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ABSTRACT Impedance analysis of the isolated epithelium of frog skin (northern Rana pipiens) was carried out in the
frequency range between 0.1 Hz and 5.5 kHz while Na™ transport was abolished. Under these conditions, the impedance is
determined almost completely by the dielectric properties of the apical membranes of the cells and the parallel shunt
resistance. The modeling of the apical membrane impedance function required the inclusion of dielectric relaxation processes
as originally described by Cole and Cole (1941. J. Chem. Phys. 9:341-351), where each process is characterized by a
dielectric increment, relaxation frequency, and power law dependence. We found that the apical plasma membrane exhibited
several populations of audio frequency dielectric relaxation processes centered at 30, 103, 2364, and 6604 Hz, with mean
capacitive increments of 0.72, 1.00, 0.88, and 0.29 uF/cm?, respectively, that gave rise to dc capacitances of 1.95 + 0.06
wF/cm? in 49 tissues. Capacitance was uncorrelated with large ranges of parallel shunt resistance and was not changed
appreciably within minutes by K™ depolarization and hence a decrease in basolateral membrane resistance. A significant
linear correlation existed between the dc capacitance and Na* transport rates measured as short-circuit currents (C° =
0.028 I, + 1.48; I, between 4 and 35 uwA/cm?) before inhibition of transport by amiloride and substitution of all Na* with
NMDG (N-methyl-p-glucamine) in the apical solution. The existence of dominant audio frequency capacitive relaxation
processes complicates and precludes unequivocal interpretation of changes of capacitance in terms of membrane area alone
when capacitance is measured at audio frequencies.

INTRODUCTION

The measurement of membrane capacitance has been ugbé terminology &- and B-dispersions,” wherex-disper-
widely in biological experiments as a means of assessingions occurred at frequencies belewi00 kHz (Schwan,
changes in membrane area. Such measurements have bd@5b7). To our knowledge, there have been few attempts to
of particular interest in studies of epithelial transport, as itdetermine whethet-dispersions exist in epithelial plasma
has been surmised that regulation of salt and water transposiembranes in general (Watanabe et al., 1991), and no
at apical and basolateral membranes of polarized epithelialitempts for tight epithelia like those of renal distal tubules.
cells involves targeting and trafficking of channels and Qur laboratories have been interested in determining the
transporters between the cytosol and the plasma membranggy in which tight epithelia regulate the density of apical
of the cells. membrane epithelial Nachannels (ENaCs) and knowing

It is usually assumed that the dielectric properties of th&yhen and under what conditions vesicle trafficking plays a
plasma membranes are constant, so that changes in capagre in shuttling channels between the cytosol and the apical
itance can be attributed to changes in membrane area. Thefgmbrane of the cells. In this regard it would be crucial to

is, however, an extensive literature dating from the classical,ow whether this membrane exhibitsdispersions, be-
papers of Debye (1929), Cole and Cole (1941), and others,, se their existence would seriously complicate the design

(see referenc.es in Schwan,.1957; Daniel, 1967; Cole, 1968 oyneriments and interpretation of data where changes of
Gabler, 1978; Pethig, 1979; Jonscher, 1983; Kell and Haréapacitance may not reflect alone changes of membrane

ris, 1985; Takashima, 1989) that describes the behavior oz%rea

dipoles in viscous media and documents the existence of \y paye examined with dielectric spectroscopy the na-
audio frequency dielectric dispersions or relaxation pro-.

. tive apical membrane of the well-studied frog skin (northern
cesses. Schwan referred to these relaxation processes w&q L . . . )
. pipien$, as this membrane contains highly selective and

amiloride-sensitive ENaCs. We describe the methods and
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examination of the data revealed that increases in dc capaEoster and Schwan, 1989). Recognizing that multiple dis-
itance were due to selective increases in the lowest audipersions may exist withine, 8, y and higher ranges of
frequency capacitive increments of the complex capacitanci&equency, Eq. 2 can be written as Eq. 3 to indicate the
spectrum and their associated static capacitances. Howevgmssible existence of several capacitive increméntsand
it remains unknown from capacitance measurements alon€g; associated with the ranges of frequency of theand
whether changes in capacitance are attributable to chang@sdispersions, respectively:
in membrane area associated with changes in dielectric
increments. ! C, n Cy
Preliminary results have been presented at meetings of =2 1+ (jory)” +2 1+ (wrg)®
the Federation of American Societies of Experimental Bi- =1 “ =1 g
ology (FASEB) and the Biophysical Society (Awayda et al., At zero frequencyC®® = 3C,; + =C, + Cj. In addition
1989, 1991; Awayda and Helman, 1990, 1992). to the static dc capacitanc€?®), we can define static
capacitance€; andC;, (see Fig. 1), wher€, = XCg +
Cg if multiple dispersions exist in thg-range of relaxation
frequencies. AccordinglyC = =C,, + CZ if multiple

+C; (3)

BACKGROUND AND
THEORETICAL CONSIDERATIONS

Dielectric dispersions

Dielectric dispersions have been observed between subau- a and B Dielectric Dispersions
dio and gigahertz frequencies (Schwan, 1957; Coster and

Smith, 1974). By the early part of this century it was widely
recognized that dispersions could arise from series struc- 1
tural arrangements of leaky dielectrics that are referred to as
Maxwell-Wagner dispersions. In 1929, Debye published his
theory of behavior of polar molecules or dipoles in a viscous
medium whereby dispersions could also arise from dipolar
relaxation processes (Debye, 1929). Cole and Cole (1941)
and others examined this theory in a wide range of materi-
als, including biological membranes, and observed dielec- 9
tric dispersions at audio frequencies. Cole and Cole noted
quite generally that dielectric dispersions deviate from ideal
behavior, exhibiting a power-law dependence resulting in
observation of “depressed” semicircles in Nyquist plots of
the complex dielectric constard*j and hence the complex
capacitance@*). Accordingly, C* = €*A/d, whereA andd

are membrane area and thickness, respectively. Dispersions
take the form described by Eq. 1, where for a membrane
containing a single dispersion with time constantand
Cole-Cole power-law factoy = (1 — «),

. € — €, A
C =i+ oo T ]d @

which can be rewritten as

B

w A O1 O NEO

|C*| relative to C

¢ (degrees)
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1+ (jor)"|d *
FIGURE 1 Frequency-dependent complex capacita@¢ due to a-

The angular relaxation frequency ig2 = 1/7,, andf, is the and B-dielectric dispersions (relaxation processes). Absolute magnitude
relaxation frequency in HZEr =€ — €. is the dielectric and phase angle @* are plotted against frequency according to Eq. 3 (see

increment between infinite and zero fr nei of text). Curves were calculated assuming relaxation frequencies of 50 Hz and
creme etwee ea eérofreque CIQF( 71'), 500 kHz with capacitive increments, and Cg in the audio and radio

where the terminology “infinite frequency” takes on the frequency ranges, respectively® is the staticdc capacitanceC” is the

meaningf > fr. static capacitance at frequencies considerably higher thaglaxation
Dispersions at relaxation frequencies less thdi®0 kHz processes but at frequencies considerably lessgh@texation processes.

have been referred to asdispersions. Dispersions at higher C; is the static capacitance at frequencies considerably greategthan

. . laxation processes but less than those at very high frequencies ranging into
radio frequenmes have been referred to by Schwan and hb%gahertz frequencies. The solid lines were calculated assuming ideal

cplleagues ag-dispersions:y-Dispersions extend into the pepye dispersions, and the dashed lines were calculated assuming Cole-
gigahertz range (Schwan, 1957; Schwan and Foster, 198@ple power law behavior.
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dispersions exist in the-range of relaxation frequencies, each dispersion gives rise to either an idegl= 1) or
which is the focus of attention in the present series ofdepressedy < 1) semicircle. IfC* is measured only at
experiments. audio frequenciesaf-dispersions), then as indicated by the
lllustrated in Fig. 1 are plots of the magnitude and phasesolid lines, capacitance would decrease with increasing au-
angle (Bode plots) of*, where it is assumed for simplicity dio frequency, so that extrapolation G to the real axis
that - and B-dispersion ranges of frequency each contain avould give the static capacitan¢g,. The semicircles ap-
single relaxation process with ideal Debye= 6 = 1.0) or  pear depressed whep < 1.0, and this behavior is due
Cole-Cole y = 6 = 0.6) power-law behavior. The static presumably to a distribution of time constants or relaxation
capacitanceC; was assumed to be unity with capacitive times of the dipoles associated with the relaxation process
increments of 1 and 8 units fg8- and a-relaxation pro- (Cole and Cole, 1941; Cole, 1968; Gabler, 1978; Pethig,
cesses, respectively, so tIefl® is 10 times greater than the 1979; Jonscher, 1983). When capacitance is measured at
static capacitanc€g, andC; is two times greater tha@g. audio frequencies and the membrane contains sewera
BecauseC* is complex it can be represented by its real laxation processes betwe@i° andC, C* can be decom-
(Rea) and imaginary Ifnag) components or by its absolute posed into a sum of processes as shown in Fig. \Rith

magnitude|C*| and phase anglepj. |C*| and ¢ (degrees) capacitive increment§,, C,, . . . ,C, at relaxation frequen-
are plotted in Fig. 1. ciesf,, f,, ..., f, with static capacitances at the intercepts
The theoretical curves in Fig. 1 are also replotted in Fig.on the real axisC7, C7, ..., C.. Accordingly,C} = C,

2 Ain the form of Nyquist plotsRealversusimag), where  and it is implied by omission of the: subscript that our
measurements will pertain only to relaxation processes in
the range ofx-dispersions. Hence the complex capacitance

Real C* measured in the audio frequency range can vary not only
0 2 4 6 8§ 10 because of changes in membrane area and thickness, but
0.0 44— 'a C‘ﬁsp;rs;on — also because of changes in dielectric increments, relaxation
£ 1.0 C,;"’Coo 06 c* frequencies, and the distribution of relaxation times of each
= -2.0 - a Uik of the relaxation processes. We shall in this paper use the
g 30 ] terminology “capacitive increments” and “dielectric incre-
1A ments,” recognizing that changes in capacitance can occur
4.0~ because of changes in dielectric increments with or without
0 changes in membrane area.
0.0
5, 05 _ MATERIALS AND METHODS
% 4 Experiments were carried out with isolated epithelial preparations of ab-
é 1.0 - dominal skins of northern frogRR@na pipiensKons Scientific Co., Ger-
i mantown, WI) devoid of connective tissue and glands of the corium (Fisher
15 et al.,, 1980). Tissues were mounted in edge-damage-free chambers

(Abramcheck et al., 1985), which were continuously perfused with Ring-
er's solution at a rate of-5 ml/min. Tissues were short-circuited, except
FIGURE 2 Frequency-dependent complex capacitance plotted agyring measurements of the transepithelial impedance, with a four-elec-
Nyquist plots with realRea) against imaginarylnag components o€*.  trode (Ag/AgCl, 4.5M NaCl, 3% agar) very low-noise voltage clamp.
Theoretical plots of Fig. 1 are shown A Static capacitanced®®, C7, and

C; are indicated on the real axis. Note depression of the semicircles when

the Cole-Cole power law factor is less than unity. Thick solid lines Impedance analysis

represent the complex capacitance spectrum observable at audio frequen-

cies. B) Two a-relaxation processes with relaxation frequencies of 20 Hz Transepithelial impedance was measured under voltage-clamp conditions
and 2.0 kHz and with capacitive incremertg and C, of 3 and 5 units,  at frequencies between 0.1 Hz and 5.5 kHz. The voltage command signals
respectively. TheC as given by Eq. 5 and graphically represented here consisted of two bands of 53 discrete frequencies as described tgirMa
reflects the sum of the capacitive increments and the static capacfténce eanu and Van Driessche (1990). Command signals applied to the tissues
At frequencies considerably higher than 2 kHz, the static capacit@fice ranged between2 and~20 mV peak to peak (p-p). Because the measured
approaches a value of 2 units and would remain unchanged if the area impedance was independent of the magnitude of the command voltage, it
unchanged and, in particular, if changes occur in either the relaxatiortould be inferred that the impedance was measured in linear regions of
frequencies and/or the capacitive increments. Also indicated is the staticurrent-voltage relationships. The low-frequency band contained frequen-
capacitanceCy that intercepts the real axis at 7 units. If, for example, the cies between 0.1 and 43.1 Hz, whereas the high-frequency band overlapped
relaxation frequency at 2 kHz is increased to frequencies in the range ahe low-frequency band and contained frequencies between 12.8 and 5516
MHZ or higher, this very high frequency relaxation process would not beHz. The command signals were applied to the voltage clamp sequentially.
observed at audio frequencies. Instead, the 20-Hz relaxation process wouldansepithelial voltage and current signals were acquired with a 12-bit
appear as indicatedh{n solid ling with a capacitive increment, that analog-to-digital converter after the signals were filtered at their Nyquist
extrapolates at much higher frequencies to the static capaci@ndeor frequencies and amplified. Voltage command signals were also filtered
points of reference, the solid circles mark frequencies at 20 Hz, and théefore being applied to the voltage clamp. The digitized current and
open squares mark frequencies at 2.0 kHz on the thick solid lines of theoltage signals were Fourier transformed to yield current and voltage
capacitance spectrum and on the individual relaxation processes illustrateectors from which the measured impedange.(,) was calculated at each

by the thin solid lines that give rise to the spectrum. of the 106 discrete frequencies. With a fundamental frequency of 0.1 Hz
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for the lower frequency band and a fundamental frequency of 12.8 Hz for A. Na'*-transporting tissues

the higher frequency band, the time for data acquisition was slightly greater R, R,

than 10 s. In some experiments, the fundamental frequency of the lower

frequency band was increased to 0.2 or 0.5 Hz, thereby shifting the entire apical C, Cy basolateral
lower frequency band to higher frequencies and reducing the time for data solution solution

—— ————e
R,

acquisition. The results were the same.

The solution resistancdR(,) between the voltage electrodes was mea-
sured sometimes before and always at the end of the experiments. Imped- B. Transport inhibited by amiloride and
ance was measured with the electrodes in place, but in the absence of tissue Na*-free apical solution
separating apical and basolateral chamber solutRpswas independent R
of frequency €100 kHz), as expected for simple electrolyte solutions, and C, N
averaged 38.9+ 1.0 Q) - cn? for our chambers with 0.484 dhcross- C,
sectional area and the positioning of the voltage electrodes within the
chambers. In addition tB,, cytoplasmic resistanceR{,,) exists in series — R,
with apical and basolateral plasma membranes for a combined resistance
Reer = Rool T Reye Assuming a cell layer thickness of 30—@n for the
electrically coupled basolateral membranes of the multicell layered epitheFIGURE 3 Transepithelial electrical equivalent circuits) Apical and
lium of frog skin and a volume resistivity of the Ringer solution-e100  basolateral membranes are shunted by the paracellular resiRamgand
Q - cm of the cytoplasmic fluidR.,, would be in the range of 0.3-0.6 R, are the slope resistances, adgandC, are the capacitances of apical
Q- cn. If cytoplasmic volume resistivity is about twice that of the and basolateral membranes, respectively. Not shown is the solution resis-
extracellular solution volume resistivity and in the range reported by FricketanceR,,, in series with the tissuesB) Inhibition of apical membrane Na
and Morse (1925) and Bao et al. (199R),, is near 10 - cn¥ and is the  entry (100uM amiloride and substitution of all apical solution Navith
value we used in our calculations. Accordingly, the transepithelial imped-NMDG (see text)) causk, >> R,, and thuR, is negligible. If, in addition,
anceZ; = Zyeas— Reer the impedance of basolateral membranes is considerably less than the

We also examined under current-clamp conditionshg, .at frequen-  reactance of the apical membrane capacitarGge ¥ C, and/or the
cies between 10 and 100 kHz, using 8/cm? p-p sinusoids, resulting in  decrease irR, by K*-depolarization of the basolateral membrane), the
<2-mV p-p changes in transepithelial voltage. Amplified current and transepithelial electrical equivalent circuit reduceCigparalleled byR,.
voltage signals were displayed as Lissajous figures on a Nicolet model
2090 digital oscilloscope (Nicolet Instruments Corp., Madison, WI), and
the impedance was determined from measurements of photographic i
ages. These data confirmed that e, ..at much higher frequencies than
5.5 kHz approached those Bf,, as indicated above and as expected when ppjcal membranes contain both amiloride-sensitive and amiloride-insen-
the capacitive reactances of apical and basolateral membranes approagfive channels with very high selectivity for Naln the presence of 100
Zero. uM amiloride to inhibit transport through amiloride-sensitive channels and

In the absence of tissue, the frequency resporsEOQ kHz) of the  in the complete absence of Nan the apical solution to decrease ionic
chambers and bridges was purely resistive, so that no correction wagonductance through blocker-insensitive channels, the apical membrane
required for stray capacitance. The chambers were characterized witfinpedance Z,) is reduced electrically to the reactance of the apical
Ringer's solution alone and with Lucite gaskets (to replace the tissuelnembrane capacitancé, (Fig. 3B). At the frequencies of interest, apical
predrilled with small apertures to give values Rf, between 2 and 25 membrane resistanck,, is considerably larger than the apical membrane
k() - cn?. The phase difference between voltage and current signals wasapacitive reactance and considerably larger than the basolateral membrane
<=*0.1° under voltage-clamp conditions axd-1.5° under current-clamp  resistanceR,, which averages near 1000 - cn? (Helman and Fisher,
conditions. 1977, 1982). Because of the functional electrical coupling of the basolat-

eral membranes of the multicellular layers of the skin, the capacitance of
the basolateral membrands,, is expected to be considerably larger than
C, by ~30-40 times (considering areas alone), depending in part on the

——oe

ml"ransport—inhibited conditions

Experimental design degree of apical and basolateral membrane infolding (see Appendix). Thus
) . the impedance of the basolateral membraZgsjs expected to be quite
Transporting conditions small and nearly negligible relative &, (see Results). Accordingly, under

transport-inhibited conditions, the transepithelial impedance is determined
¥)rincipa||y at the frequencies of interest by the parallel combination of

with a sodium sulfate Ringer’s solution containing (in mM) 56,8@,, 2 apical membrane impedance and the shunt resist&cep that

CaSQ, and 2.4 KHCQ (pH ~8.1). (Preliminary experiments were carried

out with both chloride- and sulfate-containing Ringer solutions bathing Rp
apical and basolateral borders of the tissues and with apical solutions where Zieas= 1+ iwRCH + Reer (4)
Na* was substituted with either tetramethyl-ammoniumNemethylo- J Rp a

glucamine (NMDG). Regardless of the presence or absence of.l0 As the frequency approaches zeFq,...approaches the series sumRy

amiloride in the apical solution in sodium-free solutions, apical membranesand R.. R, averaged 23.6- 2.6 er-aémZ and ranged between 5.0 and

exhibited relaxation phenomena that could not be due to the presence @, , Ke)' o | was ndt différent from zero when the apical cﬁamber
. *'sc

amiloride at these very high concentrations, which ensured essentiall}llvaS perfused with 10QM amiloride (Merck Sharp and Dohme Research
complete block of conductance and loss of Naurrent through amiloride- Laboratory, Rahway, NJ) containing Ringer's solution, where' Neas

sensitive epithelial Na channels.) '_I'isspes were short-(_:?rcuited con_tinu- replaced with NMDG (Sigma Chemical Co., St. Louis, MO).

ously for 1-2 h to allow the short-circuit current to stabilize. Open-circuit

voltages measured just before short-circuiting of the tissues averaged

72.3= 3.9 mV (range 33.9-108 mV), and short-circuit currents averagedca|cu|ation of complex capacitance, c*

16.8+ 1.3 uA/cm? (range 3.6—34.2A/cm?) just before inhibition of N& a

transport. Under transporting conditions, the transepithelial impedance i8Vith the measured impedance and series resistance and with a preliminary
determined by the series impedance of the api€gldnd basolateralz() estimate ofR, obtained by extrapolation 0Zf,e,s — Rse) t0 zero fre-
membranes, shunted by a paracellular shunt resist&d&ig. 3 A). quency,C% was calculated (Eq. 4) at each of the 106 discrete frequencies.
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This extrapolation to values dR, could be done by eye or by using RESULTS

TableCurve (Jandel Scientific, San Rafael, CA) to fit the lowest frequency

values ofReal(Z,..c— Reo) @s a function of frequency to smooth curves Transepithelial impedance of
that intercepted the impedance ordinate at zero frequency. From a diretransport-inhibited tissues

graphical examination of the Nyquist capacitance plots, we determined not .
only the number of relaxation processes, but also the approximate magnlmpedance was measured before (see Appendix) and after

tudes of the capacitive increment ) and relaxation frequencieg)(that ~ complete inhibition of Na transport. lllustrated for a typ-
were used as the starting values for nonlinear curve fitting of the impedical transport-inhibited tissue in Fig. 4 is tAg . cplotted as
ance data. It may be emphasized that the data in all cases conformed ¢ Nyquist plot at frequencies between 0.1 Hz and 5.5 kHz
Cole-Cole relaxation processes, and more complicated phenomena cou{q{:ig_ 4A) and at frequencies greater than or equa| to 43 Hz
be excluded. . _ in expanded form in Fig. 8. The data are also plotted in
Final determination of the magnitudes of the capacitive increments,_. .

relaxation frequencies, and power-law dependencies was done using Eilg' 4,C andD'_m th? form of Bc_)de pIOtS' All attempts to
least-squares nonlinear minimization program (MINSQ, now called Sci-fit the data to single ideal semicircles over the entire range
entist; Micromath Scientific, Salt Lake City, UT) to minimize the real and Of frequency failed. With bandwidth limited to low frequen-
imaginary components ,,..;over the parameter space of the relaxation cies (<50 Hz), smooth curves could be fit to the impedance

processes and R, where for thea-dispersions, vectors, requiring, however, a power-law dependence to
account for flattening or depression of the semicircles. The
C solid lines shown in Fig. 4 were determined by nonlinear

I

C. (5)  curve fitting of the data between 0.5 Hz and 43 Hz to an
equation of a depressed impedance semicircle used previ-
ously (Van Driessche, 1986) and modified here (Eq. 6) for

It should be emphasized that all data are normalized to the planar areitansport-inhibited tissues:
of the tissues. Actual membrane area, depending on the degree of in- and

out-foldings, will accordingly be greater than planar area. Accordingly, the Rp

ratio of actual to planar area is variable, and this will be reflected in the Zineas— T br~aw T Reer (6)
‘ s . 1+ (joR,CY"

values of capacitance reportedH/cnt of planar area) when changes in <50 Hz

actual area occur.
Data are summarized as means SE unless noted otherwise. Al where it is explicitly assumed that, is constant at all

experiments were carried out at room temperature. frequencies. In every case, ¥ a was less than unity
Real Z,. (Q-cm?) Real Z,,,,. ((-cm?)
0 20000 40000 0 500 1000
0 . . . [T | ) . | . |
k5 1\e—43Hz 0.1Hz=7y ] \-...
G' » . ...
=, ~10000 -1000 e
& | 1.9 Hz | ..
g 2000 .
£ 20000 A 1B 43Hz .,
Frequency (Hz) Frequency (Hz)
101 100 10! 102 108 104 100 100 101 102 108 104
105 Ll vl el il el 0 — b imd vl el el el

< 10 ,\-15 7

o § -30

S 1o 5 ]

] O -45 +
13 = b
N 2 1
N 10 60
100 ] C 751D

FIGURE 4 Measured impedancg,f.,) of isolated epithelium of frog skin after inhibition of apical membrane" Natry by amiloride and Nafree
apical solution. &) Nyquist plot ofZ..,<at frequencies between 0.1 Hz and 5.5 kHz. Shunt resist&jcextrapolated to the real axis is 37.8k cne.

A single depressed semicircle (Eq.slid line) was fit to the data between 0.5 Hz and 43 Hz. The apex of the depressed semicircle is at BP Hz. (
Expanded view o¥,,...at frequenciesz 43 Hz. The solid line is the extension of the depressed semicircle showrAin5.5 kHz, Z, . ..approaches the
value of R, The real axis intercept of the fitted line exceeds the valug,gf (C andD) Bode plots of the absolute value 8f,.,.and phase anglepj.

Solid lines correspond to those &andB for a depressed semicircle fitted to data at frequencies between 0.5 and 43 Hz.
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(ranging between-0.80 and~0.98), indicating depression ing frequency. Inspection of the capacitance spectra indi-
or power-law dependence of the impedance of transportcated clearly that frequency-dependent changes in capaci-
inhibited tissues. Similar values of power-law dependencéance were associated with at least two or three relaxation
were observed for impedance of tissues studied in theiprocesses, as indicated in the spectra shown in Fityahd
transporting state (see Appendix). Because 1) we could nd@®. For the spectra shown in this figure, relaxation frequen-
explain power-law dependence of impedance at very lowcies were 9.9 Hz, 152 Hz, and 5.8 kHz (FigAband 67 Hz
frequencies less than 50 Hz while assuming constancy aind 3.2 kHz (Fig. 3B) with corresponding capacitive incre-
C., 2) we could not explain having to exclude data for ments and static capacitances indicated on the real axis of
fitting at frequencies greater than 50 Hz to any model wherehe Nyquist plots.

capacitance is constant; 3) we could not fit data to distrib- A histogram of relaxation frequencies was generated by
uted parameter models consistent with the morphology ofog binning the relaxation frequencies from all tissues, as
this epithelium; and 4) because the theory of dipolar relaxindicated in Fig. 6. The histogram was fit by nonlinear curve
ations outlined above could explain power-law dependencétting to the sum of four Gaussian functions characterized
of the impedance as well as the more complex behavior oin the usual way by their mearnss SD. Relaxation frequen-
impedance at all frequencies, we rejected the thesisGhat cies fell into four populations centered at means of 30.4,
was constant at audio frequencies. 103, 2364, and 6604 Hz (Fig. 6 and Table 1), which we
labeledf;. .. f, with corresponding capacitive increments
C,...C, (Table 2).

Further inspection of the data revealed that the tissues
could be grouped as summarized in Table 1 as groups | and
Apical membrane capacitandg,*, calculated as described |l. Tissues in group | characteristically exhibited relaxation
in Materials and Methods, invariably showed a strong defrequencies in the range &f, averaging 2085~ 131 Hz
pendence on frequency, as illustrated in Fig. 5. Between 0.fmean = SE). Tissues in group Il exhibited relaxation
Hz and 5.5 kHz, capacitance fell progressively with increasfrequencies in the range &f, averaging 6806- 393 Hz. In

no tissue did we observe relaxation frequencies in the fre-
guency ranges of botly andf,. Relaxation frequencies were

Apical membrane capacitance is frequency
dependent (dielectric spectroscopy)

Real C; (wFlcm?) in the range of eithef; or f,. N '
Each group could be subdivided further, depending on
00 00 05 10 15 20 25 the existence of, and/orf,, as indicated also in Table 1.
' 158 ,l\ /'\ Relaxation processes in the rangesfobr f, could exist
0.1 4 \\\W \\ / \ 9.9 Hz alone or in combinatiorf, averaged 24.& 3.1 Hz, andf,
02 ] U averaged 142 16.8 Hz.
1A Retaining the same groupings, we have summarized in
039 ¢ s gy 1 Table 2C2°, CZ, and the capacitive incremen®, C,, Cj,
< 04 N ’ andC,. C3°andCZ averaged 1.95- 0.06 and 0.14+ 0.01
E 05 JA wF/cn?, respectively, indicating thai-dispersions ac-
':L% .
& 00 0.5 1.0 15 20
o> 0.0 ....|.lﬁ..|....|....| -
g _ 1 S J4
=01 4
. w» 6 ) .
’ .5 Ji :
-0.2 4 ® 5 -
0.3 8 47 '
| )
04 1B 5 3 '
4]
0 2
FIGURE 5 Complex capacitance of apical membrane of frog <Rjf)( g
Representative examples are shown of apical membranes exhibiting tw< i
(B) or three p) relaxation processesA) CY was near 2.5uF/cn?. The ‘
solid line represents the nonlinear least-squares best fit of the impedanc 0.

vectors. Dashed lines represent the individual relaxation processes . 100 o 161 ' o 1'02 ) 1(‘)3 i '1'(')4
frequencies of 9.9 Hz, 152 Hz, and 5.8 kHz. Capacitive incremétsad

static capacitancesC[) are indicated at the intercepts of the depressed Relaxation Frequency (Hz)

semicircles on the real axisBY CY was near 1.8uF/cn?. Relaxation

frequencies of the two processes were 67 Hz and 3.2 kHz, with correFIGURE 6 Histogram of relaxation frequencies. Observations were log-
sponding capacitive increments and static capacitances indicated on thenned and fit to four populations of relaxation frequencigs éssuming

real axis at the intercepts of the individual relaxation processashgd normal Gaussian distributions. Mean relaxation frequencies and standard
lines). deviations are summarized in Table 1.
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TABLE 1 Relaxation frequencies

f, f, fs f,

Population means: SD 304+ 12.1 103+ 30 2,364+ 985 6,604+ 1,175
Group |

I A (16) 275+ 27 — 1,790+ 177 —

I B (11) — 97.7x9.1 2,386+ 212 —

I C (6) 9.7£ 3.3 151+ 48 2,320+ 318 —
Group 1l

1A (2) 321x79 — — 7,841+ 1,677

II' B (5) — 97.6+ 16.4 — 5,619+ 310

I1C(9) 28.4+9.2 214+ 37 — 7,235+ 510
All experiments (49) 24.8 3.1 (33) 142+ 16.8 (31) 2,085+ 131 (33) 6,806+ 393 (16)

Values of relaxation frequencies in groups | and Il are mearS8E (Hz). The number of experiments (n) is in parentheses.

counted for~93% of the static dc capacitance of the tissueseral solution N& with K™, which results in marked de-
Although there is considerable uncertainty in the absolutereases irR, and hencez, (Tang et al., 1985). The apical
values ofCy, owing to the uncertainty of the precise value membrane dc capacitance remained unchanged from control
of the series resistance, and although the absolute area afigt 1 h after basolateral membrane depolarization (Fig. 8).
thickness of the native apical membrane dielectric are unRelatively small and slow time-dependent changes in the
knOWn, it is of interest to note that with dielectric thick- Capacitive increments and relaxation frequencies were ob-
nessesd, in the range of 4060 A, the capacitance of aserved but were not correlated in time with a decrease in the
vacuum C,,g) would be in the range of 0.22-0.14/c magnitude ofZ,. No correlation existed between the capac-
and in tr_uilrange of the calculated valuesQjf (Ciac =  jtance spectra and the spontaneous values of the dc shunt
8.85- 10 *d, Farads/crf). o resistance R,), which ranged between 5.0 and 62.4

. Between groups, the papacmve incremEyvas greater kQ - cn?, and the capacitance spectra remained unchanged
in value thanC4,. averaging 0.88 0.0(.3.anq 0.29* 0.03 after needle puncture of the tissues to artificially decrease
wFent, respectively. When the capacitive increme@{sr the dc shunt resistance to low values less that)1: knv.

C; were present alone (groups IA and IB; groups 1A andConsequentIy, it was concluded that the observed relaxation

11B), their values were similar within groups. Whe}h and ttributable t iated with th
C, were present together in the same spectrum, there gprocesses Were atiriblrable jo processes associated with the
ical membranes of the epithelial cells.

peared to be an inverse relationship between the values i
C, andC, (Fig. 7).

To ensure that the higher frequency relaxation processes
did not arise from critical errors in estimation of the seriesgole-Cole power-law dependence
solution resistancdZ..4 was determined in the range of . o )
10-100 kHz. The values dZ,,..} extrapolated to infinite Most likely because of distribution of time constants asso-
frequency were found to approach C|ose|y those values dflated with a relaxation process, dielectric disperSionS ex-
R.,;measured in the absence of tissue. To ensure viability ofibit a power-law dependence that was first recognized by
the assumption for frog skins that the impedance of theCole and Cole (1941)y ranged between 0.5 and 1.0 among
basolateral membranes was negligible under the condition&ll relaxation processes and averaged (:70.03, 0.72+
of our transport-inhibited studies, basolateral membrane8.02, 0.76+ 0.02, and 0.95- 0.02 for thef,. . . f, relaxation
were depolarized within seconds by substitution of basolatprocesses, respectively.

TABLE 2 Contribution of capacitive increments to apical membrane capacitance

Static capacitances Capacitive increments
cde C. C, C, Cs C,
Group |
I A (16) 1.95+ 0.10 0.09+ 0.01 0.78x 0.09 — 1.08*+ 0.08 —
I B (11) 1.80+ 0.13 0.13+ 0.01 — 0.98+ 0.12 0.69+ 0.06 —
I C(6) 2.12+0.08 0.13+ 0.02 0.28+ 0.08 1.02+0.18 0.69+ 0.17 —
Group 1l
1A (2) 217=*0.21 0.16+ 0.07 1.53+ 0.25 — — 0.48+ 0.03
I B (5) 1.82+0.15 0.22+ 0.04 — 1.31*+ 0.13 — 0.28+ 0.05
I1C (9) 2.03x0.14 0.22+ 0.03 0.72+ 0.12 0.84+ 0.15 — 0.26+ 0.03
All experiments (49) 1.95 0.06 0.14+ 0.01 0.72+ 0.07 1.00+ 0.07 0.88+ 0.06 0.29+ 0.03

Values of capacitance ipF/cn? are means- SE. The number of observations is in parentheses.
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Fig. 10D, the C, capacitive increments (group Il tissues)
were generally quite small and did not increase significantly
with increases inCZ. Although the C, capacitive incre-
ments (group ) varied considerably among tissu&sdid

not change significantly with increases in the dc capaci-
tance. In contrast, and as indicated in Fig. A0and B,
increases i€ could be attributed to increases@ and/or

C,. Accordingly, the transport-related increases in static dc
capacitance were due principally to selective increases in
the very low frequency, and/orC, capacitive increments.

C, (uFlcm?)

DISCUSSION

Apical membrane electrical equivalent circuit and
a-dispersions

A: Group IC

| ' I ' L
0.0 0.5 1.0

0.0 -

1.5 ~ In view of the extensive literature documenting the exis-
tence of audio frequencw-dispersions in dielectrics, it
should not be surprising that a biological plasma membrane
like the native apical membrane of frog skin exhibits di-
electric relaxation phenomena. We found th&3% of the
static dc capacitance of this membrane was frequency de-
pendent, exhibiting multiple relaxation processes at low and
very low audio frequencies. Accordingly, the capacitance of
this membrane should be modeled as indicated in Fig. 11 as
the parallel sum of capacitive increments (Eq. 5) with time
constantsRC, = (2nf,)"* associated with each of the re-
0.0 - —_—— laxation processes. In contrast to the apical membrane re-
0.0 0.5 10 15 20 sistanceR, that represents the dc or ionic conductance of the
C, (pFlem?) epithelial Na~ channels, thaR of the dielectric relaxation
processes are ac resistances that contribute to the membrane
FIGURE 7 Inverse relationship between capacitive increméptand ~ resistance (or conductance) only at frequencies greater than
C; (O) in tissue groups ICA) and IIC @) summarized in Table 2. Shown zero. These resistances are referred to as ac resistances
?:'S‘(’ are thlfA’)“zsgé S(Er:u) oﬂéliﬁgéﬁﬂ‘iﬁﬁi fﬁggjégffﬁéﬁ)ni"g} ﬁg:' because the charges giving rise to the relaxations are con-
orlcg2 cagacitive incie%en{)s but not both in the same spectrgm. Straln_ed to motions within the dielectric and thus do m_)t
contribute to the dc conductance of the membrane. With
meanf; and C; taken from Tables 1 and & of the four
relaxation processes were calculated, which in sequence

Static dc capacitance varies with R,...R, were 8272, 1189, 84, and 76 - cn?.
short-circuit currents

1.0

C, (uFlem?)

B: Group IIC

The static dc capacitance was correlated with the short- . . .

circuit currents, which are a measure of the rate of Na Origin of relaxation processes

entry into the cells through their apical membranes (Fig. 9)In principle, theR; will depend upon the charge density and
Linear regression analysis of t@d° plotted as a function of mobility of the charges and/or dipoles within the dielectric,
the spontaneouk, indicated that dc capacitance increasedand so an equivalent volume resistivity)(can be calcu-
with a slope of 0.028+ 0.006 (SE)uF/uA and a zero lated. Assuming a maximum dielectric thicknedsdf 5 nm
current transport rate intercept of 1.480.12 (SE)uF/cn?.  and a uniform distribution of charges within the dielectric,
p; = R/d. In fact, we do not know how the charges are
distributed, and hence; may be larger than the values
summarized in Table 3 if membrane thickness is less than 5
nm. p; ranged between 0.16 and 17.80M cm among
Because the dc capacitance was correlated with the rate oflaxation processes approaching, at the lower frequency
Na“ transport, it was of interest to know which of the relaxation frequencies, the volume resistivities of 16—18
dielectric increments contributed to increases in the ddviQ) - cm distilled water, where at neutral pH charge den-
capacitance. To address this question, we plotted the capasities would be in the vicinity of 10" M at aqueous ionic
itive increments as a function of the static dc capacitancenobilities. Realistically, the mobilities of the dielectric
that ranged between 1.25 and 2#R/cn?. As indicated in  charges are expected to be considerably less than those of an

Contribution of capacitive increments to the
static dc capacitance
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Real C (wFlem?)

0.0 0.5 1.0 1.5 20
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FIGURE 8 Changes in complex capacitanCg after 1\
K *-depolarization of basolateral membranes. The control E \
spectrum [(J) consisted of two relaxation processes with -0.1 ] \ / \
relaxation frequencies of 19 Hz and 1.7 kHz. Spectra were - \ / \ 19 Hz
measured at 5-min intervals after"Kdepolarization ©) 1 \

] / N
and at 5, 15, 25, 40, and 60 min (shown in this figure)<~ -0.2 4 / Control JI/

Note absence of change of the dc capacitance and th\
relatively slow time-dependent changes in capacitancét

and phase angle at the higher audio frequencies. Rela~ 03 ]

tively small time-dependent increases in the absolut&i_)‘“
value of capacitancéCk, at 166.4 Hz &) and marked o2
time-dependent decreases at 1062 ly. ( S ] ,
= 4] K'-depolarized
1 (5, 15, 25, 40, 60 min)
] 60’
-0.5 -

aqueous environment, and charge densities would be scalédanes with or without adsorbed layers of proteins (Hanai et
upward by one or more orders of magnitude, but not to thal., 1964, 1965; White and Thompson, 1973). Proteins stud-
extent of reaching the molar range of concentration of theéed in aqueous solutions give rise adispersions at radio
lipids. Because the concentration of lipids within the bilayerfrequencies (Gabler, 1978, and references therein), so it is
and the charge densities associated with the relaxation pramlikely that loose protein loops or strands extending from
cesses are most likely different by several orders of magnithe surfaces of the lipid bilayers can account for ¢hdis-
tude, it may be inferred that either an extremely smallpersions of native plasma membranes. Because a large
quantity of charged lipids gives rise tedispersions, and/or variety of channels, transporters, and other proteins span the
that dispersions may arise from charges associated with thsilipid layers of plasma membranes, it is possible and seems
integral transmembrane proteins. likely that low-frequencya-dispersions may arise from di-
There are no definitive studies that permit unequivocalpoles associated with integral membrane-spanning proteins
speculation on the origin af-dispersions in native biolog- that are sensed by the electrical field within the membrane.
ical membranes. In this regarasdispersions have not been |t has also been pointed out, however, thatispersions can
observed in studies of planar neutral lipid bilayer mem-arise from translational and rotational movements of
charged proteins and lipids in vesicles and cells, where
unrestricted translation of the lipids and proteins within the
plane of the membrane can give rise to low and very low
audio frequency dielectric relaxations (Kell and Harris,
1985). It is also well appreciated that dielectric dispersions
can arise from charge movements within the membrane that
are associated with the gating mechanism of excitable chan-
nels in nerve membranes (Armstrong and Bezanilla, 1975).
There has, in fact, been relatively little study of low and
very low audio frequency dispersions in biological mem-
branes containing mixtures of proteins and lipids (see the
10 review by Kell and Harris, 1985) and none in epithelial
plasma membranes. Our experiments in frog skin are the
first of their kind to evaluate the-dispersions at the apical
05 Y1177 71171 membranes of these cells. Since completion of these exper-
0 5 10 15 20 25 30 35 40 iments, a-dispersions have been observed at apical mem-
I, (pAlcm®) branes of cell cultured A6 epithelia (Helman et al., 1995;
Liu et al., 1995), cell cultured pancreatic ducts (Mangino et
FIGURE 9 Relationship between short-circuit currdgd(and dc capac-  gl., 1992), and other native tight epithelia (S. I. Helman,
itanc_e among all tissues & 49). The linear regres_sion-(—) and the 99% unreported observations), so thatlispersions at the apical
confidence interval-{—) are shown. The slope is 0.028 0.006 (SE) . . L
wF/uA with zero current intercept 1.4& 0.12 (SE)uF/cn?. The 99% me_mbrane of frog s!<|n are not e_xc_:luswe_ to thI_S tlss_ue. An
confidence limits are 0.011 and 0.044F/uA for the slope and 1.17 and  Ultimate understanding of the origin ofdispersions is of
1.79 uF/cn? for the intercept. particular interest in knowing the interactions and arrange-

3.0 —

2.5 —|

N
o
|

C(pFlcm?)
&
| |
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FIGURE 10 Relationships between capacitive increments and the dc capacitance among tissues. Increases in dc capacitance are correlased with increa
in eitherC, (groups IA and IIA),C, (groups IB and 11B), oiIC, + C, (groups IC and IIC), as indicated landB. Values ofC, andC, are indicated by

solid and open circles, respectively,AnSolid thick lines are the slopes of the respective linear regressions, and thin lines are the 99% confidence interval,
where indicated. Confidence intervals are not showm\jrto preserve clarity. Neithe€; (C) nor C, (D) changed significantly with increases in dc
capacitance.

ments between the lipids and proteins and their interactionsapacitance at the frequency of measurement despite con-
with electrical fields, and the effect of these fields onstancy of the dc capacitance, capacitive increments, and
membrane transport and behavior. membrane area.

The existence ofx-dispersions imposes limitations and  We illustrate also in Fig. 13 andC, that capacitance per
complications in the design and interpretation of experi-unit planar area can change because of changes in dielectric
ments that use measurements of capacitance as a meandrafrements in the absence of change in actual membrane
assessing changes in membrane area. We refer in part to carrea. In Fig. 13A the changes i€ are due to changes in
own experiments, which were done to determine whethethe dielectric incremenC;", which is proportional to area,
inhibition of apical membrane Naentry by amiloride is unchanged. Similarly in Fig. 1€, C% is increased
caused a change in apical membrane capacitance. It wégcause of a selective increase in the dielectric increment
suggested that amiloride increasedAwayda et al., 1989). associated with th&C, relaxation process. The dielectric
We now believe that this suggestion is inconclusive, and wéncrement of theC, relaxation process is unchanged, as are
address this issue in the Appendix. the static capacitanc&s’ andC3, which are proportional to

To underscore the issues involved, we illustrate as showarea. When changes in area accompany changes in capaci-
in Fig. 12 for measurements made at a single frequency thaive increments, as illustrated in Fig. 1B,andD, the C
increases or decreases in relaxation frequency alone, whitthange together with th€“. Thus, despite a more exten-
all other factors remain the same, give rise to changes isive description of the relaxation processes at audio and
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FIGURE 11 Electrical equivalent circuit of apical membraRgis the 0 :
dc ionic resistance to Nacurrent through epithelial Nachannels that are N B L DR IR B IR
principally amiloride sensitive and some (a few percent) that are amiloride- 10 10" 102 10% 104 108 108
insensitiveR,. . . R are the ac resistances of the relaxation processes with Frequency (Hz)

capacitive increment§,. . . C;. Time constants of the relaxation processes

arer; = RC, = (2nf) " C7"is the static capacitance associated with the £ uRe 12 When capacitance is measured at a single frequency in the

a-relaxation processes at> f;. frequency-sensitive range of a relaxation process, changes of capacitance
will occur due to changes of relaxation frequency in the absence of change
of dc capacitance, capacitive increments and membrane area. For purpose

higher frequencies as revealed by dielectric spectroscopyf illustration, the solid line indicates a relaxation process with absolute

the general problem remains, namely, understanding th@lpacit_ance that varies_between one and five units (diele_ctric increment of

origin of changes in capacitance, which are due to Changef%ur units) and a relaxation frequency of 500 Hz. If relaxation frequgncy of

. . . L of the process decreases to 100 Hz or increases to 2.5 kHz, as indicated by

in either area and/or dielectric increments, where the Iattetrhe dashed lines, and capacitance is measured at a constant frequency, then

can be altered, for example, by phosphorylation of mem-capacitance will decrease or increase as illustrated at a single frequency of

brane proteins or lipids or other chemical reactions that d&00 Hz despite constancy 6, C;; and the dielectric increment.

not involve changes in area. We know of no absolute or

unequivocal procedure to make this assessment based on

capacitance measurements in the audio frequency spectrufff, al-, 1989; Almeida et al., 1992), it will be of interest to

because changes in dielectric increments at higher tha@xa@mine other epithelial plasma membranes to characterize

audio frequency relaxation processes would result irtheir a-dispersions and to determine how best to differen-

changes in capacitance at audio frequencies indistinguisfiate between changes of capacitance due to changes in

able from those due to changes in membrane area. Consglembrane area and changes in dielectric increments.

quently, it is not possible to know unequivocally whether

V(_esicle trafficking involving membrane insertiqn and ré- APPENDIX

trieval at the apical membranes of the cells is operative

based solely on changes of capacitance. The behavior of tifealculation of capacitance assuming frequency-

dc capacitance and indeed the capacitance at any frequentydependent dielectrics

in the ranges of- and B-dispersions may in fact be uncor- If apical and basolateral membrane capacitances are assumed to be fre-

related with changes in membrane area. quency independent, the time constants of these membranes-arg,C,

It remains of particular interest to know the origin of the and 7, = R,C,, respectively. ApicalZ;) and basolateralz;) membrane
audio frequency relaxation processes because, as in frdgredances are then

skin, they dominate in determining the membrane capaci- R,

tance. In the absence of more detailed information of the Z.= W (7)
content and organization of specific membrane lipids, gly- jo

colipids, and integral and surface proteins, and recognizing R,

that biological membranes exhibit a great deal of membrane =717 (oRC)E (8)

heterogeneity (Jacobson, 1983; Curtain et al., 1988; Sweet

and Schroeder, 1988; van Meer and Simons, 1988; Tocannénder ideal conditions whereis zero, Nyquist plots of,, or Z, alone give
ideal semicircles, where the time constants can be evaluated from the
frequency at the apex of the semicircles. Becafisin series withz,, is

TABLE 3 R{° and p, of relaxation processes paralieled by the shunt resistanég,

Relaxation process f, (Hz) R (Q - cmP) p (MQ - cm) Z R, = (Z.+ Zb)Rp )
eas er
f, 24.8 8,018 17.8 Zyt 24, +Re
f2 142 1121 2.2 If m, < 7, a Nyquist plot ofZ,,..Will reflect the existence of two ideal
f3 2,085 86.8 0.17 semicircles (shunted bR)). This is illustrated in Fig. 14A for a control
f, 6,806 80.7 0.16 Bo): 9:

tissue in its Na-transporting state before inhibition of Naransport by
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FIGURE 13 Changes in complex capacitance can oc-
cur because of changes in membrane area and/or
changes in dielectric increment#) (A single relaxation
process thick solid ling where, in the absence of
change in membrane area, the dc capacitance can either
increase or decrease because of change in the dielectrqu
increment without a change in the static capacitance, o
Cr". If changes in the dielectric increment are accompa- g
nied by a change in membrane areZ; must also
change as indicated . (C) Two relaxation processes
(thick solid ling, where the dc capacitance increases
because of a selective increase in ¢ dielectric
increment, with no change in tit®, dielectric increment

or the static capacitancés; and C3. In this case the *(‘_)
membrane area is unchanged. If the change inGhe o
dielectric increment is associated with an increase in g
membrane area, then as indicatedirthe static capac- ™
itancesC; andC7 increase together with the dc capac-
itance.

amiloride and Na-free apical solution. The measured dc resistaREg ()
was near 311@) - cn? in this tissue and averaged 3971- cn? in 23

tissues (Table 4), where

Biophysical Journal Volume 76 January 1999

Real C* Real C*

de
C /-OO - C —_— dc

] J \ l

After inhibition of transportRdc,, .= R, + Ry increased to a mean value
of 23,599() - cn?, as was illustrated in Fig. 4 and here again in FigB14

At frequencies less than 50 Hz, the impedance vectors of transport-
inhibited tissues conformed to depressed semicircles—(&) < 1) as

. (Ry+ R)R, noted above, indicating nonideal behavior of the impedance of the apical
erneas: R.+ R, + Rp + Rl (10) membrane of the cells. This was also the case for-Nansporting tissues.
2 2
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FIGURE 14 Representative example of impedance of isolated epithelium of frog skin measured ifritatémorting ) and transport-inhibited states

(B). (A) The impedance vectors were fit at limited bandwidth to Eq. 8 at frequencies between 0.9 and 269 Hz to resolve the apical and basolateral membrane
resistances and capacitances (assuming frequency-independent capacitances). Shunt rBsista8ic.e (2 - cn?) was determined after transport was
completely inhibited ). The semicircles representing apical and basolateral membrane impedances were depresagd=((193), and the frequencies

at the apex of the depressed semicircles were 46 and 2.4 Hz, resped®yatlyd R, were near 2253 and 984 - cn. Small improvements of the fit at

lower frequencies could be made by further reducing the bandwidth. The extrapolated values of the fitted curves to the real axis at infinitg Rgguency

Table 4) markedly overestimated tRe,. (C) Complex capacitance of apical membrane exhibiting three relaxation processes. Capacitance vectors at 1.9
and 46 Hz correspond to the frequencies at which apical membrane capacitance was calculated in the transport-inhibited and transportiegistates of th
respectively. D) Dependence of absolute magnitude of the apical membrane complex capacitance on frequency. The intersections of the dashed lines
indicate the magnitudes of capacitance at 1.9 and 46 Hz.
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TABLE 4 Calculations of apical and basolateral membrane capacitance assuming frequency independence

Tissue REE (Q-cm) R (Q-cm?) R, (Q-cmd)  C,(uFlcmd R, (Q-cm?)  C, (uF/cr) 1-
Na*-transporting tissues 3,971+ 285 106+ 8 3,803+ 386 1.52+ 0.058 1,211+ 109 68.5+ 6.2 0.915+ 0.006
(n = 23)
Transport-inhibited tissues 23,599+ 2,616 405+ 31 0 1.84+ 0.066 — — 0.945+ 0.003
(n = 33)

Values are means SE.

Nonlinear curve fits of the impedance vectors to Eq. 8 at bandwidths less A similar argument would pertain to the case where, for example, the
than a few hundred hertz gave values of X that averaged 0.915 for the shunt resistance changes in the absence of any change in resistance and
Na*-transporting state of the tissues and 0.945 for the transport-inhibite¢tapacitance at apical and basolateral membranes of the cells that would

state of the tissues (Table 4, andR, averaged 3803 and 1211 - cn?, lead to a change in the time constants and characteristic frequencies at
yielding a fractional transcellular resistanié®, = R/(R, + R,) of 0.758, which capacitance is calculated. We have found this pitfall to be pertinent
which is fairly typical of those reported previously for the Naansport- in our own studies of frog skin, underscoring the need to evaluate the

ing state of the tissues (Helman and Fisher, 1977; Fisher et al., 1980ielectric properties of native plasma membranes for the existence of
Helman and Thompson, 198%), andC, averaged 1.52 and 688/cn?. a-dispersions.
In the transport-inhibited stat€,, averaged 1.84F/cn?, suggesting that
apical membrane capacitance is increased by inhibition of &fdry at the
apical membranes of the cells (Awayda et al., 1989). We gratefully acknowledge financial support from the University of Illi-
Taken at face value, the values of capacitance calculated above wouldois at Urbana-Champaign Campus Research Board to SIH and National
seem reasonable and are in the range expected for the epithelium of fragstitutes of Health DK 30824 to SIH. MSA received support from Na-
skin, where because of the functional electrical coupling of the multicel-tional Institutes of Health training grant GM 7143 while a graduate student
lular layers of basolateral membran&, is expected to be considerably and doctoral candidate in the Department of Physiology and Biophysics at
larger tharC,. Recognizing that the contribution Gf, to the impedance is  the University of lllinois. SIH received fellowship support from the Katho-
dominant at the lowest frequencies of a few hertz, @eso calculated lieke Universiteit Leuven Research Council during the summer of 1990
should closely approach the dc capacitance of the basolateral membrangsile collaborating in research on this project in Leuven, Belgium, with W.
(Cd9), provided that dielectric dispersions at basolateral membranes exist atan Driessche.
much higher frequencies, as they do at the apical membranes. Because the
impedance of the basolateral membranes becomes insignificant relative to
the impedance of the apical membranes at higher frequencies, it remarREFERENCES
impossible at present to know if basolateral membranes exhithi¢lectric
dispersions. Accordingly, it also remains impossible to know whetherapramcheck, F. J., W. Van Driessche, and S. I. Helman. 1985. Autoreg-
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it must be recalled that, are calculated assuming frequency independenceAwayda M. S., and S. I. Helman. 1990. Absence of change of apical
and in a range of frequency where our analysis indicated the existence of membrane capacitance with forskolin stimulation of Na transport in frog
large a-dispersions. For the experiment shown in Fig. 14, the frequency at skin. FASEB J.4:A550 (Abstr.).

the apex of the apical membrane depressed semicircle was 46 Hz in tr)@wayda, M. S., and S. I. Helman. 1992. Naransport related changes
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