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Summary. Determinations of current-voltage rela-
tionships are widely employed in the characterization of
epithelial sodium transport. In order to determine the
protocol dependence of transport parameters in the
toad urinary bladder, studies were carried out in the
presence and absence of amiloride, an inhibitor of
active sodium transport. With symmetric positive and
negative perturbations of the transepithelial electrical
potential difference 4y (0— + 100 mV) for 30 sec, the
amiloride-sensitive current-voltage (i*— Ay) relation-
ship was near linear over the range —75— +100mV,
indicating constancy of the conductance x* and the
apparent electromotive force “Ey,”, lumped parame-
ters of the standard electrical equivalent circuit mod-
el of the active transport system. With a reverse
protocol (£ 100 —-0mV) or 15 min perturbations the
i~ Ay relationships were highly nonlinear. Non-
linearity reflected voltage dependence of parameters:
perturbations that increased active transport de-
creased “Ey,” and increased x% as evaluated from
10 sec perturbations of Ayr; slowing of active trans-
port produced the converse changes. These effects are
usefully analyzed in both quasi-steady states and true
steady states by means of a detailed equivalent circuit
incorporating the significant ionic currents across
each plasma membrane. Precise understanding of the
significance of x* and “E,” will require character-
ization of the partial ionic conductances on pertur-
bation of Ay,

In attempts to understand the nature of active trans-
port processes it often proves useful to interpret
mechanisms in terms of the parameters of a sim-
plified representation of the transport system. Thus in
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the analysis of active sodium transport in anuran
epithelia it is common to evaluate the conductance
and electromotive force of sodium transport of an
clectrical equivalent circuit [8, 16, 19, 21, 22, 24, 33,
38, 40, 42, 50, 51, 57]. More recently, active transport
has been interpreted in terms of a linear nonequilib-
rium thermodynamic (NET) formulation [ 7, 27-29, 36,
43, 52]; the pertinent parameters are then the phe-
nomenological coefficients and affinity of the driving
reaction.

Whatever formulation is employed, the evaluation
of tissue parameters requires perturbation of the sys-
tem and the observation of resultant effects on trans-
port and/or metabolism. Most often this is accom-
plished by altering the transepithelial electrical po-
tential difference Ay. In many of our previous studies
of active sodium transport in the toad bladder, cur-
rent-voltage relationships were determined some 5-
30 sec after perturbing Ay [24, 42, 447. In studies of
the associated oxidative metabolism the requirement
for constant slopes in plots of O, tension vs. time
necessitated perturbations for 6 min [27-29, 36, 43,
52]. In order to assure the achievement of steady
states, others have employed periods as long as
60 min [26].

Because of the possible influence of the specific
protocol on the parameters under study, we have
here carried out a systematic study of the dependence
of the electrical current on the transepithelial electri-
cal potential difference, varying the extent, duration,
and sequence of perturbations of Ay. It was found
that long term perturbations of Ay induced pro-
nounced effects on both the amiloride-sensitive con-
ductance x* and the apparent electromotive force of
sodium transport “Ey,”, lumped parameters of the
standard equivalent circuit. The effects were further
analyzed by means of a detailed equivalent circuit
incorporating flows of Cl and/or K, as well as that of
Na, across the serosal plasma membrane. This analy-
sis clarified the relationship between parameters mea-
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sured in quasi-steady states and the parameters of
true steady states.

(Some of this material has been presented briefly
in a symposium in honor of Professor H.H. Ussing

[15])

Materials and Methods

I. General Methods

Urinary bladders of female toads (Bufo marinus, Dominican Re-
public, National Reagents, Bridgeport, Conn.) were studied by
methods described previously [18, 46]. Hemibladders were mount-
ed in modified Ussing-Zerahn chambers of 7.1 cm? cross-sectional
area. Bach reservoir was filled with 20 ml Na-Ringer solution. The
electrical potential difference AW (¥ . oom— ¥muoosa) Was regulated
with a voltage clamp, correcting automatically for solution re-
sistance, and the current I, mucosa to serosa, was recorded con-
tinuously. Tissues were mounted carefully without stretching and
selected to minimize edge damage. Thus a hemibladder was re-
jected if the open-circuit potential was less than 40 mV 30 min after
mounting. In 45 of the hemibladders used, initial mean open-
circuit potential was 57.3+2.6 (SE)mV and mean short-circuit
current f, was 25.1+14 (sg) pA-cm~2 chamber area. Mean
passive conductance x? was 0.24540.015 (s¥) mmho-cm~? cham-
ber area and the mean ratio of amiloride-sensitive to total con-
ductance x%/k=(x—)/x was 0.435+0.019 (SE) (n=40). (Values of
kP were substantially higher than in Etlij’s study [14].)

I1. Protocols for Current-Voltage Relationships

Series 1. (a) Following equilibration at “short-circuit® (4 =0) for
30min or longer, 4y was perturbed at 30-sec intervals with pulses
of 30sec duration in the sequence 4y =0, +25,0, —25,0, +50, 0,
—-50,0, +75,0, -75,0, +100, 0, —100, 0mV, with the current I
being recorded continuously.

(b) Series 1b differed from la in that the sequence of per-
turbations was 4 =0, +100, 0, —100, 0,... +25, 0, —25, 0mV.

Series 2 and 3. With perturbations of 4y at intervals of 5min
(series 2) or 15min (series 3) the sequence was 0, +25, —25,...,
+100, — 100 mV (a series) or + 100, —100,..., +25, —25,0mV (b
series), respectively.

111. Conductance Determinations

(a) The total conductance x was determined from the change in
current caused by 10-sec pulses, changing the potential by +20mV
automatically at desired intervals: k= —AI/A(A)). Similar (1-
10sec) perturbations are commonly employed in the evaluation of
equivalent circuit parameters [5, 9, 16, 18, 23, 24, 29, 39, 42, 44, 45,
49, 57]. While measurements at 10sec will eliminate capacitive
effects, they may reflect the influence of polarization and con-
ductance changes [16-20, 38, 40]. However, slight deviation from
square wave responses, often demonstrable at rapid chart speed
[24], were of minor significance here, as compared with the
magnitudes of the conductance changes induced by the 5-15min
perturbations under study.

(b) “Passive conductance” x? was determined at the end of the
experiment by the addition of amiloride to the mucosal medium to
a concentration of 10~ %M. This brought the short-circuit current I,
close to zero (2.5 0.4 (SE) % (n=29) of the value prior to amiloride).
By extrapolation of the plot of I, vs. x, k? was evaluated as the
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intercept in the ordinate at 1,=0 [24]. (This value differs in-
significantly from the conductance measured in the presence of
fully inhibitory concentrations of amiloride, —(61/64}4) In con-
trol studies x” was determined shortly after mounting, and 2 hours
later in 7 hemibladders. The ratio of the final to the initial value
was 1.02+0.09 {sg) (n=13), similar to results found earlier [24, 26].
Previous studies had demonstrated that amiloride does not change
the passive conductance, as evaluated from serosal to mucosal
sodium tracer fluxes [24].

The effect of long term perturbations of Ay on x” was eval-
uated in hemibladders in which active sodium transport had been
nearly abolished by exposure of the mucosal surface to 107*M
amiloride. Following equilibration at Ay =0 for 10-20min, Ay
was maintained at — 50, —75, —100, or +100mV for 30 min, the
current I being recorded continuously. In several tissues the con-
ductance was determined directly by perturbing 4y by +20mV
relative to the baseline level for periods of 10 sec about every 5 min.

The effect of 4y on «? in the presence of active transport was
studied according to the following protocol: Following equilib-
ration at open circuit for 30min, paired hemibladders from the
same animal were voltage clamped at Ay =0. Thirty min later
about 150 pCi of *°Cl was added to the mucosal solution of tissue
a and to the serosal solution of tissue b. Mucosal and serosal
solutions were then sampled at 15-min intervals, permitting the
evaluation of influx J, in tissue @ and of efflux J, in tissue b. After
45 min Ay was clamped at +75mV for tissue a and at ~75mV for
tissue b. Sampling was continued as previously so as to provide 3
measurements at 4y =0mV, followed by 6 measurements at +75
and —75mV in tissues a and b, respectively.

Solutions were assayed for radioactivity on a Packard Tricarb
liquid scintillation counter, employing standard techniques. The
unidirectional fluxes (mucosal to serosal J and serosal to mucosal
J) were computed from the quotients of the appropriate isotope
flux and the corresponding gradient of specific activity.

(¢) The amiloride-sensitive conductance k* was defined as the
difference of the total and passive conductance:

K=k —KkP=—[(81/6 Ay —(81/8 A)1]. 1

1V. Measurement of Amiloride-Sensitive Current I*

I was evaluated as the difference of the total current and the
“passive” current [20, 24, 26, 28]:
F=I—IP=]+x 4. @)

V. Determination of the Apparent Electromotive Force
of Sodium Transport “Ey,” and (AW)a_,

“Ena” was evaluated from the relationship

If= Kn(“ENa» —A l//) (3)
at each setting of A4y (Fig. 7). (4¥)j._, was taken as the intercept
of the least squares line for unreduced I — 4y data (Figs.1, 2, 4).

V1. Estimation of “Unstirred” Layer Thickness

The thickness [ of the poorly stirred layer at the mucosal surface
was estimated from the half time t,,, for abolition of the short-
circuit current following exposure to 10~*M mucosal amiloride, by
use of the equation of Diamond [13]:

I =V Dt,,,/0.38. 4



D. Wolff and A. Essig: Toad Urinary Bladder Equivalent Circuit

D, the diffusion coefficient for amiloride, was taken as 6.35
% 10~®cm?sec™!, based on interpolation in Stein’s curve relating
D to molecular weight [48].

VII. Materials

The composition of the the sodium-Ringer solution was (in mm/
liter): 116Na, 25K, 09Ca, 118Cl, and 24HCO, (pH7.S6,
233 mOsm/Kg H,0). The composition of the phosphate-Ringer
solution was (in mm/liter): 119 Na, 3.5K, 0.9 Ca, 118Cl, 24 HPO,,
and 0.57 H,PO, (pH 7.2, 220mOsm/Kg H, ).

36C1 was obtained from New England Nuclear Co., Boston,
and amiloride was obtained from Merck, Sharp, and Dohme Co.

VIII. Analysis of Data

Parameters were expressed as the arithmetic mean + standard
error of the mean (SEM). Results in paired hemibladders were
compared by Student’s ¢ test; p was the value of the null hy-
pothesis. Linearity of current-voltage relationships was evaluated
by least squares analysis of reduced data, giving y=a+b(+SE)x,
the correlation coefficient r, and the s of estimate S,,. Similar
analysis of unreduced data in a near-linear range of interest
provided the mean slope and mean x-intercept (4¥)._, [47].

Results

1. Potential-Dependence
of the Amiloride-Sensitive Current

The dependence of the electrical current I on the
transepithelial electrical potential difference Ay was
determined employing six sequences differing in the
order and duration of perturbations of Ay. Active
transport was then eliminated by the use of amil-
oride, permitting the determination of the passive
conductance k¥, and the amiloride-sensitive current
I (see Methods, Eqs. (1) and (2)). In order to combine
observations in several tissues, weighting each equal-
ly, it was convenient to relate the value of I® at a
given setting of Ay to the initial value at Ay =0 and
that at Ay =100mV to give the reduced quantity %,
=%y Gy=U4, —1{0)/5—1I{,0); thus the reduced
quantities if (initial) and i{,, at O and 100mV are
assigned the values 1.0 and zero, respectively. This
facilitated comparison of the effects of various pro-
tocols on the linearity of the current-voltage relation-
ships (Table 1).

1. Perturbation of Ay for 30 sec. Following stabili-
zation at short circuit, Ay was perturbed for 30-sec
periods at 30-sec intervals in the sequence 0—
+100mV (series la). The current-voltage relation-
ship in the range —75 to 100mV was near linear.
Mean reduced values of i 30 sec after perturbation of
A4y are plotted in Fig. la and given in Table 1,
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Fig. 1. Potential-dependence of the amiloride-sensitive current,
expressed as the mean reduced quantity %, = (1%, —I$,0)/(I§ — I 00)
(see Methods, Eq. (2), and Results, I). Horizontal bars represent
T 1se; the filled triangle represents the final value of i following a
complete sequence of perturbations of Ay. The upper and lower
sections of the figure correspond to the “forward” and “reverse”
30-sec protocols of series la and 1b, respectively (n=10). 1a,
reduced data (—100— +100mV): y=1.006—0.01076 (+0.000)x, n
=90, r=-0969, §,=0180; (—75-+100mV): y=09834
—0.01023 (£0.000)x, n=80, r=—0.978, S =0.128; unreduced
data (—75- +100mV): y=2400—02002 (4+0.027)x, n=80,
(A1 o=1199mV

column 1. On return to 4 =0 the final value # , did
not differ from the original value i§ ;=1 prior to the
sequence of perturbations of Ay.

A different result was noted with perturbations in
the sequence +100—-0mV (series 1b) (Fig. 1o and
Table 1, column 2). In this case there was non-
linearity for negative Ay. Again, however, i3 ; and
ip, ; were not significantly different.

sl
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Table 1. Potential-dependence of reduced amiloride-sensitive current i* for various protocols employing perturbations of 4y of the

indicated duration (see text)?®

1 2 3 4 5 6 7 8
Series la 1b 2a 2b 3a 3b 4a 4b
Duration 30 sec 30 sec S min S min 15 min 15 min 15 min 15 min
Sequence 0-4+100mV +100-0mV 0—+100mV +100-0mV 0—-+100mV +100-0mV 00— +100mV 0-> £100mV
n 10 10 5 6 11 6 4 5
o0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
75 0.22+0.02 0.2440.05 0.26+0.03 0.134£0.04 0.20+0.04 0.04+0.08 0.31£0.06 0.30+0.03
i%o 0.4240.03 0.52+0.05 0.5040.04 0.29+0.08 045+0.03 0.15£0.06 0.564+0.05 0.56+0.04
i%s 0.73+0.02 0.85+0.07 0.7340.03 0464004 0.724+0.03 0.3140.07 0.81£0.03 0.81+0.02
i0.i 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
o5 1.08+0.09 1.03+0.15 0.87+0.05 0.80+0.07 0.46+0.04 0.53+0.08 0.47+0.07 0.58+0.10
P 1.20+0.04 1.58+0.13 1.3540.05 1.06+0.09 1.17+0.04 0.80+0.08 1.26+0.04 1.2940.03
% 5o 1.4440.06 2.07+0.21 1.74+0.01 1.374+0.10 1.2340.07 1.00+0.11 1.4240.11 1.46 +0.06
s 1.82+0.08 22440.17 1.9740.06 1.70+40.13 1.1840.09 1.364:0.25 145+0.16 1.51+0.09
i 100 220+0.12 2.4340.19 2.0040.06 2.5940.22 1.28+0.13 2.00+0.59 1.55+0.20 1.45+0.11

=0, =I5, — ool (I6 =19 40), Where I is the initial value of I* at 4y =0. Thus i (initial) =14 ;=1.0, and i{,,=0; 5 , represents the final
value of the reduced curtent at Ay =0 following a complete sequence of perturbations of A4y. (One study of series 2a was discarded,
owing to a highly aberrant tissue response.)

ia
$ 3 2.0 4 5min
- 0 —= 100 mV
1.5 1
3
1.0 jf
3
0.5 1 )
-
} 25412
2.0 4 5min
1 $+100 —OmV
i 1.5 -
tios
’Y
Q.5 j s ;
|
-100  -50 0 50 100
Ad (mV)

2. Perturbation of Ay for Smin. In the next series of
experiments Ay was perturbed at 5-min intervals in
the sequence 0— +100mV (series 2a). Figure 2a and
Table 1 (column 3) show the relationship between *
and Ay at the end of each 5-min period. At positive
potentials i*vs. 4y approximates linearity, but at
negative potentials there is deviation, and the differ-
ence between final and initial values of i§ was signifi-
cant: 4=i4 ,—if ;= —0.13+0.05 (SE) (p(4)<0.03).
Figure 2b and Table 1 (column 4) show the

corresponding  relationship for the sequence
+100->0mV (series 2b). The relationship is highly
nonlinear, concave upward, and 4= —0.20+0.07 (Sg)
(p(4)<0.05).

3. Perturbation of Ay for 15min. In an additional
series of experiments Ay was perturbed at 15-min
intervals; series 3a represents the sequence 00—
+ 100 mV. Figure 3 shows a representative study. The
overshoot and prolonged relaxation of I following

Fig. 2. Potential-dependence of the amiloride-sensitive current,
expressed as the mean reduced quantity i%,, as in Fig. 1. The upper
and lower sections of the figure correspond to the forward and
reverse 5-min protocols of series 2a (n=35) and 2b (n=6), re-
spectively. 2a, reduced data (—100— +100mV): y=1.061
—0.01082 (+0.000)x, n=45, r=-0987, §,=0116; (0—
+100mV): y=0.9912-0.00987 (40.000)x, n=25, r==—0988, 5,
=0058; unreduced data (0— +100mV}): y=1748-0.1455
(+£0.008)x, n=25, (4y)a_=120.2mV
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Fig. 3. Effect of transepithelial potential difference Ay on current I. The arrow (4m) indicates the addition of amiloride to the mucosal

medium in a concentration of 10~* M
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Fig. 4. Potential-dependence of the amiloride-sensitive current,
expressed as the mean reduced quantitiy if,, as in Fig. 1. The
upper and lower sections of the figure correspond to the forward

clamping at large negative values of Ay was observed
in 7 of 11 studies; in the other 4 studies overshoot
was absent or insignificant. Figure 4a and Table 1
(column 5) show the relationship between i* and Ay
at the end of each 15-min period. Again there was
impressive linearity for positive values of Ay, but in
this instance there was a “plateau” effect for negative
values of Ay, with i* reaching its maximal value at
about —50mV. (Note the scale change in Fig. 4a.)
The final value i§ ; was much less than i ;, with 4=
—0.54+0.04 (SE) (p(4)<0.001).

Figure 4b and Table 1 (column 6) show the
corresponding  relationship for the sequence
+100—-0mV (series 3b). Again the curve is concave
upward, as with the 5-min perturbations of Fig. 2b,
but here the concavity is more marked, and A=
—0.47+0.08 (sE) (p(4) <0.001).

In order to relate our findings to those of others,
we carried out 3 experiments employing the 15min
protocol in tissues exposed to bicarbonate-free phos-
phate Ringer solution. Both the 0— +100mV and
+100—-0mV sequences resulted in I/Ay relation-
ships closely similar to those observed with the stan-
dard bicarbonate-Ringer solution.

I1. Influence of Ay on «*

In previous studies in the toad urinary bladder it has
been observed that clamping of 4y at 50mV (serosa

and reverse 15-min protocols of series 3a (n=11) and 3b (n=6),
respectively. 3a, reduced data (—100—+100 mV): y=0.8025
—000671 (£+0.000)x, »n=90, r=—0.871, S,,=0.246; (0—
+100mV): y=0.9773-0.01008 (£0.000)x, n=55, r= —0.973, S,
=0.085; unreduced data (0— +100mV): y=26.74—02622
(£0.026)x, n =55, (4¢);a_,=102.0mV.
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positive} for periods as long as 8hr was without
significant effect on the passive conductance, as judged
by serosal-to-mucosal ??Na flux and mucosal-to-
serosal *°Cl flux [42], and that clamping Ay at either
+50 or —350mV for periods of 15min had no effect
on the conductance measured in the presence of
10~*M mucosal amiloride [26]. Because we em-
ployed more extreme perturbations of Ay, it was
necessary for us to examine the effects on x” more
extensively.

In a first approach, active sodium transport was
abolished by mucosal exposure to 10~*m amiloride,
permitting the observation of the passive current I”
while clamping Ay at values unequal to zero. If
prolonged perturbations of Ay were without effect on
Kk?, I? should be near constant throughout the 30-min
period of observation. Table 2 demonstrates, howev-
er, that for Ay=—-50, —75, or —100mV (serosal
solution negative) I? increased progressively; for —75
and —100mV the effects were marked. In several
tissues values of k¥ were also estimated intermittently
by superimposing on the steady-state value of Ay a
perturbation of +20mV for 10sec. These values dif-
fered insignificantly from the steady-state values, in-
dicating that the progressive increase of I was not
attributable to gradual recovery of active sodium
transport. In two hemibladders in which the influence
of negative potential was marked, setting Ay =
+100mV was without effect over a period of 30 min.

In order to test for possible interaction between
active and passive pathways, a few studies were per-
formed in the presence of normal active transport.
This was conveniently done by measurements of *°Cl
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Table 2. Potential-dependence of the passive current {¥°

A¥Y (mV) n % change in I?

Smin 15min 30 min
— 50 5 0.8+0.8 22420 57+ 44
- 75 5 44+1.7 89+22 17.6+ 2.6
—100 11 140+26 28.446.6 6524130

*  Measurements were made at the intervals indicated following
mucosal exposure to 10~ *M amiloride. Results are reported as
percent change from the value prior to administration of amiloride

flux, since in Dominican toad urinary bladders this
flux is passive [12]. Figure 5 summarizes the results
of three experiments, each employing paired hemi-
bladders obtained from a single animal. Following
baseline determinations of tracer *°Cl flux for three
15-min periods at short circuit (4 =0), Ay in the
paired hemibladders a and b was clamped at +75
and —75mV, respectively. Since Cl™ is transported
passively, it might be expected that if x? were un-
affected by perturbations of Ay the effect of a poten-
tial of +75mV on the influx J., should be the same
as the effect of a potential of —75mV on the efflux
Joy- This was not the case. Although the initial effects
of perturbation of A4y on J and J were much the
same, indicating close matching of paired hemiblad-
ders, during six sequential 15-min periods the efflux
J, measured at Ay=-—75mV, increased pro-
gressively, while the influx J, measured at Ay =
+75mV, remained near constant.

—2.01
R -75 mV, ]

= T mV,

Q b i pmtalaied
e L I
9 [

€ oo

) .
‘o 1.0 N T
r sinintlini -
~ — +75mV, ) _ ,

» omVv Fig. 5. Effect of potential on conductance of
= i passive pathways, evaluated from .
e | Sy upidirectional fluxes of tracer **CL Influx J

and efflux J were measured in paired
hemibladders a and b, respectively.
0 T . T . r . . r 1  Following baseline observations at
0 30 60 90 120 short-circuit, 41 was clamped at +75mV in

time (min)

membrane a and at —75mV in membrane
b(n=3)
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I11. Influence of Unstirred Layers

Since marked deviations from linearity were as-
sociated with the passage of large currents from
mucosa to serosa for extended periods, the possibility
was considered that the irregularities might result
from incomplete mixing, with depletion of Na ad-
jacent to the mucosal surface. This possibility was
evaluated by simultaneous studies in paired mem-
branes, employing the standard air-lift mixing system
in one (series 4a) and a vigorous centrifugal micro-
pump in the other (series 4b). In both cases Ay was
perturbed for 15-min intervals in the sequence 0—
+100mV, as in series 3a. At the end of each study
the thickness ! of the “unstirred” mucosal layer was
estimated from the half-time ¢, , for near-abolition of
I, on exposure to 10~*M amiloride, as described
under Methods. The t,,, for the air-lift system was
7.324+0.70sec (n=4), and that for the pump system
was 1.34 +0.01 sec (n=25), corresponding to estimated
‘values of 1=111 and 47.3 um, respectively. This sig-
nificant difference was unassociated with any notice-
able difference in the relationship between i* and Ay ;
the two series differed little from each other (columns
7 and 8) or from the earlier series 3a (column 5).

IV. Interpretation of Nonlinearity

The above results suggest that the markedly non-
linear i*— Ay relationships observed in our long pro-
tocols are not artefactual, but reflect the response of
the cellular transport systems, indicating adjustments
of the internal parameters. In an attempt to evaluate
the effects of perturbations more precisely, we em-
ployed the classical linear equivalent circuit formu-
lation [5, 8, 16, 24, 50, 51, 57]. According to this
formulation, given a tissue maintained for an extend-
ed period at any value of Ay, it should be possible
to evaluate x by brief small perturbations of A4y and
then by the subsequent application of Egs. (2) and
(3) calculate the values of k* and “E,” associated
with that state. (The “lumped”™ equivalent circuit on
which such an analysis is based is shown in Fig. 6. In
order to minimize the influence of the test procedure
on the state of the system, 4y was perturbed by
+20mV for only 10sec in the determination of x;
since the positive and negative perturbations induced
equivalent changes in I, x was well defined.) This
technique was applied to the study of four pairs of
hemibladders utilizing the two 5-min protocols and
four pairs of hemibladders utilizing the two 15-min
protocols.

The results of this analysis for the two 00—

+100mV series are shown in Fig. 7. For “Ey,”,
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Fig. 6. Lumped equivalent circuit of transport system. In applying

this model, x? is evaluated with the use of amiloride, and «* and
“Ey,” are calculated from Egs. (1)-(3)

except for the period at Ay =100mV, a regular re-
lationship was observed, with negative settings of Ay
resulting in decrease of “Ey,” and positive settings
resulting in increase of “Ey,”, the magnitude of the
changes increasing with the extent of deviation of Ay
from the equilibration value of Ay =0. This result is
consistent with the inverse relationship between E,
and the rate of active Na transport reported by
others, varying transport by perturbation of the elec-
trical potential difference or the administration of
antidiuretic hormone or amiloride [5, 16, 24]'. (The
low values of “E.,” at Ay =+100mV bear special
comment. Since they were obtained following a peri-
od at Ay=—75mV, it seemed likely that they were
the result of the exposure of the tissue to these highly
unphysiological conditions [3]. This conclusion is
supported by the finding in each case of higher values
of “Ey,” in the tissues of series 3bh, which were
clamped at A4y = 4+ 100 mV immediately following ini-
tial equilibration at short circuit. Values of “Ey,” in

! Tt might seem that the present results are discrepant with Feig

et al’s findings that the apparent Ey, decreased with decreasing
concentrations of Na* in the mucosal medium (and thus with
decreasing rates of active transport) [16]. However, as these au-
thors point out, the apparent Ey, in their experiments was reduced
by the chemical potential for Na* against which transport was
occurring. When this factor is taken into account, it appears that
the effects of lowering mucosal Na are consistent with those of the
present study. On the other hand, Chen and Walser found linear
current-voltage relationships over the range 0-150mV in toad
urinary bladder sacs, and feel that there is no need to invoke
variation of Ey, with potential [8].
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Fig. 7. Potential-dependence of parameters of lumped equivalent
circuit model. At each setting of potential of the protocols of series
2a (Smin, 0— +100mV), designated by filled circles, and series 3a
{15min, 0— +100mV), designated by open squares, the conduc-
tance x was measured by perturbing 4y by +20mV for {0sec (at
4 and 12min, respectively), permitting the subsequent calculation
of k% and “Ey,” (see Methods, Egs. (1)-(3)) (n=4)

series 3a and 3b were 92.54+5.7 and 172.4+309mV,
respectively, at 4min, and 101.3+9.2 and 1684
+33.1 mV, respectively, at 12 min; with n=4, howev-
er, the results were not demonstrably different stat-
istically.) Also impressive was the finding that the
behavior of x° is roughly the converse of that of
“Ey.”, with ¢ falling to low levels at positive values
of Ay and rising to a plateau at negative values of
Ay

Except for minor differences, the findings with the
reverse protocols (+100—-0mV) were quite similar:
“E,,” varied directly and «“ inversely with Ay Again
the values of “E,,” at positive Ay were relatively low
after previous exposure of the tissue to large negative
values of 4.
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Discussion
1. General Considerations

In attempts to characterize the kinetic and energetic
factors of active transport, it is common to perturb
electrical or concentration driving forces, so as to alter
rates of transport and metabolism. In principle, such
perturbation permits the evaluation of fundamental
parameters, whether of an electrical equivalent circuit
model or of a nonequilibrium thermodynamic for-
mulation. In practice, however, it may be difficult to
induce accurately measurable changes in function
without also affecting the parameters which it is
desired to evaluate.

Numerous workers have demonstrated that under
diverse circumstances current-voltage relationships in
frog skins and toad urinary bladders are highly non-
linear [e.g., 4, 9, 20, 22]. However, others have shown
that with brief perturbations of Ay in an appropriate
range, the current-voltage relationship is approxi-
mately linear, thus defining a unique conductance x
12, 8, 9, 44, 541 Evaluation of the passive con-
ductance xf then permits calculation of the con-
ductance x* (Eq. (1)) and current I° (Eq. (2)) presumed
to represent flow of sodium in the active transport
pathway, and the “electromotive force of sodium
transport”, “Ey.” (Eq. (3)). These and related tech-
niques have often been employed to evaluate Ey, in
the frog skin [50, 517, toad urinary bladder [3, 5, 24,
57] and other tissues [49]. (The ambiguities associated
with these techniques will be considered below.)

Evaluation of the potential dependence of the rate
of metabolism is more complex, since both the rate of
disappearance of O, from bathing solutions and the
rate of CO, appearance change more gradually than
does the current following perturbation of Ay. Thus
if J,, is evaluated from a plot of oxygen tension vs.
time, some 2-4min is required for the slope to reach
a near-constant value following perturbation of Ay
[52].2 When frog skins or toad urinary bladders are
initially allowed to stabilize at short circuit and Ay is
then perturbed symmetrically at 6-min intervals, the
dependence of J,, on Ay at 4-6min has been found
to be near linear over an extensive range [28, 29, 52].
Combining these observations with concurrent linear
current-voltage relationships has permitted a thermo-
dynamic characterization of active transport [29].
Such a characterization is appropriate to the extent
that the phenomenological coefficients and affinity

2 Labarca et al feel that a period of some 20 to 40min is
required after a change in 4¥ in order to assure a steady state of
transport and CO, production [26].
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are well defined and near constant throughout the
period of observation. Early observations in the frog
skin indicated that with inappropriate protocols this
is not the case, since large perturbations of Ay for
15min or longer produced a “memory effect”, such
that subsequent values of the short-circuit current
and the associated rate of oxygen consumption dif-
fered appreciably from those noted initially [52]. The
factors mediating this response can be usefully ana-
lyzed in terms of the findings of the present study.

I1. Protocol Dependence
of Current-Voltage Relationships

When Ay was perturbed symmetrically around zero
in the sequence 0 —» +100mV at 30-sec intervals, the
current-voltage relationship was near linear between
—75 and 4100 mV. With 5-min perturbations in the
sequence 0— +100mV near linearity was again
noted, but values of i at negative Ay lay above the
projected i— Ay plot, and the final value of the
short-circuit current was slightly lower than that
measured initially. These findings differ somewhat
from earlier results in both frog skin [27, 36, 43, 52]
and toad bladder [28, 297, where with 6-min per-
turbations linear relationships were observed be-
tween JY, and/or J, and 4y over the entire range of
0— +80mV. Given this variability, it may be advis-
able to limit future studies to the range of positive
Ay, as suggested by Canessa et al. [5] on the basis of
the findings of Bobrycki et al. [3]. Much more marked
deviations were observed with the 15-min pro-
tocol. Here at negative potentials the current showed
saturation, and the final values of I, were much
lower than those measured initially.®

Gross irregularities were noted with the “reverse
protocol” (+100—0mV). Prolonged exposure to
large negative values of Ay appeared to have per-
sistent depressant effects on transport, consistent with
the impressive structural and electrophysiological ef-
fects described in both the frog skin [55] and the
toad urinary bladder [3].

3 Inastudy of the effects of long-term perturbations of potential
across the frog skin, Mandel and Curran described saturation of
active Na transport similar to that observed here. With hyper-
polarization, on the other hand, they observed an S-shaped voltage
dependence [35]. The latter results are not inconsistent with ours,
however, since their procedure was essentially equivalent to
measuring ouabain-sensitive influx, whereas ours evaluates net
flux. At large values of Ay, back flux through the active transport
pathway can be demonstrated in the toad urinary bladder [8, 56];
influx then exceeds net flux in a manner which might account for
the discrepancy between an S-shaped and a linear voltage-de-
pendence.
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III. Factors Contributing to Nonlinearity

In attempting to interpret the marked nonlinearities
observed with prolonged perturbations of Ay, it was
important first to consider the possibility of artifacts.
One possibility was that perturbations of the magni-
tude and duration employed might have important
effects on x?. Unexpectedly, in view of earlier findings
of ourselves and others [26, 28, 291, we found that,
although clamping 4y >0 was without effect, clamp-
ing Ay <0 resulted in a progressive increase in ¥, in
direct relation to both the magnitude and the du-
ration of perturbation, both in the absence and pres-
ence of active transport (Table 2 and Fig. 5). Under
circumstances where x? was increasing progressively
with time, the use of Eq. (2), based on a falsely low
estimate of k¥, must have overevaluated I* at negative
values of Ay. Correction for this factor might to
some extent restore linearity in Fig. 2a (5-min pro-
tocol), but would result in even more severe depar-
ture from linearity in the study of Fig. 3a (15-min
protocol).

Secondly, it seemed possible that prolonged ex-
posure to extreme negative values of Ay, with trans-
port at abnormally high rates, might significantly
lower the concentration of Na adjacent to the mu-
cosal surface, while increasing the concentration at
the basal lateral surface adjacent to the pump. Such
concentration polarization might in principle account
for subsequent abnormally low rates of transport [38,
407]. Tests for the significance of this effect at the
mucosal surface were negative, but vigorous stirring
of the bathing media cannot, of course, prevent accu-
mulation of Na in the long, narrow interceltular
spaces at the basolateral surface. Resultant changes
in the transepithelial electrochemical potential differ-
ence for Na and thus E,, would very likely be too
small to account in themselves for the saturation
effects observed, but elevated concentrations of NaCl
might well influence membrane conductance and
function [40].

IV. Interpretation of Current-Voltage Relationships;
Equivalent Circuit Parameters

In an attempt to interpret effects on function more
precisely, we evaluated the parameters of a standard
equivalent circuit formulation. These calculations
suggested that following prolonged perturbations of
Ay there is an inverse relationship between values of
Ey., and the rate of transport I consistent with the
observations of others [5, 16]; also noted was a direct
relationship between x* and I°
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As discussed elsewhere, there is uncertainty as to
the fundamental significance of the equivalent circuit
parameters {7, 24, 33]. If, however, their meaning is
tentatively accepted at face value, the behavior of
“E\.” appears consistent with conventional views of
the regulation of active transport and metabolism [3,
55]. Thus near-linearity of the 30-sec — Ay re-
lationship suggests that there is no important early
effect on Ey,. This is reasonable since, as in an
electrochemical cell of adequate capacity, the elec-
tromotive force (emf) is independent of the resistance
(or potential) applied briefly at the terminals, being
determined by the negative free energy (affinity) of
the chemical reaction driving the current, and the
kinetic factors of the system. Therefore, depending on
the capacity of the system, the emf of an elec-
trochemical cell will remain near its initial value until
the rates and duration of current flow suffice to
reduce the affinity significantly. The case of our
biological system differs somewhat in that the affinity
{presumably the negative Gibbs free energy of the
reaction of ATP to form ADP and P) is buffered not
only by the capacity of the system, but also by
continuing oxidative phosphorylation, which in the
steady state proceeds at a rate just adequate to
compensate for the utilization of ATP to drive trans-
port. While the stimulus for alteration in the rate of
oxygen consumption is presumably alteration in the
[ATP]/[ADP][P] ratio [37], with a highly sensitive
system the alteration with brief changes of Ay need
not be so great as to cause appreciable change in E,
[55]. With more prolonged perturbation of the rate
of active transport and ATP utilization, however, the
effect on levels of ATP, ADP, and P, may no longer
be adequately buffered. Thus, change over the range
from hyperpolarization (at Ay =100mV) to reverse
polarization (4= —100mV) might be associated
with progressive decrease of the affinity, and thus of
Ey.- Since Ey, depends not only on energetic but also
on kinetic factors [247, it is possible that changes in
conductances may also contribute to changes in Ey,,
but a decision on this point must await further infor-
mation.

With respect to the parameter x“ it is useful to
refer to Fromter et al’s studies in the Necturus uri-
nary bladder, in which it was found that on brief
perturbation of Ay in the neighborhood of open
circuit, the conductance of the serosal surface (k)
exceeded that of the mucosal surface (k,,) by a factor
of about 13 [23].* Presuming the applicability of

4 Fromter and co-workers determined resistances with 1-2sec

perturbations of Ay, whereas our determinations involved 10-sec
perturbations. We do not believe that this difference is of
consequence; in previous studies values of “E,” determined from
values of I measured immediately or 30 sec following perturbations
of Ay differed insignificantly [24].
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these findings to our preparation, the doubling of x*
on change of potential from Ay =100mV to Ay =
—100mV must have been largely attributable to the
mucosal barrier, since even had x, become infinite it
would have resulted in an increase in x* of less than
10 %, Further, on the basis of the specificity of the
effect of amiloride on apical Na transport [19, 20]
and the apparent insignificance of apical K and Cl
conductance [34, 41], this large increase in x,, must
have represented an increase in ky, ,,. This is con-
sistent with Cuthbert and Shum’s demonstration of
an increase in amiloride binding sites with reverse
polarization, presumably reflecting an increased den-
sity of Na channels [11].

The analysis above suggests that with continuing
reverse polarization both the effect on Na exit (} Ey,)
and that on Na entry (1xy, ,) act to sustain an
increase in steady-state cell Na content. This in-
terpretation is consistent with observations that in-
ward current flow induces swelling of the outermost
layer of the stratum granulosum in the frog skin [53]
and of granular cells in the toad urinary bladder [3].

V. Detailed Analysis
of Equivalent Circuit Parameters

Although the above interpretations are plausible,
they depend on the assumption that the amiloride-
sensitive current I is entirely attributable to transep-
ithelial active sodium transport, as is implicit in the
equivalent circuit model of Fig. 6. In this regard it is
important to distinguish between the effects of short-
term and prolonged perturbations of Ay. It has been
repeatedly demonstrated that for Dominican toad
urinary bladders mounted in chambers and studied
with solutions closely similar to those of the present
study, steady-state net sodium transport at short cir-
cuit is nearly equivalent to the short-circuit current
[30]. We have confirmed these findings and have
found also that, when Jg, is evaluated by measurement
of tracer isotope fluxes, I°~FJg, during the interval
10-20min after clamping Ay at +25 or +50mV
[56]. These observations, however, provide no infor-
mation as to the nature of I during brief pertur-
bations of Ay. Although there is abundant evidence
for the specificity of the effect of amiloride on sodium
transport across the apical membrane [19, 20], K and
Cl may contribute significantly to the current across
the basal lateral membrane [34, 41]. In order to
appreciate the implications of this consideration it is
necessary to analyze the effects of 4y and amiloride in
greater detail than permitted by the lumped equiva-
lent circuit of Fig. 6. This is done in the Appendix,
employing the distributed equivalent circuit of Fig. 8.



D. Wolff and A. Essig: Toad Urinary Bladder Equivalent Circuit

63

a Q
“Na,s ®Na,s
—V\VV— |—
a a Fig. 8. Distributed equivalent circuit of
K K e K cellular transport system. (For full
K e 'S Wl .S explanation of symbols, see text of
m Na’m Na m —V/ B | Appendix.} The superscripts « and f
® AAA 3 l ! cﬁ B B S indicate active and passive pathways,
KK eK - respectively; «f,, ;~0. We have omitted

“Cl,s

The main features of the analysis may be summarized
as follows:

In the steady state the amiloride-sensitive current
I represents Na flow, which is conservative (i.e., the
rate of apical Na entry equals the rate of basal lateral
Na exit). Hence the “force” promoting Na exit from
the cell (ex, (—4Y,) is related to the force promoting
entry (ey,, ,—4¥,,) in the ratio iy, ,/ky, ,, where
Kna.m a0d Ky, ; are the partial Na conductance at the
mucosal and serosal cell surface, respectively. If now
the transmembrane electrical potential difference
A=Ay, + Ay is perturbed to a new value Ay = Ay
+oAy =AY, +o4y,)+(Ay +04y ), after a very
brief transient 64y /0 AY,, =k, /k,, Where x, and x,
represent the total conductance at the m and s surface,
respectively. The effect of such a perturbation on cell
ion content will depend on the pattern of partial
ionic conductances at the opposite plasma mem-
branes. Since in general Ky, ,./Kn, sF K,/K,, 1t would
be expected that for some period following pertur-
bation of Ay Na flow will be nonconservative (i.e.,
mucosal and serosal Na fluxes will differ), resulting in
change in cell Na (and other ion) content. The rate of
change of cell ion concentrations will depend on the
magnitude of the discrepancy between mucosal and
serosal fluxes, cell volume, and the rate of osmotic
adjustments. With the passage of sufficient time the
system will relax to a true steady state, in which all
nonconservative flows will have vanished, so that
again ion concentrations will be invariant with time
and I° will closely approximate the transepithelial Na
current.

Given this background we can now enquire into
the significance of the values of x* and “E,” de-
termined by various means based on measurement of
electrical currents and “10 second” conductances.
Since on brief perturbations of Ay, I* cannot be
assumed to represent net transepithelial Na trans-
port, the amiloride-sensitive conductance x” calculat-
ed from Eq. (1) is not precisely equivalent to the Na
conductance of the active transport pathway, k%, (see
Appendix, Eq. {A23)). Accordingly, while the lumped

eCI,

apical K and Cl currents, since they are not
significant for the toad urinary bladder
(Dominican Republic). For simplicity, we
have also omitted the paracellular passive
pathway

—ANM— |—
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circuit “Ey,” calculated from Egs. (2) and (3) will
evaluate the transepithelial potential difference neces-
sary to reduce the total cellular current to zero (to
within the accuracy of the linear formulation), it may
not be assumed to evaluate precisely the true value of
Ey\,, ie., the value of Ay adequate to reduce basal
lateral active Na transport to zero. (See Egs. (A10)
and (A21)) Similar reservations apply also to other
methods depending on the evaluation of conductance
from a brief pulse, e.g., the widely used method of
Yonath and Civan [57]. (We shall call the E, eval-
uated in this manner (Ey,)y_c.)

Although information which would permit precise
evaluation of xy, and thus E, is lacking, 1t is of
interest to consider the relationships which would
obtain under possible limiting conditions. If, on the
one hand, xy, >k, , (and thus x>y, >K5, ),
Kna does not deviate sufficiently from x“ to invalidate
the perturbation techniques for evaluation of Ey,
since, as is seen from Eq. (A23), x%,/k°~1, and from
Eqgs. (A21) and (A25), “Ex.” ~(Exoy_c~Ex,.> In this
case our experimental results would indicate that Ey,
varies directly with Ay as discussed. If, on the other
hand, xy,, is not >y, ,, Eq. (A23) shows that
Kno <k” In this case, Eq. (A21) predicts a direct
relationship between “Eg,” and Ay, as observed in
the present study, even if Ey, is unaffected by vari-
ation of Ay. Also, it would not be possible to

5 In their serosal impalements of Neciurus urinary bladders with

widely varying rates of transport, Fromter et al. found that Ay was
near constant at about 90 mV, whereas 4y, varied from some — 60
to +50mV [23, Fig. 9]. This raises the possibility that (ef, ,
— Ay ) <leny = AW,), and 1y, (>wy, ,, 50 that small changes in
Ay, resulting from changes in xy, , may result in large changes in
the rate of transepithelial transport. Fromter et al. have suggested,
on the other hand, that their findings might be due to an increased
number of operating transport units, since the transition from low
to high transport rates was associated with a decrease of the
serosal membrane resistance. In the rabbit urinary bladder, howev-
er, both the serosal membrane potential and the serosal resistance
are reported to be near constant [317. Schultz et al. have reported
that in the rabbit colon RY,/RT, (= Ky, n/Kn,, )= 100/15700.06
[4s1.
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evaluate Ey, precisely by combined measurements of
current and “short-term” conductances, as attempted
by ourselves and others. Thus, whereas x* varies, kg,
and E,, may be near constant following pertur-
bations of Ay of moderate magnitude and duration,
permitting the evaluation of Ey, from the steady-state
intercept (AY);a_ - (For the linear regions of the I°
— Ay plots of series 2a (5min) and 3a (15 min), these
values were 120.2 and 102.0mV, respectively.)

Another possibility, of course, is that kg,/x* may
vary with both time and Ay following a perturbation.
Clearly, detailed electrophysiological studies of both
apical and basal lateral plasma membrane function
are required in order to choose among these and still
other alternatives [21, 31, 33].
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Appendix

Equivalent Circuit:
Steady State and Transient Relationships

General Considerations

In the analysis of transepithelial active sodium trans-
port by means of electrical equivalent circuit models
it is common to consider only Na flow and to
“lump” the electrical properties of the apical (“mu-
cosal”) and basal-lateral (“serosal”) membranes [5, 8,
16, 24, 50, 51, 57] (Fig. 6). However, in order to deal
with the various data above, it is necessary to comnsid-
er a “distributed” equivalent circuit incorporating the
contribution of each significant ion flow at each rate-
limiting barrier. For this purpose we follow the treat-
ments of Schultz, Frizzell and Nellans [46], Lin-
demann [32], and Hviid Larsen and Kristensen [25]
(Fig. 8). Unlike the latter authors, however, we pos-
tulate that the rate of the pump is dependent on the
total electrochemical potential difference for Na at
the serosal surface, rather than only the cellular Na
concentration, since their assumption would require
that in the absence of active transport the pump
would maintain an infinite chemical potential differ-
ence for Na. As discussed by Schultz et al, there
appears to be no need to invoke stoichiometry be-
tween active Na and K transport at the serosal
surface. Assuming significant electrical coupling be-
tween cells [39] and the absence of important cyto-
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plasmic electrical potential gradients, we assign a
unique intraceliular electrical potential Y. It should be
noted, however, that although the individual circuits
join at point ¢, the assignment of an electromotive
force for each ion at each surface, in addition to
taking account of different concentration profiles and
transport mechanisms, assures that each ionic current
is discrete. Thus the formulation deals with Schultz et
al’s objections [46] to Cuthbert’s model [10]. It is
appreciated, however, that the partial conductances
and electromotive forces (emf’s) at each surface are
lumped parameters, possibly incorporating different
contributions from different cell types. In addition, of
course, the analysis suffers from the limitations com-
mon to simple electrical circuit models in assuming
linearity of the currents in the electrical and chemical
potential differences. (For nonlinear models, see [21]
and [32].)

A general analysis of function would require the
explicit consideration of all partial conductances and
emf’s at the two surfaces. However, for the tissue
under study here it is possible to ignore certain of the
conductances. Thus, at the mucosal surface,

Km:KNa,m—*—KK,m‘I—KCl,m,‘V‘KNa,m' (A 1)

We have considered x ,,~0 since despite the pres-
ence of a K pump at the serosal surface there is no
significant active transepithelial K transport in the
Dominican Republic toad urinary bladder [41].
Also, Macknight’s studies indicate that k¢, ,~0 and
that there is no significant NaCl co-transport at the
apical surface [34]. At the serosal surface,

Ks: KNa,s+ KK,S + KCI,s

= Ko s T 1, s F KR KRR TR s (A2)

where the superscripts o and f refer to active and
passive pathways, respectively. Potassium transport
at the serosal surface is considered to be by means of
a parallel pump-leak system. (If justified by further
information, it is straightforward to discriminate be-
tween basolateral active and passive Cl pathways as
well.) Although Na flow through the pump pathway
is reversible [8, 56], Canessa et al. have shown that
recycling by way of a parallel serosal leak is not
demonstrable [6]; hence we set . ;=0 and %, ,
:KNa,s'

The “forces” at the two surfaces sum to give the
total transepithelial force. Thus, for electrical poten-
tial.

A+ A= AV, (A3)

We use the symbol e, ., to represent the combined
contributions of the negative chemical potential dif-
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ference (“Nernst potential”), —(RT/z;F)Alnc;, and
any active transport mechanism which may be oper-
ative. Then, with the use of identical Na-Ringer
solutions at each surface, we have for Na, with a
pump of emf E, at the serosal surface,
eNa,m+eaI£la,s:ENa' (A4)

For K, with a “pump” (x) and “leak™ (f) at the
serosal surface,

(A5)
(A6)

x —
ex mt ek s=—Eg

ex mtef =0

For Cl, whose transepithelial transport is considered
to be entirely passive in the toad urinary bladder
(Dominican Republic),

ecimtecy,s=0 (A7)

Steady-State Relationships

In the steady state, the transcellular current is ex-
clusively attributable to Na:

IaNa:KNa,m(eNa,m_Alpm):KNa,s(eaNa,s_Aws)‘ (AS)

Introducing now for the total cellular conductance of
Na the symbol

KNa, m KNa, s

K, =
Na —
K:Na, m + KNa, s

(A9)
and combining Eqs. (A3), (A4), and (A8) gives the
appropriate steady-state relationship between the
conductance and emf of the lumped equivalent circuit
model for the active Na transport pathways:

I =13 (Eng — 4Y).

For K, although there is no transepithelial current,
there are flows to be considered at the serosal surface.
These are given by

(A10)

IK:IaK,s+I£,s:KaK,s(eaK,s_AWS)+Kﬁ,s(eﬁ,s—Aws):0

(Al11)
Introducing (A 5) and (A6),
K% Kb
== _ "KsKs p
T (A12)

As emphasized by Schultz et al., the above for-
mulations are applicable only when the system is in a
steady state in which “ionic compositions and trans-
epithelial jonic movements are time-independent;
the underlying assumptions preclude the application
of these considerations to transient states.” In this
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regard, however, it is important to distinguish be-
tween the system as a whole, and the rate-limiting
barriers at the cell surfaces. Since the volumes of
these different regions differ by orders of magnitude it
is to be anticipated that following a perturbation of
Ay the plasma membranes will reach new quasi-
steady states long before the cell reaches a true steady
state. That is to say, promptly following a pertur-
bation each ionic flow across each plasma membrane
becomes near conservative, although differing at the
two cell surfaces. Accordingly, plasma membrane
concentrations and electrical parameters assume val-
ues appropriate for the simultaneous values in the
contiguous bathing solution and cell interior, thereaf-
ter changing pari passu with the parameters of the
cytoplasm. These considerations permit the analysis
of the function of the epithelial system even during
transient periods when cell parameters are slowly
changing.

Transient Relationships: Effects of Perturbation
of Ay on Cell Composition

On perturbing Ay to a new value Ay =AYy +54y
=(Mp,, +04,) + (M + 6 Ay ), following a very brief
period attributable to electrical capacitance of the
tissue, the electrical current across the cells becomes
conservative. Therefore,

81 = —1, 6 AW, = —K SNV,
so that, with Eq. (A3),

s Ky AP

SAY, = 5
Vm " tr Ay P (A13)
K_K
SI1°=01, =81 :_(is_) .
S e (A14)

(These relations apply with perturbations long
enough to assure conservation of current flow across
the epithelium, but brief enough to avoid significant
changes in x,, and «,.)

Perturbations of Ay will alter the ionic currents
at each membrane. Thus, for Na at m, shortly after
perturbation of Ay

5 I =te m(— A1) = —’lafi‘faw.

m KS

(A15)

(The validity of these relationships depends on the
fact that the mucosal plasma membrane is in a quasi-
steady state. Hence the Na currents entering and
leaving the mucosal membrane are sensibly identical,
so that Iy, ,, is conservative and hence well defined.)
Similarly, at s,
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Oy o= tong o — O A )= — DB gy, (A16)
. . K, K,

It is seen that transcellular Na flow is conservative
(e, 0Ly =0k, if and only if (xy, /Knas)
=(x,/Kk,). In this case perturbation of Ay will not
alter cell Na. Since in the present case, however,
(Kna,m/Exa, ) > (na m/ K =(K,,/%), it s seen that with
negative perturbation of Ay (as from open circuit to
short circuit or reverse polarization) iy, ,,>8Iy,
so that cell Na will increase. For K and Cl the case
is different. Since xy ,, and xq ,~0, the effect of a
negative perturbation of Ay must be to decrease cell K
and increase cell Cl, as is seen from Egs. (A2), (A11)
and (A13):
_KK,SKm(SAI/I; 5ICLS=_KCLSKM5Al/J

= - (A17)
' K,, + K K, +K

oIy
s

Maintenance of macroscopic electroneutrality re-
quires that Iy, ,,—dl, (=0l +9Iy ;- The extent
to which increase in cell Na will be compensated by
decrease in K rather than increase in Cl will be
determined by the relative magnitudes of xy ; and
Key s it 18 to be expected that these effects will influ-
ence the changes in x” observed following long-term
perturbations of Ay. With the passage of time the
intracellular potential profile, emfs, and/or conduc-
tances will relax to steady-state values such that
cellular I, is again conservative and Iy and I, =0, as
is consistent with the equivalence of amiloride-sen-
sitive current and net transcellular Na flux demon-
strated following =10-min perturbations of Ay

[56].

Effects of Amiloride
(at Fully Inhibitory Concentrations)

Assuming, as is widely accepted, that amiloride acts
by preventing passive Na flux across the mucosal
surface, Eqs. (A1) and (A9) give

(A18)

A
K;: = KNa,m = (Kla\la)A = O

so that perturbation of the potential in the presence
of amiloride gives the passive conductance x?, at-
tributable to paracellular pathways. In the steady
state, Eq. (A8) shows that

At =(ek,, )"

It can be seen from Egs. (A13) and (A18) that on
perturbing Ay in the presence of fully inhibitory
levels of amiloride

(A19)

SAYA=54y; S AYr=0. (A20)
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(These relationships depend critically on the evidence
that in the toad urinary bladder (Dominican Re-
public) x ,, and x¢; ,,~0.)

Evaluation of Equivalent Circuit Parameters

Because of the specificity of the effect of amiloride on
Na flux across the mucosal surface, we and others
have employed this agent to evaluate the parameters
of the lumped equivalent circuit of the Na active
transport system [3, 24, 46]. This has involved eval-
uation of the conductance of the active Na transport
pathway by brief perturbation of Ay in the absence
and presence of amiloride, then applying Eq. (1) to
evaluate k* and Eq. (3) to evaluate “E,”. It should be
noted that this calculation combines values of I mea-
sured in a well established steady state with values
measured several seconds after perturbation of Ay.
Accordingly, the value “E,” derived from Eq. (3) will
be a reliable estimate of E,, only to the extent that x*
provides an accurate value of «g,, as is shown by
combination of Egs. (3) and (A10):

a
KNa

13 » Ka:a

B = (50) Bt (1-22) av. (A21)
The present analysis indicates, however, that x* is not
precisely equal to x%,. Combining Eq. (1) with Egs.
(A1) and (A14) shows that x“ incorporates conduc-
tances in addition to those of the Na active transport

pathway:

KNa m
o Nom A22
* 1+ Ko, /% ( )
giving with Eq. (A9)
KaNa . 1 +KNa,m/Ks (A23)

a

1 + KNa,m/KNa,s

Also of interest is the accuracy of the evaluation
of E,, by the method of Yonath and Civan [57]. This
method depends on the assumption that antidiuretic
hormone (ADH) enhances active Na transport by
increasing the Na conductance of the mucosal mem-
brane, without affecting Ey, or the conductance of
parallel passive pathways. It is then considered that a
plot of total conductance x (evaluated from 10-scc
pulses) against the short-circuit current I, will be
linear, with a slope dx/dI, inversely proportional to
Ey,. (We shall call the Ey, evaluated in this manner
(En.)y _c-) Consideration of Eq. (A10) shows that the
true value of Eg, is given by (dI{,/dxi)au-0o
=(dI,/dr,). Thus

K

(Enaly - c = (dr{a/dK) Exg- (A24)
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Assuming that ADH acts only on Ky, ,»
dry,/dk =(dxl,/dry, )/(dKr/dKy, ,,). The numerator is
readily evaluated by differentiating the expression
of Eq. (A9) with respect to xy, ,,. The denominator is
obtained by introducing Eq. (A1) into (Al4) and
differentiating (61/04y) with respect to ky, ,,. Thus

1+ Kna, m/ s ]2 By = I:K;a

2
E = Ey,. {(A25
( Na)Y—C [1+KNa,m/KNa,s K® ] Na ( )
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