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Abstract. It is well known, that in mammalian small ductance. The paracellular pathway consists of a series
intestine, CAMP increases Tpermeability of the apical array of the tight junctions and the lateral intercellular
membrane of enterocytes as part of its secretory actiorspace. The tight junctions are considered to be the most
Paradoxically, this is usually accompanied by an increas@nportant barrier in this array. It is evident, however,
of the transepithelial resistance. In the present study wéhat the interspace becomes more important when its
report that in the presence of bumetanide (to block badiameter decreases [14].
solateral CI uptake) cCAMP always decreased the trans-  The epithelia of small intestine and gallbladder be-
epithelial resistance. We examined whether this dehave as cation selective barriers [6, 13]. This is because
crease in resistance was due to a cAMP-dependent irthe paracellular pathway dominates the transepithelial
crease of the paracellular electrolyte permeability inpermeability and the tight junctions have a larger con-
addition to the increase of the Tpermeability of the ductance for cations. It has been reported that the cation
apical cell membrane. We used diffusion potentials in-selectivity of these epithelia can be decreased by cAMP-
duced by serosal replacement of NaCl, and transepithegenerating drugs [4, 11, 27]. This conclusion is primar-
lial current passage to evoke transport number effectdly based on measurements of diffusion potentials
The results revealed that cAMP (but not carbachol) couldnduced by replacing part of the NaCl in the bathing
increase the Clpermeability of the tight junctions in rat solution at one side of the epithelium by an inert non-
ileum. Moreover, we observed a variation in transepi-electrolyte. These so called dilution potentials are indi-
thelial resistance of individual tissue preparations, in-cators for the ion selectivity of the epithelium and
versely related to the cation selectivity of the tissue, sug€hanges in these transepithelial potential differences re-
gesting that N& permeability of the tight junctions can flect changes in ion selectivity of the paracellular path-
vary between preparations. way if the ion permeability of the cell membranes re-
mains unaltered. The conclusion that the ion selectivity

Key words: Paracellular pathway — Sodium conduc- of tight junctions ofNecturusgaIIbIac_Jder [11_] can b_e_
tance — Transport number — lon selectivity — Trans- Modulated by cAMP must be questioned since (i) it is
epithelial resistance — Tetrodotoxin — Bumetanide ~ KNown now that in this tissue cAMP also induces an
increase of the Clconductance in the apical cell mem-
branes [26], thereby reducing the cation selectivity of the
Introduction tissue, (ii) CAMP induced a decrease of the transepithe-
lial conductance in the gallbladder due to a collapse of
the lateral intercellular space [19]. This makes this part
of the paracellular pathway more important and because
the transport numbergt)(in the lateral intercellular
spaces are based on free solution mobility, with>
tna the cation selectivity of the paracellular pathway
I should decrease. In contrast, in fish intestine, where
Correspondence tol.A. Groot cAMP has no effect on the ion permeability of the apical

Since the pioneering studies of Fnter [14] it is well
known that in leaky epithelia the paracellular pathway
can comprise more than 90% of the transepithelial con
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membrane of the epithelial cells [4, 20, 28], it has beenv_entral incision was made, segments qf dis_tal ileum were ligated, in-
demonstrated that cAMP can increase the conductivity O_f:|sed_next to the ligatures gnd_ rinsed with Ringer’s solution to remove
the tight junctions for specifically some anions, including intestinal contents. After ligating the blood supply to the segment it
CI"13.5]. Alth h the details of th h 2 .~ was removed, stripped of muscle layers and flat sheets of tissue were
[3, 5]. Although the details of the mechanism remain o e in tissue holders described elsewhere in detail [3]. The time
to be e'_UC'd??‘tedg't 1S ?V'dem that the anion CondUCtan'C%etween cutoff of blood supply and mounting of tissue holders in the
of the tight junctions is regulated by cAMP because itussing chambers was less than 2 min. Two sheets of tissue were
can be increased by the permeable form 8-Br-cAMP angbrepared simultaneously and were used as control and experimental
by the adenylate cyclase activator forskolin and can bdissue. The exposed area was 0.2°and free of Peyer’s patches.
regulated by cAMP-related transmitters like VIP and epi_Both sides of the epithelium were perfused with Ringer's solution,
nephrine and the cAMP sparing inhibitors of phospho_gassed with humidified 5% COr 95% O,. Solutions were maintained

diest 3. 4]. Cvtoskeletal ti 21 ts | at 37°C with water jackets and recirculated (total volume 3 ml on either
lesterase [ ! ] yloskeletal-acuve [ ] agents In'side) with a roller pump. No hydrostatic pressure differences occurred

duced anon_selemiv@ermeab”ity increase [5]. during changes of the perfusion solutions. Transepithelial potential
The main goal of the present study was to answer th@ifferences was measured using Ag-AgCl electrodes connected to the
qguestion whether, like in fish intestine, the"@onduc- perfusion medium by Ringer-agar bridges. The tips were placed at less
tance of the “ght junctions of rat ileum can be increasedhan 1 mm from the epithelium in the middle of the exposed area.
by cAMP. The absence of the cAMP-sensitivé €han- The resistance was calculated from voltage deflections evoked by 1-sec
. ’ - . hipolar current injections of +10 and —-1QA through platinum
nels !n the aplcal membran.e of fish enteroc_:yte_s makes IZlectrodes placed 2 cm from the epithelium and is given as ohfn.cm
pOS_SIble tO_ us_e CAMP med'ateq changes_ln d'IUt'On _pOWhen serosa-to-mucosa or mucosa-to-serosa direct currents were
tentials as indicator for modulation of the ion selectivity passed, the output of a constant current source was connected to the
of the tight junctions. In ratileum, however, the mucosalcurrent passing electrodes so that the effect of direct current on the
dilution potential (serosa_negative potential change) igransepithelial resistance could be followed continuously. The direct
diminished and the serosol dilution potential (Serosa_curren‘t was passfed as long as necessary to reach a plategu value of
positive potential change) is increased by cCAMP becaus otential and resistance. Corrections were made for the resistance of

N . . the perfusion solutions and, when necessary, for potential differences
of the activation of the transcellular Céecretion which across the agar bridges which were calculated by the Henderson equa-

in itself causes a serosa positive potential changejon, The input resistance of the amplifiers was higher thahatfn.
Would it have been possible to block the apical CAMP-The amplifiers were connected to recorders so that potential and resis-
activated CI channels in the rat ileum then one would tance could be followed continuously.
have a tissue like fish intestine. However, we found
none of the tested Clchannel blockers (DPC, 9AC,
SITS, NPPB) effective in preventing the serosa positivel "UX MEASUREMENTS
potential change upon cAMP application in rat ileum . _
. - . Intestinal sheets, were mounted on tissue holders to separate two com-
(R'B' ,Bajnath’ P.B. Bljlsmg, JA. GromnpUb“Shed ob- partments filled with 3-ml Ringer’s and stirred with magnetic buttons.
servation$. As an alternative we compared the effect of o stream of humidified 95% Qand 5% CQ was passed over the
CAMP on the serosal dilution potential in the absencesolutions. Six intestinal sheets were used in one experifiitwas
and presence of the NaK2ClI cotransport-inhibitor, bu-added to either the mucosal or serosal compartment. At 30 min, by
metanide. Bumetanide causes a strong reduction of thehich time steady state fluxes had been achieved, three 0.1-ml samples
forskolin-evoked potential change in rat ileum [16]. The Wer)e take”dzn‘é ‘t*r‘]is Waff retpefated at 40 rlni”- Dib‘:‘wy'tcyc”z '_’W'tp (1f
- HH . H - ~1MM) was adae erearter 1o tour serosal compartments and in two O
Cl p_ermeablllty at the baSOIateral side Qf the eplthellalthese also 0.1-m bumetanide. Further samples were taken at 50 and
cells If not affected by f(_)rSkO“n [11] and, in the Pres_enceGO min. The changes in the fluxes were calculated from the 10-min
of a K'-channel blocker in the serosal bath, application 0fperiod before and after drug addition. Serosa-to-mucosa flux@af
forskolin will not change the cellular component of the in the presence and absence of 8-Br-cAMP were monitored in separate
ion selectivity at the basolateral side. experiments with bumetanide present throughout.
Another test we used to determine the influence of
forskolin, is the effect of current passage through the
epithelium. This technique has previously been used t

tsrt]gﬁg tri]r?cllarc]iiﬁele]ftlr\]”t'y of t!ght junctions in leaky epi The gya g @andge . the conductance of the tight junctions for Nend

! . g s |nt<_est|ne [5_’ 7, 14] Th? ,baCk' CI™ respectively was calculated with the assumption that the paracel-
ground of this method is described in detail in the yar conductance comprises 95% of the tissue conductance [24] and
method section. Furthermore, we compared the effectgat the lateral intercellular space contributes 15% to the resistance,
of cAMP and forskolin to the effects of carbachol, an- based on the mean decrease of the resistance due to mucosa to serosa
other secretagogue, acting via a different pathway. current (this paper). This allows to calculagg (conductance of tight
junctions) which is considered to be the sumgpf,; andgc, 4. The
participation of K has been left out because of its much lower con-
centration.

The change of the transepithelial potentidi() induced by mu-
cosal dilution of NaCl was corrected for the tip potential, calculated
Female Wistar rats (200—300 g) were anesthetized by intraperitonedrom Henderson’s equation, and used to calculate the transport number
injection of sodium-pentobarbital (60 mg/kg). A midline abdominal of Cl and Na, using the Hodgkin and Horowitz equatiait; =

ALCULATIONS

Materials and Methods

ELECTROPHYSIOLOGICAL MEASUREMENTS
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Fig. 1. Schematic representation of the effect of direct current passinc minut
inutes

from serosa to mucosa. The difference in transport number at the mu
cosal barrier and the serosal barrier causes a depletion of NaCl in th
lateral intercellular space and, because of osmotic forces, of water. Thi
induces an increase of the electrical resistance of the interspace a
therefore of the epithelium.

gig. 2. Transepithelial potential change induced by forskolin ¢1\)

ded at = 0 to the serosal side in the absence (triangles) and pres-
ence (squares) of TTX I8 m in paired experiments. The potential
change reached a maximum at about 10 min and declined to a level
similar to TTX (n = 7, mean *sg). Data points are significantly

tna OEna + tor - dEg With ty, + to = 1. In this calculation, the con- different till t = 30 min (° < 0.05, one-tailed Studentistest).

tribution of changes in the apical membrane potential was ignored

because the changes are very small [1, 24] and, because of the volta§fen the pH was 7.3 and the osmolarity 320 mOsm. The final concen-

divider ratio in leaky epithelia, their contribution to the transepithelial trations of the secretagogues and inhibitors were: 8-Br-cAMP and

potential is even smaller. dBcAMP 102 M, forskolin 10° M, carbachol 10° M, bumetanide
From measurements of mucosal dilution potentials [7.6 + 0.3 mV; 10 M, BaCl, 10°° m, TTX 10°° m, quinidine 10° m.

n = 55, see Results) the average Na transport number of the tight ~ Forskolin was dissolved in ethanol, bumetanide and quinidine in
junctions was estimated tg, = 0.7, while in free solutior,, = 0.4, methanol, tetrodotoxin (TTX) in Ringer’s solution and the other com-

as can be calculated from the ionic mobility in free solution. pounds used, in water. The final concentrations of ethanol and metha-
nol were 0.1%. This concentration was without detectable effect. Di-
lution potentials were induced by replacing 5&mlaCl by 118 nu
EFFECT OF PASSAGE OF TRANSEPITHELIAL CURRENT mannitol.
All chemicals were obtained from Sigma Chemical (St Louis,

To study the ion selectivity of the tight junctions we made use of the MO) except for bumetanide which was a gift of Leo Pharmaceutical
so-called transport number effect [7, 14] which would decrease theProducts (Ballerup, Denmark) and radiochemicals which were from
amount of NaCl in the lateral intercellular space when a serosa-positivésmersham (Amersham International, England).
direct current is passed through the intestinal epithelium (see Fig. 1). Statistical significance was tested by paired or unpaired Student’s
This is because most current through the tight junctions is carried from-test and regression analysis was performed using GraphPad software.
the interspace to the lumen by Nécation selective tight junctions)
while at the serosal side most current is carried from the interspace bﬁesults
CI” (in free solution the mobility of Clis larger than the mobility of
Na"). The depletion of NaCl in the lateral intercellular space will lead
to increased electrical resistance of this compartment and thus to afFORSKOLIN- AND CARBACHOL EFFECTS AREPARTIALLY
increase of the transepithelial resistance. When a larger part of thlEDIATED BY NEURONAL ACTIVATION
current at the tight junctional border can be carried by, €le differ-
ence in transport number at the two ends of the paracellular pathwaj-igure 2 shows the change of the transepithelial potential
will decrease and the effect of current passage on transepithelial resignduced by forskolin in the presence and absence of
tance will also decrease. . TTX. From the inhibitory effect of TTX on the secretory

Current injection from mucosa to serosa will increase the amountresponse’ we conclude that the effect of forskolin is par-

of NaCl in the interspace and may induce a decrease of the resistanie Ilv due t tivati fth derlvi i
of the epithelium. Demonstration of the latter change depends on th lally due 1o aclivation o € underlying neurona I_S,SLJe'
initial contribution of the lateral intercellular spaces to the total resis- | N€ carbachol-response was also partially sensitive to
tance of the paracellular pathway. The change will be hardly detectabld TX (Fig. 3) To prevent, as far as possible, the release of
when the initial contribution of the resistance of the interspaces to theunknown transmitters by forskolin or carbachol we ap-

paracellular resistance is small. plied TTX in most of the further experiments.

CHANGES IN TRANSEPITHELIAL RESISTANCE INDUCED BY
ForskoLIN AND CARBACHOL

CHEMICALS

The Ringer’s composition was (inn): NaCl 117.5, KCI 5.7, NaHCQ . ) ) .
25, NaHPO, 1.2, CaC} 2.5, Mg SQ 1.2, mannitol (mucosal perfusate 1able 1 shows that the increase in transepithelial poten-
only) 27.8, glucose (serosal perfusate only) 27.8. After gas equilibratial difference induced by either forskolin (row 1) or
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10.0- by secretagogues. Therefore, bumetanide was applied,
—— carbachol which is known to block the NaK2Cl cotransporter in the
basolateral membrane and thereby transcellular ClI
;5] T carbachol +tix transport [29]. As shown in row 2, the presence of TTX

and bumetanide reduced the effect of forskolin on the
transepithelial potential change areversedhe effect of
forskolin on the resistance. The application of bu-
5.0 metanide and TTX had no significant effect on the trans-
epithelial resistance when applied without forskolin (The
resistance remained at 99 + 1% of its original value).
2 54 Apparently, the prevention of transcellular-Gtansport
and thereby of a collapse of the lateral spaces unmasks a
cAMP induceddecreasef the transepithelial resistance.
The data in row 4 indicate that the blockers also
0.0+ T T T 1 prevented the carbachol-induced increase of the resis-
0 5 10 15 20 25 tance. However, in this case the presence of bumetanide
minutes did not reveal a decrease of the resistance as observed
with forskolin.

transepithelial potential mV

Fig. 3. Transepithelial potential change induced by carbachol®(@)
added at = O to the serosal side in the absence (triangles) and pres-

ence (squares) of TTX I8 m in paired experiments. The potential DscRIMINATION BETWEEN CELLULAR AND
change reached a maximum at about 2 min and declined to a IevquRACELLULAR EFFECTS
similar to TTX (n = 7, mean *sg). Data points are significantly

different till t = 7 min (P < 0.05, one-tailed Studenttstest).
To study whether cAMP can decrease the paracellular

resistance, in addition to the decrease of the transcellular
carbachol (row 3) is accompanied by an increase ifesistance [1], we performed expgriments in which the
transepithelial resistance. To exclude a cAMP-unrelated@racellular pathway plays a dominant role.
effect of forskolin, 8-Br-cAMP (1 mi) or dBcAMP (1
mm) was used instead of forskolin. The results wereDiffusion Potentials Induced by Serosal Dilution
gualitatively not different from the results obtained with of NaCl
forskolin (hot show. Therefore, results with cAMP-
analogues and forskolin are discussed together. Botht has been shown earlier in our laboratory that iso-
the opening of apical Cland basolateral Kchannels osmotic replacement of NaCl in the serosal compartment
and a possible increase of GQbermeability of the tight of isolated rat ileum caused a smaller (serosa positive)
junctions woulddecreasethe transepithelial resistance. potential change when dBcAMP or forskolin was present
Hence, the observeadcreaseis, most probably, due to a [16]. When only N4 in the serosal compartment was
collapse of the lateral intercellular spaces [8, 10, 18, 27]partially replaced by N-methylglucamine (NMG) the
The collapse may result from the net loss of salt andoresence or absence of forskolin had no significant effect
water from the lateral intercellular spaces via the cells taon the (serosa positive) biionic potential. In contrast the
the luminal side. Inhibition of uptake of Cthrough the  (serosa negative) biionic potential was larger in the pres-
basolateral membrane would impede the collapse of thence of one of these secretagogues when only serosal Cl
interspace and possibly the resistance-increase induceehs partially replaced by gluconate. These observations

Table 1. Effect of forskolin and carbachol on transepithelial resistance and potential

RoQ-cn? RtQ-cm® ARQ-cnm? Ay, (max) mV  n

1) Fskin 21.2+0.9 242+1.0 +3.0+0.9 6.2+0.3 44
2) Fskin + bum + TTX 23.8+15 19.8+1.2 -4.0+£0.3 15+0.2 19
3) Carbachol 18.2+x15 240+19 +5.8+0.8 7.4+0.6 12
4) Carbachol + bum + TTX 216+15 21.1+15 -05+05 1.0+0.1 17

The changes in resistance and potential are all significantly different from 0 (Studestd? < 0.001)
except for the change of resistance in row 4. Abbreviations: fskliorskolin, bum= bumetanide, TTX

= tetrodotoxin, Ro= initial resistance, Rt= resistance at 10 min after forskolin or 7 min after
carbachol Ay, (max) were taken at the peak of the potential change. Bumetanide and TTX were added
10 min before the secretagogue.
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. fsk forskolin-induced transepithelial current because it is al-
quin ready inhibited so that explanations based on possibility
bum i (iii) are unlikely. Moreover, the collapse of the lateral
intercellular spaces will not occur (see Table 1) and
A therefore one can exclude that forskolin increased the
influence of the lateral intercellular space (ii) under this
condition.
B |1mV Figure 4 shows that, without blockers, the trans-
epithelial potential increased in response to the forskolin
application after serosal dilution of NaGi & 3: Ay, =
5.0, 3.6, 4.0 mV). Figure@shows this response in the
fsk presence of the blockers (= 3: Ay, = 0.8, 0.2, 1.2
dil 10 min mV). Comparison with Fig. d shows that the small in-
crease of the potential difference is very short lasting and
in comparison with Fig. i the presence of the secreta-
gogue induces a decrease of the transepithelial potential,
indicating that forskolin reduced the cation selectivity of
the epithelium. Changes of ion selectivity from changes
in the basolateral membrane or from collapse of the lat-
eral intercellular space can be ruled out. Hence, the ex-
periment shown in Fig. elin combination with the pub-
lished insensitivity to changes in Naoncentration [16]
indicates that forskolin reduced the ion selectivity of the
tight junctions by increasing its Cpermeability.

—

~F |1mV

Fig. 4. Transepithelial potential changes induced by forskolin afr ( .

serosal application of bumetanide and quinidim®) serosal dilution of  1ransport Number Effects in the Absence
NaCl, (C) serosal application of bumetanide and quinidine and serosaPf Secretagogues

dilution of NaCl. The tracings are examples from a set of 3 experiments

each. Voltage deflections induced by bipolar current pulses of + and — ike i her leak itheli . d
10 pA. Potential change caused by serosal NaCl dilution have to bel'I e in ot e_r ee,l Yy ep!t elia, current passage Increase
corrected for the diffusion potential across the salt bridge (Ringersth€ transepithelial resistance when current was passed

agar) in the serosal compartment (1.9 mV). TTX;%10, was present ~ from serosa to mucosdg( ) and decreased the resis-
in the serosal bath from the start of the experiments. tance when current was passed from mucosa to serosa in
rat ileum (Fig. 5).

The small decrease of transepithelial resistance
can be explained by one or more of the following pos-(15%) due to mucosa-to-serosa current indicates that the
sibilities: (i) an increased permeability for Gif the tight ~ contribution of the lateral spaces to the paracellular re-
junctions, (ii) increased influence of the lateral intercel- sistance was small, and thus normally, the tight junctions
lular space because of its collapse caused by secretianake up the principal barrier to paracellular ion move-
induced by cAMP or (iii) reduced secretory current duements.
to the lower CI concentration in the serosal bath and To verify that the serosa-to-mucosa current col-
therefore lower substrate concentration for the NaK2Cllapsed the interspace, the response of the transepithelial
cotransporter. potential to apical application of glucose during serosa-

To test these possibilities we compared the effect oto-mucosa current injection was compared with its nor-
forskolin during serosal dilution of NaCl in the presence mal response. This experiment is based on the following
and in the absence of bumetanide and quinidine, witlconsideration. Glucose increases the transcellular cur-
TTX present from the beginning of the experiment. rent from mucosa to serosa through villus enterocytes
(Quinidine blocks basolateral*Kchannels [17] thereby which flows back through the paracellular pathway and
preventing electrogenic efflux of Ckhrough the apical thereby generates the glucose evoked potential differ-
membrane, and also making the basolateral membrarence (GEP). A larger resistance of the interspace would
less responsive to ion changes in the serosal bath.). Ascrease the GEP. The prediction is that a GEP during
shown in Fig. 4 the presence of the two blockers serosa-to-mucosa current passage will be larger than un-
strongly suppressed the electrogenic €ansport § = der control conditions while the glucose-evoked transep-
3: Ay, = 0.8, 1.1, 1.0 mV compared with 6.2 mV with- ithelial current will not be affected. In four parallel ex-
out blockers, see Table 1). Therefore, dilution of theperiments, GEP was 1.3 + 0.1 mV under control condi-
serosal NaCl concentration will be of no influence ontions. The transepithelial resistance was 23 @ 3cn?
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Fig. 5. The histogram shows the mean transepithelial resistance as 80
percentage of the resistance before current injection of IA0Pas- 0 1'0 2'0 3'0
sage of the current from mucosa to serosa induced a decrease of ti
resistance while direct current from serosa to mucosa increased th t (mln)

resistance. (Initial resistancel 2 1 ohm- cm?, mean andse of 17
experiments.)

Fig. 6. Time course of the change of the transepithelial resistance
induced by direct current of 20QA from serosa to mucosa in the

presence of TTX, bumetanide and BaCrhe lower curve is in the
and the glucose evoked current was calculated fron’ﬂ)resence of forskolin, added at 10 min before start of current injection.

Ohm’s law as 56 + fuA/cm?. GEP duringlg ., of 150 At the arrow forskolin was added to the other sheets. (meanaf 5

wA was 2.3 = 0.2 mV, transepithelial resistance 38 + 2experiments).

Q - cn? and the glucose induced current 61 f/&/cm?.

Thus, the glucose evoked potential was significantly

larger duringl_ , (P < 0.001) while the current was not change in resistance due to direct current passage from

different, indicating that,__ ., increased the resistance of serosa to mucosa. The serosa-to-mucosa current in the

the paracellular shunt pathway. absence of forskolin led to a resistance increase as shown

in Fig. 5. Apparently, the presence of the blockers had

no effect on this phenomenon. The presence of forskolin

prevented the increase of the resistance, and application

of forskolin att = 12.5 min after starting the current

. s passage, immediately decreased the resistance. Applica-

{{o%AsM;(acadr}f;g(r:éiizek)tgt?/v g;zn?#?ha;i% r|1rtl ﬂ?r?ctt{ggg tion of TTX and bumetanide during current passage was
' a without effect on the resistancadt showi). The sup-

Egz zgg l\l\/l/lztteerrlizllss aa':% hcﬂegph%%ss))wg;gaééncgazssorw;?e%ression by forskolin adds to the evidence for a reduction
L f the cation selectivity of the tight junctions by cAMP.

and thus the changes in the resistance of the paracellular The reduction in cation selectivity of the tight junc-

shunt pathyvay induced by current passages would bﬁons combined with the cAMP dependent decrease of
decheﬁiséeV(\jI;g ttgsiepéebsengss?; fosresrko(:;]—.to—mucosa Currethe transepithelial resistance in the presence of bu-
: yp 9 . . rrlrtietanide (Table 1), indicate that in rat ileum, a rise in
in the abse_nce and presence of forskolin. .EXpe”ment%tracellular cAMP can increase the Glonductance in
were done in the presence of TTX, bumetanide antf Ba tight junctions

(see footnotd. Figure 6 shows the time course of the Figure 7 shows a comparison between the effects of

forskolin and carbachol on the change of the resistance
due to serosa-to-mucosa current passage. Carbachol
! Direct currents passed through the epithelium, will predominantly could not prevent the current-induced increase in trans-
take the paracellular route as this shunt comprises about 95% of the
conductance of rat ileum (24). However, in the presence of forskolin
the cellular pathway increases its conductance. Current from serosa to——
mucosa may induce an influx of'khrough the basolateral membranes by blocking the basolateral *Kconductance with B4. In comparing
and of CI through the apical membranes, thus leading to an increase oéxperiments with and without B4 however, we have not found dif-
cellular KCI and cell volume and presumably, a decrease of the diamferences. The maximal relative resistance under control conditions after
eter of the lateral intercellular space, possibly leading to an increase i100 wA serosa-to-mucosa current injection was 135 + 5% and with
transepithelial resistance. This hypothetical effect would be minimizedBa?* 127 + 5% (n= 8).

Effect of Forskolin and Carbachol on Transport
Number Effects
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60- Table 2. CI” fluxes and the effects of dBCAMP and bumetanide
g 50 —_ Jm- s Js-m
T 2 wmol/cn? hr (n) wmol/cn? - hr
® o 40-
.: g Control 18.0+0.9 (19) 13.9+0.9 (21)
g ] 304 AJ(dB-cAMP) -1.8+0.5(12) 31+£1.0(12)
8 % AJ(bum + dB-cAMP) 1.5+0.4(7) 1.5+0.5(9)
D D 204
or Control fluxes were calculated from samples takenh at 30 andt =
£ 10- 40 min after start of experiment. dBCAMP or dBCAMP + bumetanide
- were added thereafter. Changes induced by these additions were cal-
0 W % culated from samples taken tat= 50 andt = 60 min and compared
Control Carbachol Forskolin to their respective control values.

Fig. 7. Comparison of the increase of the relative resistance (% from
initial resistance) induced by serosa-to-mucosa direct current with car
bachol (middle) or forskolin (right). Carbachol could not prevent the 304 e forsk + bumetanide
transport number effect. (1Q0A in control and carbachol experiments, o forskaolin
200 pA in the presence of forskolin meanse of 8 experiments).

. P P ) o 8-Br-cAMP

N
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epithelial resistance. Thus, it appears that the increase «
the CI' conductance in tight junctions is a cAMP-related
phenomenon.

Effect of cAMP on lon Fluxes

conductance mS/cm

If CAMP can increase the Clpermeability of the tight
junctions, one would expect that even in the presence c.c
bumetanide the fluxes from serosa to mucosa and fron
mucosa to serosa should increase. Table 2 shows that
the presence of bumetanide cAMP can still increase thi
serosa-to-mucosa but also the mucosa-to-serosa flu.
Without bumetanide, the addition of cAMP increased the
serosa-to-mucosa flux and decreased the mucosa-t@ig. 8. Change of the transepithelial conductance (m&)éntuced by
serosa flux. 8-Br-cAMP or forskolin in the absence or presence of bumetanide as a
To test for the possibility that the paracellular so- function of the initial resistance of the intestinal sheet. The slope of the
dium permeability was changed, the Serosa_to_mucos@gression lines of data Without‘ bumetanide (forsko_lin, open squares:
Na* flux was measured in another set of experimentsfl'37 + 0.14, 8-Br-cAMP, open F:lrcles: 0.78 £ 0.15) differ S|gn|f|can'tly
. . rom zero P < 0.001) and significantly from the slope of the regression
The control flux in the presence of bumetamde (19.1 Hine of data with bumetanide (0.14 + 0.09) which is not different from
1.3 wmol/cn? - hr, n = 12) was not different from the zero. Note that in the presence of bumetanide (filled circles) the con-

flux in the presence of 8-Br-cAMP plus bumetanide ductance always increases while without bumetanide (open symbols)
(21.1 1.O,pﬁmo|/cm2 -hr,n = 12). the chance of an increase is much larger with larger initial resistances.

Change in of transepithelial

Initial resistance Q cm?

THE EFFECT OF AMP ON TRANSEPITHELIAL RESISTANCE ~ the regression line of data in the absence of bumetanide
VARIES BETWEEN PREPARATIONS differs significantly from zero, whereas in the presence
of bumetanide the deviation of the slope from zero is not
Table 1, row 1 shows that the average effect of forskolinsignificant. This suggests that the cAMP-induced col-
on the transepithelial resistance is an increase. Howevelapse of the lateral spaces correlates with the initial re-
when considering the individual experiments, it appearedistance. We will argue in the discussion that the varia-
that, depending on the initial resistance, the addition otion in behavior of the preparations and initial resistance
forskolin or 8-Br-AMP either increased or decreased themay be due to differences in the Npermeability of the
conductance. (The application of forskolin or 8-Br- tight junctions. This is corroborated by the observed ion
cAMP in the presence of bumetanide always increasedelectivity of the tight junctions as determined from the
the conductance.) Figure 8 shows the relation betweemucosal dilution potentials. Figure 9 shows the relation
the forskolin and cAMP induced change in transepithe-between the dilution potential (mean 7.6 £ 0.3 nmv+=
lial conductance and the initial resistance. The slope 065) and the initial resistance (mean 22.5 + 0.8 otum?,
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Fig. 10. Conductance of tight junctions (mS/@nfor Na* and for CI

Fig. 9. Relation between the change of diffusion potential induced byVs. initial resistance of the epithelium. Slopes of regression lines are
replacing 59 mm NaCl in the mucosal compartment with 118 m significantly different P < 0.001). Cation selectivity decreased with
mannitol (Dilution potential) and the initial resistance of the intestinal resistance. For estimation of ion conductances see methods.

sheets. The slope of the line differs signficantly from zé?e<(0.005).

2501

n = 55). The results show that low resistances are asg2
sociated with large dilution potentials i.e., larger cation @ 4
selectivity and vice versa. From the initial resistance anc 200+
the dilution potentials the conductance of the tight junc-
tion for Na" (Inag) and CT (gciy) can be estimated. @ 1504
Figure 10 showsgy,y; andgg ; as a function of the initial &
resistance. Apparently, the variation in transepithelial a=
resistance results primarily from endogenous difference @ 100+
in Na" permeability of the tight junctions. =
Similarly, analysis of the individual data of transport @
number effects upon serosa-to-mucosa current injectio @ 50

stanc

ativ

(Fig. 11) also reveals a correlation with the initial resis- e
tance; the lower resistances (larger cation selectivity’ 0
showing the larger transport number effects. ! ! ! !
0 10 20 30 40
. . s . 2
Discussion Initial resistance Qcm
Fig. 11. Individual data showing the increase of the relative resistance
THE MODULATION OF THE CI- CONDUCTANCE OF THE caused by serosa-to-mucosa current passage. The negative slope of the
TIGHT JUNCTION regression line is significantly different from zer® € 0.001). This

suggests that transport number effects are smaller with larger initial

L. - . . . resistance of the epithelium. (Data from experiments with u@0
The principal findings in this study are that CAMP in rat serosa-to-mucosa current injection.)

ileum reduced the transepithelial potential evoked by se-

rosal dilution of NaCl and prevented the increase of the

resistance induced by passage of direct current from sdercellular space by the transport number effect. Under
rosa to mucosa. Both findings can be interpreted as evithe conditions that were used to measure the serosal di-
dence that cAMP decreased the cation selectivity of thdution potential, i.e., presence of Khannel blocker plus
tight junctions. This interpretation is based on the as-bumetanide to prevent uptake of Cand thereby the
sumption that (i) the properties of the leak pathway pre-transcellular Cl transport, the first assumption seems
dominate in the serosal dilution potential and that (ii) thevalid. The second assumption was confirmed by the
increase of the transepithelial resistance by serosa-tdarger GEP during serosa to mucosa current passage.
mucosa current is due to the collapse of the lateral in‘The observed increase of the GEP indicate that a path-
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way parallel to the villus epithelial cells had increased itsmonolayers of T, cells, a mammalian intestinal cell line,
resistance. In a leaky epithelium like rat ileum this in- where it has been found that VIP, which activates ade-
dicates a resistance increase of the paracellular pathwawlate cyclase, increased not only the secretory serosa-
by a collapse of the interspaces. This is because the dito-mucosa flux but also the CTlflux from mucosa to
fering effect of serosa-to-mucosa current and the muserosa, suggesting an increase of the diffusional, para-
cosa-to-serosa current makes it inconceivable that theellular pathway in addition to the transcellular Gle-
resistance increase is in tight junctions. (It should becretion [9]. In HT-29¢l.19A cells (another model intes-
pointed out here, that in rat ileum, under the conditionstinal cell line), the conductance of the transcellular path-
of these experiments, glucose does not increase the trangay can reach its maximum while the transepithelial
epithelial conductance (P.B. Bijlsmanpublished obser- conductance continues to increase. This suggests the
vationy. This increase has been found in other intestinamodulation of the paracellular conductance with a larger
preparations with differing experimental conditions [25]. time constant than the change in conductance of the api-
Even if glucose can modulate the tight junctions in a wayc@l membrane [1]. Thus, the cAMP mediated increase of
that could not be detected in our experiments it wouldth® CI conductance in tight junctions seems to occur not
not affect the conclusion that during current passagé?”'y in fish intestine but also in rat ileum and human cell
from serosa to mucosa the paracellular resistance i8"€S: _ _ ,

higher.) Therefore, it is concluded that both types of The results demonstrate an interesting difference

experimental conditions, i.e., serosal dilution potentials?€tWeen the action of forskolin and carbachol. Carba-

and transport number effects, which amplify the visibil- phol is thought to activate multiple signaling effectors

ity of changes in ion selective properties of the tight'ncIleing C&" and Protein kinase C [12] leading to

junctions, indicate that cAMP can reduce the cation sedn increased conductance. of apical’ Channels in
lectivity of the tight junctions. HT29cl.19A cells [2] and an increase of the NaCl secre-

The cation selectivity of the tight junctions may be tion in rat ileum like with cAMP [17]. However, carba-

reduced by a decrease of the'Nanductance and/or by C.h0| did not change the ion select|V|ty_ of t_he t'ght junc-.
) tions and did not decrease the transepithelial resistance in
an increase of the Clconductance. From the results of

the serosa-to-mucosa Nilux measurements we con- the presence of b.ume_tani(:!e. Thus, the modulatior_llof ion
sider the first possibility less likely because the diffu- selectivity -Of t.he.t|ghtju.nct|.ons appears o be; specific for
cAMP. This is like in fish intestine, where it has been
found that carbachol or the increase of cellulafQay
fonomycin or activation of PKC by phorbol esters could
not mimic the effect of CAMP on the tight junctions [3].

unaffected by cAMP. This observation corroborates ear
lier results in rat small intestine [17] where it has been
shown that the diffusional flux of Nawas not affected
by secretagogues. An increase of the conductance in the

tight junction for Cr, in combination with the decrease VARIATION IN BEHAVIOR OF INDIVIDUAL
of the cellular resistance because of activation of theTissuE PREPARATIONS

apical CI' channels [1, 30] would lead one to expect to

see a decrease of the transepithelial resistance. Howrg explain the correlation between the cAMP-induced
ever, secretion usually goes together with an increaseghange in conductance and the initial resistance of the
transepithelial resistance. Apparently, this is not becausgssue in the absence of bumetanide (Fig. 8), we will first
of a decrease of the Naonductance in the tight junc- jllustrate how the collapse of the lateral spaces may re-
tions but is caused by the decrease of the diameter of theult from transcellular Clsecretion. Figure 12 shows a
lateral intercellular spaces [8, 10, 18, 27]. We proposesimplified scheme of the ion movements during Gé-
that the interspace collapses because of the depletion efetion in an open-circuited preparation. The combined
NaCl caused by a faster uptake through the basolateraksult of the NaK2Cl cotransporter, the NaKpump and
membrane than diffusion of NaCl into the interspace, aghe K" permeability in the basolateral membrane is the
discussed in the next paragraph. By decreasing the upiet transport of Clions from the lateral spaces across
take of NaCl through the basolateral membrane with buthe basolateral membrane and through the apical mem-
metanide the resistance-increase could indeed be rérane into the lumen. This is equivalent to a transcellular
versed to a decrease. mucosa-to-serosa direct current. In an open-circuited
From the combination of the results it is concluded epithelium, this current must be compensated by an equal
that the most plausible explanation for the forskolin-serosa-to-mucosa current, i.e., from the lateral spaces
induced decrease in transepithelial resistance, as olthrough the tight junctions to the lumen. The ion selec-
served in the presence of bumetanide, is an increaseity of the tight junctions determines the proportion of
conductance for Clin the tight junctions as well as in this current carried by Naions moving from the spaces
the apical membranes. to the lumen, or by Clions in the opposite direction.
This correlates with the observation in filter-grown In other words, the ion selectivity of the tight junctions
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show a larger increase of the resistance upon serosa-to-
mucosa current injection, appear to be based on the
larger conductance of the tight junctions for Na

The regulation of the ion selectivity of the tight junc-
tions may be of physiological relevance to modulate salt
and water transport through the paracellular pathway
[15]. It may be of relevance to prevent a collapse of the
lateral intercellular spaces when under open-circuit con-
ditions like during sugar or amino acid uptake or during
secretory activity in vivo a transepithelial current is flow-
ing from serosa to mucosa, predominantly through the
crypts [22] because of their lower paracellular resistance.

In conclusion, the results show evidence that the ion
selectivity of tight junctions in rat ileum is under control
of a cAMP-related mechanism that can increase the Cl
conductance in that structure. In contrast, carbachol
could not increase the Ctonductance in the tight junc-
tions. (In a parallel study [6a] we report that carbachol,
but not forskolin, can induce an increased uptake of in-
tact protein from the mucosal side and an increased
transepithelial transport of nonelectrolytes and of intact
determines the (partial) recycling of Tions, and thus protein by, primarily, the paracellular route.) In addi-
the required inflow of NaCl from the serosal solution. tion, the variation in N& conductance of the tight junc-
When the supply of NaCl by diffusion or fluid movement tions may be evidence for the presence of an independent
is insufficient, the spaces will collapse. Therefore, themechanism for the regulation of the Neonductance.
strength of the secretory transcellular current and the
ion-selective properties of the tight junctions determinewe thank K. Dekker and Dr. W.P. Oosterhuis for their participation in
to a large extent whether transcellular Gecretion will  the flux experiments.
be accompanied by a partial collapse of the lateral spaces
and thus by a decrease of the transepithelial conductance.
In view of this mechanism, the observation shown in Fig_References
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