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Abstract A new method, conductance scanning, allovesto impeded the functional characterzation of tight junc-
determination of local para- and transcellular conductiviens.

ties in flat epithelia. Experiments were performed on

kidney distal tubule cells, MDCK clone C11, which fornKey words MDCK-C11 cells - Tight junction - Local
monolayers on permeable supports. Above the apicahductanc::

surface, local voltage drops generated by a sinusoidal

current clamp were recorded by means of a scanning mi-

croelectrode. Data were collected above cell centres dmiloduction

tight junctions. The scanning signal was always signifi-

cantly higher above the tight junctions, but was uniforrMany pathophysiological processes in epithelia are ac-
ly distributed along the junctions. For determination abmpanied, maintained or even caused by defects of the
conductivities two procedures were applied. Method ttansepithelial barrier [2, 6, 7, 12, 25, 29]. Evidence has
the supraepithelial potential distribution was computedcumulated showing that these originate from an in-
for given trans- and paracellular currents at all positioaease of tight-junction permeability, which is controlled
of the electrode. In a fit algorithm, the currents were vantracellularly. Furthermore, an increasing body of cir-
ied until the calculated potential difference equalled tobamstantial evidence indicates the important physiologi-
voltage measured. Method 2: after collecting scanniogl role of regulated paracellular transport processes.
data in control Ringer’s, intercellular space width was relence, there is a clear demand for a quantitative differ-
duced by mucosal addition of 40 mM sucrose and a sentiation of trans- and paracellular conductivities in epi-
ond set of data was obtained at decreased paracellulagija.

but presumably unchanged transcellular, conductivity. In many recent papers the transepithelial resistance
From these data, trans- and paracellular conductivit¢SER”) or its reciprocal equivalent, the transepithelial
were calculated. Results of both methods were in exaadnductivity G€), is used as an indicator of junctional
lent agreement. Confluent MDCK-C11 monolayers ekarrier characteristics. However, TER represents an
hibited a transepithelial conductivity of 13 mSZrithe overall measure of the whole exposed area of the exper-
transcellular pathway contributed 2.6 mS7¢20%) and imental chamber. Since TER consists of a paracellular
the paracellular pathway 10.5 mSA(B0%) to the total and a transcellular resistance in parallel, it is also af-
conductivity. Collapse of the lateral intercellular spacéscted by transcellular resistance. Further, TER is al-
decreased the paracellular conductivity to 4 m$/cthered if cell cultures exhibit imperfect confluency or
(60%). Confluent MDCK-C11 monolayers constitutsealing.

true “leaky” epithelia with homogeneously distributed We have, therefore, developed a method that allows
trans- and paracellular conductivities. In conclusiodetermination of trans- and paracellular conductivities in
conductance scanning fills a methodical gap, which hititat epithelial domains. The new method is based on the
analysis of local differences in current density which are
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nsttut tur Klinische ysiologie, H H i i ica-
Universitatsklinikum Benjamin Franklin, Freie Universitat Berlin,p.Ing and scanning glass mlcroeIeCtrOd? durmg_appllca
D-12200 Berlin, Germany tion of a transepithelial clamp current. Since the inhomo-
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Universitatsklinikum Benjamin Franklin, Freie Universitit Berlin,Nave investigated clone C11 of Madin-Darby Canine
D-12200 Berlin, Germar:y Kidney cells (MDCK-C11), which functionally and mor-



pholagically resemites the intezalded cells of enal cot
lecting ducts [19, 32, 34].

Theoretical considerations

As in previous \ltage-scanning studies [5, 10] a searﬁ’1

ning micioelectode measwd \oltage differences thia
reflect different curent densities in the sugepithelial
bath solution. e local diferences in cuent density a
caused B the inhomgeneous condudtity in the adja
cent cell lger.

For the sak of compaability, the ltage difference
(AV) measued acoss the ecursion of the micoelec
trode (Ax) was tansbrmed into the “ppaent conducti-
ity” (G,), i.e. the local diference in curent density di
vided ly the tanseithelial wltage:

GA=(AVIA X)/(p - Vo) (1)

where p is the specit resistvity of the electolytic bath
solution, andve is the tanseithelial wltage, corected
for the contibution pioduced § the wltage diop acpss
the saline and the cell culeisuppar of the monolger.
All conductiities ae referred to the goss tissue a&a,
which is equal to the metture of the Ussing lkamber
holding the tissue

Eadc eithelial aea ecoded fom was daracteized
by two local conductiities in paallel, the tanscellular
(G°) and the pacellular GP) conductvity, the sum of
which equals the localpithelial conductiity (G€) [10].
G¢ and Gp contiibute to the ppaent tans- and parcet
lular conductvities measwed G§ andGR) accoding to:

GE=Ge+k, - Gp (2
and
GR=Gc+k, - GP, 3)

with k; andk, being paametes (dgendent on theep

metiical confguration) tha descibe the coniibution of

the inhomgeneous eledtr field caused v GrP at the

spot ecoded flom. The unibrm transcellular conduatt

ity, G¢, contibutes equall to the elecic field aove

cells and junctions, because theatoccupied Y tight

junctions is ery small as compad to the gpss tissue
area.

Materials and methods

Cell culture and Ussinglamber

Visual obsevation with high esolution is needed in @er to allav
exact positioning of the scanning mi@lectode Since the tissue
is illuminated thiough the cell cultw suppat, good optical quali
ty of the suppdris cucial. Therefore, we chose Cellgen CD 24
culture plae insets (ICN Biomedicals, Arora, Ohio, USA),
which are made of pesin-solubilizd collayen and a& pemedle,
highly transpaent, thin (0.1 mm Wwen bahed in Ringr's) and
flexible. Owing to the meerial’s lov density its resistance isela
tively low. MDCK cells of the C-11lone in the 60th to 70th pas
sage were plaed on Cellgen suppas and cultued as desdred
by Gekle efal. [11] i.e under standdrconditions (37° C, air with
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5% CQy) in Minimum Essential Medium with Elaf's salts, amino
acids,N-acetyl+-glutamine and 2.2 g/l NaHCQ(MEM FG0325,
Biochrom, Befin, Gemary) which was supplemented with 10%
fetal calf semm, 100 units/ml penicillin and 10@g/ml steptomy-
cin (Biochrom). Confuent monolgers were investigated after 3—4
days of cultivation.

The collagyen suppdrof the monolger was fxed onto alét ny-
n ring by means of Histoagl tissue glue (Bxun Melsungn, Ger
ary). The pepartion was then mounted haontally, mucosal
surface up, in a Luciteolirelectode Ussing-typelmmber The &-
posed aga was 5.7 mrA Sepsal andnear the githelium, mucosal
half-chamber vere g/lindrical with a diameter of 6 mm.HE upper
patt of the dlamber widened to a diameter of 10 mm, iteorto &
cilitate hoizontal maements of the scanning aneffarence elec
trodes (see belg) introduced into the ocosal half-bamber To at
low for visual contol of the githelium and the position of the sean
ning electode the upper and Yeer gettures of the hamber vere
closed with glass a@rslips. The distance beten the upper ver-
slip and the mcosal sudce of the pithelium was 8.5 mm, thzbe
tween the lwer coverslip and the sesal fice of the collgen sup
port was 5 mm. Tanseithelial curent was passed tbugh a pair of
silver wire electodes (outer diameter 1 mm, ted with AgCl),
which were mounted tathe bottom and top of théhamber While
the seosal curent electode was cicular (inner diameter 4 mm),
the nucosal one ws U-shped to povide a laeral opening though
which scanning andeference electrdes vere intoduced Both
half-chambes were continiousy perfused ta rte of 2—4 ml/min
with bahing solution thawas oygended with a mixtue of 95%
0O, and 5% CQand vas lept & 37° C. The composition of contt
Ringer’s solution (in mM) was: 123 NaCl, 28 NaHCP4 KClI, 1.7
CaCl,, 1 KH,PQ,, 0.9 MgCl,, 10D(+)-glucose pH 7.6 vas adjust
ed ly adlition of 0.8-0.9 mM NaOH; inyiperosmolar solution 40
mM sucose had been ddd to conwl Ringer’s.

Expeimental set-up

The Ussing hamber vas mounted hdazontally on a pecise man
ually contwolled electically driven micomanipulaor (Mod. 5171,
Eppendorf Hamhurg, Gemary) tha was frmly attached to the
stage of an upight microscope (Axioplan, CaiZeiss &na, Ger
mary). The peparation was obsered by video micoscopy using a
long-distance object lens (x20/0.4, Zeiss) and subsequegttifina
caion (Optovar x1.25—-x2.5, Zeiss). A digl image processor
(Argus 10, Hamamau) allaved on-sceen detemination of the
cente of the aga of gical cell membaine and measement of the
distance to neighboimg cell centes. An AC bridge system with
syndronous demodutin was used to meaigbove the @ithe
lium the potential tadients gneeted by a sirusoidal curent of
24 Hz and 2QuA. Potential diferences were measiwed diferen
tially with a reference and a scanning elexte both made of
borosilicae glass cpillaries (No. 1403515, Hilgnbeg, Malsfeld,
Gemary). The glass miwelectodes vere shaped using a mia-
forge and filed with 0.5 M saline; thg had input esistances of
4-5 MQ. The scanning elecaide directed almost ertically to-
wards the eithelial surbice was placed lose dove the githeli-
um using a miamanipulaor. The eference electrde was lept &
a constant position 200-3Q0n above the @ithelium. With fixed
electodes, the spot on the mongéa to be ecoded flom was
brought to the scanning eleatte ly moving the Ussing leamber
with the electically driven micomanipuldor. For eat spot e-
corded fom, the oigin of the \ettical axis (i.e the axis pgrendic
ular to the pithelial plane) vas deined by lifting the epithelium
until it barely touched the ecoding electode as indicéed by dis-
turbances in the eledatal signal deived from the elecode If vis-
ible damae of the pithelium or a suden incease in the scanning
signal occured while touding the surdce the ecodings were
discaded In order to &oid damae duing recoding, the @itheli-
um was lavered, avay from the elecwde by three \ettical stgs
(0.17 um ead) of the micomanipulaor. After positioning the
scanning electide it was maed st@wise up and den (vertical
excursion Ax=10 um, frequeng 0.7 Hz) ly means of a piexlec
tric driver dtadhed to the eleabde holder
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Fig. 1 Carttoon of conductance scanningirmiple. The tansei-
thelial damp—curent induced oltage diops as illustted by iso-
potential lines bhove the @ithelium. The wltage diog, AV, was
measued d the tight junction or cendr of the aical cell mem
brane as the diérence betwen the tw potentials a@ss the -
cursion of the scanning micelectode

Measuement

The local wltage diop, AV, was measwd as the dierence be
tween the tw voltages ecoded 4 the ends of theartical stgs of
the scanning eleaide (Fg. 1). With a signal intgration time of 1
min, the sensitity was 1 mS/cr the esolution of the oltage
drop measwrd was limited ly the spéal resolution ahieved in
positioning the scanning eleotte Ve was measwd with
Ag/AgCI electodes linlked to the dminage lines br the nucosal
and seosal béhs by KCl-agar biidges. The wltage diop acoss
the saline and the colian supparof the monolger was subtact
ed In eah expeiiment, the scanning signalA\(/Ax) were mea
sured in one ara, (1) dove the cenes of thee to dur adjoining

centre

tight junction

Fig. 2 In the ixed ggomety of a two-dimensional heagonal ar
ray of cells, a rhombs (“surfice cell”) of the sig of a single cel§
apical surbce vas deined and its ara was dvided into 25x25 ele
ments (“surhce elements”). ile rhomlns’ side had a length,,,
equal to the distance beten the cenés of neighboung gical
cell membanes

order to abieve stale fits, division inton, - n,=25 - 25 elements
was equired). The hulk cell heightL, was dvided into n;=n, -
L,/L, patts, and thus theubk cell fell into n, - n, - n, rhomboid
bulk elements. (ie eason ér this doice is eplained in the A-
pendix). The glass eleabde was considexd as aad (outer diame
ter 1.7um) tha pointed \ettically at the eithelial surbce with its
tip being 0.5um distant fom the surdice For ead position of the
scanning electrde (i.e 0.5 and 10.5um aove the tight junction
and dove the ceng of the cels gex), bulk elements occupied
by the electode were listed

In generl, eat hulk element had sixatces, though which
cumrent might fow to adjoining elements. (Ifhovever, the ad
joining element was occupied Y the glass eleatde ether than
Ringer’s solution, thex was no curent though this &ce of the
bulk element). Numécal anaysis alloved computton of the su

cells, and (2) lbove thiee to bur tight junctions of the these cells praepithelial potential distbution for gven trans- and parcellu

before and after atition of sucpse to the mcosal béh solution.
More peecisel, the tight-junction ecoding sites vere in the mid
dle betveen the carers where three cells meet. Cordl expeti-
ments vere perbrmed in oder to test the ihfience of stimlus

lar curents & all positions of the eleaide The curents vere
varied until the calculieed potential diference equalled the dér-
ence meased betveen top and bottom positions of the scanning
electiode Division of the tans- and pacellular curents thus de

amplitude on tnseithelial resistance and the scanning signalived by the V¢ measued yieldedGe andGP. The rumeical solu

The contibution of cgacitive trans@ithelial curents vas irvest

gated with the tans@ithelial AC-impedance tdmique used as
descibed peviously [9]. All values ae gven as mean+SEM re-

fers to the mmber of monolgers investigated The unpaiedt-test
was used to detarine the signitance of diferencesP<0.05 was
consideed signifcant.

Mathemdical models

In order to enble recaynition of systemtc errors caused Yo mod
el assumptions, tee diferent mahemadical models vere em
ployed to deive trans- and pacellular conductities.

Method lassumed axed geomety of a two-dimensional he
agonal aray of cells desdbing the mucosal surdice of the pithe-
lium. In detail, the gometical represention compised a rhom
bus of the sie of an @ical cell surhce induding half of the inter
cellular spaces. fiis aea was called sutfce cell (kg. 2). Transla
tional symmety of the githelial surbce was assumedAt some
distance fom the eithelial surbce significant potential difer-
ences beteen diferent points in a plane palfel to the surdice
must dis@pear This distancel,, was called blk cell height. he
rhombohedon formed ty the suréce cell and theubk height was
called lulk cell. Eat side of the susice cell had a lenglL,, thé
equalled the distance beten the cenés of the pical cell mem
branes of adjoining cells. e lengthL, was subdiided into n,

patts and thus the swce cell &ll into n, - n, surface elements. (In k,= (GR [2] - GR [1])/(C§ [2] - GR [1])

tion to the feld problem is shavn in the Appendix. Calculdons
were caried out on a PC using an alithm programmed in Br-
tran (Hg. 3).

Method 2was based on a selaatipeturbaion of Gr: the in
tercellular spaces @re collgpsed ly an osmotic tadient (nucosal
addition of 40 mM suapse) and thu§&P was deceased Signals
were recoded dose dove cells and junctions, and alsb3® um
above the githelium, in oder to calculge (using Eq. 1) thepa
parent tans@ithelial conductiity of the eithelial aea eplored
(Gg). The set of rpeiimental daéa, tagether with linear Egs. 2
and 3, alleved computdon of the conductities G¢, GP andGe:

Upon nucosal adition of sucose G¢ should emain constant:

Ge[1] = Go[2), (4)

where the sttes without and with suose ae denoted ¥ [1] and
[2], respectiely. The dhang of Gf of the aea eplored is equal to
the dhange of Gr:

GR[2] -GR[1] =Gr[2] - Gr[1] (5)

Using Egs. 2-5, the pametes k; andk, of Egs. 2 and 3 can be
calculaed from G§, GR andG§ measued:

kg = (G [2] - GR [1DA(GR [2] - GR [1])

and

(6)

(@)
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Assignment of start values With the lesult of Egs. 6 and 7, Egs. 2 and 3\wlltie calcultion
Input of the signals measured, of
AV®y and AV
MD = GP [1]=(GR [1]-GK [1])/(ky~ky) (8)
Begin of (infinite) loop 1 GP [2]=(GR [2]-GR [2D/(k;~ky) ©)
0 and
Assignment of the array Cre Ge [1]=G¢ [2]=G§ [1]-k, GP[1] (20)
according to Ceg C°and C” ] .
- Geis the sum of fns- and parcellular conductiities,
Begin of loop 2: lep=1,..,4 Ge[1]=G°[1]+Gr[1] (11)
0 Ge[2]=Ge [2]+GP[2] 12)
Sy:=1024 The diference betwenGe and G§ reflects the net coritrution of

Assignment of start values currents fom eithelial aeas other than thdrom which the e-
to arrays Viy and Vo cording was made
0 Method 3assumed a constanalue of Ge in all recoding ar
| eas. Elimindon of GPin Eq. 2 (ly means of Eq. 3)esulted in a
linear elaion betweenGR andG§:

Begin of (infinite) loop 3
O

Calculation of array Cgy Ci=(1ky/kp) G+ (ky/ko) GR (13)
from Vivand Cre and Oep This model alloved computtion of G¢ from the egression lines,
O but Gr could not be detenined The conductiity of the githelial

V() = Va() + Sv -SIGN( Cov () area explored G§) was not equired

for all bulk elements i

0
| IF (vu=Vo) THEN Sy =5S,74 | Results
| 5 — | Requiements 6ér the expeiimental ppcedue were stud
o N ied in a theostical ana}sis. Contol expeliments vere
o performed to eclude the possibility of altations in
|__IF(Sy<1) THEN exitiop3 |  duced ly the AC curent @plied Without and with an
0 osmotic gadient aapss the pithelium, scanning signals,
| End of loop 3 | expressed as ppaent conductiities, were measted
0 above cell centes and tight junctions.rém these da,

trans- and pacellular conductities and the suppost

| Vep(lep) := Vin(Ori (Iep)) | . .
tion of trans- and parcellular curents vere detemined

O . .
| End of loop 2 | using the ménemadical models.
O
AVPe = Vep(1) - Ver(2)
AV = Vep(3) - Vep(4)
O
[ IF (Sc<S) THEN exitloop1l | Fig. 3 Flow chat of the ft algorithm. Three-dimensional aays
represent the supspithelial potential in all blk elements\{ and
O Vo) and the net cuent fowing into eab bulk element Cg ). In a

IF (AV el AVP) > (AVET AVPY)
AND (S¢ > 0)

THEN Sc= 05" Sc

IF (AV el AVP) <AV AVPY)
AND (Sc < 0)

THEN Sc= -0.3- Sc

O

cP=CcP+5sc
ct=1-cC*

O

End of loop 1

O

IF CBU =0
AND (AVc/ AVPS) = (AVim T AV )
THEN write results

ELSE

fit failed
(O reduce S, and restart)

set of thee-dimensional aays (forming a bur-dimensional amay,
Ogp), bulk elements containing glass elexte ae indicaed for all
positions of the eleadde (ind& Igp). The coodinates of the elec
trode’s tip opening a stoed in a sparate aray (Oy). The tians
epithelial curent dgends on the length of tight junction in Bac
surface element, and is dedmd in a tvo-dimensional amy
(C;p). The potential aithe electode’s tip is stoed for all positions
of the electode in a one-dimensionalray (Vgp). At the bginning
of the ft loop, an edudad guess of the anseithelial curent
(Cep) and the eldive contibutions of tans- and pacellular cur
rents Cc and Cp) is used For all four positions of the eledide
the potential in edt bulk element is &ried until the net cuent
flowing through the sixdces of the elementmishes. Abee cell
cente and aove tight junction, the eltage acoss the ecursion of
the electodes’ tip is calculted from the potentialiéld computed
These wltages AVg andAVR) are compaed to the vltages mea
sured @A\ andAVg,). Trans- and pacellular curents C¢ andCp)
are then banged and gain the coresponding potentialidld is
computed and comped with the wltages measwd This pioce
dure is contimed until C¢ and Cr are detemined with suficient

precision §<S)
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Theoeetical ana}sis

In order to knev how close the scanning eleotte nust
approximate the @ithelium to distinguish beteen tans-
and paacellular pghways, supaepithelial potential dis
tributions were computed using the agdgthms of model

as a function of distancedim the surfice becomes high
ly non-linear A caved is thus necessgaiin the intepre-
tation of signal banges, because thiemay originate
from variations in the distance beegn the electde and
the surbce

Upon an arbitry £10% \aration of the mean dis

1. By plotting the elecit potential gainst the distance tance betwen neighboumg cells (13.3um, see belw)

from the tight junction on the line connectingotweigh
bouiing cell centes, elecic potential pofiles were ob
tained & different distances ém the surdce of a leak
epithelium (HRg. 4). Wthin a few micrometes fiom the
surface significant field distotions near the tight junc

tions allaved dear discimination of junctions and cells.

This was not the casdowever, & 10 um or moe &ove
the surfce; theefore, gpproading the surice to<3 pum
is advisable. Near the tight junction the eleictipotential

10 um
O .
A A A
CcC TJ CcC

Supraepithelial potential difference [uV]

T T T T T T T
6 -4 2 0 2 4 6
Distance from tight junction [um]

Fig. 4 Computdion of the elecic potential @neeted dove an
epithelium of heagonal cells ly a tans@ithelial curent of 400
pA/cm? (solind line3. Paracellular péhways were assumed to
contiibute 0.8 to the condueity. The dscissa indic@s distance
from tight junction TJ) on the line connecting twneighbouing
cell centes (CC), which ar 13.33um gart. The zro-potential
point was ¢hiosen 10um aove the cell cens The cures core-
spond to diferent distances ém the surdce:a: 0.3 um; b: 0.8
pm; c: 2.4pum; d: 5 um; e 10 um. Symbolshowv a seies of mea
surements wer cell centes, tight junction and interedide loca
tions, perbrmed in a singlexpeiment on the line connecting bw
neighbouing MDCK cells

Fig. 5 A Computaion of con
ductance-scanning signals i r
lation to leakiness: (1)kove

cell centes &olid line); (2)
above tight junctionsdashed
line); and (3) dove intesec
tions of the junctions of tiee
neighbouing cells @otted ling.
Abscissashaws the faction of
paracellular to werall epithelial
conductvity; ordinateis the sig
nal measwed with the electde
(AV). B Fraction of the scanning
signal dove the tight junction

A

40 -

307 L
/

AV [uv]

10 A

tight junction intersection , -
- ’/

/‘7
tight junction

the calculged esults aied by +45% (G¢ under contol
conditions), +15% and13% (G¢ in the pesence of an
osmotic gadient), -8% and +11% GP under contol
conditions), or-9% and +11%@r in the pesence of an
osmotic gadient). (IfGe<<GP, G¢ became elatively sen
sitive to the wariation of cell distance). fius, it is neces
sar to choose pithelial aeas of egular cellular gome
try, to measwe cell distances, and twexage the esults
obtained

In order to esthlish the equiements dr sensitiity,
the elaionship betveen the pecision of the potentialrg-
dients, meased 0.5 and 10.am aove the githelial sur
face and the accary of the paacellular conductity de-
rived was &aluaged (Hg. 5). Trans@ithelial curent was
confined to 40QuA/cm2. When the pacellular conduct-
ity ranged from O to 100%, the signal measdrdbove the
cell centes deceased fom 22 to 151V while ebove sim
ple tight junctions it in@ased fom 22 to 39uV and
above intesections of the junctions of #& neighbotng
cells it inceased fom 22 to 41uV (Fig. 5A). For in-
stancea 10% diference in leakines®sulted in espectie
changes in AV of -0.7 uVv above cell centes, 1.7uV
above tight junctions, and 1.V above intesections of
junctions. A perequisite br quantifcation of the paacel
lular conductyity is thus a sensitity of <1 pV. Note tha
even if the tanscellular ptways were non-conductie,
the signal measad @ove the cell centrs would still be
38% of tha above tight junctions (fg. 5B).

Morpholagy and tanseithelial resistances

In saline the ifter suppot (Cellagen CD 24) vas com
pletely transpaent allaving visual contol of the epei-
ment. The resistance of the supgawrithout cells in con
trol Ringer's was 2-3Q - cn?. Microscopic obsesation
of the peparation revealed eithelial aeas of a pedctly

B

. 2.5
.’——/ 7
./

AVP [ AVE

cell center 1.5 A

1.0 -

to the signal bove the cell cen OF———
tre (AVPIAVE), in relation to 0 20 40
leakines:

60
Paracellular conductivity [%]

T T T T 1 T T T T T T T T T T 1
80 100 0 20 40 60 80 100
Paracellular conductivity [%]



confluent monolger and spots with darged cells and
probably loss of conluence The &peiiments vere re-
stiicted to aeas of pedct confuence and pproximately
hexagonal cells. Tie tansceithelial resistanceas mea
sured with conductance scanning eleds, vas 83+6Q

Fig. 6 Light micrographs shwing the nucosal suidice of an
MDCK-C11 monolger bebre (A) and after B) adlition of
40 mM sucose to the mcosal Ringr’s. Note thaithe boder lines
separating individual cells became less grounced indicaing
collapse of laeral intercellular spacesArrows indicae the cells
from which recodings were mad-

Fig. 7A, B Lineaiity of re-
sponse uponaviation of ampli
tude of the cuent gplied in a
typical contol expeliment.

A Amplitude of tanseithelial
voltage (Ve) as a function of
curent amplitudeB Scanning
signal AV), measued 30um
above the @ithelium, as a func
tion of curent amplitud-

A
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- cn? (n=10) when detamined using model 1, and 71+7
Q - cn? (n=10) when detemined with model 2.

The mean distance beden neighboumg cell centes
was 13.3+£0.um (m=21 measwements om=10 tissues).
(It decreased with mlonged cultvation). In contol
Ringer’s, the cell batters were deatly visible, indicaing
dilated intecellular spaces (§. 6A). In oder to deter
mine hav flat the surace vas, the heights of neighbour
ing cell centes and the intemedide tight junctions &re
measued ky recoding the ‘ertical position of the scan
ning electode when it baely touched the suece The
difference in height beteen neibhboumg cell centes
was 1.79+0.33um (m=18, n=2). The tight junction \as
2.0£0.5um (m=10,n=2) lower than the cerdrof the ai-
cal cell membane

After mucosal adition of 40 mM suapse cell bor
ders became less @nounced but remained visite (Fg.
6B). The tansithelial resistance of undarged confu-
ent aeas vas 161+10Q - cn? (n=10) and 137+13) -
cn? (n=10) when detemined with models 1 and 2er
spectvely.

Contmol expeiiments

Contmol expeliments vere perbrmed to &clude the pos
sibility that the eithelial conductiities recoded were
affected ly the curent gplied The curent/\oltage
curves measwad with tans@ithelial electodes vere lin-
ear in the ange of 0-50pA, coresponding to 0-1
mA/cn? (Fig. 7A). Similaty, the scanning signalA{)
was linear in the sameamge (Fg. 7B). Being in the
range of curents testedthe amplitude of thednseithe-
lial curent gplied duing conductance scanning does
not afect the conductities measwed

By using altending curent, polaization effects vere
avoided but the contibution of ractive components due
to membane caacitances had to be consieérAn im-
pedance plot is skn in Hg. 8. The daa points it well
to a semicicular least-squas gproximation based on
an electical model consisting of a simplegistor—-cpac
itor pamllel network in sefes with an ohmicesistor a
model \alid for unilayered eithelia with open leeral
spaces [24]. Intsections betaen the semiaite and the
x-axis d high and lav frequencies sigrigd the sdes -

B

0 10

Current [pA]

20
Current [uA]

20 30 40 50 0 30 40 50
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Fig. 8 Chamcteistic Nyquist plot of the @nseithelial imped
ance of MDCK cell monolgers. The resistance of theilfer sup
port had been suldcted Abscissaandordinate give real (ohmic)
and ima@inary (reactve) components of the compglémpedance
Symbolsare dda points meased a given frequencies. fie arrow
denotes impedancé 24 Hz

o 3

¢ 5
E | : g ;
o

G’y G’y Gz G’y
calculated conductivities

G%yu G G2 G2
apparent conductivities

Fig. 9 Left columns:appaent conductiities (G,), refering to
gross tissue @a, measwd dove cell centes {(ndex ¢) and dove
tight junctions {ndex p) without ([1]) or with nucosal-to-seysal
sucose gadient (p]) of all sites ecoded flom. Eah point repre-
sents the mean of o four measwments in the same |daan.
The rumber of loctions (M) is gven in Table 1. Right columns:
true tans- and pacellular @ithelial conductiities (G and GP)
were calculéed The dda shav a lage standat deviation, because
measuements of indiidual points ecoded flom 10 diferent tis
sues a& shevn togethe’

sistance and the sum oftis@ithelial and seaes esis

tance respectiely. The real component of the imped 7
ance &824 Hz was 45.1Q - cn? or 99.6% of the (ohmic)

epithelial resistanceR;, of 45.3Q - cn®. The results
show tha the eror caused Y using altenaing curent of
24 Hz was ngligible.

Appaent conductiities

Scanning signalsecoded dove cell centes and bove

Table 1 Mean scanning signaldave cell centes and tight junc
tions, pesented asppaent tians- and pacellular conductiities,
Gf andGg, accoding to Eq. 1. iey were measwed bebre (con
trol) and after mcosal adition of sucose psmotic gadien) in
10 epeliments. (n The rumber of déa points,

Contol Osmotic gadient

Gk GR GX GR
(mS/cn?) (mS/cn?) (mS/cn?) (mS/cn?)
9.2+0.4 20.0£1.3 5.3+0.3 9.1+0.4
m=33 m=35 m=31 m=35

[
4]
]

=
N
1

©
1

(2]
1

w
1

Apparent conductivity at cell center [mS/cmZ]

o

0 6 12 18 24 30
Apparent conductivity at tight junction [mS/cmz]

Fig. 10 Mean gpaent conductiities & tight junctions &bscissa

and cell cenes prdinate) measued with Epen symbo)sor with-

out a nucosal-to-sarsal sucose gadient filled symbol} in ten
expeliments. Symbolsdifferent in siz or form indicge different
expeiiments. In edle case s 0<GE{<GR, and both ppaent con

ductivities deceased with the sugse gadient. Rgression lines
are shovn

appaent conductiities by means of Eq. 1 (§. 9 and
Table 1). In contol Ringer’s, as wvell as with 40 mM su
crose on the mcosal sidethere were no non-conduacte
spots (as desitred by Cereijido etal. [5]). Above tight
junctions the ppaent conductiity (GR) was dout twice
that above the cell ceners G3). With a sucose gadient,
the gpaent conductiities deceased & both sites B
about half Since upon atition of sucpse the intarellu-
lar spaces shnk, the de@ae of the gpaent conductii-
ty measued dove cell centes indicdes tha it is stiong
ly affected ly the local conductity of the paacellular
pahway. From the plot ofG§ as a function ofGR (Fig.
0) model 3 yielded the ue tanscellular condudtity,
G¢, as 2.6+0.7 mS/cin(20 daa points,n=10 monolg-

s).

Vaiiation of scanning signals

In ead expetiment, two to four measwements \ere per
formed & ead spot fom which recodings were made;
however, after the ifst measwgment, other spots of the

tight junctions vere, in the frst instance expressed as epithelial aea were investiggted bebre the second and
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Table 2 Standad deviation (in %) of individual scanning signals, Table 3 Trans-G¢) and paacellular GP) conductvities, and their

presented aspgpaent conductiities, G and GR, befre (control)
and after rcosal adition of sucose psmotic gadien). Two

sum, the pithelial conductiity (G€) under contol conditions and
under the osmoticrgdient, accating to the thee methods used

cases \ere considezd: (1) epeaed measwements fom the same Percentayes ae contibutions of paacellular conductity to total

cell cente or tight junction, and (2) thé $t recodings made fsm
different cell centes or diferent tight junctions in the sameie
thelial aea. (n The rumber of déa points,n the rumber of @ithe-
lial areas;

Contol Osmotic gadient
%SD  %SD %SD  %SD
() (GR) (&) (3R
1. Same lodion 15.4+2.917.7+2.6 15.5+2.314.6+1.7
m 33 35 31 35
2. Different locdions 12.2+1.814.4+1.1 15.1+2.411.3t1.4
n 10 10 10 10
20 1
_ L 4
N
E )
w0
E. 15 1
>
=
E]
=]
§ 10 - <>.
B
2 v
5 5 A
o
B8
£ A
= 0 T T T 1
0 5 10 15 20

Method 1: paracellular conductivity [mS/cmZ]

Fig. 11 Paracellular conductities of ten monolgers (represented
by the same symbols as used iig.FLO) with open symbo)sor

without a nucosal-to-saysal sucose gadient filled symbol3.

The \alues dewved with method 1 and method 2eandicaed on
abscissaandordinate, respectiely. Regression lines & shavn

subsequent meamments \were made As a measu of
reproducibility of the scanning signals aftesposition
ing the elecinde the standat deviation of repeded
measuements on the same spoasvdetemined (T&ble
2). For measwements madetaell centes or tight june
tions and under coral conditions or with osmoticrgdi
ent, the standdrdeviation was 13-19% without signif
cant diferences beteen the conditions tested

In order to assess the haigeneity of tans- and par
acellular conductities, we evaluaed the standdrderia-
tion of the frst measwments wer all cell centes of
tight junctions, espectiely, in the same mthelial aea
and under the same conditioreffle 2). In eab casethe
result (10-18%), was not signitantly different from the
standad deviation of repeded measwements wer the
same spot. fius, hetesgeneity of tans- or paacellular
conductvity was not obsered

epithelial conductrity. There was no signitant diference be
tween espectie dda of the thee models. Dferences beteen
contols and osmotic rgdient were P<0.001

G¢ (mS/cn®) GP (mS/cn?) Ge (mS/cn?)
Contol Osmotic  Contol  Osmotic
gradient gradient
Method 1(n=10):
2.5£0.5 9.7#1.2  3.5%0.3 12.0+0.9 6.2+0.4

(81+10%) (56+4%)

Method 2(n=10):
2.7£0.5 11.3+1.4 4.6x0.9
(80+10%) (62+12%)
Method 3(n=10):

2.6+0.7

14.0+1.3 7.3+0.7

True conductiities

G¢ and GP were calculéed using the models degmd
above. The gplication of areraged model pametes to
single scanning signals i@ 9, right) provides the ont
assessment of inddual trans- and pacellular conduc
tivities so &r available. Transcellular condugtities were
significantly lower than paacellular ones. fie GP values
derived from methods 1 and 2 getated well in eight of
ten epeliments (kg. 11).

According to models 1 and 2, me&ft was 2.5+0.5
(n=10) or 2.7+0.5 mS/cm(n=10; n.s.), espectiely (Ta-
ble 3). The meanGr was 9.7£1.2 1§ =10) or 11.3+1.4
mS/cn? (n=10; n.s.) without an osmoticradient, and
3.5+0.3 (=10) or 4.6+0.9 mS/cA(n=10; n.s.) with an
osmotic gadient. he cellent @reement of the alues
achieved using the dierent models copborated the &
lidity of the assumptions madender contol conditions
Gr was pedominanty detemined ty the barier of the
tight junctions, wile under the osmoticrgdient the e
sistance of interellular spaces cornluted so tha GP
was keduced to 40% of the contrvalue Contiol epithe-
lial conductvity was educed under the suse gadient
by almost half As GP was Pur times higher tharse,
confluent MDCK monolgers of done C11 can belas
sified as leak epithelia.

Supeposition of tans- and pacellular curents

The supgposition of local tans- and pacellular cur
rents can bexpressed v Eqgs.2 and 3 (see Ntials and
methods). Tie meanelative contibutions of the paacel
lular pahway to the scanning signals measdirdove
cells and junctions are k;=0.75 and 0.61 in models 1
and 2, espectrely, andk,=1.8 in both models. ese pa
rametes do not dpend on the ngnitude of the conduc
tivities ut only on the g@ometical distibution of the
conductvities, i.esize and shpe of the cells in the aa
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explored Cleaty, k; could not be nglected BecauseésP findings of Ceeijido etal. ae concerable, if the sensi
was bur timesG¢, it contibuted moe to the scanning tivity of their method is laout 15 mS/crh (about 10
signal measud dove the cells compad withGe. mS/cn? is estiméed by the authos), because then the
appaent tanscellular conduatities and half of the par
acellular ones arbelav the expetimental esolution.

Discussion

As eaty as 1972, Fmter intoduced in his pioneeéng Conductvities of MDCK-C11 monolgers

study [10], the wltage-scanning tdmique using mia-

electodes to measar with fine discimination, potential The conductiity of confluent MDCK-C11 monolgers
gradients inducedkave cell suréices and tight junctions(13 mS/crd), measued in luffered electolyte solution,
while curent is passed thugh the pithelium. The - was higher than thig3 mS/crd) measued ky Gekle et
parent conductiity GR, calculded using Eq. 1 &ém the al. [11] in C11 monolgers (62—72 pasggs, Similar to
scanning signal measd dove tight junctions, cannotthe pesent stug) grown on pemedle membane fiters,
(as in [5]) be intgureted as the conductance per unit suwhich were bahed in MEM cultue medium. In the tker
face of junction, because: (1) the diameter of theanicstudy the standat deviation (70%) was higher than tha
electiode is not small enough compdrto the diameter in the pesent gpeiiments (27%). Wration of epithelial
of the tight junction; and (2) the scanning signal is noonductvities is, hevever, often obsered in studies of
equal to the eledtr field a the tight junction, becausecultured monolgers. Baker and Simmons [3] and Hein

the distanceAx, traversed ly the \ertical stgps of the
scanning miavelectode is not small enough compdr
to the feld distotion near the tight junction {§. 4). The

present stug shaved tha, because of the supasition

of trans- and pacellular curents, ppaent conductii-

ties ae not suitale estim&es of the e conductiities.

This pioblem was soled by estdlishment of méhemdi-

cal models andybimprovements of @solution and sensi
tivity of the expeiimental tetinique Insignificant difer

ences of theasults poduced with diferent models indi

cde the \alidity of the assumptions made

Resolution and sensitty

The competing vilating probe tetinique abieves high
sensitvity and a tempal resolution of <1 s. But acodr
ing to our thecgtical anaysis, the sp@al resolution is
not suficient for differentigion between tans- and par
acellular p#shways, because the lgg piobe (diameter
about 6pum) must be lept & least 7um distant fom the
epithelial surhice and the position of the @he is pecise
by only +3um [8, 28]. Because of the sub-noonete
resolution, micoelectode scanning témiques a& supe
rior in the pesent aplicaion. Nevertheless the grcision
of single meas@ments \as limited ly the sp#al resolu
tion adieved rather than the sensiity of the recoding
system.

Using a micoelectode wltage-scanning tdmique
and stugling low-resistance non-diérentided MDCK
monolgers, Ceeijido etal. [5] consideed gpasent con
ductivities dove cell membanes and junctions.hE au
thors found tha cell bodies a& never conductre, and
also in half of the pacellular sites condueity was not
detected The authos condude tha the teminal bas ae
functionally tight along 50% of their lengt. In coast,
the pesent stugl found a signitant ppaent conducti-
ity in all spots ecoded flom, albeitGE was higher than
Gi. This discepany can be undstood vhen the im
proved sensitiity (about 1 mS/cr?) is consideed The

etal. [13] measwd 10-20 mS/chin strain || MDCK

cells, cultued on memtane flters tha were bahed in
phosphee—tluffered saline or modiéd Krebs’ solution.
High conductiities were also meased in the wild-type
MDCK monolayers studied in cultie medium without
seium or in Hanks’ balanced salt solution (4-2¥slaf

ter plaing on membane fiters) by Misfeldt etal. [20],

who measwed 12 mS/ch In monolgers of wild-type
cells (plaed on mylon doth coded with collgen and
bathed in cultue medium), Caegijido etal. [5] and Ste
fani and Cegijido [30] found conductiities of 3-14.3
mS/cn#, which deceased with theumber of pasges.

As a lesult of our stug confuent MDCK-C11 mone
layers can be lassifed as leak epithelia, because the
parcellular pghway was dout four times mog peme
able than the tnscellular ptoway. The tanscellular
conductvity (2.6 mS/crmd) must be higher than thaf
high-resistance MDCK monojers, where the esistance
sets an upper limit of 0.2-0.5 mS/&to the tanscellular
conductvity [3, 4, 11], similar to esults of kottra [14] in
a stug of Nectuwus gallbladder The relaively high
transcellular conductity of MDCK-C11 cells m& pos
sibly be plained ly a lage CF conductance in thepa
cal membane [11]. Since the dnskrence mimbes of
the tissue dér Na is only twice as high as thdor CF
[21, 22], caion selectiity of the tight junctions implies
transcellular ClI flux. In rabbit salvary duct eithelia,
the high conductity (about 100 mS/ciin symmetical
150 mM C¥) resides in the cell memdme and is not due
to a paacellular p¢hway [1]. Futhemore, a least in
mucosal-to-seysal Nd fluxes, the t@nscellular pgnway
can contibute signifcantly in low-resistance MDCK
cells [17].

In MDCK cells, a Ct conductance is astited dumg
volume eguldaion [23]. Unless gposed to admaline
however, hyperosmotic &posue of the gical surfice of
Cl—-seceting MDCK epithelia does notesult in po-
nounced dfcts upon shoitircuit curents [26], sugest
ing tha the gical Ci conductanceand hence also the
transcellular ptéaway, is not dlanged by mucosal adi-



tion of sucose Moreover, the good ayreement of calcu
lations based on model 1 (@re the osmotic péurba
tion is not equired) and models 2 and 3 supisothe as
sumption of suase afecting pedominanty the paacet
lular pahway. Using altenaing curent spectscopy,
Kottra [14] has shen tha in Nectuus gallbladder -
posed to kpemsmotic nucosal Ringr's solution the
pamcellular esistances of both tight junctions antkfal
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tical impottance because the boungaconditions ag in-
homayeneous. In ater to accelete the mmeical anat
ysis, we sought a simple riteemdical formulation.

In the ggometical representéion descibed @ove, the
surface cell has tar orthogonal symmetly axes of pta
tion (FHg. 2). This reduced the timber of comput#ons.
The dimensions ofllk elements wre cdhosen sue tha
the conductance beegn a blk element and its neigh

intercellular spaces inease and thiahe esistance of the bour, g, was the sameof all bulk elements and albtes

apical membane emains uncangd

Repedaed measwements wer the same tight junction

had the same standadesiation as measements wer
different tight junctions. fius, in contast to pevious
findings [5] thee was no gidence of a hetegeneousy
distributed conductiity in the tight junctions.

Resistance of taral inteicellular spaces

Mucosal adition of sucose can deease paxcellular
and tansithelial conductrities, because inteellular
spaces slmk [14, 18, 33]. In the msent stug the os
motically induced incease of the &mseithelial resis
tance vas lager than the 45% inease obseed by Mis-
feldt etal. [20]. Under contl conditions, i.ewith dilat-
ed intecellular spaces, the parellular esistance as
dominded by the lesistance of the tight junctions.itW
collapsing intecellular spaces, heever, the paacellular
resistance in@ased The pesent ihdings suppdr the

idea thathe width of the leeral inteicellular spaces can,

under special conditions, metha the pemeadility
through the pacellular pute and ae thus in accer
dance with esults of Sralders etal. [27] which indicae
tha the contibution of the léeral spaces to theesis
tance of abbit gallbladder ma be signicant oml during
osmoticaly induced sarsal-to-nucosal vater flux. The
impedance measements of Kttra and Fomter [15]
show tha in Nectuius gallbladder goithelium under con

of ead hulk element:

g=sin(60°) L /(p - nj) (14)
where p is the specit resistvity of the electolytic bath
solution, and_, andn, are the length of a side of the sur
face cell and theumber of surdice elements in easide
of the suréce cell, espectiely, as deihed in the tgt.
(Lower-case lettes ae used dér symbols eferring to sur
face or nlk elements).

According to the pinciple of chalge conseration in a
stdionaty or quasi-staonary stae, the sum of the elec
tric curent fowing into a rhombohedt bulk element
must equée to zro. For all kulk elements, xcept for
those ngt to the @ithelium, we theefore hae:

SAG=0 (f=1...6) (15)

where Av; is the potential dierence betwen the blk el-
ement and its neighbout facef. For bulk elements nd
to the @ithelium, the cuentig flowing through the &ce
(f=6) looking to the adjacentpihelial surbice element
(s) must be consided The paacellular contibution to
i was assumed to beqpottional to the length of tight
junction in the sudce elemens, so tha

ig=sin(60°) L2 -Ve- (rg- GP) + (G°/n2), (16)

where sin(60°) L2 is the aea of the sueice cell, and
is the atio of the length of tight junction in the sade
elements over the total length of tight junction in the
surface cell. Br the lulk elements nd the @ithelium,

trol conditions the esistance of tight junctions is 3.5ve obtain:

times lager than thaof the ldaeral intercellular spaces,
but after collpse of the spaces theisistance »ceeds
tha of the junctions.
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Appendix

Method 1 equired calcultion of the supaeithelial
electic field tha fitted the potential ditrences ecoid-
ed Theoetical @proades to this type of electdynami
cal poblem ae based on d¢issons equ#on and the
Nemst-Plank electoneutality condition [16, 31].
Closed 6rm solutions a not ailable in cases of @

SAV +iJg=0 (f=1..5) (17)

In the top lger of ulk cells (a distancel,, from the @i-
thelium), where potential diferences in the haontal
plane (i.e the plane pailel to the eithelial surfce)
vanish, the eledtr potential vas set izero. The tiansla
tional symmety of the suréce cell (kg. 2) implicdes
that two kulk cells in the same hiaontal plane a inter
changeable if the alues of a hdrontal coodinate ae
conguent, modulon,. This alloved computdon of Av;
if the two adjoining llk cells were in diferent surbce
cells. The bounday conditionAv;=0 gplied if the lulk
elements neighbour afacef was occupied ypthe glass
electode

After an educted guess os¢ andGp, Egs. 15 and 17
were sohed rumeiically by systeméc varation of the
potential in eals bulk element. By compé#son of the e
sulting supaepithelial potential distbution with the pe
tential diferences measad, G¢ andGpP were detemined
in a corventional ft routine (Fg. 3)
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