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Summary. Ion-sensitive glass microelectrodes, conventional microelectrodes and iso- 
tope flux measurements were employed in Necturus gallbladder epithelium to study 
intracellular sodium activity, [Nail ,  electrical parameters of epithelial cells, and proper- 
ties of active sodium transport. Mean control values were: [NaJi: 9.2 to 12.1raM; 
transepithelial potential difference, ~',,,s: - 1 . 5 m V  (lumen negative); basolateral cell 
membrane potential, 7~cs: - 6 2  mV (cell interior negative); sodium conductance of the 
luminal cell membrane, gnu: 12~tmhocm 2; active transcellular sodium flux, 88 to 
101 pmol cm -2 sec-1 (estimated as instantaneous short-circuit current). Replacement of 
luminal Na by K led to a decrease of the intracellular sodium activity at a rate 
commensurate to the rate of active sodium extrusion across the basolateral cell mem- 
brane. Mucosal application of amphotericin B resulted in an increase of the luminal 
membrane conductance, a rise of intracellular sodium activity, and an increase of short- 
circuit current and unidirectional mucosa to serosa sodium flux. Conclusions: (i) sodium 
transport across the basolateral membrane can proceed against a steeper chemical 
potential difference at a higher rate than encountered under control conditions; (ii) the 
luminal Na-conductance is too low to accommodate sodium influx at the rate of active 
basolateral sodium extrusion, suggesting involvement of an electrically silent luminal 
transport mechanism; (iii) sodium entry across the luminal membrane is the rate-limiting 
step of transcellular sodium transport and active sodium extrusion across the basolateral 
cell membrane is not saturated under control conditions. 

Sodium movement  across epithelial membranes occur along both a 
cellular and a paracellular pathway. In "leaky" epithelia such as that of 
the gallbladder, passive transport across the paracellular shunt pathway 
is the dominating factor in determining the overall transepithelial ion 
permeability. In contrast, the rate of active transcellular transport of 
sodium is determined by two sequential operations: by the rate of 
sodium entry across the luminal membrane, be it by diffusion down an 
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electrochemical gradient or mediated by a specific carrier, and by active 
extrusion of sodium ions across the basolateral cell membrane by an 
electroneutral or rheogenic pump mechanism. 

1"he existence of a relatively low resistance paracellular shunt path- 
way has been clearly demonstrated for Necturus  gallbladder epithelium 
(Fr6mter, 1972, Fr/Smter & Diamond, 1972), and further advances in our 
understanding of the mechanisms of cellular sodium transport were 
made by Reuss and Finn (1975a, b) and van Os and Slegers (1975), who 
studied the permeability properties of the luminal and basolateral cell 
membranes. Several investigators have succeeded in using ion-sensitive 
microelectrodes to measure intracellular sodium activity in sodium trans- 
porting epithelia (Lee & Armstrong, 1972; Zeuthen & Monge, 1975), 
including Necturus  gallbladder (Zeuthen, 1976, 1977). 

In the present study measurements of intracellular sodium activities 
and of transepithelial transport were carried out under conditions of 
reduced and enhanced sodium entry across the luminal cell membrane. 
Reduction of sodium entry was achieved by abolishing its electrochemi- 
cal gradient across the luminal membrane. This resulted in a rapid fall of 
the intracellular sodium concentration. On the other hand, increasing the 
permeability of the luminal membrane by amphotericin B led to a sharp 
rise of the intracellular sodium activity with a simultaneous increase of 
the transepithelial sodium transport and the transepithelial electric po- 
tential. Comparison of these results with electrophysiological parameters 
obtained in this and other studies (Reuss & Finn, 1975a, b) shows that: 
(i) the sodium pump of the basolateral membrane is rheogenic, at least 
under conditions of an increased load; (ii) the intracellular sodium 
activity determines the pumping rate and that the sodium pump is not 
saturated under control conditions; (iii) sodium entry across the luminal 
membrane is the rate-limiting step of transepithelial sodium transport; 
and (iv) it is unlikely that diffusion of sodium ions is the sole mechanism 
for its translocation across the luminal cell membrane. 

Materials and Methods 

The experiments were carried out on isolated gallbladders of Neeturus maculosus 
(Lemberger Co., Oshkosh, Wisc.). Effects of ionic replacements were studied during July 
to October, those of amphotericin B (Fungizone, E.R., Squibb & Sons) in November and 
December. 

The animals were anesthetized by immersion in a solution of tricaine methansul- 
fonate in tap water (660 rag/liter). After disappearance of cutaneous reflexes the abdo- 
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Fig. 1. Electrode arrangement for the measurement of electrical parameters and of 
intracellular sodium activity in Necturus gallbladder epithelium. The gallbladder was 
mounted as a flat sheet between two current-passing electrodes. Cells were impaled from 
the mucosal surface with Ling-Gerard and sodium-sensitive glass microelectrodes. Poten- 
tials were recorded with reference to the serosal or mucosal (not shown) bathing solution 
or by electronic subtraction as indicated. Ks; serosal membrane potential; 7Jmc; mucosal 
membrane potential; ENa; intracellular sodium potential (with reference to the extracel- 
lular value determined before impalement). Changes of 7{, s, ~,,c, and Ks due to transep- 
ithelial current were used to determine R~e (transepithelial resistance) and r (voltage 

divider ratio) 

minal cavity was opened by a median incision, the gallbladder was removed, cleaned 
from adhering liver tissue, emptied, and cut longitudinally. After washing it free from bile 
residues in amphibian Ringer's solution, it was mounted as a flat sheet in a slightly 
modified Ussing-type perfusion chamber similar to the one used by Fr/Smter (1972). The 
exposed tissue area was 0.5 cm2; the fluid inlet of the lower (serosal) chamber (volume 1 
ml) was located at the bottom and accommodated one current-passing A g - A g C 1  
electrode. A fluid outlet was placed 1 mm below the supporting grid of the tissue and the 
waste fluid passed a flowing K C 1 - A g - A g C 1  electrode connected to ground. The upper 
(mucosal) chamber contained a circular A g - A g C 1  current electrode. The transepithelial 
potential was measured with reference to ground by a R i n g e r - a g a r - K C 1 - A g - A g C 1  
electrode in the mucosal bath, or when changes of the ion concentrations were applied, 
by a low resistance Ling-Gerard type electrode filled with 3 M KC1. The mucosal bath 
was changed periodically by suction and refilling with different oxygenated solutions. All 
experiments were carried out at room temperature. 

The standard perfusion solution contained (raM): NaC1, 90; KC1, 2.5; CaC12, 1.8; 
MgCI> 1.0; NaHCO> 10.0; NaH2PO4, 0.5; pH7.74, gassed with 9 9 ~  Oz, 1 ~  COz; 
sodium activity in the control solution is calculated to be 78.4 raM/liter; in some 
experiments NaC1 was replaced isotonically by KC1 or raffinose. 

Epithelial cells were impaled from the mucosal side under visual control (Leitz TS 
stereomicroscope) with bevelled microelectrodes (Brown & Flaming, 1974) filled with 3 
KC1 and with a sodium-sensitive recessed-type glass microelectrode (Thomas, 1972). The 
KCl-filled microelectrodes were connected via A g - A g C I  electrode holders to an M 701 
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Fig. 2. Equivalent circuit of gallbladder epithelium used to determine electromotive forces 
and resistances of the mucosal membrane (Era, Rm), the serosal membrane (E S, Rs) and the 

lateral paracellular shunt (E L, RL) by the equations given below 

amplifier (WP-Instruments, Hamden, Conn.), and the sodium-sensitive electrodes to a 
high impedence electrometer (F-23, WP-Instruments, Hamden, Conn.). The electrode 
arrangement and the circuit diagram are shown in Fig. 1, and Fig. 2 shows the equivalent 
circuit and some of the equations used to assess various circuit parameters. Cells were 
impaled by advancing the microelectrode towards the cell membrane until an increase of 
noise (and electrode resistance) and a small, usually positive, potential change was 
observed. The electrode was advanced and the membrane punctured by cautiously 
tapping the table. Stable potential readings were most frequently obtained when the 
impalement resulted in a step voltage change and not in a transient overshoot or gradual 
potential increase. 

The transepithelial potential, ~,~s, is given with reference to the serosal bathing 
solution. The basolateral (serosal) cell membrane potential, Us, is also referred to the 
serosal bathing solution, and the apical (mucosal) cell membrane potential, k~,, c, is the 
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potential of the mucosal bathing solution with reference to the intracellular potential. 
The same sign convention is used to describe the respective emf's, EL, E s and E M. 

The transepithelial resistance (Rt~) and the "voltage divider ratio" (r, R m/R s) were 
measured by passing 300msec rectangular current pulses between the mucosal and 
serosal current electrodes from a floating constant current source. Current was measured 
by the voltage drop across a 100D. resistor by means of a differential electrometer 
amplifier. 

The mucosal potential recording electrode was placed in immediate proximity to the 
epithelium. Correction both for a small resistance of the serosal connective tissue and the 
1-mm serosal fluid (2025 ohm cm 2) was made by scraping off the epithelium at the end 
of each experiment. A value of 16.5 ohm cm 2 was obtained by Fromm et al. (1977) for the 
subepithelial connective tissue in Necturus gallbladder. 

Sodium-sensitive glass microelectrodes were constructed from Coming NAS 11.18 
glass as described by Thomas (1972), an effort being made to achieve a very small volume 
of the recess in the tip (100-200gm3). The electrodes were bevelled under microscopic 
control on a rotating (approx. 1 cps) optical flat glass disc, covered with a polyurethane 
film, and sprayed with 0.1 gm alumina particles as grinding abrasive (Brown & Flaming 
t975). Electrodes with a just visible opening at the tip (approx. 0.5gin) gave stable 
impalements and a relatively fast reading of changes of the sodium concentration (90 ~ of 
the full response in 1 to 5 rain). The electrodes were calibrated in Ringer's solutions of 
different sodium concentrations, sodium being replaced by equivalent amounts of pot- 
assium (Na § 100-10raM; K § 2.5-92.5 mM). This procedure was chosen to avoid signifi- 
cant changes in ionic strength and to approach a cationic environment similar to that of 
cell fluid. Electrode resistances were estimated by shunting their emf in sodium-contain- 
ing media through a 109~ resistor and measuring the remaining voltage drop. Electrodes 
were accepted if they gave a response of 55-56 mV for a tenfold change of the sodium 
concentration, exhibiting a selectivity of Na over K better than 70:1. The electrodes had 
thus quite similar characteristics as those described by Thomas (1976). These electrodes 
had resistances of >8  x 101~ Intracellular sodium activities, [Na+]i, were calculated 
from the activity coefficient of the Ringer's solution (0,78), and the nonideal slope of the 
sodium electrode as given above. The chemical potential difference between intracellular 
fluid and bathing solution is given as EN,. 

Mucosa to serosa sodium flux (J2s") was measured with 24Na containing Ringer's 
solution in the mucosal chamber. The effluent of the serosal chamber was collected 
continuously at a flow rate of 2 ml/min. In these experiments the mucosal bath was 
oxygenated and stirred by a stream of humidified 0 2 -  CO 2. Fluxes were also measured 
during constant current clamping. Passing current through the epithelium leads to slow 
resistance changes (Fr/Smter, 5972; Reuss & Finn, 1975a), the I/V plot being linear only 
for short current pulses. Due to additional diffusional delay J,~2 becomes constant only 15 
to 25 rain after constant current clamping. Steady-state fluxes were, therefore, measured 
for each period after at least 30 rain had elapsed. 

Results are given as the mean _+ SEM; n =number  of experiments. 

Results 

1) Measurement of  the Luminal Membrane Potential 
and the IntracelIular Sodium Activity 

T h e  p o t e n t i a l  c h a n g e  r e c o r d e d  w i t h  t h e  s o d i u m  e l e c t r o d e  a f t e r  i m -  

p a l e m e n t  o f  ce l ls  f r o m  t h e  m u c o s a l  s ide  is c o m p o s e d  o f  t w o  c o m p o n e n t s ,  
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Fig. 3. Relationship between voltage divider ratio (r) and the luminal cell membrane 
potential (~g~c) obtained from random impalements in 5 Necturus gallbladders. Only 
potential readings stable within 1 mV for longer than 1 rain were accepted. These were 
most frequently obtained when the impalement resulted in a step voltage change and not 
in a transient overshoot or gradual increase. After some impalements a spontaneous 
decrease of ~,,~ and the voltage divider ratio occurred. Further advancing of the electrode 
led to stabilization of ~mc and r, unless apparent touching of the contraluminal mem- 
brane from the inside and its possible damage led to a step or gradual decrease of the 

intracellular potential 

the change of the sodium potential from the extracellular to the in- 
tracellular value (ENd) and the transmembrane electric potential differ- 
ence (~,~c). The intracellular sodium activity, [Na] i, is evaluated from ENd 
after correction for ~,~c. One way to obtain the reference transmembrane 
potential was to impale and to record potential differences from nearby 
cells with a second microelectrode of simular tip size (resistance between 
3-10 Mf~, tip potentials < 2 mV) as the sodium electrode. As summarized 
in Fig. 3, and as observed by other investigators (Fr6mter, 1972; Reuss & 
Finn, 1975a; van Os & Slegers, 1975), a considerable range of luminal 
membrane potential values was found. Differences in ~,~c as large as 
15mV were recorded with two Ling-Gerard Microelectrodes even in 
electrically coupled adjacent cells. Similarly, the sodium electrode mea- 
sured stable values of ~mc--ENa over a range of 37 to 128 mV. 

Since this large variability of intracellular potentials could be due to 
damage of the luminal membrane during impalement, we passed current 
pulses through the epithelium and recorded the voltage divider ratio, r, 
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as a measure  of  the luminal  m e m b r a n e  resistance. F igure  3 summar izes  

the re la t ionship  be tween  the luminal  m e m b r a n e  po ten t ia l  and  the vol- 

tage divider  ratio.  It is appa ren t  tha t  a low relat ive luminal  m e m b r a n e  

resis tance is genera l ly  associa ted with a low m e m b r a n e  potent ia l .  This  

dependence  of  ~mc on the vol tage  divider  ra t io  m a y  be expla ined bo th  by  

intr insic var iabi l i ty  of  the luminal  m e m b r a n e  resis tance as well as by 

dama ge  of  the cell m e m b r a n e  by the record ing  e lec t rode  (see Appendix). 1 
Suzuki  and  F r 6 m t e r  (1977) have recent ly  r epo r t ed  similar observat ions .  

Since a similar  exp lana t ion  is mos t  l ikely to ho ld  for the large 

var iabi l i ty  of  the po ten t ia l  measu red  by  the sod ium-e lec t rode  (7~mc-EN~ ), 

it was desirable  to evaluate  7Jmc for the same cell where  [ N a + ] i  was to be 

measured .  The  use of  doub le -ba r re l l ed  sodium-sens i t ive  mic roe lec t rodes  

would  inevi tably  have  led to larger  t ip sizes and  increasing d am ag e  to 

the cell membrane .  A d v a n t a g e  was, therefore,  t aken  of  the biphasic  t ime 

course  of  the poten t ia l  change  when the tip of  the so d iu m  e lec t rode  

t raverses  the cell m e m b r a n e  and becomes  exposed  ei ther  to the in- 

t racel lular  sod ium concen t r a t i on  upon  imp a l em en t  or the extracel lu lar  

so lu t ion  after  wi thdrawing  the electrode.  An  initial step change  of the 

po ten t ia l  was regular ly  fo l lowed by a second slow phase,  the first 

measur ing  7Jmc, the second EN,. The  delay in reaching  the second 

1 Frequently, low and unstable luminal membrane potentials associated with a low 
value of the voltage divider ratio were recorded immediately after puncturing the cell. In 
some instances further advancing of the microelectrode into the cell led to an increase of 
~,,c and r and sometimes to stabilization of these parameters. As a typical example, the 
following pairs of values (Time; Rm/(Rm+Rs), fractional resistance of the luminal mem- 
brane) were obtained immediately after advancing the microelectrode by 5 gm steps into 
a cell: 7/0.07; 25/0.21; 37/0.34; 49/0.62. An increase of the intracellular potential 
measured by advancing the microelectrode into the cell was also observed by Zeuthen 
(1976, 1977). He interpreted this finding by postulating the existence of a significant 
intracellular potential gradient. This explanation seems unlikely, and similar views have 
been advanced by Suzuki and Fr6mter (1977). By two-dimensional cable analysis the 
resistance across the luminal and serosal membrane was determined to be 4.5 and 2.9 kf2 
cm 2, respectively (Fr6mter 1972; Reuss & Finn 1975a). In contrast, studies of horizontal 
current spread within the epithelial cell layer yield a resistivity of 4.1 kf2 cm (this value is 
calculated from the data of Fr6mter for an epithelial thickness of 40 gm and it includes 
the intercellular coupling resistance). If the observed variance of the voltage divider ratio 
were due to incidental and different locations of the electrode tip along a presumed high 
intracellular resistance this would have to amount to half the sum of R,~ and R~ (the 
range of r from 0.3 to 3.0 in Fig. 3 reveals fractional resistances, Rm/(R,n +R~), from 0.25 to 
0.75). For a cell height of 40 gm this would give a cytoplasmic resistivity of 0.9 Mr2 cm 
((4.5+2.9)x0.5 K~ cm2/4xl0 -3 cm). In view of this excessively high value, it is 
therefore concluded that the voltage divider ratio is determined by membrane properties 
only, and that, in our study, low potential readings are due to leaky impalements and 
variability of Rm (see Appendix). Advancing of the microelectrode after leaky impalements 
might facilitate sealing of the cell membrane around the electrode shaft. 
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Fig. 4, Typical trace of the potential change recorded during withdrawal of a sodium- 
sensitive glass microelectrode from a cell after intracellular equilibration. The step change 
(within 3 sec) reflects the membrane potential; the slow potential change is due to the 
exposure of the sodium-sensitive glass membrane to the solution in the recess of the tip 

which slowly equilibrates with the extracellular fluid 
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Fig. 5. Relationship between the luminal membrane potential (7"me) and the intracellular 
sodium activity [Na+]i, (logarithmic scale) obtained by analyzing potential changes 

recorded during withdrawal of the sodium electrode after intracellular stabilization 

potent ia l  level is due to the slow equi l ibra t ion be tween  the intracellular  
fluid and the extracel lular  fluid in the recess of the sodium-sensi t ive  
e lect rode tip. As seen in Fig. 4, after intracellular  equi l ibra t ion has been 
achieved,  the same biphas ic  response  is observed  when the e lect rode is 
w i thd rawn  from the cell and exposed  to the different extracel lular  

sod ium concentra t ion.  
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Data obtained by this method are summarized in Fig. 5. Similar to 
the relationship between luminal membrane potential and the voltage 
divider ratio, a wide range of intracellular sodium activities was found 
and the magnitude of the membrane potential and the intracellular 
sodium concentration were correlated (r=0.74): a low 7',, c was found to 
be associated with a high [Na+]i. According to the above considera- 
tions, a leak in the puncture site should lead to an increase of [Na+]i 
and probably a loss of intracellular K. This, in turn, may contribute to 
the decrease of the measured luminal membrane potential which is 
known to be K§ (Reuss & Finn, 1975b, van Os & Slegers, 
1975). It seems, therefore, reasonable to assume that low potential 
recordings have doubtful physiological significance, and we have chosen 
to exclude them. Choosing lower limits of 7Jmc of 40 mV, the mean values 
obtained from the data in Fig. 5 were, for control conditions, 7Jmc = 48.0 
+1.3 mV and [Na+]i=12.1 +4.6 m~ (n=29). A lower limit of 7-'m~ of 
50mV gives corresponding values of ~.c = 57.6_+2.7 mV and [Na] = 9.2 
+3.8 mM (n= l l ) .  

In the following experiments luminal bathing solutions were varied 
during recording with two cellular microelectrodes. Changes of [Na+]~ 
were evaluated from the mean changes of T,,~ and (T,,~-EN,), recorded 
with separate Ling-Gerard and sodium-sensitive electrodes, respectively. 

2) Dependence of the Intracellular Sodium Activity 
on the Electrochemical Potential Gradient across 

the Luminal Cell Membrane 

The purpose of these experiments was to study the change of the 
intracellular sodium activity under a condition where diffusional entry of 
sodium across the luminal membrane is suddenly abolished. Since the 
luminal membrane is permeable to both Na and K, although pre- 
ferentially permeable to potassium ions (Reuss & Finn, 1975b, van Os & 
Slegers, 1975), replacement of luminal Na § by K § results in a simul- 
taneous decrease of the luminal membrane potential difference (Time) and 
the chemical potential difference for sodium (EN,), the latter reversing its 
polarity when [Na+]o < [-Na+]i. As can be seen from inspection of Fig. 6 
where the initial electrical events are depicted, sodium equilibrium (~gmc 
--ENa=0 ) was approached when 90mg Na § was replaced by K § to 
give a concentration of 92.5 m g  K § 

After abolishing the electrochemical potential difference of sodium 
across the luminal membrane, the further time course of the change of 
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Fig. 6. Changes of the luminal membrane potential (~gmc) as a function of the extracellular 
sodium and potassium concentrations, Cya and C~. Recorded values of ~mc are com- 
pared to the calculated chemical sodium gradient ([Na+]~=12.2mM) across the cell 
membrane assuming no initial rapid changes of [Na]i when the ion concentrations of the 
luminal bathing solution were varied. Their difference (~mc-ENa) is equal to the driving 
force for diffusional entry of sodium into the cell. This difference approaches zero when 

90 mM sodium are replaced by potassium 

[Na+]i  was analyzed as depicted in Fig. 7. ~mc-Eya rose at an initial 
rate of 2.5 mV/min while ~,~c remained constant, showing that [Na+] i  
decreased. Calculated mean values of [Na+]~ were 12.5 mM during per- 
fusion with control solution and 11.7 mM immediately after the ionic shift. 
Subsequently, sodium activity decreased at an initial rate of 9.5 ~/min.  
After 30min perfusion with the low Na+-high K + solution in the 
luminal bath, a significant sodium gradient built up again. At that time a 
new steady-state value of ~,,c (8.1 + 1.6 mV) and of [Na+]~ (3.5+_0.2 mM, 
n = 5) was obtained. 
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of 6 simultaneous records with a Ling-Gerard and a sodium-sensitive electrode. Note 
that diffusion equilibrium across the luminal  membrane (~mc-Eya -~ 0) is obtained by this 
ionic shift. The following decrease of [Na+]~ (rise of ENa ) reflects the rate of anti luminal  

sodium extrusion 

The initial change of [Na+]~ by 1.1 mM/min amounts to a sodium 
efflux of 93 pmol/cm / (calculated for the volume of an epithelial sheet of 
1 cm 2 and a thickness of 40gm and an assumed intracellular activity 
coefficient of 0.78). From the data of van Os and Slegers (1975) it seems 
probable that the basolateral cell membrane is only very sparingly 
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permeable to sodium ions. One may, therefore, assume that the above 
calculated flux represents a minimal estimate of the rate of active sodium 
translocation across the basolateral cell membrane. Two points should 
be considered. First, since the sodium electrode measures changes of the 
sodium activity with some delay, only a lower limit of the initial change 
of [-Na+]i can be estimated. Second, nonionic entry of sodium into the 
cell across the luminal membrane, albeit reduced at the low extracellular 
sodium concentration, could provide an additional sodium supply for the 
pump. Provided that the basolateral pumping rate does not appreciably 
change by the ionic shift in the luminal bathing solutions, this calculated 
flux would also obtain under control conditions. Disregarding other 
mechanisms of sodium entry across the luminal membrane than diffusion, 
a sodium conductance (g~) of 93 x 10- 6 mho/cm 2 at the normal driving 
force of 96 mV would be necessary to accommodate this flux. 2 

In the following experiments, an independent estimate of the sodium 
conductance of the luminal membrane was obtained by analyzing the 
circuit parameters of the epithelium (Fig. 2). It will become apparent that 
the obtained luminal NA conductance value (12.3 x 10- 6 mho/cm 2) is low 
enough to suggest that diffusion is not the only mechanism by which 
sodium enters the cell from the lumen. 

3) Effects of Changes of the Luminal Ion Concentrations 
on Electrical Parameters of the Epithelium 

Luminal membrane potential (7~mc), the transepithelial potential (TJ,,s) 
and the transepithelial resistance (Rte), and the voltage divider ratio 
(r -- R,,/Rs) were recorded continuously during isotonic substitution of 
luminal NaC1 (90 raM) by KC1 or raffinose. The data were analyzed on 
the basis of the equivalent circuit shown in Fig. 2 following the method 
of Reuss and Finn (1975b). Estimates of the electromotive forces across 
the luminal (mucosal) (Era) and basolateral (serosal) (Es) can be obtained 
for control conditions by this procedure, and changes of E~ and of the Em~ 
of the lateral paracellular shunt (EL) can be evaluated after ionic 
substitutions. 

These calculations rely on assumed values of the emf across the shunt 
(EL) and on an estimate of the resistance of the basolateral cell mere- 

2 The sodium chord conductance of the luminal membrane was calculated by INa 
= JNa F = gN~(7~mc-E~a) (5), where INa is the sodium current per unit area, JNa is the sodium 
flux per unit area, F the Faraday, gya the specific membrane conductance for sodium, ~mc 
the luminal membrane potential, and ENa the chemical potential difference for Na across 
the luminal membrane. 
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Table 1. Summary of electrical parameters obtained in Necturus gallbladder after ionic 
substitutions in the mucosal bath and after amphotericin B 

6mc < ,  Ores i< Rm/Rs 
(mV) (mV) (mV) (fl cm 2) 

I. Control (n = 12) 61.5 + 3.3 
(2.5 K, 100.5 Na) 
High K (n=12) 11.2_+0.8 
(92.5 K, 10.5 Na) 

II. Control (n = 4) 74.9 + 4.4 
(2.5 K,100.5 Na, 98.1C1) 

Raffinose (n = 4) 96.3 ~: 4.6 
(2.5 K, 10.5 Na, 8.1 C1) 

III. Control (n=8) 51.4_+3.1 

Amphotericin B (n=8) 7.3-+0.8 
(10 gg/ml) 

-63.0_+3.4 -1.5_+0.3 177_+7 1.49• 

-30.9+1.6 -19.7_+1.4 158_+9 0.47_+0.04 

-76.0_+4.5 -1.1_+0.1 126-+6 2.14-+0.42 

-70.6_+4.7 25.7-+0.1 217_+9 3.29_+0.78 

-53.1_+3.2 -1.7_+0.3 176_+19 1.45_+0.29 

-14.4_+1.3 -7.1_+0.6 171_+17 0.10_+0.02 

brane (Rs). For control conditions with symmetrical luminal and serosal 
bathing media E L will be close to zero. R S has been calculated by cable 
analysis to be 2.9kf~ cm 2 (Fr6mter, 1972; Reuss & Finn, 1975a). The 
resistance of the luminal membrane (Rm) and of the shunt (RJ  were 
calculated by Eqs. (3) and (4) and E m and E s by Eqs. (1) and (2), assuming 
E L is zero. The changes of E m, E L, and R L after the ionic substitutions 
were calculated by the same set of equations and assuming the E~ and R s 

are not altered by ion concentration changes in the mucosal bathing 
solution. 

As can be seen in Table 1 and Fig. 8, replacement of luminal Na § by 
K § led to the immediate depolarization of the cells, the lumen negative 
transepithelial potential increased and the voltage divider ratio and the 
transepithelial resistance were reduced. Figure9 shows results from a 
raffinose substitution experiment. After substitution of luminal NaC1 by 
raffinose, ~u,, C was immediately hyperpolarized, the transepithelial poten- 
tial was shifted to a lumen positive value, and the voltage divider ratio 
and the transepithelial resistance increased. The basolateral membrane 
potential (~s) depolarized slowly at a rate of 7.1 _ 1.1 mV/min. 

The results summarized in Tables 1 and 2 are in good agreement with 
those obtained by Reuss and Finn (1975b) employing other ion sub- 
stitution experiments. They show that the emf of the shunt pathway (EL) 
is the main determinant of the transepithelial potential (~Ums) after ionic 
substitutions. From the observed transepithelial potential changes after 
substitution of K for Na and of raffinose for NaC1 in the mucosal 
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Fig. 8. Continuous record of potential changes measured across the whole epithelium 
(~,,s) and across the serosal (Tic,) and mucosal (Time) cell membrane during a shift from 
100.5 mM Na +, 2.5 mM K § to 10.5 mM Na +, 92.5 m~ K + luminal bathing solution. Note 
the decrease of the transepithelial and mucosal membrane resistance during exposure to 
high K-Ringer revealed by the decrease of the amplitude of short potential deflections of 

7Jms and 7J,,c due to transepithelial current pulses (upper trace) 

solutions,  a permselect iv i ty  of  the shunt  pa th w ay  of  PK >PNa >Pc~ can be 

deduced.  It  can also be shown that  the luminal  m e m b r a n e  resistance, on 

the o ther  hand,  plays a key role in de te rmin ing  ~,,c under  the influence of  

E L and  E s such tha t  a decrease  of  E,, is ob ta ined  after luminal  replace-  

men t  of  NaC1 by raffinose despite the fact tha t  ~,c increases. E m 

decreases  also after a luminal  subs t i tu t ion  of  N a  + by  K § The  da ta  
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Fig. 9. Record as in Fig. 8, but showing the effects of replacement of 90 mM NaCI by 
raffinose in the luminal bathing solution 

indicate a permselect iv i ty  of  the luminal  m e m b r a n e  for conduc t ive  fluxes 

o f  PK>PcI>PNa �9 

For  evaluat ion  of  individual  ion permeabi l i t ies  of  the paracel lu lar  
shunt  p a t h w a y  the G o l d m a n - H o d g k i n - K a t z - e q u a t i o n  was used to define 
its emf  (Ec). The fol lowing relative ion permeabi l i t ies  were ob ta ined  f rom 
the values of  E L given in T a b l e 2 :  ~a /PK=0.436,  Pc~/P~=0.085. Rela t ing  
conduc tances  (gi) to permeabi l i t ies  (P~) by the re la t ionship gi = P~ CiF2/RT 
and using individual  ion concen t ra t ions  in cont ro l  condi t ions  (Ci) yields 
the fol lowing t ransference n u m b e r  rat io:  tNa : t K: tC~ = 0.80 : 0.05 : 0.15. 
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Table 2. Summary of calculated circuit parameters based on the values in Table la 

R m R~ R L Em Es E L 
(~ cm 2 ) (f~ cm 2 ) (f~ cm 2) (mV) (mV) (mV) 

I. Control  4309 (2900) 181.5 25.9 - 87.0 (0) 
High K c 1366 (2900) 164.1 - 15.2 ( -  87.0) - 16.5 

II. Control  6206 (2900) 128.0 21.6 - 100.9 (0) 
Raffinose a 9547 (2900) 220.7 - 3.5 ( - 100.9) 28.0 

III. Control  4217 (2900) 180.5 11.7 - 8 0 . 4  (0) 
Amphotericin B 302 (2900) 180.6 - 4.6 - 128.4 (0) 

a The value of R~ is taken from Fr6mter,  1972 b. E L is assumed to be zero when the 
mucosal and serosal bathing solutions have identical ionic compositions. 

b The use of other published values of R m and R s (Frtimter, 1972; Reuss & Finn 
1975) would have led to only slightly different estimates of E~, and E s since the reported 
values of the voltage divider ratio are quite comparable to ours. 

~ AENa=56.9mV; AE~=91 .0mV.  
d AENa=56. 9 mV; AEc1=62.8 mV. 

The determination of ion conductances of the luminal cell membrane 
suffers from lack of knowledge of intracellular ion concentrations other 
than [Na+li.  A rough approximation may be obtained though by 
relating changes of the emf across the luminal membrane (AEm) to 
changes of the chemical potential of the individual ions (A Ei) in the 
luminal bathing solution by A Em=-XtiAE ~ for the two substitution 
experiments summarized in Tables 1 and 2. It is recognized, however, 
that t~ may vary with the respective ion concentrations and the mem- 
brane potential. Limits of the transference numbers were obtained by 
solving the equations: 

-41.1 =56.9 tNa--91.0t K for Na § substitution by K +, and 
-25.1 =56.9 tNa-62.8 tcl for NaC1 substitution by raffinose 
(see legend of Table 2 for relevant numerical values). 
Assuming tNa + t K + tcl  = 1, gives tNa : tK: tCl = 0.06:0.49:0.45, and for Rm 

=4.78 kf~ cm 2 (mean control value of ion substitution experiments in 
Table2), the ion conductances are gya=12.3, gK=102.1, gc1=94.7 
~tmho/cm 2. 

These values seem reasonable when they are compared with the 
changes of the luminal membrane resistance observed during these ion 
substitutions (see Table 2). This is apparent from the decrease of the 
luminal membrane resistance, R~, upon luminal substitution of sodium 
by potassium. The sharp decrease of this value from 4.31 to 1.37 kf~ cm 2 
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is consistent with a large contribution of gK to the luminal membrane 
conductance compared to gNa. Alternatively, the increase from 6.21 to 
9.55 kf~ c m  2 observed upon replacement of luminal NaC1 by raffinose 
indicates a significant contribution of gc~ to the luminal membrane 
conductance. 

4) Effects of Amphotericin B on Electrical Parameters 
and Intraeellular Sodium Activity 

Amphotericin B was applied in the luminal bathing solution in a 
concentration of 10~tg/ml, and electrical parameters of the epithelium 
and the intracellular sodium activity were measured as described. 3 The 
transepithelial potential rose within 2 to 5min by as much as 15mV 
(lumen negative), the epithelial cells were rapidly depolarized and the 
luminal membrane resistance decreased, while the transepithelial re- 
sistance showed initially only insignificant changes. These data are 
summarized in Tables i and 2, and results from an individual experiment 
are shown in Fig. 10. During prolonged action of the drug a gradual 
decrease of the transepithelial potential difference and resistance was 
observed. 

Circuit analysis (Fig. 2, compare Results, section 3) of the data in- 
dicates that amphotericin B reverses the emf across the luminal mem- 
brane (Era) and leads to an increase of the emf of the basolateral cell 
membrane (Es), both effects accounting for the large increase of the 
transepithelial potential difference. 4 The reduction of R,, to 7 ~o of its 
control value and the simultaneous reversal of E,, indicate that the 
luminal membrane loses its potassium selectivity and becomes highly 
permeable to sodium ions. This could also be shown by the change of the 
intracellular sodium activity. The recorded electrochemical potential 
difference (~s--ENa) decreased from 104.8_+8.9 to 15.3_+3.0 mV (n=5) 

3 The commercially available solution contains desoxycholate, as stabilizer which 
had no effect on electrical parameters of the gallbladder when applied to the mucosal 
surface. 

4 Assuming that the effect of amphotericin B is primarily to reduce the luminal 
membrane resistance (R~) and using Eq. (4) in the form of 

1 1 1 
§ 

RCe R L R~(l+r)  

the resistance of the basolateral membrane (Rs) and the paracellular shunt (RL) may be 
calculated (Lewis et al., 1977) from the change of Rte and r given in Table 1 as 3015 and 
180.3 ~q cm z. 
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Fig. 10. Effects of luminal application of amphotericin B (]Opgfm[) and subsequent 
replacement of luminal Na+ by K + on electrical parameters as in Fig. 8 but with an 
additional trace of the potential recorded with the sodium electrode (~Pcs--ENd). Note the 
immediate depolarization of ~c  with a concomittant decrease of the luminal membrane 
resistance (amplitude of deflections of ~ )  and the rise [Na+]~ (depolarization of ~P~ 
--EN, compared to ~g~) after application of amphotericin B, and the parallel change of 
~u and ~,,~ together with a fall of [Na+]~ after luminal replacement of Na + by K*. The 

Ling-Gerard electrode was withdrawn at the end of the experiment 

within 4 to 10 min, and [Na ] i  changed  f rom 10.1 to  75.7 raM. The  

b r e a k d o w n  of the luminal  m e m b r a n e  resistance could  be fur ther  sub- 

s tan t ia ted  by  the observa t ion  shown in Fig. 10, that  luminal  r ep lacemen t  

of N a  + by  K +, in the presence  of  ampho te r i c in  B, led to paral le l  changes 
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Fig. 11. Relationship between the electrical driving force (~,) and the mucosa to serosa 
sodium flux during control conditions (dots) and after application of amphotericin B 
(triangles). Mean values +SEM; n=5. Experiments were carried out by applying the 
sequence of conditions: 1) current clamp, lumen negative; 2) current clamp, lumen 
positive; 3) spontaneous transepithelial potential; 4) spontaneous lumen negative poten- 
tial after application of amphotericin B; 5) current clamp in the presence of amphotericin 
B, lumen positive. Measurements of the transepithelial conductance either by short 
current pulses or by shortly breaking the clamping current showed that the conductance 
was reduced at lumen negative potentials by a mean factor of 0.79 and increased at 
lumen positive potentials by 1.73. The conductance increased after lumen positive current 
clamping in the presence of amphotericin B by a factor of 1.30. Accordingly, the different 
slopes during lumen negative (4 < 1.0) and lumen positive (4 < 1.0) current clamping 

reflect changes in the transepithelial sodium permeability 

of  the t ransepi thel ia l  and  baso la te ra l  po ten t ia l  differences. In these 

po tass ium subs t i tu t ion  exper iments ,  [-Na+]~ approaches  the luminal  so- 

d ium concen t ra t ion ,  and  m e a n  values 5 m i n  after  the ionic shift were:  

[ N a + ] i = 2 3 . 3 _ + 0 . 4 m M ;  ~/ ' , ,s=29.7_+0.3mV; and  7 J c ~ = - 4 0 . 0 •  

(n=3) .  

5) Effects of the TransepitheIial Voltage and of Amphotericin B 
on the Mucosa to Serosa Sodium Flux (J~,s)Na 

The  und i rec t iona l  m u c o s a  to serosa sod ium flux and  its vol tage 

dependence  were s tudied before  and  after  add i t ion  of  ampho te r i c in  B to 

the mucosa l  bath.  F igure  11 shows a p lo t  of  the un id i rec t iona l  sod ium 
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flux against the transepithelial electrical driving force (~=TJmsF/RT 
[1-exp(-7JmsF/RT)]  (Hodgkin & Katz, 1949). It is apparent that this 
plot is not linear, whereas Schultz and Zalusky (1964) and Desjeux, Tai 
and Curran (1974), for example, obtained a linear relationship for J~,2 as 
well as J2s" in rabbit ileum. These authors were thus able to estimate the 
magnitude of a voltage independent cellular component of the respective 
fluxes by extrapolation to zero electrical driving force. For the present 
experiments in Necturus gallbladder the nonlinear relationship was not 
surprising since Fr6mter (1972) observed rectifying properties of this 
epithelium such that the application of lumen to serosa current increased 
the transepithelial conductance, whereas serosa to mucosa current de- 
creased the conductance. The nonlinearity in our experiments suggests 
that the sodium permeability of the epithelium estimated from the slope 
of ~ against J22 is similarly voltage-dependent. It cannot be excluded, 
however, that voltage-dependent changes of the cellular component of 
the J22 contribute to the observed deviation from linearity. In view of 
this nonlinearity, it is not possible to estimate the active (nondiffusional) 
component of J22 from an intercept at zero electrical driving force. 
However, the observed increase of J2s ~ by amphotericin B appears not to 
be associated with an increase in sodium permeability (slope of ~ vs. J22) 
and, hence, must be due to a stimulation of active transcellular sodium 
transport. 

Discussion 

The present experiments were designed to analyze the mechanism of 
transcellular sodium transport across the gallbladder epithelium. Special 
emphasis was placed in our study on the role of intracellular sodium 
activity, the driving forces acting on sodium as it enters the cell from the 
lumen, and the problem of saturation of the active serosal sodium pump. 

A mean intracellular sodium activity of 9-12mM was found in 
gallbladder epithelial cells in control conditions. This value is significant- 
ly lower than that measured chemically in fish gallbladder (54 mM, 
Diamond, 1962), rabbit gallbladder (66 mM, Frizzell & Turnheim, 1978) 
or estimated indirectly for Necturus gallbladder (--~33.5mM, van Os & 
Slegers, 1975). Our values are within the range of 12.9 to 46.3 reported by 
Zeuthen (1976) as measured with sodium-sensitive microelectrodes. Evi- 
dence presented in Results indicates our view that the lower sodium 
activities are more likely to be correct since they correspond to higher 
cell potentials and higher voltage divider ratios. Similar conclusions with 
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respect to the variability of the recorded membrane potential have 
recently been reached by Suzuki and Fr6mter (1977). 

Transepithelial active sodium flux can be estimated by two ap- 
proaches: 

1) From the rate of decrease of the intracellular sodium activity in 
the absence of diffusional sodium influx across the luminal cell mem- 
brane (replacement of luminal Na § by K+), a transport rate of 93 
pmol/cm 2 sec can be calculated. 

2) From the instantaneous short-circuit current, estimated from the 
transepithelial potential and conductance (control values in Table 1), a 
sodium flux of 88 to 101 pmol/cm 2 sec can be calculated. 

Both values represent, however, minimum estimates of the magnitude 
of active transcellular transport (i) because of the delayed response of the 
recessed-tip sodium-sensitive electrode and (ii) since Iso <J[~ because of 
electroneutral entry of NaC1 across the luminal membrane and a pre- 
sumptive transcellular route of chloride absorption. 

The electrochemical driving force acting on sodium across the lu- 
minal cell membrane can be directly assessed by the potential difference 
recorded with the sodium electrode in extracellular and intracellular 
position. Mean values range from 94.6 to 104.8 inV. 

A sodium conductance of the luminal cell membrane of 12.3 
gmho/cm 2 (determined in Results, section3) permits, therefore, dif- 
fusional entry of sodium across this membrane at a rate of 1.16 to 1.29 
gA/cm 2 (12.1 to 13.4 pmol/cm 2 sec). This value is about 15 ~o of the total 
active transepithelial sodium flux. These findings strongly suggest that 
additional mechanisms of influx of sodium across the luminal cell 
membrane exist. 

A qualitatively similar conclusion was also reached by van Os and 
Slegers (1975) and by Reuss and Finn (1975b). These authors obtained 
resistance values of the luminal cell membrane of 4.13 and 3.35 k~  cm 2, 
a permeability ratio of PNa/PK = 0.37, and ion conductance ratios of tNa/t K 
=0.15, respectively; values in good agreement with those obtained by 
similar analysis in the present study (see Tables 1 and 2). Quantitative 
differences concern the use of higher values of [Na]i used in various 
calculations, and the finding of larger transepithelial sodium fluxes by 
these authors compared to approximately 100 pmol/cm 2 sec found in the 
present study and observed by K. Spring (personal communication). 
Therefore, estimates of diffusional entry of sodium accounted for 64 ~o 
(van Os & Slegers, 1975) and < 1 0 ~  (Reuss & Finn, 1975a, b) of the 
transepithelial net flux. The cause of these differences in reported sodium 
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fluxes is not known. It is possible that seasonal variations, different 
bicarbonate concentrations of the bathing media (Gelarden & Rose, 
1974), or different estimates of membrane area obtained by mounting the 
epithelium either stretched in a Ussing-type chamber or as a sac prepara- 
tion, are involved. However, despite these quantitative differences, there 
is agreement with respect to the conclusion that the passive permeability 
of the luminal cell membrane of the gallbladder epithelium is too low to 
permit entry of sodium at a rate commensurate with active net transport. 

It is likely that nondiffusional sodium entry proceeds by an electri- 
cally silent mechanism such as carrier-mediated neutral NaC1 transport. 
Our data are consistent with a mechanism of coupled NaC1 transport as 
suggested by earlier studies on fish, rabbit, and guinea pig gallbladders 
(Diamond, 1962, 1964, 1968; Wheeler, 1963, Dietschy, 1964) and with the 
findings in rabbit and guinea pig gallbladder that influx of Na + and C1- 
into the cell is partially dependent on the presence of the respective 
gegenion (Frizzell, Dugas & Schultz, 1975; Cremaschi & Henin, 1975). If 
such a mechanism is operative, the concentration gradient of sodium 
across the luminal membrane acts as a driving force for inward move- 
ment of sodium chloride. Charge neutralization by the carrier would 
facilitate chloride entry against an electrochemical gradient. It appears 
that the inherently low sodium conductance of the luminal cell mem- 
brane and the limited capacity of the additional sodium entry mecha- 
nism (carrier) are the rate-limiting steps of transepithelial sodium trans- 
port. 

Evaluation of some kinetic properties of the sodium extrusion mecha- 
nism indicates that the sodium pump can operate against a steeper 
chemical activity gradient than normally encountered, and at higher 
transport rates as the load is increased. This conclusion is based on the 
following arguments. 

When sodium entry across the luminal cell membrane is reduced by 
partial replacement of luminal Na + by K +, a new steady state is reached. 
The cellular sodium activity falls from a control value of 12.5 to 3.5 raM. 
The pump now operates at a new steady-state level from cellular sodium 
activity of 3.5 mM against a serosal concentration of 100.5 mM. It is 
noteworthy that despite this change the electrochemical gradient estab- 
lished by the sodium pump across the serosal cell membrane changes 
little. The respective values are 98 mV in control and 109 mV after the 
decrease of Na~ and depolarization of the serosal cell membrane 
(Tics =30.9 mV; ENa=78 mV). 

Delivery of an increased load to the sodium pump was induced by 
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luminal application of amphotericin B. This amphipathic cyclic polyene 
antibiotic increases like nystatin chloride and sodium conductances of 
cholesterol containing thin lipid membranes by producing pores having 
an equivalent radius of 7 to 10.5A (Andreoli & Monahan, 1968; An- 
dreoli, Dennis & Weigl, 1969). A number of observations indicates that 
this compound increases sodium transport in epithelial membranes when 
added to the luminal bathing medium (Lichtenstein & Leaf, 1965; 
Bentley, 1968; Chen et al., 1973; Frizzell & Turnheim, 1978). Evidence 
consistent with and supporting the view of stimulation by nystatin of 
electrogenic sodium extrusion across the antiluminal membrane has been 
reported by Lewis et al. (1977) in the rabbit urinary bladder and by Wills, 
Lewis and Eaton (1978) in the rabbit colon. 

In rabbit and guinea pig gallbladder amphotericin B produces a 
sustained serosa positive transepithelial potential difference (Cremaschi 
et al., 1977; Rose & Nahrwold, 1976) and a transient increase of 0 2 
consumption and sodium transport (Rose & Nahrwold, 1976). Only 
during prolonged drug exposure was a decrease of sodium transport 
observed (Cremaschi, Henin & Calvi, 1971b; Rose & Nahrwold, 1976). 
The stimulating effect on the transepithelial potential difference has been 
explained by an increase in sodium permeability of the luminal cell 
membrane (Cremaschi et al., 1971a) as well as by activation or unmask- 
ing of rheogenic sodium pumping (Rose & Nahrwold, 1976). Amphote- 
ricin B effects similar to those in gallbladder epithelium have been 
reported for amphibian proximal and distal renal tubular epithelium 
(Wiederholt & Giebisch, 1974; Spring & Giebisch, 1977). Increased 
sodium transport and antiluminal electrical hyperpolarization were 
attributed to a rise in luminal cation permeability, enhanced rate of 
entry of sodium and stimulation of rheogenic sodium pumping across the 
basolateral cell membrane by an increase in cellular sodium concen- 
tration. 

The present experiments fully support this view and provide, in 
addition, information on changes in cellular sodium activities during 
stimulation of sodium transport by amphotericin B. In our experiments 
luminal application of Amphotericin B led to rapid depolarization of the 
cells, a breakdown of the luminal membrane resistance, and a dramatic 
increase of intracellular sodium activities to almost extracellular values. 
The initial steep increase of the transepithelial potential (serosa positive) 
is thought to be partially due to reversal of the emf across the luminal 
cell membrane. This is in agreement with the observation of Reuss (1978) 
showing a larger increment of gN~ than of gI(. The sustained high value is 
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also quite consistent with the view that active basolateral rheogenic 
sodium pumping, estimated from the increase of the instantaneous short- 
circuit current (Table 1), and the unidirectional sodium flux (Fig. 11) 
proceeds at a fourfold higher rate as the intracellular sodium activity 
increases and the basolateral emf is augmented to 128 mV. Rheogenic 
sodium pumping has been considered to be the source of a substantial 
serosa positive transepithelial potential observed in gallbladders of 
goose, monkey, and man (Gelarden & Rose, 1974). The observation of a 
gradual decrease of the basolateral cell membrane potential after replace- 
ment of luminal NaC1 by raffinose can be interpreted by a decrease of 
the rate of rheogenic sodium pumping across the antiluminal cell mem- 
brane due to the sharply diminished sodium load. Even if under control 
conditions a 1:1 coupled active N a - K  transport alone were responsible 
for transepithelial sodium transport, it is likely that the coupling ratio is 
not fixed but increases as the load increases and the pump becomes 
current generating. 

This work was supported by grants from the NIH (PCM 76-81674) and NSF (PHS-AM 
17433). Dr. Graf received support from the Max Kade Foundation. 

Appendix 

Assessment of Impalement Damage 

Simon A. Lewis and Jtirg Graf 

The phenomenon of impalement damage of an epithelial cell with a 
microelectrode will yield incorrect estimates of the individual cell mem- 
brane and junctional resistances as well as cell membrane potentials. 
This problem is accentuated when attempting to measure intracellular 
ion activities with ion specific microelectrodes (Lewis, Wills & Eaton, 
1978). In order to feel confident about intracellular ion activity measure- 
ments, a criterion must be established which will allow the investigator 
to differentiate between damaged and nondamaged cells. Such a method 
was developed by Lewis et al. (1977). These authors used the polyene 
antibiotic nystatin to directly measure the amount of damage caused by 
microelectrodes. This technique, however, proves only to be useful for 
the so-called "tight" epithelia. 

Recently Suzuki and Fr/Smter (1977) demonstrated that microelec- 
trodes with low resistance (large tips) resulted in a large scatter in the 
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Fig. A I. (a): Equivalent circuit of the gallbladder for the case of microelectrode impale- 
ment damage. R~ is the parallel resistance introduced by the microelectrode. This resistor 
has a variable value which is dependent on the magnitude of damage. Other parameters 
are as described in Fig. 2. (b): Equivalent circuit of the gallbladder for the case of an 
intrinsically variable mucosal membrane resistance. Lettered parameters are the same as 

described in Fig. 2 

f ract ional  resis tance measu remen t s  as well as mucosa l  m e m b r a n e  poten-  

tial of  the Necturus gallbladder.  A plot  of  f rac t ional  resis tance (r) vs. 
mucosa l  m e m b r a n e  po ten t ia l  of  a single cell (~,,c) ind ica ted  a near  l inear  

re la t ionship  with a zero intercept .  Such a re la t ionship  is p red ic ted  by the 

equa t ion :  

~ m c = r ' ( E m ( ! - l ) + E ~ - ~ m s )  ( a l )  

where  

r '  - -  Rmc l  

Rm d + R s 

RmRD 
f rac t ional  res is tance of  a d a m a g e d  cell where  R,,~ . . . .  

Rm + R D ] 

Rm 
1"--  

R m + Rs 
(fract ional  res is tance of  an u n d a m a g e d  cell). 

E m and  E s are the e l ec t romot ive  force of  the mucosa l  and  serosal  

membranes ,  respectively,  in a single cell. This equa t ion  is der ived  f rom 



352 J. Graf and G. Giebisch 

~rnc 
( m Y )  

- 1 0 0  

- 8 0  

- 6 0  

- 4 0  

- 2 0  

B 

A 2  

P I I 

0 0.?. 0 . 4  

F R A C T I O N A L  

0 I L I 
0.6 0.8 1.0 

RESISTANCE 

Fig. A2. Relationship between spontaneous mucosal membrane potential (~gmc) (mucosal 
ground) and measured fractional resistance (R,,/(R,,+R~)). Open circles (o) are collected 
data for unstable impalements with a linear regression y=96x+0.8 (r=0.99). Closed 
circles (e) are collected data for stable impalements with a linear regression y= 75x + 16 

(r = 0.96). Vertical bars are SEM 

Fig. A 1 a on the assumption that impalement damage did not alter either 

E m or E s. 

An alternate hypothesis for a large variation in fractional resistance is 

that it might reflect an intrinsic variability in the mucosal membrane 
resistance. Such a variability is described by the following equation 

( F i g . A l b )  assuming R,, and Rs~>R c [see Reuss & Finn, (1977) and 

Suzuki & Fr6mter (1977)]. 

%c=(G-E )r+Em (A2) 

which is a linear equation where a plot of 7~,,c vs. r will have an intercept 
of Em and a slope of E m - E  s. 

Figure A 2  demonstrates two sets of data. The open circles represent 
data in which the cellular impalements were unstable. Such data fit best 
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to a model which incorporates impalement damage as the factor re- 
sponsible for variation in the fractional resistance [Eq. (A1)]. A linear 
regression analysis yields the equation y = 9 6 x + 0 . 8 .  In addition, the 
closed circles represent collected data of stable impalements of ~mc and 
fractional resistance, and a linear regression analysis yields the equation 
y=75x+16 .3 .  In terms of Eq.(A2), we calculate an Em value of 16mV 
and an E s value of 91 mV. These values are in excellent agreement with 
those of Reuss and Finn (1977) indicating that the variability of this data 
set is not necessarily a consequence of impalement damage, but might 
represent an intrinsic variability in membrane resistances. 

These estimates of E m and Es in conjunction with ~m~, Rte and a mean 
(voltage divider ratio) values can be used to calculate values for R~, R~ 

and R L. Utilizing the equation, 

(Em-Es R 
%=  +Rs! R,e, (A3) 

where E,, and E S are as previously described, c~ = 1.54, 7~,, s = 2.0 mV, and 
Rte = 171f~ cm 2. Rs is calculated 2,020f~ cm 2, R m 3,040f~ cm 2 and R L of 
177f~ cm 2. These values again are in good agreement with those of 
Suzuki and Fr6mter (1977) and Reuss and Finn (1977). 

We feel then that the large variability in fractional resistance at 
values of 7~,,c greater than - 4 0  mV is a consequence of an intrinsically 
variable mucosal membrane resistance and not a product of cell disrup- 
tion, whereas that observed during unstable impalements may reflect cell 
damage. 
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