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Summary. Direct current (DC) measurement methods have been
commonly used to characterize the conductance properties of
the mammalian colon. However, these methods provide no in-
formation concerning the effects of tissue morphology on the
electrophysiological properties of this epithelium. For example,
distribution of membrane resistances along narrow fluid-filled
spaces such as the lateral intercellular spaces (LIS) or colonic
crypts can influence DC measurements of apical and basolateral
membrane properties. We used impedance analysis to determine
the extent of such distributed resistance effects and to assess the
conductance and capacitance properties of the colon. Because
capacitance is proportional to membrane area, this method pro-
vides new information concerning membrane areas and specific
ionic conductances for these membranes.

We measured transepithelial impedance under three condi-
tions: (1) control conditions in which the epithelium was open-
circuited and bathed on both sides with NaCl-HCO; Ringer’s
solutions, (2) amiloride conditions which were similar to control
except that 100 uM amiloride was present in the mucosal bathing
solution, and (3) mucosal NaCl-free conditions in which mucosal
Na and Cl were replaced by potassium and sulfate or gluconate
(““K* Ringer’s’’). Three morphologically-based equivalent cir-
cuit models were used to evaluate the data: (1) a lumped model
(which ignores LIS resistance), (2) a LIS distributed model (dis-
tributed basolateral membrane impedance) and (3) a crypt-dis-
tributed model (distributed apical membrane impedance). To es-
timate membrane impedances, an independent measurement of
paracellular conductance (G,) was incorporated in the analysis.
Although distributed models vielded improved fits of the data,
the distributed and lumped models produced similar estimates of
membrane parameters. The predicted effects of distributed resis-
tances on DC microelectrode measurements were largest for the
LIS-distributed model. LIS-distributed effects would cause a 12—
15% underestimate of membrane resistance ratio (R,/R,) for the
control and amiloride conditions and a 34% underestimate for the
“K Ringer’s” condition. Distributed resistance effects arising
from the crypts would produce a 1-2% overestimate of R/R,.

Apical and basolateral membrane impedances differed in
the three different experimental conditions. For control condi-
tions, apical membrane capacitance averaged 2! wF/cm? and the
mean apical membrane specific conductance (Gupom) Was 0.17
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mS/uF. The average basolateral membrane capacitance was 11
uF/cm? with a mean specific conductance (Gj.qom) Of 1.27 mS/
wF. Gonorm was decreased by amiloride or ““K* Ringer’s’’ to 0.07
mS/uF and 0.06 mS/uF, respectively. Basolateral conductance
was also reduced by amiloride, whereas capacitance was un-
changed (Gpporm = 0.97 mS/pF). For the ““K* Ringer’s condition,
both basolateral conductance and capacitance were greatly in-
creased such that Gynom Was not significantly different from the
control condition.
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Introduction

The mammalian colon ir vive actively absorbs so-
dium and secretes potassium. In both the rabbit de-
scending colon and the human descending colon,
Na™ absorption is electrogenic and involves passive
movement of this ion across the apical membrane
through Na* channels that can be blocked by the
diuretic drug amiloride (Zeiske, Wills & Van
Driessche, 1982; Wills, Alles, Sandle & Binder,
1984). Active extrusion of Na* from the cell (and
active uptake of potassium from the serosa) is ac-
complished by the Na-K ATPase in the basolateral
membrane. In parallel to this Na* transport system
are two active transport systems for potassium: one
absorptive and the other secretory (McCabe, Cooke
& Sullivan, 1982; Wills & Biagi, 1982). The absorp-
tive system includes active K* uptake across the
apical membrane and passive exit to the serosa viaa
large potassium conductance in the basolateral
membrane (Wills, Lewis & Eaton, 1979; Wills,
1985). In contrast, the active step for K* secretion
is located at the basolateral membrane and (as indi-
cated above) is mediated by the basolateral mem-
brane Na-K ATPase. Exit across the apical mem-
brane is passive and is thought to involve a
conductive mechanism (Wills, 1985).

Previous studies have used direct current (DC)
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equivalent circuit analysis in conjunction with mi-
croelectrode techniques to resolve the ionic con-
ductance properties of the apical and basolateral
membranes of the colon. In general, these studies
have indicated that the colon is a ‘‘moderately”
tight epithelinm with comparable conductances for
the paracellular and cellular pathways (Schultz,
Frizzell & Nellans, 1977; Wills et al., 1979). Recent
evidence by Welsh, Smith, Fromm and Frizzell
(1982) indicates that the amiloride-sensitive Na™*
conductance is localized in the apical membrane of
surface epithelial cells, i.¢., the so-called absorptive
cell type. In contrast, amiloride appeared to have
virtually no effect on the apical membrane proper-
ties of crypt cells. The apical membrane of surface
cells also demonstrated an additional (and equally
large) conductance that is not sensitive to amiloride
(Wills et al., 1979; Thompson, Suzuki & Schultz,
1982h; Welsh, Smith, Fromm & Frizzell, 1982). Re-
cent evidence suggests that at least part of this con-
ductance is due to potassium (Wills, 1983).

Unfortunately, DC methods for measuring
membrane properties do not provide information
concerning the influence of tissue morphology on
membrane electrical properties. For example, mi-
croelectrode methods do not provide information
concerning the areas of the apical and basolateral
membranes. Consequently, it is not possible to re-
solve whether changes in membrane conductance
are due to alterations in membrane area or reflect
changes in the specific ionic conductances of the
membrane (i.e., the number of conductive units per
unit area of membrane). This limitation can be over-
come by using DC methods in conjunction with fre-
quency domain techniques which do provide esti-
mates of membrane area. These estimates are
obtained from measurements of membrane capaci-
tance. Membrane capacitance is proportional to
area and nearly all biological membranes exhibit a
specific capacitance of approximately 1 wF/cm?
(Cole, 1972).

A second limitation of DC microelectrode tech-
niques is the sensitivity of these methods to distrib-
uted resistance effects. Clausen, Lewis and Dia-
mond (1979) and Boulpaep and Sackin (1980) have
shown that membrane resistance ratios can be arti-
factually decreased by distributed resistance effects
when the series resistance of the lateral intercellular
space (LIS) becomes comparable to the basolateral
membrane resistance. Since DC analysis methods
often rely on membrane resistance ratio measure-
ments, such distributed resistance effects can result
in errors, particularly underestimation of the true
membrane resistance ratio, leading to an underesti-
mation of apical membrane resistance. Indeed, on
the basis of their microelectrode studies of the frog
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skin, Nagel, Garcia-Diaz, and Essig (1983) hypothe-
sized that these effects might be important in the
interpretation of membrane resistance ratio mea-
surements in the rabbit descending colon. They
concluded that this artifact could explain the ami-
loride-insensitive apical membrane conductance re-
ported in previous experiments.

In the present study we used impedance analy-
sis methods to resolve this issue. First, we evalu-
ated the extent of distributed resistance effects by
comparing impedance results to the predictions of
three equivalent circuit models. The models in-
cluded a lumped model which was similar to that
employed in our previous DC equivalent circuit
analysis and two morphologically-based distributed
models. Specifically, we asked the following ques-
tions: (1) Are distributed resistance effects large
enough to influence DC microelectrode measure-
ments of membrane resistance ratios? (2) What are
the effects of Na* transport rate on apical and baso-
lateral membrane properties? and (3) What role
does luminal potassium play in determining mem-
brane electrical properties?

Materials and Methods

ANIMALS AND CHAMBER DESIGN

New Zealand white rabbits (2-3 kg) were sacrificed with an i.v.
injection of sodium pentobarbital. A 10-15 cm segment of de-
scending colon was removed, opened as a flat sheet and rinsed
free of contents. The epithelium was then removed by glass slide
dissection using the method of Frizzell, Koch and Schultz (1976).
The isolated epithelium was then mounted vertically in an Ussing
chamber which was designed to eliminate edge damage (exposed
tissue area: 2 cm?). The bathing solutions were maintained at
37°C and were continuously stirred and bubbled with a mixture
of 95% Oz and 5% COZ

SOLUTIONS

The tissue was normally bathed with a NaCl-NaHCO; Ringer’s
solution with the following composition (in mm): 136 Na*, 7 K+,
121 Cl-, 2 Ca?*, 1.2 Mg**, 25 HCO5, 1.2 H,PO, , 1.2 SO; and 11
mM D-glucose. For gluconate or potassium Ringer’s, chloride
and/or sodium were replaced by gluconate and/or potassium,
respectively. The sulfate Ringer’s solution was similar to the
above solutions except no chloride was present, SO~ was 59
mM, and Ca?* was 10 mm. In addition, the solution contained 20
mM MeSO, and 120 mM sucrose (see also Wills et al., 1979).
Amiloride (a generous gift of Merck, Sharpe, and Dohme Corp.,
Rahway, N.I.) was prepared as a concentrated stock solution in
distilled water and was added in aliquots to a final concentration
of 100 uM. Nystatin (Sigma Chemical Co., St. Louis, Mo.) was
prepared as a 5-mg/ml stock solution (2,900 units/ml) in
methanol.
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TRANSEPITHELIAL ELECTRICAL MEASUREMENTS

Transepithelial voltage and current-passing electrodes were Ag-
AgCl wires or (in the case of Cl-!-free experiments) 1 M NaCl
agar bridges led to half cells which consisted of Ag-AgCl elec-
trodes immersed in 3 M KCl solutions. Voltage electrodes were
mounted immediately adjacent to the preparation and led to a
low-noise, high-impedance, differential amplifier (model 113,
Princeton Applied Research, Princeton, N.J.) Current electrodes
were situated at the rear of each chamber. The serosal current
electrode was grounded and constant current was generated us-
ing a calibrated 1 or 10 M{} carbon series resistor. For DC mea-
surements of transepithelial parameters, procedures were identi-
cal to those described by Wills et al. (1979). Transepithelial
resistance was calculated from (Ry) from the voltage response to
a 500-msec current pulse (50 wA/cm?). Short-circuit current (1)
was calculated from the transepithelial potential (V) and Ry us-
ing Ohm’s law. All measurements were corrected for the effects
of series resistance of the bathing solutions, electrode asymme-
try and diffusion potentials.

TRANSEPITHELIAL IMPEDANCE ANALYSIS

Transepithelial impedance was measured using the method of
Clausen and Fernandez (1981) as detailed in Clausen, Reinach,
and Marcus (1986). Briefly, a wide-band pseudo-random binary
noise signal was generated digitally and converted to a constant
transepithelial current of 14 wA/cm? (peak-to-peak). The result-
ing transepithelial voltage response was amplified, filtered by an
anti-aliasing filter, digitized, and recorded by computer. The im-
pedance was calculated by dividing the cross-spectral density of
the voltage and the current by the power-spectral density of the
applied current. Two digitizing bandwidths were used to provide
good resolution at low and high frequencies. In addition, signal
averaging was employed to increase the signal-to-noise ratio.
Total data acquisition time was less than 5 sec per run. Each run
resulted in approximately 400 data points linearly spaced in fre-
quency from 2.2 to 860 Hz, and an equal number of data points
linearly spaced in frequency from 22 Hz to 8.6 kHz. These data
were subsequently merged and reduced to 100 data points (actu-
ally 200 numbers since each data point consists of a phase angle
and impedance magnitude measurement) logarithmically spaced
in frequency from 2.2 Hz to 8.6 kHz.

The impedance was represented as Bode plots, which plot
phase angle and log impedance against frequency. The data
were then fitted by morphologically-based equivalent circuit
models composed of resistors (representing membrane ionic con-
ductances) and capacitors (representing membrane capacitances
which are proportional to membrane area). Fitting of the data
was accomplished using a nonlinear least squares curve fitting
algorithm. After each curve fit, the Hamilton R-factor was com-
puted as an objective measure of fit. The R-factor indicates the
average per cent misfit between the model and the data. R-ratio
tests (see Results) were used to compare the quality of fits gener-
ated by the different models. In addition to the R-factor, stan-
dard deviations were estimated for each parameter. It should be
noted that the estimates of the parameter standard deviations are
computed from a linearization of the model about the best-fit
parameter set (see Hamilton, 1964). They do not reflect a true
confidence interval for each parameter due to the nonlinear de-
pendence of the impedance on each parameter (see Valdiosera,
Clausen & Eisenberg, 1974). Nonetheless, a large standard devi-
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Fig. 1. Equivalent circuit models used to represent transepithe-
lial impedance. Left panel: Lumped model. C, and G, are apical
membrane capacitance and conductance, C, and G, are baso-
lateral membrane capacitance and conductance, and G, is para-
cellular (tight junctional) conductance. Middle panel: LIS-dis-
tributed model. Distributed resistance effects could arise when
the series pathway resistance (R,) of the lateral intercellular
space (LIS) becomes comparable to the basolateral membrane
impedance. Right panel: Crypt-distributed model. The colon is
invaginated with crypts. Distributed resistance effects could
arise when the series path resistance (R,) of the crypt lumen
becomes comparable to the apical membrane impedance

ation estimate indicates that a parameter is poorly determined.
For this reason, data were excluded from further analysis if any
parameter had a standard deviation which exceeded the best-fit
value for that parameter by more than 10%.

Data acquisition and computations were performed using a
PDP 11/34A computer system. For further details of data aquisi-
tion, curve fitting, and statistical computations, see Clausen et
al. (1979, 1986).

EQUIVALENT CIRCUIT MODELS

The simplest circuit model appropriate for representing the trans-
epithelial impedance, the lumped model, is shown on the left
side of Fig. 1. The apical membrane is represented by a parallel
resistor-capacitor (RC) circuit where the resistor corresponds to
the membrane’s ionic conductance (G,) and the capacitor corre-
sponds to the membrane’s capacitance (C,). (Recall that nearly
all biological membranes exhibit a specific capacitance of ~1 uF/
cm?). The basolateral membrane is similarly represented by a
lumped RC circuit, where the circuit elements (G, and C,) have
similar meanings. The ionic conductance of the paracellular
pathway is represented by a parallel resistor, R; (= 1/G). Since
the cross-sectional area of the junctions is negligible compared to
the apical and basolateral membrane areas, the capacitance of
the junctions can be ignored (Clausen et al., 1979).

The transepithelial impedance of the lumped model is given
by

Zr(jw) = (Y, + Y)Y.Y, + Gi(Y, + Yyl n

where the respective membrane admittances are: Y, = G, + joC,
and Y, = G, + jwC,. w is the angular frequency 2nf, where fis
frequency in Hz) and jis V—1.
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Fig. 2. Representative experiment showing transepithelial con-
ductance (Gy) and short-circuit current (/,.) after the addition of
nystatin to the mucosal bath. The epithelium is bathed on the
serosal side with NaCl Ringer’s solution and with K* Ringer’s
solution on the mucosa (see Materials and Methods). A linear
regression of these data yielded a correlation coefficient of 0.99
and a conductance intercept (Gy) of 3.23 mS/cm’. G| is a measure
of paracellular shunt conductance (Wills et al., 1979)

DisTrIBUTED EFFECTS

The lumped model presented above ignores effects resulting
from series resistances arising from narrow fluid-filled spaces.
We were concerned that the resistance of the lateral intercellular
spaces and/or the resistance of the colonic crypts might become
comparable to membrane impedances, especially at high fre-
quencies. Therefore, to further investigate this possibility, we
used two equivalent-circuit models that more closely repre-
sented the observed morphology of the epithelium.

The first model investigated is a modification of the lumped
model which takes into account the LIS resistance (path resis-
tance, R,) by treating the basolateral membrane and lateral
spaces as a distributed circuit (see Fig. 1, lateral space distrib-
uted model). The transepithelial impedance of this LIS-distrib-
uted model is given by

_ Y.+ Y, + Gj[YaY,’,/(Y,,/R,,) + 2(1 — sech VY,/G,)]
- V.Y, + GU(Y, + ¥})

where Y, = VY,/R, tanh VY,R,.

Zr @

Distributed resistance effects could also arise from the re-
sistance of deep crypts adjacent to the apical membrane. Typi-
cally these crypts have a luminal diameter of approximately 20
pm and are 400-500 wm in length (N.K. Wills and B. Biagi,
unpublished observations). Conceivably crypts of this dimension
could offer a significant luminal resistance which would distrib-
ute along the apical surface of the epithelium. The simplest
model that explicitly considers the resistance of the crypts is
seen on the right side of Fig. 1. The impedance of this crypt-
distributed model is given by:

Zy(jo) = VR,Z cothVR,/Z 3)

where Z equals the previous lumped impedance shown in
Eq. (1).
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Note that Egs. (1)-(3) do not show the additive series resis-
tance (R,.), defined as the resistance of the bathing solution be-
tween the voltage electrodes and the epithelial surface.

DERIVATION OF MEMBRANE CIRCUIT
PARAMETERS

From transepithelial impedance data alone, it is impossible to
estimate membrane parameters directly from the above equiva-
lent circuits without an independent measurement of at least one
circuit parameter. Unlike previous studies of the corneal epithe-
lium (Clausen et al., 1986) and mammalian urinary bladder
(Clausen et al., 1979), we chose not to use membrane resistance
ratios as the independent parameter. The colon contains more
than one cell type, and the cells are difficult to impale. The latter
problem is significant since the colon survives only for a few
hours in vitro. For these reasons, we chose instead to use esti-
mates of the paracellular resistance, R;, obtained using the
method of Wills et al. (1979; see also Wills, 1981). Briefly, this
method consists of using the polyene antibiotic nystatin to in-
crease the apical membrane conductance (G,) to small monova-
lent ions. The mucosal bathing solution is first replaced by a
K,SO, or K gluconate Ringer’s solution that has a K* activity
approximately equal to the intracellular potassium activity (Wills
et al., 1979; Wills, 1985). Nystatin (39 unit/ml) is then added to
the mucosal bath. The transepithelial conductance (G} and [
increased linearly as follows:

Gr = LJE, + G; “

where E, is the emf of the basolateral membrane. R, is estimated
from the inverse intercept of this function (1/G;). The data were
fitted incorporating this value of R, to obtain estimates of G,, G,,
C,, Cy, and R,

Results

Transepithelial impedance was measured in 13 co-
lons from 13 animals. To estimate individual mem-
brane parameters, the data were fitted to the three
morphologically-based equivalent circuit models
described above. The analysis incorporated R; val-
ues determined for each tissue using the nystatin
method (see above). The average value of R, was
677 = 80 Q - cm?, in good agreement with our pre-
vious studies (Wills et al., 1979). An example of a
typical nystatin experiment is given in Fig. 2.
Figure 3(A and B) shows the results of impe-
dance measurements for a typical experiment when
the tissue was bathed on both sides with NaCl-
HCO; Ringer’s solution under open-circuit condi-
tions (i.e., ‘‘control”’ conditions). Inspection of Fig.
3A reveals that the magnitude of the impedance de-
creased at frequencies above 10 Hz and showed a
plateau at frequencies above 1 kHz. The plateau
level at high frequencies reflects the series resis-
tance (R,.) of the bathing solutions, whereas the low
frequency magnitude approaches the DC resistance
of the preparation (R7). The results of fitting the
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Fig. 3. (A) Representative results from a single experiment showing a Bode plot of impedance phase angle and magnitude data.
Symbols are measured data, solid lines are the fit by the lumped model. The results of the fit were as follows: G, = 3.99 mS/cm?, C, =
21.8 uFlem?, Gy = 17.7 mS/cm?, Cy; = 15.4 pFiem?, R, = 64.6 O cm?, R-factor = 1.7%. (B) The same data fitted by the LIS-distributed
model. A slight improvement in fit was obtained (R-factor = 1.5%). G, = 4.03 mS/cm?, C, = 22.3 uF/cm?, G;; = 17.3 mS/ecm?, Cy,; = 15.6
wF/cm?, R, = 10 Q cm?, R,, = 61.8 Q) cm?. The crypt-distributed model produced an essentially identical improvement in fit. (R-factor =
1.5%, G, = 4.03 mS/cm?, C, = 22.4 uF/em?, G = 17.0 mS/cm?®, Cp; = 15.6 pF/em®, R, = 9.2 Q cm’, R,, = 61.8 O cm?)

data by the lumped model are shown by the smooth
curve. As indicated by this illustration, a reasonable
fit of the data was obtained using the lumped model,
although improved fits were obtained using the LIS
and crypt-distributed models (see Fig. 3B).

The membrane parameters estimated by the
three different models are summarized in Table 1.
Estimates of membrane conductance and capaci-
tance showed little variation between models. Api-
cal membrane conductance (G,) averaged 3.5 =
0.06 mS/cm? for the three models, whereas apical
membrane capacitance (C,) averaged 21.3 + 0.6 uF/
cm?. Values for the crypt-distributed model were
8% larger than C, values estimated from the lumped
or LIS-distributed models. The mean G, estimate
was 13.1 = 0.4 mS/cm?, while the mean C, was 10.6
+ 0.4 uF/cm?. As indicated in Table 1 small differ-
ences between the lumped and distributed models
were found for some of these parameters. While
these differences sometimes reached statistical sig-

nificance, they were not systematically related to
the choice of model.

Table 1 also includes a summary of residual er-
rors (see ‘‘R-factor’’) for the various models. As
mentioned above, the R-factor provides an objec-
tive measure of the average relative discrepancy be-
tween the data and the model-predicted impedance
such that smaller R-factors indicate an improved
quality of the curve fit. Both the LIS and crypt-
distributed models showed significantly lower R-
factor values than the lumped model, indicating su-
perior fits to the data. However, this result is
expected since the distributed models each possess
an additional adjustable parameter and the inclusion
of an additional variable (even a meaningless one) is
expected to improve the fit to the data. Therefore, it
was necessary to verify that the variance of the data
was low enough to permit the determination of the
additional parameter. To assess this problem, we
used the R-ratio test (a modified F test; see Clausen
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Table 1. Comparison of lumped and distributed models
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Model G, C, G, C, R-factor
(mS/cm?) (uF/cm?) (mS/cm?) (wF/cm?) (%)
Lumped 3.45 + 0.37 20.7 = 1.7 13.9 + 1.0 9.8 0.7 2.6 0.
LIS- 3.53 £ 0.38 207 2.0 127 + 1.2 0.9 = 0.9 [.8 0.2
distributed
P <0.05 NS NS <0.05
Crypt- 3.65 + 0.43 224 2.0 12.8 £ 1.0 .1 = 1.0 [.6 0.1
distributed
p? NS <0.001 <0.01 NS

n = 12. NaCI-HCO; Ringer’s solution, both sides.
* Compared to lumped model, paired r-test.

Table 2. Distributed resistances and membrane conductances normalized for membrane capacitance

Model Gu-m)rm Glrnnrm R/r Ru/Rh*
(mS/uF) (mS/uF) (2 - cm?)

Lumped 0.17 = 0.01 1.45 = 0.11 - 504
LiS-distributed 0.18 = 0.03 1.16 = 0.07 28 + 8 4 =05
Pt NS <0.05 — NS
Crypt-distributed 0.16 = 0.01 119 £ 0.08 22 %2 404
Py NS <0.01 — NS

* Calculated as G,/G, from membrane conductances normalized to 1 cm? nominal tissue area, i.e., G,

(mS/cm?) and G, (mS/cm?).
1 Compared to lumped model, paired -test.

Table 3. Effects of amiloride or mucosal NaCl replacement (K*
gluconate or K,SO, Ringer’s) on transepithelial electrical param-
eters

VT Isc R'l'

(mV) (nAlcm?) - cm?)
Control -30=x5 112 + 26 283 + 25
Amiloride 0x 28 -3+ 4 426 + 48"
n=7
Control -3 =3 95 = 15 356 + 44
K gluconate -28 + 4 56 + 13¢ 480 + 41+

or K>SO, mucosa

n=13
a P < 0.05.

et al., 1979) to determine whether the addition of
another parameter was justified. In every case, the
results of this analysis were highly significant for
both distributed models (P < 0.0003), indicating
that the determination of the additional distributed
parameter (R,) was statistically warranted.

In summary of Table 1, improved fits were
found for the LIS and crypt-distributed models.
Overall these models yielded estimates of mem-
brane parameters which were similar to those ob-
tained using the more simple lumped model. Aver-
age results across models were 3.5 + 0.1 mS/cm? for
apical membrane conductance (G,) and 13.1 * 0.4
mS/cm? for G,. Average membrane capacitances
(C;and Cy) were 21.3 = 0.6 uF/cm? and 10.6 = 0.4
uF/cm? for the apical and basolateral membranes,
respectively.

Table 2 contains the data from the same experi-
ments, summarizing distributed resistance parame-
ters (for the LIS and crypt-distributed models),
membrane resistance ratios, and specific membrane
conductances (i.e., conductances normalized for
membrane capacitance; G,pom = G./C, and Gy porm
= G,/Cy). Beginning with distributed resistances
(R,), the LIS-distributed model estimated the LIS
resistance as 28 ) - ecm?, whereas the crypt-distrib-
uted model estimated the crypt luminal resistance
as 22 O - cm?. Because the LIS and crypt-distrib-
uted models attribute all distributed resistance to a
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Table 4. Effects of amiloride on the impedance properties of the rabbit descending colon

Condition Model G,

(mS/cm?)

C

a Gb
(uFlecm?)

(mS/cm?)

R-factor
(%)

G,
(uFlem?)

Control 35204

3.6 204

Lumped
LIS-
distributed
Crypt-
distributed
Lumped
LIS-
distributed
Crypt-
distributed

R ]
QR

I+

2 ™

16
15

*

3805

I+
)

Amiloride
(10 ¢ ™
mucosa)

=

1.6 = 0.3
1.6 = 0.4¢

I+ 1+
22

1.6 = 0.3¢

I+
-4

+

=+

I+ 1+

I+

11
13

)
I+ 1+

I+ 1+
19 W
[

=)
EENEN

I+

1.8 = 0.1

I 12
[«

19w
1o 1o
o
= o
1o In

I+ i+

1+

[.9 =0.2

n=7.
“ P < 0.05 compared to control, paired 1 test.

single parameter (R,), this value represents the
maximal estimate for the LIS resistance or crypt
resistance, respectively.

The specific conductance of the apical mem-
brane was not significantly different between the
three models and averaged 0.17 = 0.005 mS/uF. In
contrast, distributed models gave slightly lower es-
timates of Gy yorm than the lumped model. Gy o for
the lumped model was 1.45 mS/uF, whereas the
distributed models gave a mean estimate of 1.18 =
0.02 mS/uF. Membrane resistance ratios (R,/R;)
shown in Table 2 were calculated as G,/G, from
membrane conductances (normalized to 1 c¢cm? tis-
sue arca). However, the ratio of Gy nom 10 Gunorm
(i.e., Ryporm/Rpnorm) averaged 7 = 0.7 for the three
models, indicating that the basolateral membrane is
much more conductive than the apical membrane.

AMILORIDE EFFECTS

Table 3 summarizes DC measurements of trans-
epithelial electrical parameters (Vr, Ry, and I.) be-
fore and after addition of 10™* M amiloride to the
mucosal solution or replacement of mucosal Na*
and Cl- by potassium sulfate or potassium gluco-
nate. In agreement with previous studies (Frizzell et
al., 1976; Wills et al., 1979), addition of 50—100 um
amiloride to the mucosal bath increased trans-
epithelial resistance and essentially abolished the
short-circuit current and transepithelial potential.
Figure 4 summarizes the results of seven exper-
iments and illustrates the relationship between R,
and V, (see Lewis & Wills, 1982). In this representa-
tion the R, intercept reflects the sum of the paracel-
lular conductance (G,) and the conductance of ami-
loride-insensitive cells (c.f. Wills et al., 1979). The
slope of the plot reflects the emf of the amiloride-
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Fig. 4. Transepithelial voltage (V;) and resistance (Ry) measure-
ments before (filled circles) and after (open circles) mucosal addi-
tion of 10~* m amiloride. For description, see text

sensitive pathway (Ey,). As indicated by this figure,
there was considerable variability in R, and Ep,.
This point will be discussed in more detail below.
Impedance data for the amiloride condition
were reasonably well fitted by the lumped model,
similar to the control condition shown previously in
Fig. 3. As with the control condition, improved fits
were found with both the LIS-distributed model and
crypt model. The results for pooled experiments are
summarized in Table 4. The amiloride concentra-
tion in these experiments was 100 uM. Preliminary
experiments using lower dosages (50 um) gave simi-
lar results. As in the case of the control condition,
the three models were in general agreement con-
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Table 5. Effects of amiloride on membrane conductances normalized for membrane capacitance

Condition Gonorm Ghnorm R, R.R, @ Mean %
Model (mS/uF) (mS/uF) Q- cm?) difference
Control
Lumped 0.16 = 0.02 1.46 = 0.10 — 4.7 0.3 — —
LIS-distributed 0.15 = 0.02 1.19 + 0.06 44 *+ 14 43 %023 37+ 0.4 ~15+ 4
Crypt-distributed 0.16 =+ 0.02 1.12 + 0.05 28+ 6 4.0 0.3 4.1 0.3 1£0.1
Amiloride (107¢ M mucosa)
Lumped 0.08 = 0.012 1.08 + 0.08* — 9.9 + 1.8 — —
LIS-distributed 0.07 = 0.01® 0.95 = 0.08" 45+ 5 10.0 = 1.9 8.6 * 1.4 -12+3
Crypt-distributed 0.07 = 0.012 0.88 = (.08 28+ 5§ 9.1 = 1.6 92+ 1.6 + 0.3
n=171.
2 P < 0.05 compared to control.
cerning membrane parameter estimates. Amiloride « = R,/R} )
addition significantly decreased G,, G, and C,,
whereas C, was unchanged. The mean decreases where
(averaged over the three models) for G,, G,, and C,
were 56 = 1%, 13 = 1% and 18 = 2%, respectively.
Specific membrane conductances are presented R, = VRR, coth VR,/R, (6)

in Table 5. The mean values of Giqom aNd Ghonorm
for the control condition were not significantly dif-
ferent than those in Table 2. For the amiloride con-
dition, Gnorm a0d Gp.porm averaged 0.07 = 0.003 mS/
uF and 0.97 = 0.06 mS/uF. This constitutes an
average decrease of 53 = 2% in apical membrane
specific conductance and a 23 * 2% decrease in
basolateral membrane specific conductance.

Table 5 also contains membrane resistance ra-
tios (R,/R;) calculated from the conductance data in
Table 4 (i.e., G/G,; conductance values not nor-
malized for membrane capacitance). These values
averaged 4.3 = 0.2. In order to estimate the relative
specific ionic conductances of the two membranes,
we next computed membrane resistance ratios from
membrane conductances normalized for capaci-
tance. Ry.norm/Rp-norm averaged 16 = 3, 18 = Sand 14
+ 2 for the lumped, distributed and crypt models,
respectively. Therefore, after amiloride, the spe-
cific ionic conductance of the apical membrane de-
creased by twofold compared to the basolateral
membrane conductance.

EFFECTS OF DISTRIBUTED RESISTANCES ON DC
MEASUREMENTS OF R,/R,,

Using impedance-derived estimates of R,, R, and
R,, we also calculated the ‘“‘apparent”” membrane
resistance ratio, o, expected from DC microelec-
trode measurements for the LIS and crypt-distrib-
uted models. For the LIS-distributed model

and R, is LIS resistance.
When R,/R, < 0.15, the equation can be simplified
to

R, =R, + iR,. @)

(Note that the above approximation for R}, is accu-
rate within >98.5% when R,/R;, < 1.)
Similarly, for the crypt model

a = R)/R,

where R; = VR.R, coth VR,/R, and R, is crypt
lumen resistance. Again, when R,/R, < 0.15, this
relationship reduces to

R, =R, + iR,.

The mean percent difference between « and R,/R,
values are presented in Table 5. For the LIS-distrib-
uted model, distributed resistance effects are ex-
pected to cause a 12—-15% underestimate of R /R,
when this value is measured by DC microelectrode
techniques. Distributed resistances along the crypt,
in contrast, produce a 1% overestimate of this
value. Therefore, distributed resistance effects on
microelectrode measurements are minor for these
conditions.
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Fig. 5. Impedance from a single experiment showing the effects of mucosal replacement of Na* and Cl~ by potassium and gluconate.
(A) Fit of the data by the lumped model. (R-factor = 1.5%, G, = 0.61 mS/cm?, C, = 17.7 uFlem?, Gy, = 72.5 mS/cm?, Cy, = 23.9 uF/cm?,
R, = 74.0 O cm?.) (B) The same data fitted by the LIS-distributed model. An improved fit was obtained. (R-factor = 0.7%, G, = 0.94
mS/cm?, C, = 18.6 uF/lem?, G, = 86.0 mS/cm?, Cyy = 88.9 uF/ecm?, R, = 38.0  cm?, R,, = 72.0 ) ¢cm>.) The crypt-distributed model
produced a similar improvement in fit (R-factor = 1.0%. G, = 0.60 mS/cm’, C, = 18.0 uF/icm?, Gy = 74.0 mS/cm?, Cyy = 42.0 uF/cm?,

R, =220 Q cm’, R, = 70.0 Q cm?)

EFFECTS OF MucoSAL PoTASSIUM GLUCONATE
AND POTASSIUM SULFATE RINGER’S SOLUTIONS
(Na AND Cl REPLACEMENT)

In order to further assess the extent of distributed
resistance effects, we next removed mucosal Na*
and CI~ and replaced them with potassium sulfate
or potassium gluconate (““K* Ringer’s””). The
results of sulfate and gluconate were similar and
have been combined. As shown in Table 3 this pro-
cedure, like amiloride, increased transepithelial re-
sistance. Unlike amiloride, I, was reduced but not
abolished. V7 was not significantly affected.
Figure 5(A and B) is an example of a Bode plot
of transepithelial impedance for the mucosal “K
Ringer’s’’ condition. As for the other experimental
conditions, distributed models produced better fits
to the data as can be seen by comparing the smooth

curve for the phase angle data in Fig. 5A (lumped
model) to that in Fig. 5B (LIS-distributed model).

A summary of membrane conductances and ca-
pacitances and R-factors for the three models for
this condition are given in Table 6. In comparison to
paired control values (NaCl Ringer’s, see Table 1),
all membrane parameters were significantly altered
by mucosal “K Ringer’s.”” No significant differ-
ences were noted between lumped and distributed
model estimates for apical membrane conductance
or capacitance (G, and C,). Averaged over models,
G, and C, were reduced by 72 = 0.5% and 19 + 2%,
respectively. In contrast, G, and C, were both in-
creased. The magnitude of the increase varied
slightly across models, but averaged 163 + 12% for
G, and 207 = 92% for C,,.

Table 7 presents membrane specific conduc-
tances, distributed resistance (R,) values, and com-
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Table 6. Effects of ‘‘K-Ringer’s’’ solution? on membrane impedance

Model G, C, Gy C, R-factor
(mS/cm?) (nF/cm?) (mS/cm?) (uF/em?) (%)

Lumped 0.7 0.2 16 = 1 405 18+ 2 29+ 0.4

LIS-distributed 0.9 +0.2 17 £2 32+£6 53 =11 1.4 + 0.2
Vi NS NS <0.05 <0.01

Crypt-distributed 0.8 £0.2 192 32+6 28 = 04 1.7 0.2
P> NS NS <0.05 <0.01

n=12.

a Mucosal K,SO, or potassium gluconate Ringer’s solution. Paired control measurements (NaCl Ring-

er’s mucosal solution) are given in Table 1.
b Compared to lumped model, paired 7 test.

Table 7. Effects of “*K-Ringer’s’” mucosal solution on membrane conductances normalized to mem-

brane capacitance

Model G, Gy, R, R./R;, o Mean %
(mS/uF) (mS/puF) Q- cm?) difference

Lumped 0.06 = 0.01 2.22 = 0.19 — 63 = 13 — —

LIS-distributed 0.06 = 0.01 1.19 = 0.52 64 + 8 44 + 11 26+ 6 -34 + 4
P* NS NS

Crypt-distributed 0.06 = 0.01 1.25 = 0.17 80 = 12 45 = 11 46 = 1 2+ 0.7
P* NS <0.001

n=12.

* Compared to lumped model, paired ¢ test.

puted membrane resistance ratios for the “K*
Ringer’s’” condition. Apical membrane specific
conductance was clearly decreased after NaCl re-
placement (G, = 0.06 = 0.01 mS/uF). Results for
the basolateral membrane specific conductance
were more variable. For example, a significant in-
crease was obtained only for the lumped model.
The LIS-distributed model and crypt-distributed
model results showed no significant change from
controls.

Mean values for distributed resistances were
larger and more variable for this condition but were
not significantly different from the control (NaCl
Ringer’s) condition. R,/R, values computed for
the impedance-determined conductances were in-
creased by approximately tenfold to a mean value
of 51 = 6. To determine the effects of a significant
LIS path resistance, we next computed «, assuming
R, values obtained from the distributed model. Our
calculations indicated that DC microelectrode mea-
surements would underestimate the resistance ratio
by and average of 34 = 4% under these conditions,
giving a mean value for « of only 26 £ 6. This find-
ing is in conflict with our previous work (Wills et
al., 1979) which found an average « value of 8 = 1 in
microelectrode measurements in surface epithelial

cells. Consequently a discrepancy exists between
the impedance-determined values of a and micro-
electrode measurements of this parameter in sur-
face cells. This discrepancy cannot be explained by
distributed resistance effects (see Discussion). For
specific membrane conductances, Rnorm/Rb-norm
was 51 = 11 for the lumped model, 17 = 5, for the
LIS model and 11 = 4 for the crypt-distributed
model.

Discussion

In this study we have measured the transepithelial
impedance of the rabbit descending colon under
control conditions and under two other conditions
in which net Na™* transport was inhibited (i.e., by
mucosal addition of the Na* channel blocking agent
amiloride and by removal of Na* from the mucosal
bath). In addition to reporting these measurements,
we have evaluated the relative importance of dis-
tributed resistance effects in the determination of
membrane conductances and capacitances. To
achieve this assessment, we analyzed the impe-
dance using three different models: a simple
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“lumped”’ model and two morphologically-based
distributed models (see below).

VALIDATION OF MEASUREMENTS

The use of transepithelial impedance measurements
requires a number of considerations. For example,
the current signal must be small enough to permit
measurements within the linear /-V range of the epi-
thelium, yet be large enough for an adequate signal-
to-noise ratio. In the present study, these factors
were not a problem since Thompson, Suzuki, and
Schultz (1982a,b) have demonstrated that the [-V
relationship of the colon is linear within the current
and voltage ranges investigated. Moreover, the rab-
bit descending colon, unlike so-called ‘‘leaky’’ epi-
thelia such as the gallbladder has a transcellular re-
sistance that is comparable to the paraceilular
conductance (Wills et al., 1979). This property per-
mits analysis of its impedance by transepithelial
methods, as opposed to microelectrode methods.

Another consideration in the present study was
the need for an independent estimate of paracellular
conductance for analysis of the impedance data.
The estimate that we used was derived using the
ionophore nystatin. This method and the assump-
tions involved in estimating G, were previously de-
scribed by Wills et al. (1979). Briefly, the method
assumes that the paracellular pathway is essentially
nonselective for Na*, K+, and Cl~. This assumption
has been verified by equivalent circuit analysis of
the epithelium (Wills et al., 1979) and radioisotopic
flux determinations (McCabe, Smith & Sullivan,
1984). Nonetheless, it is conceivable that G, might
differ for the three experimental conditions. There-
fore, we determined the sensitivity of membrane
impedance parameters to variations in the magni-
tude of Gy. G, values from different animals had a
standard error (SEM) equal to approximately 12% of
the mean value.

To maximize variability in G;, we arbitrarily
varied G, for individual experiments by =25%, i.e.
by two standard deviations for the pooled mean.
Data were then refitted for each of the models. Two
tissues were selected for this analysis: one tissue
with a high membrane resistance ratio and one tis-
sue with a low resistance ratio. The results indi-
cated that G, and C, were affected by less than
+3% when G, was decreased or increased by 25%.
On the other hand, G, and C, were more sensitive
to alterations in G,. G, varied =18% and C, was
altered by =6% when G, was increased or de-
creased by 25%. For this reason, we believe that the
estimates are reasonably robust against errors in the
measurement of G;.

31

EVALUATION OF DISTRIBUTED RESISTANCE
EFFECTS

Previous studies of several epithelia including the
rabbit urinary bladder (Clausen et al., 1979), gastric
mucosa (Clausen, Machen & Diamond, 1983), Nec-
turus gallbladder (Kottra & Fromter, 19844,b) and
frog cornea (Clausen, Marcus & Reinach, 1987)
have demonstrated significant distributed effects of
the basolateral membrane resistance along the la-
teral intercellular space. In other words, the impe-
dance of these epithelia could not be accurately de-
scribed by a simple equivalent circuit model which
ignores lateral intercellular space resistance (see
lumped model, Fig. 1 A). Our results suggest that in
contrast to other epithelia studied so far, the rabbit
descending colon can be reasonably approximated
by the lumped model. Nonetheless, use of the LIS-
distributed model and crypt-distributed model pro-
duced improved fits to the data. Small but statisti-
cally significant differences were found for G, and
C, for the LIS model compared to the lumped
model, whereas C, and G, showed a slight but sta-
tistically significant difference for the crypt model.
For these reasons, we conclude that distributed re-
sistance effects are detectable in the rabbit descend-
ing colon but have negligible effects on membrane
impedances during normal conditions and during
amiloride inhibition of net Na™ absorption.

In recent experiments using the frog skin, Na-
gel, Garcia-Diaz and Essig (1983) showed that un-
der certain conditions microelectrode measure-
ments of membrane resistance ratios can be
affected by distributed resistance effects. Specifi-
cally, they found evidence for erroneously low mea-
surements of R,/R, after amiloride addition, which
they ascribed to a distributed resistance of the baso-
lateral membrane resistance along the LIS. This ob-
servation was made only for tissues with relatively
high paracellular conductances. Consequently, they
speculated that the rabbit descending colon, which
has a high paracellular conductance compared to
the frog skin, might also have such distributed resis-
tance effects. Moreover, they further proposed that
such an artifact might account for the residual con-
ductance in the apical membrane in the presence of
amiloride as measured by other investigators (Wills
et al., 1979; Thompsen et al. 1982a,b). We have
referred to this conductance as the ‘‘amiloride-in-
sensitive’’ conductance (Wills, 1985).

The present results argue against distributed re-
sistance effects as an explanation of the apical
membrane ‘‘amiloride-insensitive’” conductance.
First of all, the lateral intercellular spaces between
surface cells appear relatively wide in micrographs
(c.f. Wills, 1984) so a low resistance for the lateral
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space would be expected. More importantly, the
resistance of the lateral space is nearly three times
lower (R, = 28 = 8 ) - cm?) than the basolateral
membrane resistance (~78 ) - cm?). Consequently,
distributed resistance effects would not be expected
to predominate for the zero frequency (DC) case.

Membrane resistance ratios calculated from im-
pedance data before and after amiloride addition
(see Tables 2 and 5), were in excellent agreement
with « values previously reported for colonic sur-
face cells from DC microelectrode experiments
{Schultz et al., 1977; Wills et al., 1979; Thompson et
al., 19824,b). According to the calculations of « in
Table 5, microelectrode measurements would be
decreased by 15% if the distributed resistance ef-
fects were localized to the LIS. This difference is
too small to detect, given the variability between
tissues. In any event, LIS-distributed effects are
clearly too small to account for the observation of a
significant apical membrane conductance in the
presence of amiloride. Therefore, impedance mea-
surements have provided independent evidence for
an ‘‘amiloride-insensitive”” conductance in these
cells.

Although distributed resistance effects appear
to be relatively small for control or amiloride condi-
tions, this factor can become physiologically impor-
tant for any condition that potentially causes cell
swelling, constriction of the LIS, or otherwise in-
creases Ryys. For this reason, we also assessed the
extent of distributed resistance effects for an addi-
tional condition, i.e., replacement of Na and CI in
the mucosal solution by potassium and sulfate or
gluconate.

In this condition, large discrepancies were
found between impedance estimates of R,/R, and
previous microelectrode measurements of « in sur-
face cells (mean R/R, =51 £ 6;a« =8 + 1, Wills et
al., 1979). As indicated by the calculated o values in
Table 7, this discrepancy cannot be accounted for
by distributed resistance effects. Alternatively, we
can ‘‘correct”’ the previous microelectrode mea-
surement for the amount of underestimation (34%).
Performing this ‘‘correction,”” we obtain an R,/R,
value for surface cells equal to 10.7. This is less
than a quarter of the value shown for R,/R, in Table
7. Since significant microelectrode impalement
damage can be ruled out (see Lewis, & Wills &
Eaton, 1979), we conclude that cells other than sur-
face cells (i.e., crypt cells) must be responsible for
this result. Note that the disparity is even worse
with respect to the crypt-distributed model as this
model predicts a slight (2%) overestimation of R /R,
by microelectrode measurements of a.

In summary, distributed resistance effects are
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significant when Na and CI are replaced in the mu-
cosal bathing solution. For LIS-distributed effects,
microelectrode estimates of « are expected to un-
derestimate the “‘true’” R,/R; by 34%. Crypt-distrib-
uted effects on a would produce only a slight over-
estimate (2%) of the ‘‘true’’ R,/R,. However, most
importantly, all three models produce R, /R, esti-
mates much larger than that measured in surface
cells. Therefore, it is clear that surface cells differ
from the rest of the epithelium in their conductance
properties.

COMPARISON TO OTHER EPITHELIA

Because frequency domain methods provide esti-
mates of both membrane capacitance and conduc-
tance, it is now possible to compare apical and
basolateral membrane areas and area normalized
conductances for the colon with various other epi-
thelia that have been studied using this technique.
Table 8 is a summary of available impedance results
from both tight and leaky epithelia bathed in NaCl
Ringer’s solutions. With respect to the magnitude of
its apical membrane capacitance, the colon is sec-
ond only to gastric mucosa. Since 1 uF of mem-
brane capacitance is approximately equal to 1 cm?
of membrane area, this capacitance indicates a large
apical membrane surface arca for the colon, ap-
proximately 20 cm?. One likely explanation for this
large area is the presence of microvilli in this mem-
brane. The basolateral membrane, in contrast, had a
capacitance approximately one half this value, com-
parable to C, for the rabbit urinary bladder.

Because amiloride-sensitive Na* transport in
the colon is approximately 20-50 times larger than
in the urinary bladder, it is useful to compare the
normalized apical membrane conductances of these
two epithelia. As shown in Table 8, total apical
membrane conductance is larger for the colon than
for the urinary bladder (0.17 and 0.08 mS/uF, re-
spectively). Similarly, the amiloride-insensitive
conductance of this membrane is larger in the colon
(0.080 mS/uF) than that reported for the rabbit uri-
nary bladder membrane (0.012 mS/uF). However,
when the damiloride-insensitive component is sub-
tracted from the total apical membrane conduc-
tance, the two tissues appear to have comparable
amiloride-sensitive Na* conductances. Conse-
quently, the larger rate of Na* transport across the
colon appears to be due to its larger apical mem-
brane surface area.

A striking difference between the colon and
other epithelia is its large basolateral membrane
conductance. When normalized to area, this con-
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Table 8. Comparison of epithelial impedances estimated using distributed resistance models

Tissue

Gu Cu Gb[ Cb[ RLlS Rcrypt Ga»norm Gbl—norm Reference
(mS/cm?) (uF/cm?) (mS/cm?) (uF/cm?) (mS/em?)  (uF/cm?)
Rabbit descending colon 3.5 21 12.7 11 28 — 0.18 1.16 (This study)
3.7 22 12.8 11 —_ 22 0.16 1.19 (This study)
Rabbit urinary bladder 0.2 2 1.0 9 130 — 0.08 0.12 Clausen et
al. (1979)
Frog stomach (nonsecreting) 6.7 200 24.4 99 — 24 0.004 0.25 Clausen et
al. (1983)
Frog cornea 1.9 3 1.1 94 331 — 0.17 0.01 Clausen et
al. (1986)
Necturus gallbladder 0.3 5 4.4 27 36 — 0.06 0.02 Kottra and

Fromter (1984a,b)

ductance appears to be an order of magnitude larger
than that of any epithelium studied so far.

AMILORIDE EFFECTS ON MEMBRANE PROPERTIES

Amiloride is known to block Na™ channels in the
apical membrane of the rabbit descending colon
(Zeiske, Wills & Van Driessche, 1982). In agree-
ment with these findings, the present study found
that mucosal addition of amiloride decreased apical
membrane conductance. In addition, there was an
18% decrease in apical membrane capacitance and a
13% decrease in basolateral membrane conduc-
tance. In previous experiments, G, was found to be
largely a potassium conductance (Wills et al., 1979).
The basolateral membrane potential and intracellu-
lar potassium activities showed little change after
mucosal amiloride addition (Wills, Clausen &
Clauss, 1987). Consequently, it is likely that the de-
crease in Gy reflects a true change in the permeabil-
ity of this membrane. This finding differs from pre-
vious results, which were consistent with a
single-site action of amiloride, i.e., a blockage of
the apical membrane Na™ conductance. For exam-
ple, transepithelial conductance linearly decreased
with the decrease in short-circuit current (Schultz et
al., 1977; Wills et al., 1979; Thompson et al.,
1982a,b). ‘

We note that in the present study, measure-
ments were typically made after 2—-5 min following
full effect of the drug, whereas in our previous mi-
croelectrode experiments, measurements were
made during amiloride addition until maximum drug
action occurred (i.e., 1-4 min earlier than impe-
dance measurements). Consequently, we may have
missed the decrease in Gy, in our previous experi-
ments. Davis and Finn (1982) have reported reduc-

tions in basolateral membrane conductance in toad
urinary bladder after mucosal amiloride addition to
inhibit net Na* transport. We should note that it is
also conceivable that this effect might be too small
to detect with microelectrode techniques or, alter-
natively, might be mediated by cells that were not
impaled by microlectrodes in our previous study
(i.e., crypt cells). The mechanism of this decrease
clearly requires further study.

A small unexplained decrease also occurred in
the apical membrane capacitance after amiloride
addition. To assess the possible source of this de-
crease, we performed preliminary computer simula-
tions of transepithelial impedance before and after
amiloride addition using an equivalent circuit con-
taining two electrically-uncoupled cell types (one
amiloride-sensitive and the other amiloride-insensi-
tive). The resulting impedance data were then fitted
using the lumped model shown in Fig. 1. The results
indicated that the presence of two electrically un-
coupled cell types could not explain the decrease in
C,. We note that apical membrane area changes due
to vesicle fusion have been proposed for rabbit uri-
nary bladder (Lewis & deMoura, 1984) and toad
bladder (Stetson, Lewis, Alles & Wade, 1981).
However, vesicle fusion has not been reported for
the Na*-transporting cells of the colon. It was be-
yond the scope of the present study to identify the
source of this capacitance decrease.

As noted in the results for the amiloride experi-
ments, Ex, and R, values estimated by DC equiva-
lent circuit methods were highly variable. This vari-
ability could suggest that more than one circuit
element is altered by amiloride. In contrast to our
earlier studies, nonlinear effects of amiloride were
observed in a few instances. Therefore, the effects
of amiloride on the colon may be more complex
than previously believed.
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ALTERATIONS OF MEMBRANE PROPERTIES BY
MucosaL Na AND Cl

Inhibition of Na* transport by replacement of Na*
and C1~ by potassium and gluconate or sulfate led to
a decrease in apical membrane conductance and ca-
pacitance similar to that produced by amiloride. As
in the case of amiloride, this apparent decrease in
apical membrane capacitance was unexpected and
we can offer no explanation at this time. When api-
cal membrane conductance is normalized to mem-
brane capacitance, it is apparent that an appreciable
apical membrane conductance is present even in the
absence of mucosal Na* and ClI~,

In contrast to the effects of amiloride, baso-
lateral membrane conductance and capacitance
were greatly increased. When this increase in con-
ductance was normalized to membrane capaci-
tance, however, the increase in specific membrane
conductance was not significant for the distributed
models. It is tempting to speculate that basolateral
membrane area is increased in the presence of *‘K*
Ringer’s”” solutions and that the newly inserted
membrane has similar conductance properties.
However, verification of this conclusion will re-
quire morphometric analysis of this epithelium.

SIGNIFICANCE OF THE APiCAL MEMBRANE
AMILORIDE-INSENSITIVE CONDUCTANCE

Because the paracellular conductance is nearly
equal to the transcellular conductance of the rabbit
descending colon, the apical membrane is electri-
cally coupled to the basolateral membrane such that
changes in the apical membrane potential are atten-
uated. This factor hinders direct assessment of the
ionic selectivity of the apical membrane amiloride-
insensitive conductance. Nonetheless, the results
of DC equivalent circuit analysis and intracellular
ion activity measurements (Wills, 1985) indicate
that this conductance is largely due to potassium.
We can estimate a minimum magnitude for this con-
ductance by using data from previous microelec-
trode studies and new information from the present
study concerning distributed resistances. More spe-
cifically, we can “‘correct’” a values from previous
experiments (Wills et al., 1979; Thompson et al.,
19824, b) for attenuation caused by distributed resis-
tance effects and use this ‘“‘corrected’” estimate to
determine the apical membrane conductance in the
presence of amiloride. For the LIS-distributed
model, the ““corrected’” R,/R, is 10.7. Assuming a
basolateral resistance of ~160 € - cm? (Wills et al.,
1979) or ~100 Q - c¢m? (Thompson et al., 1982a,b),
the apical membrane amiloride-insensitive conduc-
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tance in surface cells is approximately 0.6-0.9 mS/
cm? or (R, = 1.1-1.7 k) - cm?). In the present
study, a decrease was noted for the basolateral
membrane conductance after amiloride. If this de-
crease is localized to surface cells, then the above
conductance estimate would be similarly decreased
by 25% to ~0.5-0.7 mS/cm?. Again, this is a mini-
mum estimate for the amiloride-insensitive conduc-
tance in the apical membrane of surface cells.

Wills (1984) has proposed that potassium secre-
tion by the colon occurs via a conductive mecha-
nism. Therefore, it is interesting to compare the
above estimate of amiloride-insensitive conduc-
tance for surface cells to the total apical membrane
conductance measured using impedance analysis
for the ““K* Ringer’s’” condition (i.e., the conduc-
tance for both surface and crypt cells). Using the
constant field conductance equation (see Schultz,
1984, pg. 119), measurements of the apical mem-
brane potential under these conditions (=32 mV cell
interior negative; Wills et al., 1979 and unpub-
lished), and impedance-determined values for api-
cal membrane conductance, we estimated the apical
membrane potassium permeability (Px) as approxi-
mately 1.7 X 1077 ¢cm/sec. This calculation assumes
that the apical membrane potential is similar for
crypt and surface cells under these conditions (mu-
cosal [K*] = 143 mm). If true, the apical membrane
potassium conductance for the NaCl Ringer’s con-
dition (mucosal [K*] 7mM) would be 0.013 mS/cm?,
corresponding to a resistance of 78 k€ - ¢cm?. The
large discrepancy between this value and the ami-
loride-insensitive conductance suggests that: (1) ei-
ther Px is not constant and is reduced in the K*
Ringer’s condition or (2) that the apical membrane
potential in crypt cells is different from that in sur-
face cells. Further evaluation of this issue will re-
quire membrane potential measurements in crypt
cells.

CONCLUSIONS

In summary, our analysis of the impedance proper-
ties of the rabbit descending colon indicates that
distributed resistance effects can be detected but
have negligible effects on impedance estimates of
membrane parameters. Distributed resistance ef-
fects due to the LIS resistance would be expected
to decrease microelectrode estimates of membrane
resistance ratios by 12-15% for control and ami-
loride conditions and by 34% when potassium sul-
fate or potassium gluconate Ringer’s solutions are
used as the mucosal bathing solution. The results
support the hypothesis of an apical membrane con-
ductance in surface cells that is amiloride-insensi-
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tive and that is not due to sodium or chloride. Fur-
ther experiments are needed to resolve the
impedance properties of crypts and surface cells in
this epithelium.
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