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Abstract. Epithelial cells of toad Bufo bufg skin were  patches being active, generally, contained more than a
isolated by treatments of the epidermis with collagenaseingle active channel. Thus, for the above three types of
and trypsin. CI channels in the basolateral membraneresolvable channels, the mean number of active channels
from soma or neck of mitochondria-rich cells were stud-per patch amounted to 2.1, 1.4, and 2.0, respectively.
ied in cell-attached and excised inside-out configura-This observation, like the finding of few patches with
tions. Of a total of 87 sealed patches only 28 (32%) wereseveral unresolvable channels, indicates that electrically
electrically active, and in these we identified four differ- active CI' channels are organized in clusters.

ent types of CI channels. The two major populations

constituted Ohmic Cl channels with limiting conduc- Key words: Patch clamp — Noise analysis — Clusters

tance /125129 of 10 pS and 30 pS, respectively. A ot C|- channels — Unresolvable Cthannels
much rarer 150 pS Ohmic Cthannel was also charac-

terized. Fromi/V relationships of individual channels

the following Goldman-Hodgkin-Katz permeabilities |ytroduction
were calculated, 2.2 (+0.1) x ¥, 5.7 (0.7) x 10%,
and 32 (+2) x 10 cm?/sec, for the 10, 30 and 150 pS _ _ » _
CI” channels, respectively. The 30 pS channel was acl "€ major CT conductive pathway of the amphibian skin
tivated by hyperpolarization. The gating kinetics of the IS controlled by the transepithelial potential (Larsen &

150 pS channel was complex with burstlike C|0$ureSKristensen, 1978), the externalGloncentration (Harck

e ; ; & Larsen, 1986), and the intracellular cAMP concentra-
within openings of long duration. The fourth type of CI © . '
channel was studied in patches generating ‘noisy curlion (Willumsen, Vestergaard & Larsen, 1992). It ap-

rents’ with no discrete single-channel events, but withP€a'S to be located .to mitochondria-rich (MB:eIIs
vanishing fluctuations at pipette potentials nezy,  (YoUte & Meier, 1978; Foskett & Ussing, 1986; Kalz &

; : : heffey, 1986; Willumsen & Larsen, 1986; Larsen
Noise analysis revealed a power spectrum with cutoffSeh¢ ' o ) ' PR
frequencies of 1.2 and 13 Hz, indicating that resolutionoSSINg & Spréngi('l%r:_, Larﬁen & Harve%/, 1994; IRKl;k
of kinetic steps was limited by small channel currentslggs')' In toad skin, this cell type contributes only by
rather than fast channel gating. From the backgroung_‘r’/0 to the_total epithelial surfz_;\ce area suggesting a
noise level we estimated the channel conductance to 'Y !arge anion conductance Of Its pIa;m_a_membranes.
less than 1.7 pS. Despite the fact that the majority of hus, measured Clcurrents carried by individual cells

atches did not contain electrically active @©hannels, (Foskett & Ussing', 1986) or an ensemble of cells of
P y known number (Willumsen & Larsen, 1986), lead to the

conclusion that the apical membrane of MR cells ranks
among the most conductive membranes known compa-
rable to, e.g., chloride cells of teleost gill (Foskett et al.,
1 Abbreviations: MR cell, mitochondria-rich cell; GHK, Goldman- 1983)’ human sweat du_Ct (Bljman & mm,er’ 1986)’ and
Hodgkin-Katz; CFTR, cystic fibrosis transmembrane conductancethe nodes of froQ mye“nated axons (H'"e! 1984)- Also
regulator; MDCK cells, Madin-Darby canine kidney cells; PKA, at very low, freshwater-like external Ctoncentrations,
cAMP-dependent protein kinase A. when uptake of Clis an active process (Krogh, 1937),
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the MR cells constitute the transepithelial pathway forconstituted 1:1000 or less of the total cell number which ranged from

the CI fluxes (Larsen, Willumsen & Christofferson nil to CLC® cells/ml with 10 cells/ml as the representative order of

1992, Jensen et al., 1997). The uptake of, @hether ~Magnitude.

passive or active, necessarily encounter two transport

barriers, namely the apical and the basolateral memparcy-Cramp TECHNIQUE

branes of the mitochondria-rich cells. Although the area

of the basolateral membrane is larger than that of theatch pipettes were pulled from borosilicate glass tubes with an internal

apical membrane, a high Tpermeability of the baso- filament (CG150F-15, Clark Electromedical Instruments, Reading,

lateral MR cell membrane is still to be expected. Due toUK) on a horizontal DMZ-puller (Zeitz Instruments, Augsburg,

the relative inaccessibility of the MR cells in the intact Ger_many)_. After flre_ polishing, the pipette was backfilled with the

amphibian skin, however, conventional microelectrode’€Sired pipetie solution and mounted on the headstage of the patch-
hni b lied for i . . ducti clamp amplifier. When filled with ‘modified Ringer’ the resistance

tec nlqpe CannOt, e.app ied tor _InveStlgatmg con UC“Y%f the patch pipette was 5-MI). The tip diameter was approximately

properties of the individual barrle_rs_, and little has until 1 ,m, seeFig. 1A. A sample of cells was suspended in 1-2 ml ‘modi-

recently been revealed about individual membrane profied Ringer in a 4-cm Petri dish (Nunc, Roskilde, Denmark) and

teins responsible for translocation of Gbns across the positioned on the stage of an inverted microscope (Nikon Diaphot 300,

cell membranes. Tokyo, Japan) placed on an anti-vibration table (Newport, Irvine, CA)
A previous study of whole cell currents confirmed inside a Faraday cage. After settling on the bottom of the Petri dish,

. - he cell i | ificati 100). Wh
that toad skin MR cells expresses a significarit &in- the cells were inspected under low magnification (x100) en an

MR cell had been identified by its distinct flasklike appearance (Fig.
ductance (Larsen & Harvey, 1994)' A more reCemlB) the magnification was increased to 400x using a 40x Hofman

patch-clamp study identified Clchannels in the apical Modulation objective (HMC 40 LWD, Modulation Optics, Greenvale,
membranes of isolated MR cells (Sgrensen & LarsenNy) with 2.4-mm working distance. Under microscopic inspection
1996). Here, we present a study of the anion channelthe tip of the patch pipette was positioned withinz® from the MR
supposed to be involved in the subsequent translocatio??” by a manual micr_omanipulator. ‘Subsequently, the tip of the patch
of CI™ across the basolateral membrane. Parts of thgpette was brought into contact with the basolateral MR cell mem-

. . rane (Fig. B) by a remote controlled 3-axis piezo-electric microma-
study have been presented as brief reports (Willumsen ipulator (Burleigh PCS-250, Fishers, NY) with a working distance of

Larsen, 1995; Larsen et al., 1995; Willumsen & Larsen,zg um. After contact, a slight negative hydrostatic pressure (~10 to

1996). -40 mP) was applied to the pipette to facilitate gigaseal formation.
Pipette hydrostatic pressure was monitored by a digital manometer
(500PL Eirelec, Dundalk, Ireland). Gigaseals, typically with a resis-

Materials and Methods tance of 10-60 @, were obtained in approximately 5% of all attempts.
Furthermore, patches were often short-lived lasting for less than 10
min. All experiments were carried out at room temperature (20—23°C),

PREPARATION OF ISOLATED MITOCHONDRIA-RICH CELLS and channels were studied in cell-attached and excised inside-out con-
figurations.
Toads Bufo bufg were maintained at room temperature with access To record single-channel currents we used an RK-400 (Biologic,

to a pool of tap water and meal worms. To increase the density ofClaix, France) patch-clamp amplifier furnished with a 10 @edback

MR cells, five to seven days prior to the experiment the toads were€sistor in the headstage (gain 100 or 200 mV/pA). Patch currents were
transferred to either distilled water or 100MnNaNQ, (Willumsen ~ monitored on an oscilloscope (VC-6023, Hitachi Denshi, Tokyo, Ja-
& Larsen, 1986; Katz & Gabbay, 1988). This treatment resulted inPan) and recorded on digital tape with 40 kHz bandwidth (Biologic
a significantly higher yield of MR cells in the final preparation as DTR 1204). For analysis, currents were played back, low-pass filtered
compared to preparations from untreated animals. After decapitatiofdt 100-500 Hz by an 8-pole Bessel filter (Frequency Devices 901,
and pithing, the skin was dissected free and the MR cell preparatiodiaverhil, MA), and digitized at a rate of 1 or 2 kHz by a CED
was obtained according to Larsen and Harvey (1994). In brief, thel40Iplus interface (Cambridge Electronic Design, Cambridge, UK).
epithelium was gently isolated from the underlying dermis after2 ~ For controlling clamping voltage and for digitizing and analyzing
hr serosal exposure to 2 mg/ml collagenase (cat. no. 103568, Boetlamping currents, the CED patch- and voltage clamp software (Ver-
hringer-Mannheim GmbH, Mannheim, Germany) in toad Ringer's Sion 6.2, Cambridge Electronic Design) was used.

solution. The isolated epithelium was subsequently transferred to 2

mg/ml Collagenase Al (C9891, Sigma, St. Louis, MO) in toad Ringer.

After 1 hr the isolated epithelium was washed twice if Glaee Ringer ~ SOLUTIONS

and transferred to 0.1 mg/ml trypsin (17072-018, Trypsin 1;250

USP grade, Life Technologies Ltd. Paisley, UK) for 3 min. The last Standard Ringer (used for cell isolation) contained (in)nl16 N&,
mentioned procedure was repeated 5-10 times yielding sequentia8.7 K*, 1 C&*, 118.7 CTI, 4 SG~, 3 acetate, 11 glucose, 8 Tris (pH
fractions of isolated epithelial cells. Each fraction was washed for 27.4). C&*-free Ringer (used for cell isolation): 116 Na3.7 K", 1

min in C&*-free Ringer, centrifuged at 800-900 rpm for 5 min, and C&*, 116.7 CT, 4 SG&, 3 acetate, 11 glucose, 10 EGTA, 8 Tris (pH
subsequently resuspended in 1-ml ‘modified Ringer’. At this point the = 7.4), ‘Modified Ringer’ (used for cell isolation, as bath, and as
cells were ready for use. Generally, fractions 1-2 contained mostlypipette solution): 116 Na 3.7 K*, 4 C&*, 124.7 CI, 4 SG;, 3 acetate,
small spherical cells, typical of the stratum germinativum. The later11 glucose, 8 Tris (pH= 7.2). ‘Low CI” high K* Ringer’ (used as
fractions contained a mixture of cell types including a large number ofpipette solution): 119.7 K 4 C&*, 41.6 CrI, 83.1 gluconate, 4 SP,

flat polygonal cells from the stratum corneum. Typically, the highest 3 acetate, 11 glucose, 8 Tris (pH 7.4). The composition of the latter
yield of MR cells was found in fractions 5-8. MR cells generally solution was chosen to facilitate identification of the ion species being
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translocated through a channel. Thus with this solution in the pipettd
and ‘modified Ringer’ in the bath, equilibrium potentials (bath relative
to pipette) should amount toget —87.6 and 27.6 mV for Na K* and
CI, respectively, for excised inside-out patches.

In some experiments, 1wBa2* was added to the bath solution
to abolish the activity of basolateral"kchannels.

SINGLE-CHANNEL CURRENTS AND CONDUCTANCES

The current through single Ckhannels i) was found to obey the
Goldman-Hodgkin-Katz (GHK) current equation (Goldman, 1943;
Hodgkin & Katz, 1949):

[Cl"]o —[Cl ] - exp—{ - Viw)

=P PV T T Vi

(@)

wherePg, is the permeability coefficientdl"], the CI' concentration
in the pipette, [Cl]. the CI' concentration in the cell (cell-attached
configuration) or in the bath (excised inside-out configuratidfy) the
membrane potential (referenced to the pipette potentigk; ¥,), and

{ = FIRT = 39.36 C/J (at 23°C) wherg, R,and T have their usual
meanings. Recorded patch currents were fitted by the GHK equatior
using the following expression for,,, (Neher, 1992):

Vi = =V, + V + )
whereV, is the pipette potential measured relative to the bath € ol
W), i.e., the clamp potential measured relative to the zero-current
potential obtained by nulling external potential-offsets prior to the ex-
periment,V, is the spontaneous membrane potentigl € ¥, zero for
inside-out patches), ang, is the liquid junction potential caused by
electrolyte concentration gradients between electrodes and external m
dium (cytoplasm or bath)Vj is indicated as bath potential relative to
pipette, and is zero for excised inside-out patches exposed to symmetr
cal solutions. The value of; with ‘modified Ringer’ outside and ‘low
CI™ high K* Ringer’ in the pipette was calculated according to Barry
and Lynch (1991)V; = 7.5 mV.

According to Eq. 1j, would exhibit outward rectification when
[CIT]. < [CIT], which is the case in cell-attached patches with ‘modified §&
Ringer’ in the patch pipette. In the case of excised inside-out patche!
studied with ‘low CI" high K™ Ringer’ in the pipette, [C]. > [CIT],, '
and inward rectification is, therefore, expected.

The single-channel (integral) conductangeyas calculated from
the equation (Finkelstein & Mauro, 1963):

[ClI],~[CI 7], - exp—L - V)

(1-exp—L - V) [ T T e o g WA

|n<exp(-c-V)[Cr]c> X A Y g
™, : ‘

'Y=F'§2'PC|'Vm‘

To compare conductances determined with 125 and 42011 in the
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pipette, the conductance obtained with [g[CI™], = 125/42 nu was
converted into the limiting conductance, §s,,,9 by the equation:
Yerc = F - { - Pg - [CI7] (4)
whereP¢, was obtained from the GHK-fit, and [l = 125 mv. At the
equilibrium potential for Cl (E¢), the conductancey(,) was calcu-
lated from the equation:

[Cl'],-[Cl']

[CI'],-[CI"]e ©

'quz_F":z'PcrEcr

Fig. 1. (A) Scanning electron micrograph of patch pipette tip. Bar
indicates 500 nm.B). Patch pipette in contact with the basolateral
membrane of an isolated mitochondria-rich cell. Bar indicatep.@5

(C) Transection of toad skin epidermis containing three MR cells (ar-
rows) interspersed between dark-colored principal cells. Bar indicates
50 pm. (Courtesy Dr. P.E. Budtz).

The single-channel slope conductanggg,y in the point {/,,ic)) was
calculated from the equation (Willumsen & Boucher, 1989):

oy, ppp oy, (O[O

Vslapezv_m ' cosh( - Vo) -1 (6)
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The open-state probability?() was determined from the fitted Gaus- from which the mean open dwell-time can be calculated by:
sian distributions of the single-channel currents by the equation:
T

1

N N T =T _ 5
. 1 . open 1 - P, (11B)
=1

obs  j=1

Po=1g

obs

whereN,,.is the maximal number of active channels observed in theRe€suUIts
patch at any time or potentidl is the number of channels observed in
the recording considered (i.e.,. <L N < N9, P; is the probability of ~ The isolated MR cells were easily identified due to their
 channels being open at a time, aiyds the relative area under thith —characteristic flasklike appearance which was main-
Gaussian curve (supposing that the Gagss'f’",‘ curve corresponding {Qineq after the isolation. Channel activity was demon-
the all-channels-closed state is designatgds ‘0). .
strated in 28 out of 87 basolateral membrane patches
(‘active patches’) which were obtained either from the
ANALYSIS OF VARIANCE AND SPECTRAL DENSITY OF soma \ = 56) or from the neck regionN = 31) of
STATIONARY CURRENT FLUCTUATIONS isolated MR cells. However, due to rundown or short
_ _ _ _gigaseal lifetime, only data from 23 patches were con-
Analy5|s of fluctuations c_)f currents with no resolvable channel tran5|-sidered suitable for detailed analysis. Twenty one active
tions were performed with the SPAN program (J. Dempster, Strath- . T
clyde Electrophysiology, Glasgow, UK). Currents which were stored patches contained a grand total of 36 |nd|\{|dual, re$0|v_
on the digital tape recorder (single-channel recording mode, @ G able CI' channels. Eleven pat.CheS contained a S'”Q'e
feed-back resistor, 50 mV/pA; bandwidth 40 kHz) were low-pass fil- channel, four patches contained two channels, five
tered at,f, = 500 Hz (-3 dB, eight-pole Bessel), further amplified patches contained three channels, and a single patch con
(gain x10), and digitized at 1-msec intervals. The spectrum of currentgined four channels.

fluctuations covering afr.equency range of0.244—509 Hz (F[D_j.v_&as Clearly, the channels detected did not belong to a
calculate_d by a 409§-p0|nt§ fast Fou_ner transformation multiplied py Zsingle common class, but exhibited distinct heterogene—
10% cosinus bell window time function. Each spectrum was obtaine

by averaging such 4-5 individually transformed records of a continu-'ty' Figure 2 presents data from an exusgd 'n3|qe'0u_t
ous stationary current segmeit, feld constant, total length of current basolateral membrane patch exposed to bilateral ‘modi-

segment[R0 sec). Lorentzian function§(), were fitted to the cal-  fied Ringer’ solutions. Single-channel currents are de-
culated spectrum using the Levenberg-Marquardt nonlinear leastpicted against Vp which in this configuration equals the
square routine: membrane potential. Obviously, the patch contained
more than a single Clchannel type, and based on the
:i2 8  slopes of theic/-V, relations three types of channels
1+ (fke) could be identified with single-channel conductances of
where S is the low-frequency asymptote with the corner frequency 8.3, _22'2’ and 34.3 pS, respectlvely. Note that the_ Inter-
defined by,S(fc) = %S, mediate 22.2 pS channel was observed at negatie -
The mean currenti used for calculation of the variance of the Vvalues, only. Original current traces recorded at pipette
fluctuations ¢*) was obtained by simultaneous sampling and digitizing potentials of 60 and —80 mV are shown in the middle
of the low-pass filtered signal (as above) through a DC-coupled chanpane|5 of Fig. 2, and the bottom panels illustrate distinct
nel (gain x1). Thus, for each record, Gaussian distributions of the recorded patch currents.

s

o -1 i(f- ip)? (©)
n-14" SMALL CHLORIDE CHANNELS

where,i; is the value of a discrete digitized current point, anthe In studies with ‘modified Ringer’ or ‘low Cl high K*

number of sampled current points in the record. With a sampling in'Ringer’ in the patch pipette, a small, linear channel of

terval of 1 msec and a time record length of 1024 meese, 1024. The approximately 10 8%1 E 4) was most often

estimate ofs? (Fig. 7A—C) was obtained as the mean + standard error PP y P>Yazsi12s EQ- :

of the mean ¢ew) of 17—18 records. encountered. The 10 pS'Gthannel was detected in 10
The contribution of individual Lorentzian components to the total Patches containing a grand total of 20 channels. The

variance of current fluctuations (Table 1) was obtained by integrationnumber of channels per active patch varied from 1 to 3

of the Lorentzian function, with a mean of 2.0 + 0.3. Eight channel-containing
patches were obtained from the soma region, and one

Gzzj‘:izdf:ym.fc.% @ao) from the neck region. The 10 pS channel, which was
1+(fo) active at positive as well as negative pipette potentials,

I . was characterized by a linegs/-V, relation when ex-
The relaxation time constants of the current fluctuations were calcu- . . oo P , . .
lated according to: posed to symmetrical ‘modified Ringer’ solutions as il-
lustrated in Fig. 2 in an experiment with an excised in-
1 side-out patch. In Fig. 3 are shown results from an ex-

2w, (11A)  periment in which the pipette solution had been reduced
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i (pA)
Exp 080595AB 3 -
Excised inside—out patch
[Crrl, =I[CIM], = 1256 mM

¥ = 22.2 pS
7Yy=343pS W -3 -
-V, = =60 mV -V, = 80 mV

4 sec

Large+Small Baseline

8004 Medium 600
LS <
by Baseline o Mean sd
4 Mean  sd 2 500 Baseline 0.000£0.175
© 600+ Baseline 0.000£0.085 = Small -0.61010.183
© Medium 1.465+0.191 © 400 Large+Smatt ~3.460+0.318
~ 2xMedium 2.455:0.200 ~
“ . @
€ 400 Large+Medium 3.505+0.250 € 300
] °©
o e Small
5 5 200
o 200+ 2x  Large+ E
o - B
€ Medium Medium £ 100
E} ]
z z

[l T T T T 1 T 0 - T T T T T T T T
-1 o 1 2 3 4 5 -5 -4 -3 -2 - 0 1 2 3
Current (pA} Current (pA)

Fig. 2. Excised inside-out recordings from a basolateral membrane patch on a mitochondria-rich cell. ‘Modified Ringer=([C25 nv) was

used as pipette- and bath solutions. The figure illustrates the heterogeneity of ttlea@hels observed. In the upper panel is presented 3 linear
ic/-V, relations with slopes ofy = 8.3, 22.2, and 34.3 pS, respectively. Recorded currents are depicted as a function of the negative pipe
potential (-V,). Middle panel depicts original single-channel recordings (positive currents downward). The closed level is denoted ‘'C". The low
panel shows the distributions of the currents depicted in the middle panel with lines indicating Gaussian fits with means and SDs listed.

to 42 mm CI". In this case the single-channel currentwithin, 10 mV < -V, < 20 mV, i.e., closer to the equi-
exhibited a marked outward rectification and th¢-V,  librium potential for CT, E¢; = +27.5 mV, than to that
relation could be fitted by the GHK equation (Eq. 1). of K*, Ex = —-87.6 mV. The single-channel conduc-
In the interval, =100 mV <V, < 100 mV,ygpeVvaried  tance ranged from 8.3 to 13.4 pS, and the mean conduc-
from 8.8 to 3.4 pS, and at the reversal potential the contance {y,,5,1,9 Obtained for this Clchannel amounted to
ductance wasy,., = 6.3 pS. The reversal potential was 10.5 + 0.6 pS, with a meaR, of 2.2 (x0.1) - 10™*
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Ysiope=3.4 PS
\

ox |
7|Iope=8'8 ps -1

1000 ms

=V, (mVv)
Yrev=6.3 pS

Po = 1.94:10" cm’/s
Y125/12s = 9.3 pS

Fig. 3. Single-channel currents recorded from a
excised inside-out patch from the basolateral
membrane containing a single small"@hannel.
Patch pipette solution contained 42/n€I™ and
the bath solution contained 125wnCI™. The full
line is the best GHK fit (Eq. 1) which was
obtained withP¢, = 1.94 x 10%* cmf/sec, which
translates into &;,s5/,,5(Eq. 4) of 9.3 pS. Lower
panel shows 11 original single-channel current
records at potentials {4) ranging from -100 to
100 mVv.

-V, = =100 mV

cm/sec (mean #sem, N = 10). The lack of any effect at various pipette potentials are shown in the lower pan-
of 1 mm Ba?* added to the bathnpt show) served els of Fig. 4. From the GHK-fit we obtained a single-
to support the conclusion that this channel was not ahannel permeabilityp., = 8.7 x 10 cm®/sec, and the
basolateral K channel. The activity of the channel was following estimates of cellular parameters: [{zl= 18.0

not affected by negative hydrostatic pressure in the pimm, andV, = -30.5 mV. Subsequently, the patch was
pette (range tested: 0 to —40 miyt show). The 10 pS  excised and studied in the inside-out configuration. The
CI” channel was active at both negative and positiVg,—  result is shown in Fig. 5. Following excision, the curva-
and the open-state probability?y) typically amounted ture of theio/-V, relation reversed and the reversal po-

p

0.5 without any significant voltage-dependence. tential shifted polarity, approaching the equilibrium po-

INTERMEDIATE CHLORIDE CHANNELS

tential for CI'. The optimal GHK-fit was obtained for
Po = 5.9 x 10 pS, corresponding t9;,5/1,5= 28 pS
andy,, = 15.2 pS. Inthe interval, =100 mV 4 < 80

Also a larger,[30 pS CI channel was regularly ob- mV, g, decreased from 26.5 to 11.1 pS.

served. Fig. 4 depicts thig,/-V,, relation obtained in a The 30 pS channel was detected in 9 patches con-
cell-attached patch with ‘low Clhigh K" Ringer as taining a total of 13 copies of the channel. The number
pipette solution, and examples of patch currents recordedf channels per patch varied from 1 to 4 with a mean of
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i (pA)

Exp 220695AD
V, = -305 mV
[CI), = 18.0 mM o
Pey = 8.7-107"* cm¥/s -1

80
=V, (mV)
L -1
=Vp = +60 mV
-Vp = =20 mV
-C
-Vp = -40 mV

| 1 i " c
-Vp = +40 mV

—Vp = +20 mV

Fig. 4. Cell-attached recordings from a patch
containing two intermediate Ckhannels. Pipette
solution contained 42 m Cl. The best GHK fit
< was obtained withV, = -30.5 mV, [CI], = 18
gL mm, andP., = 8.7 x 10 cm®/sec. Lower panel
1000 ms presents digitized single-channel current traces.

1.4 £ 0.3. Four channel-containing patches were obage-dependence of the channel activity is illustrated in

tained from MR cell soma region and two from the neckFig. 6. Typically, P, varied between 0.5-0.8 at large

region. The conductancey{(,s/1,9 Of the intermediate negative v, values and 0-0.2 at positive/; values.

CI” channel ranged from 22.2 to 34.9 pS with a mean

Value Of 30.6+1.4 pg\{ = 8) The meaIPO amounted LARGE CHLORIDE CHANNELS

to 5.7 (¥0.7) - 10 cm®/sec. Like the small channel,

neither was the activity of the 30 pS channel affected byin two cell-attached patches four very large channels

lowering of the hydrostatic pressure in the pipettet( were observed. Théc/-V, relation for this type of

shown). channel, obtained in cell-attached patch configuration
Generally, the 30 pS Clchannels studied appeared with ‘modified Ringer’ in the bath, is shown in Fig. 7,

most active at negative\; values, i.e., at hyperpolarized upper panel. Single-channel currents recorded \§f -

membrane potentials (as also seen in Fig. 5). In somgalues between —30 and 100 mV are presented in Fig. 7,

casesP, was so low at positive ¥, values that no chan- lower panels. Note, that the patch contained two large

nel openings were recorded so that a single-channel cu€l™ channels and one intermediate €hannel. The data

rent could not be determinedeee.g., Fig. 1. The volt- could not be fitted with the GHK equation expressed for
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Exp 220695AD Ysiope=11.1 PS
19 ~
o
-100 -50 ® 50 100
L ) ! A ) | . ,
\ -V, (mVv)
Yeev=15.2 pS

Pl = 5.87-107"% cm¥/s
Yi2s112s = 28 pS

¥~ Yii0pe=26.5 PS _

80 mV

|
<
B
(]

-V, = 60 mV

Fig. 5. Data from the same patch as the one
presented in Fig. 4 after excision into a Ringer
solution containing 42 m CI™. Theig/-V,

relation for the intermediate Ckhannel was fitted
with the GHK equation and the best fit was
obtained withP;, = 5.9 x 10 cnm?/sec. Lower
panel shows the single-channel currents on an
200 ms expanded time scale.

cations ¢ = +1 and the known concentrations extracel-age sensitive. If anything, the large "Cthannel ap-
lular N&" or K concentrations), but was nicely fitted peared most active at large positiv¥,; i.e., at depo-
when using parameters forQlz = -1 and [Cl], = 125 larized membrane potentials (Fig. 7). Furthermore, with
mm). The best GHK-fit was obtained with [J| = 31.7  respect to the gating pattern it is indicated from the cur-
mm, V., = —37.8 mV, and a permeability coefficient of, rent recordings in Fig. 7, which show brief channel clo-
Pe = 29.4 x 10 cm¥/sec. Thus, the limiting conduc- sures (<50 msec) during long open-state periods (0.5-5
tance, v105125 = 141 pS. For four channels in two sec), that the dwell times of the closed state exhibit more
preparations the mean permeability coefficient amountedhan a single exponential distribution.

to, Po = 32 (¥2) x 10 cm¥/sec, corresponding to

Yiz5125= 154+ 9 pS N = 4). The fact that the reversal

potential foric, was indistinguishable from zero is in UNRESOLVABLE CHLORIDE CHANNELS

agreement with the notion (Larsen et al., 1987), that Cl

is distributed at equilibrium across the basolateral memSome patches exhibited noisy currents with no resolv-
brane of the mitochondria-rich cell. Due to the scarcityable channel events. As an example, Fi§.sBows dig-

of observations of the large Ckhannel, we were not itized current records obtained at nine different pipette
able to firmly establish whether or not its gating is volt- potentials in an excised inside-out patch from the neck of
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(N=2) three examples given in FigB9the fluctuations appear
0.8 T (N=7) stationary throughout the 20-sec observation periods.
The parabolic relationship between estimated current
variance and pipette potential (FigCPsupports the hy-
pothesis that this patch contained unresolvablecBn-
nels. Figure ® shows examples of calculated power
density spectra. With the driving force on the chloride
ion flow clamped atD mV the spectrum is almost flat
with a power which is no more than about 10x the back-
ground noise contributed from the patch-clamp amplifier
(the ‘Johnson noise’ of the head-stage’s 10 Gohm feed-
back resistor). The much larger Cturrents measured
at, -V, = 80 mV, exhibited a power spectrum which can
—80 -40 -0 40 80 be fitted by the sum of two Lorentzian functions (Eg. 10)
-V, (mv) as shown in Fig. B. The Lorentzian parameters to-
gether with the derived kinetic constants are listed in
Fig. 6. Variation of the open-st_ate probapility for the intermediate Cl Tgple 1. The estimated relaxation time constants (Egs.
channel with membrane potential(;) obtained from current traces as 1 10 gnd B) indicate fairly long durations of elementary
the ones shown in Fig. 5. Each point is indicating the nfeaobtained . . .
with in a range of 40 mV, with the vertical lines indicating tsev, and currents. Th_us' _thls anal_y5|s leads to _the CODCIUSIOH that
N the number of observations. the lack of kinetic steps in the recordings (Figé @&nd
9A) is not due to a bandwidth limited frequency re-
sponses but, rather, to elementary currents which are toc
an MR cell. Assuming a homogenous populationNof small for being resolved. The Gaussian distribution of
channels with open probabilitg,, and single channel digitized currents sampled during periods with ‘all-
current,i, the currentj, flowing through open ion chan- channels-closed’ in Fig. 2, and the calculated variance of

0.6

0.4

0.2 +

Open—State Probability (P,)

nels is given by, the background noise records, = 0.007 p& (Fig. 94),
) result in a similar estimate of the standard deviation
I =N-Py-i = lipach™ Geak (Vp + V) (12)  (sp) of leak current distributions, i.esp = 85 fA (- V,,

< 0). Thus, we should be able to resolve step-current
whereig,chis the current recorded from the patdfy,,  transitions of Ai = 170 fA (2- sp, signal filtered atf, =
is the conductance of gigaseal, avidis the liquid junc- 500 Hz). Accordingly, for the largest driving force im-
tion potential. They,,Was estimated from current seg- posed on the chloride ions, ~100 mV, (= -80 mV),
ments of minimal fluctuations (arrows in FigAR which  the single channel conductance would have bggnps
we assume represent the residual current when all chad-7 pS.
nels are closed. The current-voltage relationship of the
seal and the calculated (Eq. 1B)V, relationship of pjscussion
open channels in the patched membrane are depicted in
Fig. 8B. It can be seen that the reversal potential of This is the first study of single anion channels in the
channel currents i8/,,, = Ec; - V;;, and that the current  basolateral membrane of the mitochondria-rich cell,
fluctuations (Figs. 8 and Q) were practically abolished which constitute a minority cell type in vertebrate osmo-
whenV, was clamped aE¢, - Vj. These observations regulatory epithelia. We have found that the two major
indicate that the patch contains @hannels, and that the populations comprise anion channels with a limiting con-
noise is associated with current flow in these channelsluctance §,,s/1,9 of [1L0 pS andB0 pS, respectively.
which open and close in a random fashion. Accordingly,They are both of the Ohmic type, i.e., within the physi-
we expect that the relationship between the variance oflogical range of membrane potentials they do not show
current fluctuations¢?) and the driving force imposed nonlinearities in excess of GHK-rectification. Occasion-
on the chloride ion flow through the channel would be ally, two other types of anion channels were observed.
parabolic and given by (conf. Eq. 10), A large Ohmic 150-pS channel, and a small unresolvable
channel with a conductancgg, < 1.7 pS. In the section
0% = [N-Py+ (L =Py (-V,+V; —Ec)® (13) following immediately below, we first discuss the find-
ing that some of the channels identified in the present
This was tested by varying the pipette potential in stepstudy possess poor anion selectivity, and we will com-
of 20 mV in the range, -80 m\s V, < +80 mV, and  pare the above channels with channels observed in othel
recording currents at eac¥, of sufficient duration for  epithelial membranes, including the apical membrane of
estimating the variance of their fluctuations (FighA;9 MR cells, with which they seem to share some biophysi-
Materials and Methods, Eq. 9). As can be seen froncal features. Thus, we next discuss whether, in our
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Fig. 7. Single-channel data from an cell-attached patch of the basolateral membrane containing two lafgEn@éls and an intermediate Cl
channel. The best GHK fits of thig,/~V,, relations was obtained wittf, = ~37.8 mV, [CI]. = 31.7 mv, and aP, of 29.4 x 10" cm*¥/sec which
translated into amy;,s1.5 0f 141 pS. The intermediate Tkhannel was fitted with a permeability coefficiefle, = 5.11 x 10 cm¥/sec
corresponding t0y,,5/1,5 = 28.4 pS.

preparation of isolated cells, channels of the apical anderred from the present study with that required in case
basolateral membrane domains have been mixed. Angreviously measured macroscopic €lrrents in the in-
ther important issue regards the confrontation of the aptact epithelium are confined to mitochondria-rich cells.
parent CT conductance of the basolateral membrane inFinally, we will consider the possibility that electrically
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5000 msec

B 7T I (pA)

100

-V, (mv)

Fig. 8. (A) Original current recordings atV;
varying from -80 to 80 mV. Arrows indicate
currents assumed to represent the
all-channels-closed state used for construction of
the .ol -V, relationship. B) Relationships of
iiead=Vp» Ipatc—Vp, @ndi/=V,, respectively. The
valueswere calculated from Eqg. 3 and were fitted
-5 — by the GHK equation (Eq. 1).

active CI' channels are not randomly distributed on thecase the selectivity-ratio for the gluconate:Cl ion pair
basolateral membrane, but organized in clusters. may be estimated from the equation:

SELECTIVITY AND OCCURRENCE OFBASOLATERAL Pgu —_ [CI ], ~[C1 ], - exp=C - Vrey) (14)

ANION CHANNELS Pei [gluconaté],

In the presence of asymmetric, [GJ[CI"], = 42/125  where subscriptg’ and ‘b’ refer to ‘pipette’ and ‘bath’,
mm solutions E¢, = 27 mV), currents flowing through  respectively. With [gluconatg]= 83.1 mv, [CIT], =

the 10 pS channel reversed a¥/,—= 11.4+1.9mVN  41.6 mm, [CIT], = 124.7 nw, andV,,, = 19 mV, we

= 5), which corresponds to about 19 mV, when cor-obtain a selectivity ratio oRy,:Pc; = 0.21. This number
rected for a liquid junction potential of 7.5 mV. Inter- is somewhat larger than the,, ;P ratio of the poorly
estingly, the 30 pS channel had a reversal potential o&nion selective 64 and 362 pS channels in the basolatera
similar magnitude. This deviation of 8-9 mV from the membrane of principal cells of the rabbit urinary bladder
reversal potential of a perfectly Gkelective channel in- epithelium which have identical selectivity sequences,
dicates that the channels, besidesS, @re conductive to CI"=Br =17 =SCN =NO; > F > acetate > gluconate,
another ion as well, most likely gluconate which is the but with Py ;;Pc; = 0.07 andP,¢eaePc = 0.3 (Hanra-
only other anion at a significant concentration. In thathan et al., 1985). Anion channels of a similar poor anion
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Fig. 9. (A) Current records at three different pipette potentials showing fluctuations with no resolvable single-channelBv¥atsarfce of the
stationary current fluctuations throughout thé,fange +80 mV. Note that the variance is minimal close to the equilibrium potential fo(Q)l
Variance of the 18 consecutive records at three differéfitvalues éeeMaterials and Methods)Y) CI™ current noise spectra obtained at\¢,—

of 0 and 80 mV, respectively, together with the background Johnson-noise of the patch-clamp amplifier. The sum of two Lorentzian functi
indicated by the full line was calculated with the following parameters (Eqf40¥, 1.24 Hz,S,, = 0.08 pA/Hz andf,, = 13.1 Hz,S,; = 0.0034
pA?/Hz, respectively.

Table 1. Lorentzian parameters obtained from current fluctuation The most thoroughly studied 7-10 pS, Ohmic epi-
analysis of unresolvable Cichannels (¥, = 80 mV, spectrum of  thelial CI” channel is the cAMP-activated cystic fibrosis

Fig. 7D). transmembrane conductance regulator (CFTR; Riordan
Lorentzian f, S o2 . Topen(Po = 0.5) €t al., 1989). I.t ha§ b.een identifigd in several.types. of
component Hz pAYHz pA?2  msec msec vertebrate epithelia including airways and intestine
(Anderson et al., 1992), pancreatic duct (Gray et al.,
! 124 008 0156 128 256 1989), and cortical collecting duct principal cells (Ling
I 13100034 0070 12 24 & Kokko, 1992). CFTR exhibits a Clconductance
Variance (Eq. 10) and estimated mean opentimes (assuPgirg 0.5; Wh'_Ch is much larger than that of gluconate. It is inter-
Egs. 11A and B) are listed for the two Lorentzian components. esting that a 10 pS Clchannel has also been reported

from the basolateral membrane of the proximal tubule of

Ambystom&idney (Segal & Boulpaep, 1992). The gene
selectivity were inferred from a study of cell volume encoding this last mentioned amphibian channel has not
regulation in frog skin principal cells (Ussing, 1988). been cloned, and it is unknown whether or not it is re-
This last mentioned study of celis situ indicated a lated to the basolateral anion channel of the amphibian
relatively large permeability for CJ Br~, I7, SCN, and = MR-cells identified in the present study.
NOj3 of the basolateral anion channels activated during  Depolarization-activated, outwardly rectifying 30—
the regulatory volume decrease. 40 pS CT channels were first reported from airways
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(Frizzell, Rechkemmer & Shoemaker, 1986; Welsh,nel exhibiting multiple substates. Finally, the apical
1986) and have subsequently been found in the apicahembrane also contains unresolvablé €iannels. The
membrane of, e.g., proximal tubule cells (Suzuki et al.,above findings raise the question whether, in isolated
1991), submandibular gland ducts (Ishikawa & Cook,cells, channel proteins of the apical and basolateral mem-
1994), and in the basolateral cell membranes of the thiclbrane domains interchange by lateral diffusion. Epithe-
ascending limb of the Loop of Henle (Greger et al.,lial cells have been found to lose their polarity upon
1990). The channels of intermediate conductance appeaemoval of external Cd (Contreras et al., 1992; Torres
quite variable with respect to voltage-dependence. Somet al., 1996), and although the exposure time to th&-Ca
are being activated by depolarization, some by hyperpofree solution in our study was brietéeMaterials and
larization, while the activity of still others is independent Methods), we have to consider whether our isolation pro-
of membrane potential (for further discussiosgee cedure causes loss of functional polarity.
Anderson et al., 1992). Several observations make it unlikely, but do not
Maxi or ‘giant’ CI” channels have not been com- definitively exclude that membrane channels of the api-
monly reported from vertebrate epithelia, but have beercal and basolateral membrane domains have been mixed
identified in, e.g., the apical membrane of intercalated(i) The cytoskeleton, supposed to provide anchoring for
cells from the cortical collecting duct (305 pS, Light et integral membrane proteins, appears unmodified as indi-
al., 1990; Schwiebert et al., 1990) and trachea (100-120ated by the maintenance of the characteristic flasklike
pS, Duszyk et al., 1995); maxi Ckthannels have also shape of isolated MR-cellss¢eFig. 1 in Larsen and
been identified in the apical membranes of confluent A6Harvey (1994), and Fig. B of the present study).iif
kidney culture cells (360 pS, Nelson et al., 1984), andThe intermediate anion channel in the basolateral mem-
MDCK cells (456 pS, Kolb, Brown & Murer, 1985). brane is Ohmic and activated by hyperpolarization (Fig.
Their presence in mitochondria-rich cells was first indi- 6). In the apical membrane, the channel of similar con-
cated in a study of the noise generated by depolarizatioductance is slightly outwardly rectifying, and activated
activated whole cell Cl currents (Larsen & Harvey, by depolarization. i(i) The 10 pS basolateral anion
1994). In our subsequent single channel study, similachannel exhibits a relatively high gluconate permeability
‘giant’ CI~ channels were active in a minority of apical (conf. above). In contrast, the 7-10 pS apical channel
membrane patches (Sgrensen & Larsen, 1996). does not reveal any measurable gluconate permeability.
Unresolvable and slowly gated Tthannels were (iv) The basolateral 150 pS Tthannel identified in the
first described in a study of isolated rat lacrimal glandpresent study was characterized by conductance transi:
cells. They were activated via increase in the cytosolidions of a uniform amplitude with no indications of con-
[Ca?*] accomplished either by cholinergic receptor oc-ductive substates (Fig. 7). The large 150-500 pS ClI
cupation or by A23187-exposure (Marty, Tan & Traut- channel of the apical membrane exhibit multiple conduc-
mann, 1984). Chloride currents generated by unresolvtive substates.
able channels have also been recorded from the apical Thus, it should be clear that the channels of the
membrane of HJ, colon carcinoma cells (Kubitz et al., basolateral and the apical membrane, respectively, are
1992; Kunzelmann et al., 1992; Disser, Hazama &sufficiently different for concluding that unless the chan-
Fromter, 1993) and bronchial cells (Kunzelmann et al.,nels become modified following diffusion from one
1994), where they were activated by intracellular cAMP,membrane domain to the other, there is no obvious in-
or by PKA-mediated phosphorylation of excised inside-dication of loss of functional polarity.
out membrane patches. In the apical (Sgrensen & Larsen,

1996) z.and. basolateral membrane (present study) of m'tORELAﬂONSHlP TO TRANSEPITHELIAL CHLORIDE FLUXES
chondria-rich cells, unresolvable Tthannels occurred

with a low frequency, but without prior stimulation. The various basolateral channels of the MR cell may
serve different cellular functions as, for example, volume

FUNCTIONAL POLARITY OF ISOLATED regulation, transport of Classociated with apical CAMP

MITOCHONDRIA-RICH CELLS conductance activation, transport of HLC@r small or-

ganic anions, transport of Clvhich have entered the cell

The basolateral Clchannels identified in the presentaFither via active uptake from the outside solution, or as
I

study share several features with those of the apic
membrane characterized in a recent study of our MR-ce
preparation (Sgrensen & Larsen, 1996). In both mem
brane domains is the Clchannel most commonly en-
countered an Ohmic, voltage-independent 10 pS chann
Furthermore, the apical membrane contained a rather inhaz, = N-P, - vyq - (V,, — Ec) (15)

mogeneous group of voltage-dependent 10-30 pS CI

channels and a large, highly variable 150-550 pS chanwhereN is the number of basolateral Cthannels in a

esult of voltage activation of the passive Ciptake.

If a single population of basolateral channels is car-
rying the membrane curreni, is related to the single-
e?hannel conductance by,
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Table 2. Summary of data for Clchannels identified in basolateral MR cell membranes of
toad skin epithelium

Single
Frequency, channelP, # of channels
Channel type A, % 10 cmP/sec Y125/125PS per patchN
Small 43 2.22+0.12 10.5+0.29 2.11+0.29
Intermediate 39 5.74+£0.73 30614 144 +0.32
Large 9 324 +1.9 154 +9 2.00+0.71
Unresolvable 9 <1.7 Multiple

Values are presented as measem.

cell, v is the integral single-channel conductance (Eq. 3)brane but, rather, they occur in clusters. Clustering of
andP, is the open probability. The number of active CI membrane channels has recently been proposed (Maz
channels per celN in Eqg. 15, is given by the equation, zanti et al., 1991; Stutts et al., 1995; Al-Awqati, 1995;
Larsen et al., 1996). However, the fact that both the 10
Avrc) — pS and the 30 pS channels were detected in the MR cell
Aatch " Vpatch (16) soma and neck indicates no large-scale spatial inhomo-
geneity, i.e., the channels appear to be confined neither

Where)\p is the frequency of active patches (032@6 to neck nor to soma of the mitochondria-rich cell.

Results)\ the frequency of active patches expressing the

channel considered (Table ]AMRC the area of the ba- The authors wish to thank Ms. Bir?he Petgrsen, Ms. Anni Olsen apd

solateral membrane of an MR cell (WhiCh can be eSti-_Ms' Hanne Schaltz fqr expert assistance in the Iaborator_y preparing

mated from Fig B and C) Ap the area of the patch isolated MR cells. This study was supported by the Danish Natural
; ' Tpatch — P Science Research Council, and the Alfred Benzon, Carlsberg, and

membrane (estimated from FigAJl andN,,..nthe mean  \ovo Nordisk Foundations.

number of the channel considered per active patch (Table

2). From such an estimate we can calculate (Eg. 15) that
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