + + con- 
centration (see Fig. 1, and Eqs. 3 & 4). 

Positioning 

The microelectrodes were positioned by means of a Huxley- 
micromanipulator (Huxley, 1961) equipped with stepping mo- 
tors. The electrodes could be moved in steps of 0.2 I~m in three 
perpendicular directions by remote control. The position of 
the tip of the electrode was recorded digitally. Outside the tissue 
the tip of the electrode was visible when viewed via the No- 
marski optics (Fig. 1 A). With the plane of the tissue at an 
angle of 20 ~ with the focal plane lateral spaces were brought  
into focus. Stretches of  lateral spaces two to four cell diameters 
in length and with a direction which matched the forward direc- 
tion of movement of the electrode were chosen. As the electrode 
moved in the focal plane, the tip could be guided into the 
spaces. In about  5% of cases the advance of the electrode re- 
suited in a valid penetration of the lateral intercellular space. 

The criteria for a valid recording were: (i) The coordinates 
of  the chosen lateral space coincided with the coordinates of 
the tip of the electrode. (ii) Injection of dye via the electrode 
caused no staining of the cell cytoplasm. (iii) The electrical 
resistance between the tip and the serosal bath decreased when 
the tip entered the lateral space. (iv) The spontaneous electrical 
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Fig. 2. A. The tip of the electrode was positioned in the lateral intercellular space (LIS) as estimated from i) the decrease in 
the fractional resistance (measured as a voltage evoked by a transepithelial current every 20 sec), and ii) the recording of a 
small positive potential. Fluorescent dye could be ejected from the electrode. Two such ejections are shown in the figure as 
indicated by the interruption of the trace, c indicates a cell which is penetrated transiently during the advance of the electrode. 
B. The fluorescent dye in the lateral spaces was excited via the epifluorescence unit of the microscope. Only lateral spaces are 
seen to be stained. The double-barrelled electrode is seen in the right aspect of the picture 

potential recorded in the spaces was positive relative to the 
mucosal solution. These criteria are discussed further on pp. 117 
and 119. 

Results 

GENERAL PROPERTIES OF THE GALLBLADDER 

AT Low EXTERNAL OSMOLARITIES 

When the unilateral preparation of the gallbladder 
was bathed on the mucosal side in a solution of 
62mOsm +_1.7 (11) it produced a secretion on 
the serosal side which had an osmolarity of 
62 mOsm _+ 1.1 (11). The rate of volume transport 
(Jr) was 89 gl h 1 cm-2___10 (11). The resistance 
of the tissue was 203 ~ c m  2 _+ 29 (11), and the trans- 
epithelial potential differences was + 3.7 mV (Ta- 
ble 2 for statistics) serosa positive. 

ANATOMY 

The gallbladders were arranged with the same de- 
gree of stretch found in the animal. At normal 
osmolarities the cell layer was virtually flat when 
viewed in the Nomarski optics; i.e., the variation 
in height was less than 5%. Adaptation to low 
osmolarities caused foldings to appear in the cell 
layer. When examined in sections fixed for light 
microscopy it could be estimated that the cell layer 
was flat for about 20 cell diameters (the apical 
cell diameter was 7.1 btm_0.4 (n=10)  measured 
in the living tissue). These flat areas were limited 
by a groove about 3 cell diameters deep. The paral- 
lel grooves increased the apparent surface area of 
the tissue by about 20 to 30%. 

The lateral intercellular spaces were distended 
at low osmolarities. If we assume that the cells 
have a circular cross-section with a diameter of  
7 ~tm at the luminal end, a diameter of  4 gm at 
the serosal end and a height of 20 gm, then the 
lateral intercellular spaces comprise some 39% of 
the tissue volume of the epithelial layer at low os- 
molarities (see also Bundgaard & Zeuthen, 1982). 

OBSERVATIONS WITH THE STAINING ELECTRODE 

Two types of  penetration into the lateral intercellu- 
lar spaces could be distinguished. 

1) Initially the electrode tip was intraceUular 
as indicated by a negative potential, but as advance 
of the electrode tip continued (typically 10 gm) the 
tip left the cell and entered the lateral intercellular 
space. This was evident from (i) the abrupt change 
in the fractional resistance (Figs. 2A, & 3), (ii) the 
observation of a small positive potential relative 
to the mucosal solution of + 3 mV (Fig. 2A), and 
(iii) when fluorescent dye was injected through the 
tip of the electrode only the lateral spaces were 
stained (Fig. 2 B). This pattern of staining was ob- 
served in 8 spaces in 4 tissues; no backflux of dye 
into the mucosal solution was observed. 

2) The penetration was characterized as in (1) 
but the electrical potential measured by the refer- 
ence barrel remained negative, - 2  to - 1 0  mV and 
ejection of  dye from the tip of the electrode caused 
not only the lateral spaces to be stained but also 
one or more cells. 

When the staining was discontinued the fluo- 
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Fig. 3. A. The tracings obtained by a Na+-sensitive double-barrelled microelectrode in the lateral intercellular space. E is the 
electrical potential, ENa+E the potential recorded by the ion-selective barrel and ENa the potential obtained by subtraction. 
Scale corrected for non-Nernstian behavior. A cell was penetrated during the advance of the electrode (c). A transepithelial 
current of about 10 -s  A was passed every 10 sec. B. As in A but here CI-  was recorded. Please note the different scale on 
the ordinate 

rescence of the lateral spaces was reduced to 20% 
within 10 sec. 

THE ELECTRICAL POTENTIALS 

AND THE CONCENTRATIONS 

IN THE INTERCELLULAR SPACES 

Even if the tip of the electrode was aimed at a 
lateral intercellular space the tip had to transverse 
the intracellular compartment. 70% of the record- 
ings in the spaces were initiated by periods of low 
Na § high K § or low Ca § +, values indicative of 
leakage of ions from the penetrated cell (Fig. 3A). 
This period was on average 10 sec for the reference 
barrel and 20 sec for the ion-selective barrels. In 
30% of the cases the potentials in the spaces were 
obtained after an abrupt change from cellular 
values (Fig. 3B). 

I f  a cell remained permanently damaged it 
would continue' to take up dye from the staining 
electrode and a negative potential would be re- 
corded in the spaces. Consequently, the first criteri- 
on for a successful penetration was: 1) The refer- 
ence barrel should record a positive potential. 
Other criteria were: 2) The fractional resistance 
should decrease when the tip was positioned in 
the lateral intercellular space and should remain 
constant. 3) The recorded values of concentrations 
should remain constant (periods of up to 15 min 
were tested). 4) The lateral intercellular spaces 
should remain expanded as viewed via the No- 
marski optics. 

When these criteria were met I obtained the 
potentials from the Na +, K +, Ca + + and C1- elec- 

trodes and the electrical potential in the lateral 
spaces, which are seen in Table 1. The correspond- 
ing concentrations are also shown.1 The electrical 
potential was positive by 3 mV, the Na + concen- 
tration was the same as in the lumen, 27 m i ,  and 
CI- was slightly higher, 28.5 raM. The concentra- 
tions of  K +, 1.7mM, and Ca ++ , 0.7mM, were 
slightly lower than in the lumen. 

ACCURACY OF THE N A  + DETERMINATIONS 

The liquid ion exchanger for Na + is the most con- 
venient tool for making sharp and fast Na+-sensi - 
tire microelectrodes. Unfortunately two sources of 
error influence these measurements; the influence 
from Ca + + and the effect of osmolarity and NaCI 
concentration on the reference electrode. 

Due to the fairly accurate measurement of 
Ca ++ concentration in the spaces, however, the 
error from Ca + + does not add significantly to the 
error on the determination of the Na + concentra- 
tion (see Table 1). In the secretion, however, the 
uncertainty in the determination of Ca + + concen- 
tration causes standard error of  the mean for the 
Na + concentration to increase by 20%. 

The sensitivity of the reference barrel to exter- 
nal NaC1 concentrations can be corrected for using 
Eqs. (1) and (2a). The correction gives a lower 
value for Na + concentrations in the spaces, 24 mM, 
compared to the uncorrected value, 27 mM. Other 
corrected values are: Electrical potential in serosa 
+3.8 mV, the concentration of C1- 30 raM, K + 
1.6 mM and Ca + + 0.6 mM. 
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THE INTRACELLULAR POTENTIALS 

The electrical potential of the cellular compart- 
ment was recorded with electrodes whose reference 
barrels were filled with 2 M KC1. It was 62.7 mV 
+2.1 (17 recordings in 4 animals). (See Zeuthen 
(1981, 1982) for criteria for cell penetration.) The 
potentials of  the ion-selective barrels were obtained 
when the reference barrels were filled with the test 
solution (62 mOsm). The potential of  the K + bar- 
rels was 93.5 mV +_2 (15 recordings in 4 animals) 
which corresponds to a concentration of 93 mM 
of K + ions inside the cells. If the external solution 
was equilibrated with N 2 and the tissue was super- 
fused with this solution for 30 rain, the electrical 
potential fell reversibly to 37 mV _+ 2 (3 cells) and 
K + ions attained equilibrium across the cell mem- 
brane - equivalent to an intracellular concentra- 
tion of 11 mM. The intracellular potential of the 
Na + barrels in oxygenated tissues was 40.0 mV 
4-6.0 (5 recordings in 2 animals) which corre- 
sponds to an intracellular concentration of 6 raM. 
The potential measured intracellularly with the 
C1--selective barrel was 42.5 mV +__ 2.0 (10 record- 
ings in 2 animals). This corresponds to an intracel- 
lular C1- concentration of 5 mM. 

THE FRACTIONAL RESISTANCE 

The ratio in the lateral spaces was on average 
0.56 4- 0.04 (33 recordings in 15 animals). If we cor- 
rect for the resistance of the connective tissue the 
value is about 0.42. In the cells the uncorrected 
value was 0.50 +0.05 (17 recordings in 5 animals). 

THE IMPEDANCE OF THE REFERENCE BARREL 

The impedance and the coupling between the two 
barrels did not  change significantly when the elec- 
trode was placed in the lateral intercellular spaces. 

THE CONCENTRATIONS AND POTENTIALS 
OF THE SECRETION 

These are compiled in Table 2. The standard error 
of the mean for the potential of  the Na + electrodes 
is large, partly due to the larger variation in and 
low value of the Ca ++ concentration; the Na + 
electrode is much more sensitive to variation in 
Ca + + at low Ca + + levels than at high Ca + + levels 
(see Materials and Methods, p. 115 and Fig. 1). 

Discussion 

This paper reports the ion concentrations in the 
lateral intercellular spaces and in the cells of  the 
bullfrog gallbladder epithelium adapted to low ex- 

Table 3. Mean values of concentrations and potentials in bull- 
frog gallbladder epithelium" 

E Na + K + C1- Ca + + mOsm 
[mY] [mM] [mM] [mM] [mM] 

lumen 27 2 27 1 62 
cells -60 .6  6 95 5 N0 87 b 

spaces + 2.7 27 1.66 28.6 0.69 62 
serosa + 3.7 28 1.2 29 0.33 62 

a For errors, number of observations and significance, see Ta- 
bles 1 and 2 and Results, p. 117. 
b Calculated by assuming the activity coefficient and osmotic 
coefficient are similar to a 95 mM solution of KC1 (see Discus- 
sion, Zeuthen, 1982). 

ternal osmolarities (62 mOsm). A summary of the 
major findings is given in Table 3. 

TISSUE VIABILITY 

As judged from the transport characteristics and 
electrical parameters the tissue appeared to be 
healthy: the absorption was isotonic with the lumi- 
nal solution. Similar findings from numerous other 
experiments utilizing a wide range of osmolarities 
have been documented (Diamond, 1964a; Case, 
Harper & Scratcherd, 1968; Maddrell, 1969; Hill 
& Hill, 1978; Whittembury, de Martinez, Linares 
& Paz-Aliaga, 1980; Zeuthen, 1982). The rate of 
volume transport, 89 ~tl hr-1  cm-2,  was 3.4 times 
the value found at normal osmolarities, 26 ~tl h-1  
cm -2 (Bindslev, Tormey & Wright, 1974). This 
agrees with the observation (see references above) 
that the rate of volume transport is inversely pro- 
portional to the osmolarity. 

The tissue resistance was 203 ~ c m 2 •  (11) 
which is about twice the value determined at nor- 
mal osmolarities, 113 f~cm 2 (Bindslev et al., 1974). 
At low osmolarities one would expect the tissue 
resistance to increase in proportion to the increase 
in resistance of the bathing solutions which is a 
factor of  three. In the present case, however, the 
width of the lateral spaces increased which causes 
a reduction of the transepithelial resistance. Fur- 
thermore, the junctions may become more leaky 
at low osmolarities (Diamond, 1979). Therefore 
the relatively modest increase in resistance seems 
explainable. The transepithelial potential differ- 
ence was + 3.7 mV, serosa positive (Table 3). This 
is only slightly larger than the value determined 
at normal osmolarities, + 3.0 mV (Bindslev et al., 
1974). The magnitude of the potential will depend 
on the resistance of the lateral spaces and the tight 
junctions since the current generated by the Na + 
pump returns via this pathway. The change in os- 
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molarity will cause a change in these resistances 
as discussed above. Finally, the intracellular poten- 
tial, - 6 3  mV, the intracellular concentrations, K § 
108 raM, Na + : 6 raM, C1- : 5 mM, were also indica- 
tive of healthy cells (Table 3). 

LOCALIZATION OF THE ELECTRODE TIP 

The electrode tip was localized in the lateral inter- 
cellular spaces when the following criteria were ful- 
filled: i) The coordinates of  the electrode tip coin- 
cided with the coordinates of the chosen lateral 
space (see Materials and Methods, p. 115). ii) In- 
jection of dye via the electrode caused staining of 
the lateral space only (Fig. 2B). iii) The electrical 
resistance between the tip and the serosal bath de- 
creased when the tip entered the lateral intercellu- 
lar space, iv) The spontaneous electrical potential 
recorded in the spaces was positive. 

The high rate of volume transport sustained 
at low osmolarity caused a widening of the lateral 
intercellular spaces. With the osmolarity used, 
62 mOsm, the spaces had a width of up to 5 gm 
(Fig. 1) with the volume of the spaces constituting 
up to 39% of the volume of the epithelium. Thus 
with an accuracy of 0.2 gm in tip positioning and 
the resolution obtained with Nomarski optics 
( ~  0.5 gin) it was possible to position the tip. 

The localization was confirmed by injection of 
fluorescein dye (Fig. 2 B). Fluorescein has a diame- 
ter of  11 A. It could therefore be ejected from glass  
electrodes of the same dimensions as those used 
for the measurements of ion concentrations. The 
damage done to the tissue by the two types of  
electrodes must be similar. When a small positive 
potential was recorded relative to the lumen and 
when the voltage-divider ratio was decreased rela- 
tive to the lumen (see below) the dye stained lateral 
intercellular spaces only. 

The localization of  the electrode tip was also 
confirmed by electrical measurements. When a cur- 
rent was passed across the epithelium, a voltage 
was induced across the tight junction, lateral 
spaces and connective tissues. With reference to 
the serosal bath, the microelectrode in the lateral 
spaces recorded an induced voltage which was 
40% of the voltage induced in the mucosal solution 
(Fig. 3). This is compatible with the data obtained 
by Simon et al. (1981) on Necturus gallbladder; 
they estimated that between 13 and 54% of  the 
paracellular resistance was located in the spaces. 
In the same tissue Curci and Fr6mter (1979) found 
that almost all the resistance was located in the 
junctional region. When comparing the data from 
the bullfrog and Necturus it should be borne in 

mind that due to the oblique angle at which the 
electrode was advanced in the present study, the 
tip of the electrode was located in the top half 
of the lateral intercellular spaces. In the experi- 
ments on Neeturus the electrode was advanced per- 
pendicular to the mucosal surface and the location 
of the tip was closer to the serosal compartment. 

VALIDATION OF THE RECORDINGS 
FROM THE LATERAL INTERCELLULAR SPACES 

Although it is relatively certain that the tip of the 
electrode is located in the lateral intercellular space 
it remains to discuss to what extent leakage of ions 
from a damaged cell perturbs the ion concentra- 
tions at the point of measurement: even if it is 
found that no fluorescent dye penetrates from the 
spaces into cells it is no guarantee against ions ex- 
changing via an artificial leak between the pene- 
trated space and the penetrated cell. This is an 
important consideration because it is difficult to 
design a control experiment. For example, if the 
tissue was treated with ouabain, the lateral space 
could collapse and the geometry of the tissue in 
the 'control '  situation would be different from the 
experimental situation. 

There are, however, several indications that the 
ion concentrations measured in the lateral intercel- 
lular spaces (Tables I and 3) are not influenced 
by leakage of ions from the neighboring cells: 

1) The K + concentration was lower than the 
luminal concentration and close to that found in 
the secretion. 

2) The Na + concentration was the same in the 
spaces as in the secretion. 

3) The electrical potential measured in the 
spaces (2.7 mV) was not incompatible to the sero- 
sal potential 3.7 mV (mucosal solution grounded), 
when the resistance ratio is taken into account. 

If a significant leakage of ions existed one 
would expect the K § concentration to be higher 
in the spaces, not lower than the luminal concen- 
tration. It is also difficult to imagine a leak from 
a cell into the spaces which would cause the Na + 
concentration in the spaces to be exactly equal to 
the concentration in the mucosal and serosal solu- 
tion. The finding that the electrical potential in 
the space was almost identical to the serosal solu- 
tion suggests that there is no electrical leak between 
the cell and the space. 

COMPARISON WITH OTHER STUDIES 

Simon et al. (1981) have measured the concentra- 
tions of Na +, K + and C1- and Curci and Fr6mter 
(1979) have measured K + in the lateral spaces of  
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Necturus gallbladder transporting at normal exter- 
nal osmolarities (205 mOsm). Based on the poten- 
tials recorded by ion-selective and conventional 
microelectrodes, which were of  the order 0.6 to 
3.2 mV with standard errors up to 100%, they con- 
cluded that there might be sufficient hypertonicity 
in the spaces to mediate a transepithelial transport 
of water by simple osmosis. On the other hand 
the authors were careful to point out that any sys- 
tematic error in the recordings would seriously im- 
pair their conclusions. 

There are two major differences between their 
study and the present one. (i) They found a higher 
K § concentration in the spaces whereas I have 
found a lower K § concentration compared to the 
external solutions. (ii) They recorded a slightly neg- 
ative potential in the spaces, whereas I recorded 
a positive potential which was similar to that of  
the transepithelial potential. As the ratio of  the 
volume of the lateral space relative to the volume 
of the cells is about  9% in the Necturus gallbladder 
preparation (Spring & Hope, 1979) and as high 
as 39% in the present study, it can be seen that 
any leakage of  ions from the cells will be more 
serious in the Necturus gallbladder preparation be- 
cause the ions will not be diluted to the same de- 
gree as in the bullfrog preparation. Electrode pene- 
tration in the Necturus preparations may have been 
influenced by leakage of  K § from the neighboring 
cells. 

The solution in the lateral spaces of rabbit 
small intestine has been analyzed by means of  elec- 
tron-probe (Gupta, Hall & Naftalin, 1978). The 
high values of  K + concentrations obtained, 40 mM 
(which was about  3 times the luminal values) sug- 
gests that cytoplasmic contents might have conta- 
minated the measurements. 

The present study is at variance with the data 
obtained from salivary glands of  CaIiphora where 
Wall, Oschman and Schmidt-Nielsen (1970) deter- 
mined a space hypertonicity of  30 mOsm. Epitheli- 
al cells may be hypertonic to the surrounding me- 
dia (Zeuthen, 1982, and present results); thus any 
leakage would result in increased osmolarity. 

An indirect estimation of  the hypertonicity of 
spaces was attempted by Machen and Diamond 
(1969). They attributed the transepithelilal poten- 
tial entirely to a diffusion potential across the junc- 
tions and estimated a space hypertonicity of  about  
i0 mOsm. They made the erroneous assumption 
that the transport of  Na + and C1 across the 
whole epithelium was entirely neutral. The exit step 
for Na + across the serosal membrane has been 
shown to be electrogenic (see discussion by Baer- 

entsen et al., 1982), and the potential across the 
junctions cannot be attributed to diffusion alone. 

RELATION BETWEEN THE SECRETION 
AND THE IONIC COMPOSITION OF THE SPACES 

The similarity in composition and lack of gradient 
in potential between the final secretion and the 
solution in the spaces (Tables 2 and 3) suggest that 
the coupling between the salt and water has largely 
taken place before the salt and water reach the 
lateral intercellular spaces, i.e. the coupling takes 
place in the serosal membrane and/or the junc- 
tional complexes. The small but significant differ- 
ences between the K + and Ca ++ concentrations 
could be explained if there were sources and sinks 
for these ions in the connective tissue. 

Diamond (1964b) also observed that the K + 
concentration in the secretion produced by the uni- 
lateral gallbladder preparation was lower than the 
concentration in the luminal solution and that the 
C1- concentration was higher. 

MECHANISMS OF TRANSEPITHELIAL TRANSPORT 
OF WATER 

The data suggest that transepithelial transport of  
water cannot take place via the transcellular route 
unless either of the following are true: 

1) the L / s  of the membranes are high - of 
the order of  10 -2 cm sec -1 osm -1 and the data 
from the intracellular compartment (Table 3) are 
incorrect or misinterpreted: the osmolarity in the 
cell must be about  52 mOsm. 

2) The data in Table 3 are correct. The Lp's 
are similar to those determined in Necturus gall- 
bladder at normal osmolarities (Spring et al., 1980; 
Zeuthen, 1982) being about  10 - 3  c m  sec- 1 osm-  1 
The reflection coefficient for K + ions or a K + salt 
is low across the serosal membrane. 

Regarding 1): With a mucosal membrane, Lp, 
of I 0  - 2  c m  sec -1 osm -~ and a water transport 
rate of  89 I-tl cm -2 hr-1 the cell interior would 
need to be hyperosmolar by 2.5 mOsm in order 
to explain the influx of  water. For  water to move 
across the serosal membrane by osmosis, the osmo- 
larity in the spaces should be higher than 
62_+ 2.5 = 64.5 mOsm. If the osmolarity is propor- 
tional to the Na + concentration an osmolarity of  
64.5 mOsm in the spaces would be detected by the 
Na + electrodes as a potential of  1 mV (=25.3 In 
64.5/62). This is within the resolution of  the meth- 
od. If  the Lp was lower, say by a factor of  10, 
then the osmolarity in the spaces should have been 



T. Zeuthen: Ion Activities in Gallbladder Epithelium 121 

at least 25 mOsm higher than in the lumen. 2 This 
should have been detected by the Na + electrode 
(and C1- electrode) as a potential of  9 mV relative 
to the lumen. Finally, if interpretation no. 1 is cor- 
rect the ion concentration data inside the cell must 
be in error: the efflux of water from the cell into 
the spaces cannot proceed against the osmotic gra- 
dient. 

Regarding 2): With a mucosal membrane Lp 
of 10 .3 cm sec -1 osm -1 the observed influx of 
water (89 gl cm -2  hr-1)  would be explained if the 
cell was hyperosmolar to the lumen by 25 mOsm 
- quite in agreement with the data and interpreta- 
tions given in Table 3. But if the cell is hyperosmo- 
lar to the secretion the question remains: how can 
a cell by hyperosmolar to its surroundings by as 
much as 25 mOsm? Or, as the cell apparently is 
in a steady state, how can the efflux of water pro- 
ceed against its chemical gradient ? 

OSMOTIC EQUILIBRIUM ACROSS CELL MEMBRANES 

The hypothesis that the cell cytoplasm is hyper- 
tonic to the external solutions at low external os- 
molarities is based on two lines of evidence: Re- 
cordings by K § sensitive microelectrodes in (i) 
Necturus gallbladder (Zeuthen, 1982) and the pres- 
ent measurement (Table 3). A discussion of the 
translation of activities into osmolarities is given 
in Zeuthen (1982). (ii) From direct measurement 
of freezing point depression by a Ramsay os- 
mometer (Zeuthen, 1981). 

It is well established that many types of cells 
are in osmotic equilibrium with their bathing medi- 
um (Macknight & Leaf, 1977). It is also well estab- 
lished that many cells are not. This applies, e.g., 
to the fresh water amoeba (Schmidt-Nielsen & 
Schrauger, 1963; Riddick, 1968) and to the fresh 
water hydra. This is an animal which consists 
largely of two layers of water-permeable epithelia, 
the salt content of  which is roughly 40 mOsm hy- 
perosmotic to the internal and external bathing 
media (Steinbach, 1963; Benos etal.,  1977). The 
animal has no nephridium. The localization and 
orientation of ion gradients, active transport and 
transport of  water are the same in these fresh water 
species and in the gallbladder (compare House, 
1974, and Benos etal.,  1977). Furthermore the 
morphology is similar (Bundgaard & Zeuthen, 

2 It is relevant to consider the case where Lp is increased 
with decreased bath osmolarity: The water permeability of epi- 
thelial cell membranes has been reported both to be an increas- 
ing function of osmolarity (toad bladder: Ripoche, Bourget 
& Parisi, 1973; Hardy, 1979) and a decreasing one (frog skin: 
House, 1964; Franz & Van Brfiggen, 1967; Lau et al., 1982). 

1982) in terms of wide, expanded lateral intercellu- 
lar spaces. 

It has been suggested in previous experiments 
(Zeuthen, 1982) that the reflection coefficient of  
the membrane for K + ions or some K + salt was 
significantly less than one. If this were the case 
the intracellular K § salt would not exert its full 
osmotic pressure across the membrane and an os- 
motic steady state could exist even if the intracellu- 
lar compartment were hypertonic to the extracellu- 
lar compartment. It is interesting that when iso- 
lated contractile vacuoles (Hopkins, 1945) and re- 
nal proximal tubules (Dellasega & Grantham, 
1973) are made to swell and shrink osmotically 
in NaC1 solutions they respond initially as perfect 
osmometers. If they are made to swell and shrink 
in solutions made hyper- or hypoosmotic by the 
addition of KC1 they do not behave as perfect os- 
mometers. This would be the case if the membrane 
had a low reflection coefficient for K § Theories 
for transepithelial transport of  water involving low 
reflection coefficients for K + have been suggested 
(House, 1964; Schilb & Brodsky, 1970). If the re- 
flection coefficient for K § was lower for the serosal 
than for the mucosal membrane, transepithelial 
water transport would be aided. 

The author wishes to thank the National Research Council 
and Novo's Foundation for financial support. The technical 
assistance of I. Ostermark-Johansen, the help of the secretarial 
staff and the aid of the graphical design department is greatly 
appreciated. Dr. T.E. Machen is thanked for discussion on the 
scientific content. 

R e f e r e n c e s  

Baerentsen, H.J., Christensen, O., Thomsen, P.G., Zeuthen, T. 
1982. Steady states and the effects of ouabain in the Nectur- 
us gallbladder epithelium: A model analysis. J. Membrane 
Biol. 68:215-225 

Benos, D.J., Kirk, R.G., Barba, W.P., Goldner, M.M. 1977. 
Hyposmotic fluid formation in Hydra. Tissue Cell 9:11~2 

Bindslev, N., Hansen, A.J. 1981. Mono-/bivalent ion selectivi- 
ties obtained by the Nicolsky and the electrodiffusional re- 
gimes. In: Progress in Enzyme and Ion Selective Electrodes. 
D.W. Ltibbers, H. Acker, R.P. Buck, G. Eisenman, M. 
Kessler and W. Simon, editors, pp. 25-31. Springer-Verlag, 
New York 

Bindslev, N., Tormey, J.McD., Wright, E.M. 1974. The effects 
of electrical and osmotic gradients on lateral intercellular 
spaces and membrane conductance in a low resistance epi- 
thelium. J. Membrane Biol. 19:357-380 

Bundgaard, M., Zeuthen, T. 1982. The structure of Neeturus 
gallbladder epithelium during transporting at low external 
osmolarities. J. Membrane Biol. 68 �9 97-105 

Case, R.M., Harper, A.A., Scratcherd, T. 1968. Water and elec- 
trolyte secretion by the perfused pancreas of the cat. J. Phys- 
iol. (London) 196:133-149 

Curci, S., Fr6mter, E. 1979. Micropuncture of lateral intracellu- 



122 T. Zeuthen : Ion Activities in Gallbladder Epithelium 

lar spaces of Necturus gallbladder to determine space fluid 
K + concentration. Nature (London) 278:355-357 

Dellasega, M., Grantham J.J. 1973. Regulation of renal tubule 
cell volume in hypotonic media. Am. J. Physiol. 
224:1288-1294 

Diamond, J.M. 1964a. Transport of salt and water in rabbit 
and guinea pig gallbladder. J. Gen. Physiol. 48:1 14 

Diamond, J.M. 1964b. The mechanism of isotonic water trans- 
port. Y. Gen. Physiol. 48:15-42 

Diamond, J.M. 1979. Osmotic water flow in leaky epithelia. 
J. Membrane Biol. 51 : 195-216 

Franz, T.J., VanBruggen, J.T. 1967. Hyperosmolarity and net 
transport of electrolytes in frog skin. J. Gen. Physiol. 
50: 933-949 

Gfiggi, M., Oehme, M., Pretsch, E., Simon, W. 1976. Neutraler 
Ionophor ftir Flfissigmembraneelektroden mit hoher selekti- 
vitgt fiir Natrium - gegeniiber Kalium - Ionen. Helv. Chim. 
Acta 59: 2417-2420 

Gupta, B.L., Hall, T.A., Naftalin, R.J. 1978. Microprobe mea- 
surement of Na, K, and C1 concentration profiles in epitheli- 
al cells and intracellular spaces of rabbit ileum. Nature 
(London) 272:70-73 

Hansen, A.J., Zeuthen, T. 1981. Extracellular ion concentration 
during spreading depression and ischemia in rat brain cor- 
tex. Aeta Physiol. Scand. 113:437~445 

Hardy, M.A. 1979. Ionic requirements of the transepithelial 
water flow induced by hypertonicity. In: Controle Hormon- 
ale des Transports Epitheliaux. J. Bourqet, J. Chevalier, 
M. Parisi and R. Ripoche, editors, pp. 311-322. INSERM, 
Paris 

Hill, S., Hill, A.E. 1978. Fluid transfer by Necturus gallbladder 
epithelium as a function os osmolarity. Proc. R. Soc. London 
B. 200:151-162 

Hopkins, D.A. 1945. The contractile vacuole and the adjust- 
ment to changing concentration in fresh water amoebae. 
Biol. Bull. 89:158-176 

House, C.R., 1964. The nature of water transport across frog 
skin. Biophys. J. 4:401-416 

House, C.R. 1974. Water Transport in Cells and Tissues. Ed- 
ward Arnold, London 

Huxley, A.F. 1961. A micromanipulator. J. Physiol. (London) 
157: 5P 

Lau, Y.T., Parsons, R.H., Fenney, G.A., Walker, K.L. 1982. 
Bath osmolarity: Effect on water permeability of epithelial 
tissue. Am. J. Physiol. 242:C184-C191 

Machen, T.E., Diamond, J.M. 1969. An estimate of the salt 
concentration in the lateral intercellular spaces of rabbit 
gallbladder during maximal fluid transport. J. Membrane 
Biol. 1 : 194-213 

Macknight, A.D.C., Leaf, A. 1977. Regulation of cellular vol- 
ume. Physiol. Rev. 57:511-573 

Maddrell, S.H.P. 1969. Secretion by the malpighian tubules 
of Rhodnius. The movements of ions and water. J. Exp. 
Biol. 51:71-97 

Riddick, D.H. 1968. Contractile vacuole in the amoeba, PeIo- 
myxa carolinensis. Am. J. Physiol. 215:736-740 

Ripoche, P., Bourqet, J., Parisi, M. 1973. The effect of hyper- 
tonic media on water permeability of frog urinary bladder. 
Inhibition by catecholamines and prostaglandin E I . or. Gen. 
Physiol. 61 : 110-124 

Robinson, R.A., Stokes, R.H. 1959. Electrolyte Solutions. 2 nd 
edition (revised). p. 571. Butterworths, London 

Schilb, T.P., Brodsky, W.A. 1970. Transient acceleration of 
transmural water flow by inhibition of sodium transport 
in turtle bladders. Am. J. Physiol. 219:590-596 

Schmidt-Nielsen, B., Schranger, C.H. 1963. Amoeba profeus: 
Studying the contractile vacuole by micropuncture. Science 
134: 606-607 

Simon, M., Curci, S., Gebler, B., Fr6mter, E. 1981. Attempts 
to determine the ion concentrations in the lateral spaces 
between cells of Necturus gallbladder epithelium with micro- 
electrodes. In: Benzon Symposium: Water Transport 
Across Epithelia. H.H. Ussing, N. Bindslev, N.A. Lassen 
and O. Sten-Knudsen, editors. Munksgaard, Copenhagen 

Spring, K.R., Hope, A. 1979. Size and shape of the lateral 
intercellular spaces in a living epithelium. Science 200:54-58 

Spring, K.R., Hope, A., Persson, B.-E. 1980. Quantitative light 
microscopic studies of epithelial fluid transport. In: Benzon 
Symposium: Water Transport Across Epithelia. H.H. Uss- 
ing, N. Bindslev, N.A. Lassen and O. Sten-Knudsen, edi- 
tors. pp. 190-200. Munksgaard, Copenhagen 

Steinbach, H.B. 1963. Sodium, potassium and chloride in se- 
lected hydroids. BioL Bull. 124:322-336 

Waddell, W.J., Bates, R.G. 1969. Intracellular pH. Physiol. Rev. 
48:285 329 

Wall, B.J., Oschman, J.L., Schmidt-Nielsen, B. 1970. Fluid 
transport: Concentration of the intercellular compartment. 
Science 167:1497-1498 

Whittembury, G., Martinez, C.V., Linares, H., Paz-Aliaga, A. 
1980. Solvent drag of large solutes indicates paracellular 
water flow in leaky epithelia. Proc. R. Soc. London B 
211:63-81 

Zeuthen, T. 1980. Isotonic transport and intracellular osmolar- 
ity in the Neeturus gallbladder epithelium. In: Benzon Sym- 
posium: Water Transport Across Epithelia. H.H. Ussing, 
N. Bindslev, N.A. Lassen and O. Sten-Knudsen, editors. 
pp. 313-331. M unksgaard, Copenhagen 

Zeuthen, T. 1981. How to make and use double-barrelled ion- 
selective microelectrodes. Curr. Topics Membranes Transp. 
13:3147 

Zeuthen, T. 1982. Relations between intracellular ion activities 
and extracellular osmolarity in Necturus gallbladder epithe- 
lium. J. Membrane Biol. 66:109-121 

Zeuthen, T., Hiam, R.C., Silver, I.A. 1974. Recording of ion 
activities in the brain. In. Ion Selective Microelectrodes. 
H. Berman and N. Herbert, editors, pp. 145-156. Plenum 
Press, London 

Received 16 August 1982; revised I March 1983 


