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Summary. As reported previously (S.R. Thomas et al., J. Mem-
brane Biol. 73:157-175, 1983) the current-voltage (I-V) relations
of the Na-entry step across the apical membrane of short-cir-
cuited Necturus urinary bladder in the presence of varying mu-
cosal Na concentrations are (i) time-independent between 20-90
msec and (if) conform to the Goldman-Hodgkin-Katz constant
field flux equation for a single cation over a wide range of volt-
ages.

In contrast, the I-V relations of the basolateral membrane
under these conditions are (i) essentially linear between the
steady-state, short-circuited condition and the reversal potential
(E®); and (i) are decidedly time-dependent with E* increasing
and the slope conductance, g*, decreasing between 20 and 90
msec after displacing the transepithelial electrical potential dif-
ference. Evidence is presented that this time-dependence cannot
be attributed entirely to the electrical capacitance of the tissue.

The values of g* determined at 20 msec are linear functions
of the short-circuit current, I, confirming the relations reported
previously, which were obtained using a more indirect approach.

The values of E* determined at 20 msec are significantly
lower than any reasonable estimate of the electromotive force for
K across the basolateral membrane, indicating that this barrier
possesses a significant conductance to other ions which may
exceed that to K. In addition, these values increase linearly with
decreasing I, and approach the value of the electrical potential
difference across the basolateral membrane observed when Na
entry across the apical membrane is blocked with amiloride or
when Na is removed from the mucosal solution.

A possible explanation for the time-dependence of E° and
g° is offered and the implications of these findings regarding the
interpretation of previous microelectrophysiologic studies of epi-
thelia are discussed.
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Introduction

In recent years, electrophysiological studies have
provided considerable insight into the properties of
the Na-entry step across the apical membranes of
several Na-absorbing epithelia; e.g. frog skin
(Fuchs, Larson & Lindemann, 1977; Lindemann &
van Driessche, 1977; Van Driessche & Lindemann,
1979), toad urinary bladder (Palmer, Edelman &
Lindemann, 1980, 1982; Li, Palmer, Edelman &
Lindemann, 1982; Garty, Edelman & Lindemann,
1983), rabbit descending colon (Thompson, Suzuki
& Schultz, 1982; Turnheim, Thompson & Schults,
1983), and Necturus urinary bladder (Fromter, Hig-
gins & Gebler, 1981; Thomas, Suzuki, Thompson
& Shultz, 1983). The results of these studies are
consistent with the notion that Na entry into the
absorbing cells conforms to the Goldman-Hodgkin-
Katz (GHK) (Goldman, 1943; Hodgkin & Katz,
1949) ‘‘constant-field flux equation’’ over a reason-
able range of electrical potential differences and can
be attributed to simple electrodiffusion through
pores or channels.! This conclusion is supported by
the findings that the bidirectional fluxes of Na
across the apical membranes of frog skin (Benos,
Hyde & Latorre, 1983) and toad urinary bladder
(Palmer, 1982) conform reasonably well with the
Ussing flux-ratio equation (Ussing, 1949) for simple
electrodiffusion uncomplicated by single-filing, ex-
change-diffusion, etc. These bidirectional Na fluxes
thus conform to the ‘‘independence principle’”
which underlies the GHK flux equation (cf.
Schuitz, 1980).

In contrast, the properties of the basolateral
membranes of these epithelia have not been exam-

! The microscopic structure of pores consistent with the
GHK flux equation has recently been considered by Lindemann
(1982).
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ined extensively and are, as yet, poorly understood.
Wills, Eaton, Lewis and Ifshin (1979) determined
the current-voltage (I- V) relations of the basolateral
membranes of rabbit colon but only after disrupting
the apical membranes with nystatin, so that it is
not clear whether their results apply only to the
intact Na-absorbing cells of this multicelluiar epi-
thelium. Lewis, Wills and Eaton (1978) have esti-
mated the permselective properties of the basolateral
membrane of rabbit urinary bladder, but these esti-
mates are based on the assumptions that this barrier
is permeable only to Na, K and Cl and that the
diffusional movements of these ions across that bar-
rier conform to the GHK equation; there is no di-
rect evidence supporting those assumptions. In
short, we are unaware of any direct studies of the I-
V relations of the basolateral membranes of intact
Na-absorbing cells that might permit an evaluation
of the transport properties of those barriers.
Between April 1981 and January 1982, a series
of studies on the I-V relations of Necturus urinary
bladder employing intracellular microelectrodes
was carried out in this laboratory. These studies
enabled us to obtain the I-V relations of both the
apical and basolateral membranes of the Na-absorb-
ing cells as well as that of the pathways that parallel
those cells. The results dealing with the electrophy-
siologic properties of the apical membrane have
been published (Thomas et al., 1983). This paper
will deal primarily with the 7-V relations of the ba-
solateral membrane; but, for reasons that will be-
come obvious, data dealing with the time-depen-
dence of the apical and the paracellular (parallel)
I-V relations will also be presented and discussed.

GLOSSARY OF SYMBOLS AND NOMENCLATURE

s Transepithelial electrical potential difference, serosal
solution with respect to the mucosal solution, §° — ¢
(mV)

yime Electrical potential difference across the apical mem-

brane, cellular compartment with respect to the muco-
sal solution, ¢¢ — ™ (mV).

Yo Electrical potential difference across the basolateral
membrane, serosal solution with respect to the cellular
compartment, ° — ¢ (mV).

I Total transepithelial current defined as positive for cat-
ion movement from the mucosal to the serosal bath
(nwA/cm?).

I, Short-circuit current or oI (wA/cm?).

E Equivalent electromotive force or zero-current poten-

tial (mV).

Current (nA/cm?).

Effective chord and slope resistances, respectively, un-
corrected for actual membrane area ({cm?).

Chord and slope conductances, respectively, uncor-
rected for actual membrane area (mS/cm?).

= ym/(rm + r5),

Effective membrane capacitance uncorrected for actual
membrane area (uF/cm?).

w\
~

og
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Superscripts

m Mucosal or apical membrane.

s Serosal or basolateral membrane.
Cellular pathway; refers only to the amiloride-sensitive
cells.

P Parallel pathway; includes all pathways, cellular or

paracellular, which are electrically isolated from and in
parallel with the amiloride-sensitive absorptive cells.
! Primes denote data obtained in the presence of ami-

loride.

Subscripts

Na,K,i Sodium, potassium, or unidentified ionic species, re-
spectively (e.g., I, is the Na current across the apical
membrane).

0 Preceding a term indicates the value of that term when
Y™ =0 (e.g., olfa).

U} Values obtained at a given value of ™.

Materials and Methods

The methods employed were described in detail by Thomas et al.
(1983). Briefly, after impaling a Necturus urinary bladder cell
from either the apical (m) or the serosal (s) surface under short-
circuit conditions, sufficient current was passed across the tissue
by means of a computer-driven voltage clamp to clamp the transe-
pithelial electrical potential difference (/™) over the range 0 to
+200 mV in 20-mV increments (i.e., 0, +20, 0, —20, 0, +40, 0,
—40. . .0, +200, 0, —200 mV). Each pulse had a duration of 100
msec, and the interval between pulses was 500 msec. The intra-
cellular electrical potential with respect to the mucosal solution
(gme), ¢ and the clamping-current, I, were monitored at 20
msec and again at 90 msec and relayed to the computer via an A-
D converter for storage and processing. These I-V relations were
determined during a single impalement when the mucosal bath-
ing solution contained 5, 15 or 45 mM Na and finally in the
presence of a maximally effective concentration of amiloride
(10-* M). Subtracting the transepithelial clamping current in the
presence of amiloride at any value of ¢, (I"™),ms, from the
current in the absence of amiloride at that value of Y™, (I"™)yms,
yields the transcellular current at thar value of ™, (I¢)yms. The
latter is assumed to be equivalent to the Na current across the
apical membrane (I%,),ms as well as the roral current across the
basolateral membrane (I*),ms. Since ¢ and the electrical poten-
tial- difference across the basolateral membrane, ¢, are also
known at any value of ¥/, it is a simple matter to derive the
relations between I, and ™ as well as those between [° and ¢*
under the different conditions studied.

The reader is referred to our earlier paper for experimental
details and a discussion and justification of the underlying as-
sumptions (Thomas et al., 1983).

Results and Discussion

Previously (Thomas et al., 1983) we presented the I-
V relations of the apical membrane and parallel
pathway(s) determined 16-20 msec after the onset
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Fig. 1. Examples of the relation between /7 and s at 20 (O) and 90 (xX) msec. (a): r* = 3.3 kQ cm?; (b): r? increased from 7.7 to 8.6 k()

between 20-90 msec

of the clamping-current pulse and noted that these
relations did not differ significantly from those ob-
served 90 msec after the onset of the pulse (top, p.
159). For reasons that will shortly become evident,
we will briefly document and elaborate upon these
points.

I-V RELATIONS OF THE PARALLEL PATHWAY(S)

Two examples of the relation between I or {I7)
and ¢ are illustrated in Fig. 1. In all instances
these relations were linear over the range = 200
mV. Further, in most cases the relations observed
at 20 and 90 msec were superimposable (Fig. 1a); in
some instances there was a small increase in the
resistance of the parallel pathway(s), 7, between 20
and 90 msec (Fig. 15); in no instance was there a
decrease in r? with time.

In the experiments carried out in the spring of
1981, r” averaged 5-6 k() cm?, whereas in the experi-
ments carried out in the fall-winter of 1981 r? aver-
aged 14 kQ cm?. The most probable explanation for
this difference is seasonal variation, which has been
frequently observed in this species. A less likely,
but possible, explanation is that the difference is
due to the fact that different investigators per-
formed these experiments employing slightly differ-
ent chambers and mounting techniques.?

21t should be noted that in a small series of preliminary
studies r? was not affected by replacing Na in the bathing media
with K, choline, tetramethylammonium, or tetraethylammo-
nium. On the other hand, replacing Cl in the bathing solutions
with gluconate (two experiments) resulted in a significant in-
crease in r?. These findings suggest that: (i) either the parallel
pathway(s) are equally permeable to a variety of cations with
considerably different hydrated radii or, more likely, that they
are only sparingly permeable to these cations; and (ii) these path-
ways are significantly permeable to Cl.

The results of studies on frog skin (Mandel &
Curran, 1972) and toad urinary bladder (Bindslev,
Tormey, Pietras & Wright, 1974; Bobrycki, Mills,
Macknight & DiBona, 1981) indicate that voltage-
clamping can result in an increase in the permeabil-
ity of paracellular pathways and marked alterations
in the morphology (‘‘blistering’”) of the ‘‘tight”
junctions. The results of the present studies indicate
that voltage-clamping Necturus urinary bladder
over the range = 200 mV for 90 msec does not
significantly affect the conductance of these path-
ways and whenever small effects were noted they
were in the direction of an increase in r”.

THE I-V RELATIONS OF THE APICAL MEMBRANE

The relations between I, and ™ at 20 and 90
msec after the onset of the clamping currents were
most often superimposable; two examples are illus-
trated in Fig. 2. Small differences were sometimes
noted when ™ < —75 mV, but in every instance:
(i) the relation conformed closely to the GHK flux
equation over, at least, a 100-mV range; and, (ii) the
permeability of the apical membrane to Na, P¥,,
and the intracellular Na activity, (Na)., determined
from a least-squares, nonlinear regression analysis
of the 7-V relations at 20 and 90 msec after the onset
of the clamping-current, did not differ significantly.’

3 By the use of the word ‘‘superimposable’” we do not wish
to infer that the values of ¢ at a given ™ were the same at 20
and 90 msec. As discussed in the Appendix, since ™ is constant
over this time period but * changes, ¢ must also change
equally but in an opposite direction. The important point is that
the relation between I, and ¢ determined at 20 and 90 msec
did not differ so that the properties of the apical membrane that
determined that relation appear to be time-independent over that
period.
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Fig. 2. Examples of the relations between I, and ¢ at 20 (O) and 90 (x) msec. The solid curves correspond to the GHK equation

Thus, the properties of the system that deter-
mine the I-V relations of the Na entry step across
the apical membrane and the conductive pathways
that parallel that barrier appear to be essentially
time-independent between 20-90 msec.

THE I-V RELATIONS
OF THE BASOLATERAL MEMBRANE

Because the resistance of the apical membrane ac-
counts for 80~90% of the total transcellular resis-
tance, the relations between 7° and ¥ could only
be obtained over a relatively narrow range of volt-
ages, particularly in the presence of 5 mm Na when
f was generally greater than 0.85. Nonetheless, we
could always obtain the relation between /¢ and <
over the range (Y = g, I = I) to (Y = E5, IS
= 0) (see Fig. 7c). Typical examples of these I-V
relations when the Na activities in the mucosal solu-
tion, (Na),,, were 3.8, 11.4 or 34.2 mmMm are illus-
trated in Fig. 3.

Clearly, the [-V relations of the basolateral
membrane differ from those of the Na entry step
across the apical membrane in two respects.

First, they are essentially linear over the range
P = g to < = E*; thus the conductance of the
basolateral membrane determined 20 msec after dis-
placing ¢ is voltage-independent over that range
so that the slope (g*) and chord (G?) conductances
are identical.

Second, the relations between I and ¢ are
clearly time-dependent; thus, when ¥ is clamped
at any value other than the steady-state value of
zero, E* increases and g* decreases with time be-
tween the initial readings at 20 msec and the final
readings at 90 msec.

For reasons that will be discussed and justified
below we will consider the values of g* and E* de-

termined at 20 msec to most closely represent the
steady-state properties of the system under short-
circuit conditions; these values will be designated
0g? and ()ES.

The values of ¢g° and I, when (Na),, = 3.8,
11.4 or 34.2 mM are given in the Table and illus-
trated in Fig. 4 for the studies involving impale-
ments from the apical (mucosal) and basolateral
(serosal) surfaces of the tissue. Clearly there is a
close linear relation between I, and ¢g* in both sets
of studies. It should be noted that in the studies
involving impalements from the serosal surface of
the tissue (g* was almost twice the values observed
when the cells were impaled from the mucosal sur-
face. The origin of this difference is not apparent.
One possible explanation is, of course, ‘‘impale-
ment damage’’; another is ‘‘seasonal variation.”’ In
either case, these differences do not materially af-
fect the interpretation of these findings.

A positive relation between I, and og* was re-
ported previously (Thomas et al., 1983), but in that
paper ¢g°® was calculated from the *‘voltage-divider
ratio”” determined 20 msec after the onset of a 20-
mV transepithelial pulse employing the following
relations:

of = (APY™/AY™) = grm/(or™ + or®) (1

of ¢ = rrPl(r? ~ ry) )

where Ay™ is the change in ¢™ in response to a
20-mV increase in ™ (i.e., AYy™); r, is the transe-
pithelial resistance determined from the value of I™s
required to displace i from 0 to +20 mV; and, r”
is the transepithelial resistance in the presence of
10~* m amiloride. Since r¢ = r™ + rs it follows that

and ors = (1 — of)ore. (3)

or™ = ofor®
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Fig. 3. Examples of the relations between I* and ¢ at 20 {O)
and 90 (X) msec when (Na),, = 3.8 (a), 11.4 (b) or 34.2 (¢) mM

This approach is based upon the assumption
that (Ay™</Ag™s) is, in fact, a good approximation
of the fractional resistance (or™/o#¢). This assump-
tion has been questioned (Boulpaep & Sackin, 1980;
Nagel, Garcia-Diaz & Essig, 1983) at least for
““leaky’’ epithelia where the resistance of the inter-
ceilular spaces may contribute significantly to the
total paracellular resistance; but, it would seem to
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Fig. 4. Relations between g* and I, for mucosal and serosal
impalements

be reasonable for an epithelium characterized by
wide intercellular spaces (unpublished observa-
tions) where the total paracellular resistance ranges
between 5-14 k) ¢cm”. This approach is also subject
to large statistical uncertainties inasmuch as when f
approaches unity the value of (1 — f) is subject to
considerable error. The excellent agreement be-
tween the values of 4¢* determined directly from the
relation between I° and ¢ and those calculated
indirectly from the values of f, », and r” indicates
that these two approaches are internally consistent.

Further, inasmuch as the relations between I¥,
and ¢ closely conform to the GHK flux equation,
we can calculate gg™ from the relation gg %, = (81¥/
™) so that

(Na),, — (Na).£(1 + 1néX] ~ f):!
Pﬁagz + f l”f (Na)m - (Na)zf
[ RT } a - e )

m —
08Na = ~

where & = exp (F¢m/RT).

The values of g%, when (Na),, = 3.8, 11.4 and
34.2 mm calculated using Eq. (4) employing the val-
ues for P{., o™ and (Na), reported by Thomas et
al. (1983; Table 1 and text) are also given in the
Table and are in excellent agreement with those cal-
culated using Egs. (1)--(3). It follows that the values
of of determined directly from the I-V relations of
the apical and basolateral membranes are in excel-
lent agreement with those calculated using the
“voltage-divider ratio™ (Ag/Ay*) (Table); these
findings further support the internal consistency of
the data and analyses.

A typical example of the relations between ¢
and ™ determined at 20 and 90 msec is illustrated
in Fig. 5. The slopes of the lines are f = (Ay™/
Ayg™sy; clearly the decrease in f between 20-90
msec is consistent with the observation that r™ (at
any value of ¢) during this period is constant
(Fig. 2) whereas r* increases.

The relations between the values of (£* deter-
mined at 20 msec and the values of /.. when (Na),,



262

Table. Electrical properties of the basolateral membranes
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(Na),, I oS o 08** oG FE 0g*t 08"t og™ty (Vaivan!
8.5 59 71 0.99 0.71 1.00 0.20 0.20 1.00
18 m 1.0 4 8 0.11 0.10 0.02
: 10.3 55 62 1.92 1.75 2.10 0.20 0.22 1.01
g 1.1 4 5 0.26 0.30 0.03
16.0 29 45 1.28 1.00 1.33 0.35 0.36 1.00
4 " 1.4 3 7 0.11 0.10 0.03
: 17.2 31 41 2.39 2.16 2.90 0.41 0.42 1.02
5 2.0 7 8 0.39 0.50 0.06 _
21.5 9 23 1.58 1.53 1.89 0.40 0.39 1.02
142 mn 2.8 2 3 0.10 0.24 0.03
: 25.0 14 2 3.49 3.50 3.80 0.68 0.68 1.00
s 2.5 6 7 0.76 0.80 0.05

Units are given in the Glossary. m and s designate impalements from the mucosal or serosal surfaces, respectively. Values are means +
seM (below). * Determined from the slopes of the relations between I° and ¢**; ** calculated from the relation os4I* = (G*(,ES — oi%);
1 Calculated from Egs. (1)-(3); 11 calculated using Eq. (4). (ofT/of1T) is the ratio of the fractional resistances determined from the
“yoltage-divider ratio’’ and those calculated from the /- V relations of the apical and basolateral membranes as described in the text.

= 3.8, 11.4 and 34.2 mM are given in the Table and
illustrated in Fig. 6; also shown in Fig. 6 are the
values of E¢ determined at 90 msec. The solid lines
were determined from least-squares regression anal-
yses. For the studies involving impalements from
the mucosal surface the line intersects the ordinate
at (oE%);,.—0 = 103 mV; the average value of ¢/ in
the presence of amiloride (") in these studies was
86 mV (arrow). For the studies involving impale-
ments from the serosal surface of the tissue,
(E®)1,=0 = 90 mV and the average value of ¢
was 76 mV. The dashed lines through the values of
E* determined at 90 msec were drawn by eye and
constrained to pass through the same intercepts on
the ordinates; the rationale for this choice will be
discussed below.

Conclusions

THE ORIGIN(S) OF THE TIME-DEPENDENT
BEHAVIOR OF THE BASOLATERAL MEMBRANE

There are, in general, three sources of time-depen-
dent responses to a displacement of the electrical
potential difference across biological membranes:
(i) ““‘electrical capacitance’’ arising from the dielec-
tric properties of the membrane (~1uF/cm?); (ii)
“‘chemical relaxation’’ resulting from the redistribu-
tion of ions across the membrane in response to a
change in the electrical potential difference; and,
(iii) time-dependent changes in ionic permeabilities
(or pump activity) that are directly or indirectly the
result of changes in the electrical potential differ-

ence.* The latter phenomena have long been recog-
nized in excitable membranes and have recently
been described in several epithelia (Larsen & Kris-
tensen, 1978; Zeiske & Van Driessche, 1981; Ma-
ruyama, Gallacher & Peterson, 1983).

There are several compelling reasons to believe
that the time-dependent behavior of the I-V rela-
tions of the basolateral membranes observed in
these studies cannot be entirely attributed to electri-
cal capacitance.

First, as demonstrated in the Appendix, inas-
much as the cells are electrically clamped to a con-
stant ", well within 2 msec of the onset of the
command pulse, the capacitative responses of both
the apical and basolateral membranes must be char-
acterized by a single time-constant (7). Thus, the
finding that the relation between I, and ™ is es-
sentially time-independent rules out any significant
distortion of this relation by capacitative effects and
suggests that the same should be true for the basola-
teral membranes. In other words, although the val-
ues of I, and ¢ change between 20 and 90
msec, they fall on the same GHK curve so that the
properties of the apical membrane that determine
the relation between I{, and " are not distorted
by capacitative transients. In contrast, while the
values of I (= I{,) and ¢ (= ¢™ — ) also
change between 20 and 90 msec, with the same time
constant as that of the apical membrane, they do

4 A change in voltage may directly affect ‘‘voltage-gated
channels’ in a time-dependent manner. Alternatively, a change
in voltage may result in a time-dependent change in the intracel-
lular (or extracellular) activity of an ion that affects the conduc-
tance of ‘‘chemically-gated channels.”
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Fig. 5. Relations between ¢ and ™ at 20 (O) and 90 (X) msec.
Note that over the range —200 mV < ™ < 80 mV, f decreased
from a value of 0.80 to 0.59 between 20 and 90 msec. When ¢ >
100 mV both slopes approach unity because when ¢ exceeds
E{., r™ approaches = (Fig. 2)

not fall on the same line but instead, their relation
changes.

Second, as shown in the Appendix, the time-
dependence of the fractional resistance, f(z), is
given by

f(6) = fI1 — exp(—t/7)] %)
where the time constant, 7 is given by
T =S (C + CH/I(rm 4 r8) = fr(C™ + C*%). (6)

Thus, the effects of electrical capacitance should
lead to an increase in f{t) with time; instead, as
discussed above, the observed values of f decrease
with time between 20-90 msec.

Third, according to Eqgs. (5) and (6), 7, and thus
the influence of electrical capacitance on the time-
dependence of the I-V relations of both mem-
branes, should increase when f increases. How-
ever, the I-V relations of the apical membrane were
essentially superimposable in the region around
P = Ef, (Fig. 2) where »™ and f are maximal.

Fourth, using Eq. (5) we can make a ‘’worst-
case estimate’’ of the maximum value of 7 by as-
suming that the ‘‘true steady-state value of £ in all
instances is unity so that

f@) =1 - exp(—ti7) @)

where 7 = r*(C™ + C*). Using the values of fdeter-
mined experimentally when ¢ = 20 msec (Table),
the values of 7 calculated from Eq. (7) range be-
tween 8—13 msec. Thus, when ¢ = 20 msec, f(z) is at
least 80-92% of the steady-state value of f.
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Fig. 6. Relations between E* and I . for mucosal and serosal
impalements. Solid symbols connected by the solid lines are val-
ues at 20 msec; open symbols connected by dashed lines are
values of E¢ at 30 msec

Finally, recent electron-microscopic studies of
Necturus urinary bladder indicate that the cells
have a width of approximately 10 um and a depth
(length) of approximately 75 um (unpublished ob-
servations). Assuming that these cells can be ap-
proximated by rectanguloids, the total membrane
area associated with 1 c¢cm?® of mucosal surface is
approximately 32 cm?. Assuming further that the
electrical capacitance of these membranes is 1 uF/
cm? and using the values for r” and r° measured
directly or indirectly (Table), Eq. (6) predicts a time
constant of approximately 15 msec.’

In short, each of these arguments strongly sug-
gests that the effects of electrical capacitance alone
cannot account for either the direction or the mag-
nitude of the observed changes in the I-V relations
of the basolateral membranes between 20 and 90
msec.

QUALITATIVE ASSESSMENT OF E*

Since, by definition, E* is that value of ys** at which
* = () we may write the general expression:

= G(E — y%) = [k + [} +
= Gk(Ek — v®) + S[GHES —v)] + L, ()

where Ik and I are the currents of K and all other

* The findings of Clausen and Wills (1981) on rabbit urinary
bladder and of Schifferdecker and Fromter (1978) on Necturus
gallbladder indicate excellent agreement between membrane ca-
pacitances determined from AC impedance studies and mem-
brane areas estimated from morphometric measurements, as-
suming relatively simple geometries of the cells. Further, it
should be noted that while the value of 1 uF/cm? has been gener-
ally accepted as a ‘“‘universal constant’ for biological mem-
branes, actual values range between 0.5 uF/cm? and 1.5 uF/cm?
(Schanne & P.-Ceretti, 1978).
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ionic species, i, across the basolateral membrane;
G and Gi are the conductances of that barrier to
those ions; Ex and E{ are the electromotive forces
for these ions across the basolateral membrane
given by the Nernst equation; and, I, is the current
attributable to the Na-K exchange pump (Schultz,
1980). Solving for E* we obtain

Es = (GX/GY)EX + 2(GIIG)E? + (I,/G*).  (9)

Most measurements of intracellular K activities
made in a number of epithelia using K-selective mi-
croelectrodes fall in the range between 60-90 mm
(cf. De Long & Civan, 1983; Lewis et al., 1978;
Kubota, Biagi & Giebisch, 1983; Grasset, Gunter-
Smith & Schultz, 1983; Garcia-Diaz, O’Doherty &
Armstrong, 1978; Reuss & Weinman, 1979). As-
suming that (K). in Necturus urinary bladder falls
within this range, the corresponding value of Ek
would be between 87-97 mV, or an average value of
approximately 92 mV. This value is significantly
greater than the observed values of oE¢, particularly
when (Na),, = 11.4 or 34.2 mM, indicating that the
basolateral membrane must possess a very signifi-
cant conductance to at least one other major ion.
The most prominent candidate, of course, is Cl. In
this respect, Lewis et al. (1978) have reported that
Cl is passively distributed across the basolateral
membrane of rabbit urinary bladder and that the
permeability of this barrier to Cl exceeds that to K
(PE/P% = 1.17). Macknight (1977) has reported
that %C! exchanges rapidly across the basolateral
membranes of toad urinary bladder and a significant
Cl permeability of the inner or basolateral mem-
brane of frog skin (MacRobbie & Ussing, 1961; Uss-
ing, Biber & Bricker, 1963) and frog urinary bladder
(Davis & Finn, 1982) is suggested by the results of
studies dealing with the volume responses of these
epithelia to changes in the composition of the sero-
sal bathing solution.

If, as in the case of rabbit urinary bladder, the
basolateral membrane of Necturus urinary bladder
has a relatively high conductance to Cl and this an-
ion is passively distributed across that barrier, then
under short-circuit steady-state conditions, since
Ef = o, Cl will not contribute to of* or ¢ (Eq.
(8)). But, when an attempt is made to measure r€ or
r* by perturbing ¢ (and therefore ¢<), I will
contribute to I* and the total conductance of the
basolateral membrane will include the contribution
from g&. In short, any measurement of r¢ will be
influenced by the conductance of the basolateral
membrane to an jon that does not contribute to the
steady-state current across that barrier under short-
circuit conditions.
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Clearly, further speculation on this point is un-
warranted in the absence of direct measurements of
(Cl). in the presence of varying (Na),,. Suffice it to
say, at this time, that our directly determined values
of (E* are not consistent with the notion that the
basolateral membrane of this epithelium is predomi-
nantly permeable to K.67

THE TIME DEPENDENCE OF E* AND g*

As argued above, it seems very unlikely that the
time-dependent increases in E* and decreases in g*
can be attributed to the effects of electrical capaci-
tance alone. The two other possibilities are chemi-
cal relaxation (also referred to as ‘‘diffusion polar-
ization’” (Liuger & Neumcke, 1973; Attwell, 1979))
and/or the iractivation of ionic conductances due
directly or indirectly to changes in 4. The finding
that the basolateral membrane of this epithelium
possesses a major conductance to ion(s) other than
K strongly suggests that a time-dependent redistrib-
ution of these ions will occur and could contribute
to the time-dependent changes in E* and g°. How-
ever, it is not clear whether such a redistribution
could significantly affect E* in the brief period be-
tween 20-90 msec.®

Nevertheless, a compelling argument can be
made with the aid of Figs. 6 and 7 that these
changes in E° and g* are entirely predictable regard-
less of underlying mechanism.

This argument is based on the assumption that

6 If we assume, as did Lewis et al. (1978), that the basola-
teral membrane is permeable to only Na, K and Cl, that the
diffusional movements of these ions conform to the GHK flux
equation, and that Cl is passively distributed across that barrier
then it is a simple matter to show that the observed values of E*
are consistent with the following set of data: (Na), = 5 mm; (K),
= 60 mm; (C1). = (C), exp (—Fob/RT); Pla = 5 X 1078 cm/
sec; Py = 5 x 10~% cm/sec; and, P& = 4 X 107% cm/sec (so that

Pi/P%/PE = 0.01:1.0:0.8). Under these conditions the I-V
relations of the basolateral membrane are linear and the values of
g% are in reasonable agreements with those observed (Table).

7 It should be noted that the original notion that the basola-
teral membrane is permselective to K stemmed from studies in
which the inner surface of frog skin was bathed with Cl-free, SO,
medium (Koefoed-Johnsen & Ussing, 1958; also see, Lindley &
Hoshiko, 1964).

8 The problem arises from the fact that the inner and outer
solutions bathing the basolateral membrane must be considered
essentially unstirred. Thus, although the total amounts of ions
that redistribute across that barrier between 20-90 msec in re-
sponse to a displacement in ¢ may be very small, changes in
the activities of these ions in the unstirred layers adjacent to this
barrier may be quite large and difficult to assess.
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Fig. 7. (a): Electrical potential profile across cell when Na entry is blocked with amiloride or when (Na),, = 0. (b): Electrical potential

profile across cell when ¢ =

Na 5O that I, (and I¢) = 0. The dashed line indicates the predicted final state of the system. (c):

Simplified representations of the relations between /° and ¢, Point A is the steady-state, short-circuit condition corresponding to the
coordinates (= g, I* = I). Point B corresponds to the condition.(¢ = 4E*. I* = 0): the slope of |[AB] = —yg* = —,G*. In the
region |AB| passively distributed anions will leave the cell whereas passively distributed cations will enter: the opposite holds for the
region |CA|; throughout the range |CB| the passive flow of K will be directed out of the cell

I = I¥, = I°; this assumption appears to be en-
tirely reasonable in the light of the arguments pre-
sented above and the data reportd by Fromter et al.
(1981) and Thomas et al. (1983), which indicate that
in the presence of amiloride, /' averages between
0.97 and 0.99. 1t follows from this assumption that
Y = E at that value of ) at which ¢ = ET, so
that I* = 0 when I, = 0.

There are three ways by which I, and, thus, I¢
can be abolished; namely, (i) the addition of a maxi-
mally effective concentration of amiloride to the
mucosal bathing solution; (ii) removal of Na from
the mucosal bathing solution; or (iii) clamping the
electrical potential difference across the apical
membrane (") to the value of EY¥, so that the
driving force for the diffusional entry of Na is abol-
ished.

Now:

a) As reported previously (Thomas et al.,
1983), in the presence of a maximally effective con-
centration of amiloride, ¢ (=E°) averages be-
tween 76-86 mV and is independent of (Na),, or
o™ (=oh*%); the latter ranged between —9 to —58
mV. Thus, the **quasi-steady-state’” achieved in the
presence of amiloride, which persists for at least 10
min (Fig. 2 in Thomas et al., 1983), is independent
of the initial steady state.

b) In addition, there is a linear relation between
I and o which approaches " as I, (or (Na),,)

approach zero (Figs. 5 and 12 of Thomas et al.,
1983).

Therefore, when I, and, thus, I* are abolished
either by inhibiting Na entry with amiloride or by
reducing (Na),, to zero, the steady-state values of
" (=E*) are the same and range between 76-86
mV and the electrical potential profile across the
cell is that illustrated in Fig. 7a.

As illustrated in Fig. 6, when I}, and, thus, /¢
are abolished by clamping ¢ to Ef,. E* deter-
mined at 20 msec is a linear function of /.. which
approaches ¥ or (E*') as I, (or (Na),,) approach
zero. Subsequently, E* increases with time and, if
our reasoning is correct, must approach the same
value of " observed when Na entry is blocked with
amiloride or when (Na),, = 0 (Fig. 76). Thus,
referring to Fig. 7¢, since the short-circuit condition
is our steady-state operating point (point A), the
near-linear relation between 7* and ¢ must rotate
counter-clockwise around point A between the
value ¢ = (E? and the value ¢ = ¢ = E¥ with
an attendant decrease in G (or g*). And, according
to this reasoning, the solid lines illustrated in Fig. 6
should rotate counter-clockwise around the inter-
cept on the ordinate and, in time, become horizon-
tal. In other words, if our reasoning is correct, the
same final value of E¢ (i.e., E¥ = ') should be
attained regardless of the initial values of (Na),,, /.
or or; the final quasi-steady-state of the system
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when Na entry across the mucosal membrane is
abolished by clamping ¢™ = E%, should be the
same as when Na entry is abolished with amiloride
or by removing Na from the mucosal solution.?

IMPLICATIONS OF THE PRESENT FINDINGS

The determination of I-V relations across mem-
branes is confronted by two limiting problems in the
time domain. Truly ‘‘instantaneous’” measure-
ments of a voltage change in response to a current
pulse are complicated by the effects of the electrical
capacitance of the membrane so that the truly con-
ductive properties of the barrier cannot be readily
extracted from the total admittance. At the same
time, noninstantaneous measurements will, in gen-
eral, be complicated by shifts in the ionic activities
of the solutions bathing the two interfaces of the
membrane and/or time-dependent changes in ionic
permeabilities directly or indirectly due to the volt-
age change.? These probiems are particularly acute
in the case of epithelia where (i) the electrical ca-
pacitance of the tissue per unit nominal membrane
area may be multiplied several-fold by apical pro-
jections, basolateral infoldings, etc.; and, (ii) the
solution bathing the inner surface of the apical
membrane and borh solutions surrounding the
basolateral membranes must be considered essen-
tially unstirred.

It follows that DC I-V measurements should be
made as soon as possible after most if not all of the
capacitative transients have decayed so that the I-V
relation reflects the original, unperturbed state of
the system as closely as possible.

Unfortunately, direct measurements of the ca-
pacitances of the apical and basolateral membranes
which could provide some guidance in this matter
are relatively sparse. Clausen and Wills (1981) have
estimated, using AC analysis, that for rabbit colon
Cm = 17 pF/cm? and C* = 9.4 uF/cm?; using their
values for r™ (510 } cm?) and r* (97 Q cm?), Eq. (6)

° The only difference between these conditions, as illus-
trated in Fig. 7a and b, is the value of ™. But, inasmuch as the
conductance of the apical membrane to ions other then Na is
very small and is negligible in comparison with that of the basola-
teral membrane, this difference in ¥™ should not affect our
conclusion. Further, if we assume that G, is very small (so that
I, =~ 0 when I, = 0) and that all'major ions other than Naand K
are passively distributed across the basolateral membrane (so
that E = ), the quasi-steady state that will be achieved when
Is = 0 will be E«" 1 ¢ = E¥, regardless of the means employed
to bring about this zero-current condition (Eq. (8)). The values of
¢ (=E*) given in Fig. 6 are in good agreement with the pre-
dicted value of Ex (p. 264).
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predicts a value of 7 = 2 msec.'® AC impedance
studies on Necturus gallbladder by Schifferdecker
and Fromter (1978) yielded the values: C™ = 8 uF/
cm?, C* =26 uF/em?, rm = 1220 Q cm? and r* = 210
Q c¢m? so that 7 = 6.1 msec; the values of the apical
and basolateral membrane capacitances reported in
that study were in good agreement with morpho-
metric studies of the epithelium. For frog skin, sev-
eral groups have reported a total tissue capacitance
(C) of approximately 2-3 uF/cm? (Finkelstein,
1964; Brown & Kastella, 1965; Cuthbert & Painter,
1969; Fishman & Macey, 1969; Smith, 1971; Smith,
1975). Direct measurements of C™ and C? are not
available for frog skin but, Cuthbert and Painter
(1969) estimated that C" =2 uF/cm?and C* = 16 uF/
cm? while Smith (1971) estimated that C™ = 1.6 uF/
cm? and C* = 78 uF/cm?. Using these values and
the directly measured values for r™ (~3000 Q) cm?)
and r* (~1000 Q cm?) provided by Helman and
Fisher (1977), 7 is between 15-60 msec. Finally,
Warncke and Lindemann (1981} have reported pre-
liminary data dealing with the capacitances of toad
urinary bladder determined from AC analysis; the
values extracted from Fig. 3 of their paper are: C™
=2 uF/em?; C* = 27 uF/em?; rm = 4 x 10° Q cm?
and r* = 3 x 10® Q cm? so that r = 50 msec. The
value of C, = 0.5 uF/cm? determined by Bindslev et
al. (1974) from the transepithelial voltage response
of toad urinary bladder to a constant current pulse
seems unrealistically low,

Thus, some values of 7 for voltage-clamp stud-
ies are below 15 msec so that transients arising from
electrical capacitance should be at least 90% com-
plete by 35 msec. Assuming the larger values of =
for frog skin and toad urinary bladder, these tran-
sients would be 90% complete by approximately 120
msec. Yet, in many voltage-clamp studies employ-
ing microelectrodes, I-V relations were determined
from measurements made long after these capacita-
tive transients should have essentially vanished.
For examples, in the studies by Helman and his
collaborators (¢f. Helman & Fisher, 1977; Helman,
Nagel & Fisher, 1979; Els & Helman, 1981) and
Nagel and his collaborators (¢f. Nagel, 1978; Nagel
& Crabbé, 1980; Nagel & Essig, 1982; Goudeau et
al., 1982) on frog skin, most measurements were
made between 580-600 msec, and in the study by
Nagel and Essig (1982) the I-V relations were deter-
mined between 100-250 msec after the onset of the
current-pulse. The rationale provided by these in-

10 It should be recalled that this value of 7 applies only to
voltage-clamp studies. I-V relations determined by employing
constant current pulses (“‘current-clamping’’) will be character-
ized by at least two time constants (Suzuki, Kottra, Kampmann
& Fromter, 1982).
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vestigators for the ‘‘timing’’ of these measurements
is that it corresponds with the achievement of **. . .
the steady-state values of voltage and current . . .”’
(¢f. Helman & Fisher, 1977; Nagel, 1978).

However, from the above considerations it

seems very likely that this new ‘‘. . . steady-state

. .”” may not simply be the result of the relaxation
of capacitative transients but, instead, may be the
result of the redistribution of ions across the limit-
ing membranes and/or other time- and voltage-de-
pendent events. If so, the values of f, r* and perhaps
r™ determined in those studies cannot be related to
the values of I, and ™ determined before the sys-
tem was perturbed. It follows that conclusions
drawn with respect to the relation, or lack thereof,
between I, and r* (e.g., Nagel, 1978; Els &
Helman, 1981) are open to some reservations until
this issue is resolved.

In short, at present microelectrophysiologic
studies of epithelial cells are faced with a difficult
and perplexing conundrum. Because of the large
capacitance per unit nominal membrane area, the
time constants for voltage-clamp studies due, ines-
capably, to membrane capacitance are large. At the
same time, the cells are characterized by the pres-
ence of unavoidable unstirred layers adjacent to the
limiting membranes whose ionic composition will
be affected, with time, by changes in the electrical
potential differences across those barriers. This is
particularly serious for the basolateral membranes
because the conductance of this barrier is much
greater than that of the apical membrane and both
interfacial solutions must be considered essentially
unstirred.!! It follows that a judicious compromise
must be made in designing the “‘timing’* of I-V de-
terminations such that (i) electrical capacitance
transients are ‘‘almost over’’; and (ii) ‘‘chemical re-
laxation’’ and other voltage-dependent changes in
membrane properties are still minimal. This will in-
troduce some unavoidable errors in the estimates of
f, rs and perhaps r™. But, certainly, steady-state I-
V relations determined long after capacitance tran-
sients have relaxed may reflect the properties of a
“new state’’ that may differ quite markedly from
the original steady state so that attempts to relate
the findings of the I-V analysis to the original steady
state may be invalid. Indeed it is quite possible that
in epithelia with long capacitative transients and rel-
atively high basolateral membrane conductances it
may not be possible to determine the /-V relations
of that barrier from simple DC studies and that
more complex studies of AC impedance will be re-
quired for this purpose.

I Laiiger and Neumke (1973) and Attwell (1979) have con-
sidered this problem quantitatively.
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Finally, although this discussion has focused on
microelectrophysiologic studies, it should be appre-
ciated that the problems raised also affect the
results and interpretations of ‘‘black box”’ transe-
pithelial electrophysiological studies. Clearly inas-
much as E¢ and g* are time-dependent, the transcel-
lular resistance (r™ + r*) (often referred to as Ry,)
and the transcellular, effective, electromotive force
(E%: + E°) (sometimes referred to as Ey,) must also
be time-dependent. Consequently, previously pub-
lished values of Ry, and Eyn, must be viewed with
some skepticism (cf. Schultz, Thompson & Suzuki,
1981).
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Appendix

In this section, we derive an expression for the time-dependence
of the fractional resistance, f, for the circuit illustrated in Fig. A1
under conditions where ™ is ‘‘instantaneously’” clamped from
zero to a new “‘holding voltage’ assuming that r, C, rs and C*
are constant for small changes in 4. For the sake of simplicity
we have omitted the electromotive forces from this circuit so that
when Y™ = 0, I¢ and ™ = 0.

Since the transcellular current is assumed to be conserved,

19(1) = gmpme(1) + Cm(dpme/dr) = g=ye(1) + C5(dyr/dr).
(AD)

Since ¢ achieves a constant value within 2 msec, there-
after

(dymsidt) = (dym</dr) + (dyesidr) = 0 (A2)
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Fig. Al. Equivalent electrical circuit model of the Na-absorbing
cell consisting of two parallel RC circuits linked in series: the
electromotive forces across the two membranes have been omit-
ted for simplicity. The resistance of the fluid in series with the
apical and basolateral membranes are compensated for by the
voltage clamp and thus can be ignored. Inasmuch as bot/ the
transcellular and parallel pathways are clamped to a constant ¢
within 2 msec and the latter does not appear to possess a signifi-
cant capacitance, the inclusion of a series resistance in this cir-
cuit diagram is unnecessary

so that (dy™/dt) = —(dy**/dr). Substituting this relation into
Eq. (Al) and rearranging yields

(Cm + Cx)(dwmr/d,) + (gm + g.\)lj}/m' — g.\l.bm;\' (A})

Equation {A3) is a simple. first order. linear differential
equation of the form (dv/dx) + P(x)v = Q(x) whose solution
fromt=0tor=<is

g 5 w ms

P gJ.J (1 = exp (=1/7)] (A4)

ame) = |

where 1 = (C" + C)/{(g™ + g*).
Converting from g’s to r’s we obtain the more familiar
relations

(me(nfpm) = f(1) = fI1 — exp(=1/7)] (AS)

where f = r™/(rm + r¥) and r = frs(C" + C¥).

The application of this equation is based on two assump-
tions. First, that there are no additional sources of capacitance
arising from the experimental set-up that are not dissipated well
within the time-domain of interest in these studies. The finding
that there is no significant time-dependence of the I- V relations
in the presence of amiloride (Fig. 1) strongly supports this con-
tention,

The second assumption is that r” and r* are essentially
voltage-independent for small pertubations of . This is not
strictly true inasmuch as while r is voltage-independent r™ is not
(Fig. 2). Nonetheless. the change in r* over the range A" =
+ 20 mV is small and since r” >+, the ratio r"/(y" + ) scarcely
changes over this range of Ay, In other words, when r” > r*, 1
is inflnenced predominantly by »* (Eq. AS).

Strictly speaking, Eq. (A3} should be solved after substitut-
ing for g the expression for the voltage-dependence of this pa-
rameter given by Eq. (4): but simple inspection suggests that the
resulting expression would not be readily, if at all, integrable
and, even if so, the exercise would not yield significantly differ-
ent results.



