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Abstract. The pathway for the voltage-activated chloride over MR cells could be due to high density of such sites
current across isolated toad skin was analyzed using i tight junctions between MR and surrounding principal
scanning 2D-vibrating voltage probe technique, whichcells. Improvement of the spatial resolution of the vi-
permits discrimination of local current peaks if their ori- brating probe is required to verify this view.
gins are more than 5Q.m apart. The epithelium was R L
separated from the corial connective tissue after enzy|-<e.y words: Mltochondrla—r|ch ceII; T .Volt.age-
matic digestion with collagenase. Giurrent was acti- actlvatgd chlonde current — Toad skin epithelium —
vated by voltage clamping the transepithelial potential tOSCannlng vibrating electrode
60-100 mV, serosa positive. Activated inward current| oo duction
5 .
was between 85 and 4%08/cm~. In more than 25 tissue
areas of 150 x 10Gum from 10 animals, which were Passive transepithelial movement of @cross amphib-
automatically scanned with the vibrating probe, betweerian skin occurs through a highly specific, voltage-
0 and 4 peaks of elevated local current (up to 800sensitive pathway, which is evidently not localized in the
pAlcm?) could be identified in individual fields. The majority of epithelial cells, i.e., the Naransporting
density of current peaks, which were generally located aprincipal cells (for reviewsee[9]). As an alternative
sites of mitochondria-rich (MR) cells, was less than 10%pathway, the minor moiety of interspersed mitochondria-
of the density of microscopically identified MR cells. rich (MR) cells was proposed to constitute the morpho-
The total current across individual sites of elevated conlogical site for this transport [8, 12]. Originally based on
ductance was 3.9 = 0.6 nA. Considering the density ofindirect evidence of the correlation between MR-cell
peaks, they account for 17 + 2.5% of the applied transdensity and Cl-conductance [22] or speculation on hor-
epithelial clamping current. The time course of currentmonal effects on the different pathways [7], the idea was
activation over previously identified conductive sites strongly supported by the observations of extracellular
was in most cases unrelated to that of the total transcurrent peaks above MR-cells [5, 6] and the demonstra-
epithelial current. Moreover, initially active sites could tion that intracellular volume of MR-cells was respon-
spontaneously inactivate. The results indicate that detecsive to an alteration of transcellular Qinovement [13,
tion of elevated current above some MR cells is not21]. According to these data and subsequent computer
sufficient to verify these cells as the pathway for trans-modeling, voltage-sensitive CTlchannels in the apical
epithelial voltage-activated Cturrent. Since the major membrane of MR-cells could provide the route for Cl
fraction of activated current is apparently not associatedhrough a cellular compartment. Although conceptually
with a route through MR cells, channel-like structures infascinating, the localization remains questionable in view
the tight junctions of the paracellular pathway must beof results from electron probe microanalysis. Using this
considered as an alternative possibility. Current peak&echnique, which is also able to localize the routes of
transported ions in complex tissues, it was demonstrated
that MR-cells represent a very inhomogeneous compart-
ment with regards to intracellular electrolyte concentra-
* Present addres222 Buckingham Drive, Sandwich, MA 02673, Usa  tions. Furthermore, uptake of Bas a marker for Cl
transport was observed in a certain fraction of MR-cells
Correspondence tow. Nagel only, whereas the majority of MR-cells was unrelated to
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Fig. 1. Schematic drawing of the experimental setup. The modified Ussing chamber is shown with the electrodes for voltage detekfpjivation (
and current sendind {,l), which are connected to the automatic voltage clamp unit. Fluid inlets are represented by arrowsnfednadiesd The
mucosal half chamber has an overflow directed by a cotton string. Perfusion of the serosal half chamber was gravity driven; the hydrostatic pre
at the serosal outlet could be adjusted to slightly negative values to fix the tissue to the supporting grid without notable indentation. Local vol
gradients were recorded with the 2D-vibrating probe, mounted on a 3D micro-stepping motor manipulator. The probe is vibrated with 2 orthog
piezo bimorphs. The main elements of the vibrating probe system are preamplifier (PA), filteramplifier (FA), phase-sensitive detectors (X-P
Y-PSD) and sine/cosine oscillators (X-Oscil., Y-Oscil.), connected via a 16-bit AD converter to the computer. The chamber was mounted undk
upright DIC microscope equipped with a CCD camera connected to a RGB monitor and the computer via a frame grabber.

transepithelial Cl movement [3, 15, 17]. These obser- Routes other than MR-cells must thus be considered for
vations and other indirect evidence raise the questiotransepithelial Cl movement.
whether the specific transport sites for passiver@bve-
ment might be located in the tight junctions of the para-
cellular pathway [14]. Materials and Methods

For appropriate evaluation of the supposed pathway
through MR-cells, it should be recalled that previousThe experiments were done on isolated abdominal skins Borfio
publications on current peaks above MR-cells [5, 6] areviridis collected in Israel. Prior t_o the experiments, the animals were
based on a rather small number of observations, Whicllfept between 2 and 12 weeks in the laboratory at room temperature

ho onsiderable variatio mona different skins an ith free access to distilled water. They were fed every week with
show consider. varation a ga SKINS eal wormsad libitum. The animals were sacrificed by double pith-

within individual preparations. A systematic analysis Of g and the skin was carefully dissected. After gently scraping the
the distribution of conductivess. electrically inactive  corial side of the skins with a scalpel, small lucite gaskets (15 mm
MR-cells was not done. Furthermore, local current den-diameter) were glued to the mucosal surface with cyanoacrylate adhe-
sity could not be compared to the overall transepithelialsive (Histoacryl, Braun, Melsungen, Germany) and the serosal side was
CI™ current, since the experimental setups were appaﬁxposeq to a Ringer solutlop with 1 mg/ml coIIagenase_(Type I, Sigma,
ently not equipped with the necessary voltage/curren t. Low;, MO) for 60—7_5 min. Thereafter, the con_nectlve tl_ssue could
. A . e easily removed with fine forceps under microscopic control.
r.ecord'ng SyStemS' These Ilmytat!ons. led us to reINVeStissyes stored in Ringer’s at 4°C retained voltage-sensitivec@h-
tigate the question of local distribution of voltage-ac- gyctance for more than 24 h.
tivated CI' current across toad skin using improved Isolated epithelia were mounted mucosal side up in a modified
vibrating probe techniques along with careful determina-Ussing chamber, which is schematically depicted along with the main
tion of the transepithelial electrical parameters. Our re-£lectronic parts of the system in Fig. 1. The tissue was supported on
sults show that elevated current density may indeed bg‘oeosfrggg' ?T']deptl’;’ni re'\j;rt‘j‘:éatgl?mofr;s;af?]eRg(\ggsrfd(?S‘ii';“;r";g
. pm, , , .
observed in the eXtraC?”mar Spaces above MR_Ce"S bu&vas 0.28 cri Edge damage was minimized by covering the edge of
the number of conductive sites and the magthde of th@ne mucosal half chamber with heavy silicone grease. Matched
local current are much less than necessary to account fQy/agcl electrodes were connected to both halves of the chamber via
the simultaneously recorded transepithelial @urrent.  0.5m KCI bridges terminating 0.5 mm apart from the serosal or mu-
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cosal surface, respectively. To pass current, a circular Ag wire elec{quadrature) in each vibration direction were used to verify that the
trode was built into the serosal half chamber 2.5 mm apart from thephase of the probe signal was constant and actually reflected the local
tissue. As a current return, another circular Ag wire was formedelectric field. During operation, the quadrature signal must be zero,
around the water immersion lens. This electrode, which contacted th&vhereas any increase would indicate touching the tissue with the probe
apical perfusion solution, was 2.0 mm apart from the apical surface0r some other artifact.

when the tissue was in focus. Both electrodes were carefully chlorided ~ Vibrating electrodes were calibrated with known constant current
before each experiment to ensure homogeneous field distribution. Théelivered from a 8 KCl-filled glass electrode with a @m tip diam-
tissue was continually perfused on both sides with fresh Ringer solutiorfter. The calibration procedure was usually carried out in the Ussing
of the following composition (in m: Na* 112, K* 2.5 C£* 1, CI" 114, chamber without voltage clamping the tissue and with the vibrating
HEPES 3.7; pH= 7.5). All solutions were filtered through 0,2m probe at least 50Qum above the tissue. The baseline signal of the
membrane filters (Sartolab V500, Sartorius;tBwgen, Germany). probe was repeatedly adjusted during the experiments; transepithelial
To prevent air bubbles from forming in the serosal chamber, the serosdfulrent clamping was interrupted for this determination. As additional
perfusion solution was equilibrated with,@t about 40°C and there- test for the accuracy (_)fcurrent determinations Wlth the vibrating prope,
after brought to the experimental temperature of 22-25°C. The mucothe total current flow in all scar_med areas was e_st|mated by summat|on
sal perfusion solution was aerated with air. Perfusion rates of mucosaff the local current. Unless this value was within +20% of the simul-

and serosal side were 5 and 2 ml/min, respectively. The mucosal pett_aneously measured transepithelial current, the determination was dis-

fusion solution always contained amiloride (20n). regarded.. ) . . .
Electrical determinations were done with a custom-built auto- All vibrating probe signals were processed using software, which

matic voltage clamp system [16]. Transepithelial potential differencec@/culated local current, angle and current vector (ASET version 1.0,
(V) was referred to the mucosal side as ground and transepithelia‘(i;_c'ence Wares, Ealmouth, MA). probe positioning, gutomatlc scan-
CUITeNt (.0, 0F MACTO current) was considered positive for anion flow NiNg of selected tissue areas, storage of data and video images, anc
from mucosa to serosa. To determine tissue conductacegltage vector ovgrlays were a]so contrplled by this sqftyvare.' Data are pre-
pulses of 10 mV were applied for 200 msec every 2 sec and used fofeNt€d using commercial graphic software (Origin, Microcal, North-
online analog estimation accordinggp= Al,/AV,. Conductance de- amptom, MA). o . .
termination had to be interrupted during vibrating probe analysis to Mean vglues are reported SE,M' Slgnlflcance of (_j|ff_erence 1S
avoid transient artifacts in the vibrating probe data. In these cgses, c@lculated using Studedtest, considering® < 0.05 as significant.
was estimated from the magnitude of the clamp current in the presence
of a constant holding potential.

The chamber was placed under an upright microscope equippeResults
with a water immersion DIC lens (Zeiss Axioscope FS with 40x/0.75
W and achrom.-aplan. condensor 0.9 NA). A low light CCD video . L
camera (Burle TC355) connected to a frame grabber (ComputerEyed N€ Voltage-activated conductive Qdathway was ana-
1024), provided video image storage and real time video display of thdyzed by perturbation of the transepithelial PD between
specimen on a video monitor (Sony PVM-1341). A 3D linear motor slightly negative (—30 mV) and moderately positive (+60
driven maqipulator (MM33_, Mezhauser, Wetzl'ar, Qermany) allowed tg +100 mV) values, which leads to virtually complete
for positioning of selected tls_sue areas. The vibrating yoltage electrode?nactivation and almost maximal activation, respectively
was mounted on a 3D micro-stepping motor manipulator system[ll]. For a meaningful analysis, it was essential that the

(CMC-4, Applicable Electronics, Sandwich, MA) and could be con- . . .
trolled by the data acquisition prograrseg beloyw The whole setup transepithelial clamping current (macro current) was re-

was mounted on a vibration isolated air table, which avoided anyliably recorded by the vibrating probe (probe current) in
contact with parts that had to be manipulated during the experimentsareas of homogeneous distribution, i.e., at sufficient dis-
and was enclosed in a faraday cage. tance from the epithelial surface. Figuré& 8hows that

A 2-dimensional vibrating voltage probe system (SVM-200, Ap- thjs requirement was fulfilled. When the tip of the vi-
plicable Electronics, Sandwich, MA) based on that described by SChefbrating probe was located 250 above the tissue sur-

fey et al., 1991 [19] was used to measure the extracellular curren} the ti d itude of the ind d volt
distribution above the epithelium. Transepithelial current produces ace, the ime course and magnitude of the induced volt-

voltage gradients in the extracellular fluid above the tissue, which are@g€-activated Clcurrent was correctly measured by the
proportional in magnitude to the local current. Vibrating a voltage probe. Furthermore, the probe current was unchanged
probe in these electrical fields yields ac-signals, at the same frequencwhen the probe was moved horizontally +10th (1,2),
as the vibration, with amplitudes proportional to the local current. ijndicating homogeneous distribution at this distance
The potentials were recorded with stainless steel electrodes (3530030ébove the tissue surface. Similar observations were
Micro Probe, Clarksburg, Md). They were electroplated with gold and . . . .
platinum black as described [18] to a tip diameter of 10405 which made I.n 24 trials during 15 experiments. On the average,
provides a capacitive coupling to the medium. Electrodes werethe ratio of probe current at a homogene_ousllevel to _the
mounted to a piezoelectric vibrator assembly and vibrated in two preIMacro current was 1.08 + 0.19 and not significantly dif-
cisely adjusted orthogonal directions with frequencies of 200400 Hzferent from unity. Figure B shows observations with
parallel to the tissue surface (x-direction) and 300-600 Hz perpendicuthe probe positioned 30m above the tissue surface at a
lar to the surface (y-direction). With vibration amplitudes of 10-15 |gcation with low probe current, which was in this case a
wm, pz’bhe Sig';]a's Werr]e in the f?”.gerg” - These prl.oft.’e Sigr(‘j‘?"s W(ej'e tissue area lacking MR-cells. Local current was lower
passed through two phase-sensitive detector amplifiers, adjusted to t . s .
:gﬁan the macro current during activation, but the time

phase of each vibration frequency. In-phase signals corresponding . .
the local current flow were filtered and fed to a computer via a 16-bit COUrS€S Ol popeandlaqodid not differ notably. When

AD-board (CIO-DAS-1602/16, ComputerBoards, Mansfield, MA). the probe was 3@m above the location of a swollen
Additional phase-sensitive amplifiers, adjusted to be 90° out of phasdVIR-cell in an area with a high density of MR-cells (Fig.



134 W. Nagel et al.: MR-Cells and ClICurrent in Toad Skin

Iprobe

Fig. 2. Time course of transepithelial macro-curreipt,(,J and local vibrating probe currerit,(,,9 during voltage activation of Clcurrent in toad
skin. Recordings labeled-D represent determination at 2p@®n above the tissue surfac8)( 35 um above the surface at a low current siB, (
35 um above the surface of a swollen MRC)( 35 m above the surface at a previously identified “hot spdD)(Boxes (1 and 2) on top &
designate horizontal movement of the probe by +100. The vertical and horizontal bar indicate current density of §@@cm? and 5 min,
respectively. IrD, scale forl e iS reduced to 40%. Before each recordihg,,.was adjusted to zero during a brief open-circuit peridchf the
amiloride-treated tissue was then below 2 mV. Voltage clamping the tissue to —30 mV required a clamp currepAdfra® Arrows indicate
perturbation ofV, from —30 mV to +80 mV. The Nacurrent was blocked by 18w amiloride.

2C), the time course of current activation was nearlyabove gland pits. The majority of glands were electri-
identical for I .00 @and I0pe the latter being almost  cally inactive, irrespective of the presence or absence of
twice as large as, ..o throughout. Different patterns an intact glandular body.
were obtained with the probe at a height of @& above To localize the source of “hot spots,” recording of
a previously identified “hot spot” (Fig. B), where the the local current vectors has the advantage that, in addi-
probe current was much larger than the macro currention to the magnitude of current flow, changes in the
during the development and after full activation lgf. angle of current flow indicate the position of the probe
Furthermore, the time course of change in probe currentelative to the source of the current. This is shown in
during activation was notably different from that of the Fig. 4 for a “hot spot” in a voltage-activated tissue.
macro current, displaying a rapid initial gain and a sub-The probe was previously adjusted to pass over the cen-
sequent slow increase to a final steady state. ter of the “hot spot” and then advanced as close as
Similar observations during activation/inactivation possible to the tissue surface (probe center aj.f®.
cycles were made in all tissues, when the vibrating probéuring the linear scan, current vectors changed from 70°
was located above the center of a previously identifiedo 140°C, transition of the center (90°C) occurred with
“hot spot.” Figure 3 shows typical observations. It is movements of less than @m. The center of current
evident that a synchronous increasel i, andl,,e  cannot be discriminated from the location of a MR-cell.
was seldom observed. As would be expected for unreNote, however, that this was not the large MR-cell vis-
lated transport sites, response patterns varied in eithéble slightly below the series of current vectors, which
direction. Occasionally, we found that initially respon- turned out to be electrically inactive. Similar patterns of
sive sites were silent in later activation tests and thaturrent vectors were obtained in more than 50 cases.
some active sites turned off during the measurementOccasionally, and particularly with a small distance be-
In some cases, an instantaneous changig gtto afinal  tween the probe and the tissue, the profile displayed a
steady-state level was observed; these sites also diplateau with a width of 10-1pm, which had an essen-
played simple ohmic current responses to perturbation dfially constant vector angel of 90°C. Morphological sites
voltage. Instantaneous changed jp,.and ohmic cur-  related to these plateaus could not be resolved.
rent/voltage relationships were observed in a few cases The spatial resolution of the present technique was
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Fig. 3. Time course of voltage-induced activation of local currdpt,¢) at previously identified “hot spots” in relation to the response of
transepithelial clamping current,(,.,J. Arrows indicate the perturbation of, from —30 to +80 mV. The Nacurrent was blocked by I8 m
amiloride.

Fig. 4. Representative vector line-scan of a
voltage-activated “hot spot” overlaid on the DIC
image of a split toad skin. The depicted video
image reflects a tissue area of 320 x 34f.

During determination of the current vectors, the
probe was located at the base of the respective
arrows. The horizontal bar in the upper left corner
indicates current density of 10A/cm?. Overall
transepithelial current at the clamp potential of 80
mV was 135pA/cm?,

estimated from linear scans over “hot spots.” Figure 5shown above the contour plots. With the closer probe
shows typical observations along with contour plots ofposition, two distinct bell-shaped current peaks with a
the probe current obtained at two different distances (3@istance of 40um between their centers could be dis-

and 17.5pm) between the probe tip and tissue surface criminated. At the farther distance, the associated “hot
The white lines represent line scans across the hot spospots” were superimposed, which produced an elongated
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Fig. 5. contour plot of current distribution in a field of 150 x 1@@n. The distance between the tip of the vibrating probe and the tissue surface
was 30pu.m (left section) and 17.5m (right section). Cl current was activated by voltage perturbation to 80 mV, serosa positive. The white lines
in the surface plots indicate the pathway of the probe corresponding to the respective current profile in the uppéy,paneiss 225uA/cm?.

plateau with the same width and twice the length as thenacro current (56 + 13w.A/cm?). The video image
discriminate peaks. The half-width of individual peaks showed approximately 30 MR-cells in the scanned area
as estimated from 23 line scans at distances of 17.5 to 4(hot all MR-cells are visible in the video image). Thus,
pm between probe tip and tissue was 46 + . In most MR-cells are not associated with elevated local
every case, the shapes of the local peaks were rotatiorrurrent. Similar results were obtained in all experiments.
ally homogeneous. This would agree with an origin Mean values are summarized in the Table, which indi-
from a single current source according to the currentates that the density of current peaks was less than 10%
distribution equation. The maximal magnitude of local of the density of MR-cells, i.e., that the majority of MR-
current peaks was variable but with little dependence orcells did not show elevated current flow. Using the den-
the level of voltage-activated transepithelial current; insity of current peaks in scanned areas and the current
some experiments, peak values were above88@m?.  flow across individual sitesly), the total magnitude of
The frequency and distribution of local current current flow through “hot spots” I"°®®) was estimated.
peaks was analyzed in numerous microscopic fieldsThe values ofl, were obtained by integration of the
Figure 6 shows from a representative experiment surfaceurrent profile at the “hot spot.” Line scans in two or-
and contour plots of the local current along with thethogonal directions had demonstrated that the peaks
video image of the investigated tissue area. Clamp cureould be assumed rotationally symmetric and that they
rent in the activated state (+80 mV) was §@/cm?. could be fitted to Gauss curves. This enabled to deter-
The vibrating probe, scanning in steps of fth at a  mine the volume of a 3-dimensional Gauss curve (bell)
vertical distance of 2@um above the tissue surface, de- as a measure of the current through the respective peak
tected one single location of elevated current in the fieldThe individual values shown in the Table are the means
of 150 x 100um; peak current was 297A/cm?. Probe of 4-9 determinations from different fields of a single
current at peak-free areas was notably less than théssue. On the average, a current of 3.9 £ 0.6 nA was
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| UA Discussion
p cm?
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Meaningful conclusions regarding the localization of
pathways for CI movement across amphibian skin can
only be derived from techniques that permit correlation
of morphological data with transport parameters. Hith-
erto, four methods have been applied: electron probe
microanalysis [3, 15, 17], intravital micromorphometry
[13, 21], analysis of extracellular current density [5, 6]
and patch-clamp techniques [10, 20]. All of these tech-
nigues have demonstrated finite"@ermeability of api-
cal and basolateral membranes of MR-cells. In contrast
50 to principal cells, which do not show measurable apical
CI” conductance [16, 23], MR-cells may thus be a path-
A ) way for passive, transepithelial Gransport. The quan-
() N titative significance of this route, however, remains un-
solved. Our data using the vibrating voltage probe in
conjunction with transepithelial current determination,
demonstrate that current peaks in the extracellular space
above the toad skin account for less than 15% of the
voltage-activated transepithelial Glurrent. Due to lim-
ited spatial resolution of the probe we could not resolve
whether these “hot spots” were really associated with
MR-cells. More momentous is the finding that the major
faction of CI' current was not related to MR-cells. Since
previous pharmacological and kinetic analyses contradict
the possibility of more than a single kind of Qinove-
ment across amphibian skin, we have to imply that MR-
cells are not the pathway for transepithelial electrodiffu-
sive CI' transport. This conclusion is not unexpected
from previous electron probe microanalyses, which show
notable uptake of Brfrom the apical side (as a measure
of CI” movement) under conditions of voltage activation
in 15 to 25% of the MR-cells in the epithelium. Assum-
Fig. 6. Surface plot after activation of Ckurrent by voltage pertur-  ing that uptake into MR-cells reflects transcellular move-
bation to 80 mV of a field of 150 x 104m shown in the video image. ment, the rate was considered insufficient to accomplish
ImacroWas 90nA/cm?. The location of the single active site is labeled the transepithelial anion current [3, 15]. Rick [17] found
by the hatched circle in the video image. NOTE: The gland marked byy |5rger fraction of MR-cells with voltage-induced Br
the arrow on the left side in the video image was not conductive. uptake in a selected group of frog skins, but the variation
was similarly evident.

Previous determinations of local current above MR-
observed at activated site. The total current across activeells are difficult to evaluate for several reasons. (i) The
sites was very variable, both in its magnitude and innumber of observations is small or uncertain. Foskett &
relation to the simultaneously measured value of transUssing [5] observed 15 peaks from 30 examined cells in
epithelial clamping currentl (... Except for one ex- 2 or 3 tissues. An unspecified number of tissues did not
periment, however in which only one single area withshow peaks. Katz and Scheffey [6] made a crude esti-
particularly many active sites (5) was scanned and 29%mnate that 30—90% of MR-cells in their preparation did
of I, would be accounted from these estimation, the curshow current peaks, but no numbers are given. (ii) Cor-
rent across “hot spots” was less than 25% of the trans+elation between local and overall current is impossible
epithelial current, averaging 17.0%. It has to be addedince transepithelial current is not reported. This is par-
that numerous area scans done in the listed tissues dittularly problematic as the animals were pre-adapted in
not show current peaks. In other cases, peaks were sitiNaCl to reduce the density of MR-cells. (iii) It is ques-
ated at the border of the field and could not be evaluatediionable whether the magnitude of current over “hot
This implies that the actual ratio between current througtspots” in both studies can account for the total transep-
active sites and transepithelial Glurrent is presumably ithelial current. Foskett and Ussing [5] give a “rough
less than the given value. estimate” of 1 pAium? (equivalent to 10QuA/cm?) at

200 1

100 1"
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Table. Summary data of area scans with the vibrating voltage probe

MR-cells Active sites s | Jotal I macro 1Y acro
[x10%cn?] [x10%cn?] [nA] [wA/cm?] [wA/cm?] x100 [%]
71 1.7 5.4 9.1 173 5.3
255.6 13.3 3.2 42.6 313 13.6
43.7 4.2 55 23.1 132 17.5
129.2 25.7 2.5 66.8 270 24.7
95.5 13.3 1.7 22.6 208 10.9
1104 5.2 5.9 30.8 297 10.4
314.6 26.7 4.9 130.8 450 29.1
120.8 7.7 5.6 43.1 180 23.9
94.4 3.8 1.5 5.7 85 6.7
138.6 13.3 2.4 29.8 163 18.3
137.4 +26.5 11.5+2.8 3.9+0.6 40.4+£15 227 + 34 17.0+25

Density of MR-cells and active sites were estimated from video images and scan plots, respectively. Current at
active sitesl) is calculated as the volume of 3D Gauss curve of the peak; each value represents the mean of
4-9 determinations in 1-4 different scanned areas. The total current at activel §t¥si¢ the product of
columns 2 and 3. Transepithelial curreht{..J is the mean value of clamping current during the determinations

of I.. The volume of the 3D Gauss curve was calculated with the equstisn(w/2)°°- 2 .o - A. (A: area of

Gauss curvey: standard deviation). Mean values are reported + SEM.

100 mV clamp potential over individual MR-cells. In current across the site, which is equivalent to the volume
view of the small number of “hot spots,” the total cur- of the Gauss bell, could be estimated using standard al-
rent from these peaks must have been rather low. Katgorithm. As a test for proper detection of local current
and Scheffey [6] report peak values of 15-28/cm? by the probe lorone @nd homogeneity of current flow,
over active MR-cells. These peaks, if existing over 10%l ., Was frequently measured when the probe was el-
of the macroscopic epithelial area (which is an unrealisevated to more than 20@m above the tissue. At this
tically hlgh assumption), would explain less than 5 position, peaks could never be detected, gig,e was
pA/cm?in the voltage-activated state. That is clearly notnot significantly different from the transepithelial cur-
feasible. Irrespective of these uncertainties and shortrent.
comings, however, both previous reports lead to the  The width of current peaks was dependent on the
same conclusion as the present study, i.e., that the nunglistance between the vibrating probe and the tissue. At
ber of conductive sites is much smaller than the numbethe usual distance of 30m above the epithelial surface,
of MR-cells. the half-width of peaks was 46 + 12m. This would
Quantification in the present study is based on thepermit the separation of current sources, which are more
density of conductive sites and the mean value of locathan 50um apart. At the average density of 137 x*10
current in identified peaks. The density of conductive MR-cells/cnf, the distance between evenly distributed
sites was determined by automatic scanning (in steps dfIR-cells is about 3Qum. The spatial resolution of the
5-10um) of selected areas (150 x 1@0n) with a mi-  vibrating probe is thus insufficient to identify the cur-
crostepping motor manipulator and continuous data acrent status of individual MR-cells. Actually it shows that
quisition. On the average, the density of current peaksurrent peaks are considerably more thanus0 apart.
was 11.5 + 2.8 x 1¥cn?. In the same tissues, the den- Origin from clusters of narrow spaced MR-cells can be
sity of MR-cells as estimated from computer-stored DIC-excluded, since peaks were generally found above or in
images averaged 137 + 26 x*1@ells/cnt, which is in  the vicinity of segregate MR-cells whereas areas with
the same range as in previous studies [23]. If observetligh density of MR-cells were lacking elevated current.
current peaks were originating from MR-cells, high cur- Current peaks could indicate that only a small fraction of
rent would flow through less than 10% of the MR-cells. MR-cells is activated by voltage clamping to serosa posi-
The current at active sites could not be calculated by théive potentials. These cells had to allow the passage of
technique of Foskett and Machen [4], which requirescurrent of about 4 nA Clcurrent per cell, which is twice
precise knowledge of the size of conductive spots and thas large as the value derived from a correlation between
distance between the current source and the vibratingoltage-activated Cl current and density of MR-cells
probe. As an alternative method we have obtained Gaud23] and four times larger than estimated using a vibrat-
fits of the local current observed during line scansing voltage probe [5]. Nevertheless, it cannot account
through the center of active sites. These Gauss curvesr the transepithelial current flow, since active sites oc-
were found to be rotationally symmetric, and the totalcur at less than 10% of the density of MR-cells. This is
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contrary to the previous assumption of complete and horeactions of MR-cells and transcellular Cturrent,
mogeneous participation of MR-cells [9] and has thewhich has promoted the idea of a Glonductive path-
consequence, that less than 20% of the transepithelial Ciay across these cells [13].

current can be explained. The background current close In doubt of the passage of the voltage-activated Cl
to the tissue surface was typically 70-90% of the transcurrent through MR-cells, it is necessary to consider the
epithelial current, and was not notably related to the locapnly remaining route across the epithelial layer, i.e., the
density of MR-cells. Closer approach of the probe to thetight junctions of the paracellular pathway. This path-
tissue surface did not reveal additional current peaksway is usually considered to be extremely impermeable,
These observations argue against passage ofi@tent ~ since leak fluxes in the absence of Gre very low [2].
through MR-cells, but cannot rule it out. Considering This property, however, is unrelated to the actual prob-
the diameter of 12-1pm of the vibrating probe and the em. If the permeable substrate is absent or if the path-
morphology of amphibian skin, which showsseatum ~ Way cannot be a_ctl\{ated becau;e it is lacking some nec-
corneumof 4-8 wm thickness above the first living cell €ssary factor, missing permeation does not exclude its
layer, approach to less than @8n above the actual outer ©€Xistence under the appropriate conditions. The problem
border was not possible during the area scans of thé$ thus primarily whether tight junctions may contain
present study. At this distance from the putative sourcefon-Selective structures comparable to membrane chan-
of current, the local differences of the electrical field can"€!S: Which are activated under certain conditions to gen-
be such much levelled that the original distribution is no€rate specific permeation pathways across the tight seals
more visible. Use of vibrating electrodes of smaller Sizebetweeq _the ep_lthell_al ce_lls. Considering the ela_\bora_te
along with means to reduce the thickness ofgtratum qomposmon of tight _Junct|ons_ and the numerous identi-
corneumand careful alignment of the tissue will be nec- fied elements for their Fegu'a“o"‘ (for feV'.eS"*e[”)’ the
essary to resolve this problem. presence of channel-like structures, which may change

The temporal response of local current at active site between open/closed conformation, appears possible.

was usually different from the time course of the Clamp:??egulation of these permeation sites could be linked to
MR-cells. This could explain the location of “hot

current. Among these observations was occasmnallyépots,, in the vicinity of MR-cells, and it cannot be ruled

thﬁtlpm;echangr(]ed W'(tjhtr? suddeln Jlumpt_to the final Ie;/el, out that they originate from exceptionally high perme-
WNETEas yacro SNOWED the USUal Slow ime course. ur- ability of the tight junctions around certain MR-cells.

thefrmor'e,I/V relationships of the local current were Improvement of the local resolution of the vibrating
strictly linear at all levels of voltage. Such response pat-

hat th I E{Obe along with attempts to access the actual surface of
terns suggest that the probe was located above a dead cgil, o termost living cell layer may solve these problems.
in the outermost reactive layer of the tissue. Such cells,

which resemble MR-cells in shape and position, have _ o o
occasionally been observed with the electron microprobé‘"e are grateful to Dr. Peter Smith for the permission of a preliminary

.. P study using the National Vibrating Probe Facility at the Marine Bio-
(A. Dorge, personal communicatign In most cases, logical Laboratories, Woods Hole, MA. The kind help of Prof. Uri

glands were electrlcally tlght' regardless of whether th‘%<atz, Technion, Haifa in providinBufo viridisand valuable comments
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the glandular duct was present. On rare occasions, highhe work was supported by grants from the Deutsche Forschungsge-
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