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Abstract. Isolated small intestine of toadB(fo bufQ fluxes, as compared to that of paracellulai @axes, is
was mounted on glass tubes for perfusion studies witttompatible with convective flow of the two alkali metal
oxygenated amphibian Ringer’s solution containing glu-ions through the same population of water-filled pores.
cose and acetate. Under open-circuit conditios = With a new set of equations, the fraction of the sodium
-3.9+ 1.8 mV,N = 14) the preparation generated a netflux passing the basement membrane barrier of the lat-
influx of 13‘Cs". The time course of unidirectional eral space that is recirculated through the cellular com-
134Cs-fluxes was mono-exponential with similar rate partment is estimated. This fraction was, on average,
constants for influx and outflux when measured in the0.72 + 0.03 N = 5). It is concluded that isotonicity of
same preparation. The flux-ratio was time invariant fromthe transportate can be maintained by producing a hy-
the beginning of appearance of the tracers to steady stateertonic fluid emerging from the lateral space combined
was achieved. Thus, just a single pathway, the paracelwith reuptake of salt via the cells.
lular pathway, is available for transepithelial transport of
Cs'. From the ratio of unidirectional Cdluxes the Key words: Small intestine — Leaky ep”:he“a — Sol-
paracellular force was calculated to be, 18.2 + 1.5 NV (' yte-coupled water transport — Neecirculation — Lat-
= 6), which is directed against the small transepithelialgra| intercellular space — Flux ratio analysis
potential difference. The paracellular netflux of cesium
ions, therefore, is caused by solvent drag. The flux of
134Cs' entering and trapped by the cells was of a mag-ntroduction
nitude similar to that passing the paracellular route.
Therefore, independent of the convective flux'#iCs’,  Vertebrate small intestine, gallbladder, and renal proxi-
every second>%Cs" ion flowing into the lateral space mal tubule belong to the class of leaky epithelia which
was pumped into the cells rather than proceeding, via théas capacity for transporting isotonic fluid in the absence
low resistance pathway, to the serosal bath. It is thusf transepithelial ion concentration-, electrical potential-,
indicated that the paracellular convective flow’3fCs"  osmotic-, and hydrostatic-pressure differences. The
is driven by lateral N§K*-pumps. Transepithelial uni- transport of water depends on metabolic energy and on a
directional*’K™ fluxes did not reach steady state within simultaneous transport of NaCl with Naubmitted to
an observation period of 70 min, indicating that compo-active transport via NaK*-pumps. The transport of wa-
nents of the fluxes in both directions pass the large celter can take place against an adverse osmotic gradient,
lular pool of potassium ions. The ratio of unidirectional but if the NaCl transport is abolished, water flow stops
2"Na" fluxes was time-variant and declined from an ini- (Curran & Solomon, 1957; Windhager et al., 1958; Cur-
tial value of 3.66 + 0.34 to a significantly smaller steady- ran, 1959; Diamond, 196¢b; Green et al., 1991). Itis a
state value of 2.57 + 0.26P(< 0.001,N = 5 paired major and unresolved problem to reconcile this metaboli-
observations), indicating that sodium ions pass the epieally energized rectified transport of water and NacCl in
thelium both via the paracellular and the cellular path-isotonic proportions under conditions of no external driv-
way. Quantitatively, the larger ratio of paracellular'Na ing force with the major dissipative pathway for diffus-

ible ions being localized between the epithelial cells.

In the classical category of models it is assumed that

I coupling between solute and water flows takes place in a
Correspondence tdS. Nedergaard macroscopic subcompartment (Curran & Maclintosh,
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1962; Diamond & Bossert, 1967) supposed to build upopen—circuit conditions with an average transepithelial potential differ-
osmotic and hydrostatic pressures above those of th@nce of.V; = -3.9 £ 1.8 mV (N = 14 preparations, serosal bath
bathing solutions. Generally, this compartment is as9rounded-

. . Frogs Rana temporaria were kept in tap water at 4°C. The
sumed to be the lateral Space between the ep|theI|aI C(':‘”‘(S.\pi'[helium of double-pithed animals was isolated by serosal exposure

As yet, it has not been possible to assess the putativg the skin to 2 mg/ml collagenase in Ringer's solution, and mounted
driving force for water movement into the space. Andin a flux chamber with 2 chexposed area supported by a steel mesh
based on theoretical considerations it is likely that theon the external surface. Following about 1 hr of equilibration at open
tonicity of the fluid emerging downstream the spacecircuit, the epithelium was short circuited ahtfCs" was added to the

would be hypertonic, rather than truly isotonic (reviewed serosal bath. After 60 min the epithelium was washed for 30 min in

in Sprina. 1998: Weinstein. 1988. 1992: Whittembury & non-radioactive Ringer’s solution, and the radioactivity measured. For
Reuzs ?.592) Ll'hese diffic’ulties ,have p,rovided roon)]/forstudying with the above protocdP‘Cs' trapping at reduced sodium

) pump activity, prior to adding®‘Cs" the serosal side the epithelium
models assuming transport of water through the cellSyas exposed to ouabain at a submaximal concentration frd.0

As for example, via cloned water channels (Agre &

Nielsen, 1996) in cell membranes with very high hydrau-

lic water permeability (Schafer, 1990), or by way of FLUX MEASUREMENTS

solute coupled uphill water transport in membrane pro-

teins associated with other functions, like a*l\tﬁucose As the transport properties change along the small intestine it is not

transporter. a NaK*-2CI -transporter. and a Ndactate possible to use two adjacent pieces of intestine for obtaining paired
P ! P ! unidirectional fluxes. Flux-ratio analysis was therefore carried out by
transporter (Zeuthen, 1995).

) . - . measuring the two unidirectional fluxes in one and the same prepara-
With the Na&-recirculation theory developed ton. puring the initial period of about 40-70 min fluxes were mea-
(Ussing & Eskesen, 1989) and further explored (Ussingsured in the direction from serosa to lumen. Then, following three times
Lind & Larsen, 1996; Sgrensen et al., 1998) in studies obf gentle washings, fluxes from lumen to serosa were measured for a
the secretory frog skin gland, the type of models whichsimilar period of time. Eve_zry 5 min, sample_s of 1 ml were withdrawn
assumes coupling of solute and water flow in the lateraf/®™ the chamber opposite to the one with the isotope added and
intercellular space should be reevaluated. In this study iéﬁplaced with 1 ml of fresh Ringer’s solution. The volume activity of

+ AN+ e hot chamber did not change during the period of flux measure-
presented a method based &#Cs"™ and *Na pre- ments. With a sampling interval of 5 min, the flux per unit area of

steady state flux measurements for demonstrating parastestinal wall (total area: 1.57 &his given as the amount of tracer
cellular convective flow of cations and for separating appearing on thérans side expressed in per cent (%) of the concen-
cellular and paracellular sodium fluxes in unperturbeditration of tracer (com mi™) on thecis side:

toad small intestine. It is shown how these fluxes can be S

used for calculating the flux of sodium that is recircu- ,, _ 100" (AcPMin S MiMyans 906 - i 2in 5 min]
lated through the epithelial cells. Our experimental re- 1.57- (cpm- mI™) s side '
sults will be used for discussing the significance of ion

recirculation for producing an isotonic absorbate. The

present investigation includes previous studies publishe@CLUTIONS, RADIONUCLEIDES, AND CHEMICALS
in preliminary form (Ussing & Lind, 1996; Ussing &

. ; The Ringer’s solution used in experiments with the intestinal prepara-
Nedergaard, 1993; Nedergaard & Ussing, 1997). tion contained (m): 117.4 N4, 2 K*, 1 C&*, 2 Mg?*, 118 CI, 2.4

HCQ;, 5 acetate 5 glucose, pH= 8.2 when aerated with oxygen.
In experiments with the isolated frog skin epithelium, the composition
was, 113.4 N§ 1.9 K, 1 C&*, 2 Mg?*, 117.9 CI, 2.4 HCQ,, pH =
8.2.9%K*, 1¥4Cs’, and?“Na* were purchased from Risg, Roskilde (Den-
mark) with the following specific activities42 GBq/g K as*’KCl at

a concentration of 260 mBg/ml HO, [BO0 GBq/g Cs as ‘carrier free’
Large female toadsBufo bufg caught in late summer were stored at ;34(:50' at a concentration {70 mBg/ml HO, and(BS5 GBqg/g Na as
7°C in drawers in a pool of water. More than 10 days before the “NaCl at a concentration 6265 mBag/ml HO. The radioactivity of
experiment the temperature of the bath was slowly raisgd pr) o  the samples was counted in a Packard 1900TR Liquid Scintillation
20°C. The toads were then transferred to a cage with hiding facilities/Analyzer using Ultima Gold scintillation cocktail (Packard). Trapped
a water pool, and fed witenebriolarvae. After at least 10 days of 134Cs" radioactivity was counted following disolution in Soluen-350
eatingad libitum, the small intestine is well developed. The toad was (Packard) of the preparation used for flux studies. Collagenase was
decapitated and doubled pithed. A 2-cm long piece of small intestind’™M Boehringer-Mannheim (cat. no. 103586), and ouabain from
cut from above one cm caudal to the pylorus valve was emptied bySigma (cat. no. O-3125).

flushing with Ringer’s solution and mounted as a tube in a glass cham-

ber constructed for intestinal perfusion studies (Harvey & Nedergaard,

1964). The preparation was tied to the glass tube by soft cotton stringd?ATA TREATMENT

The intestinal wall with an area of 1.57 éwas exposed to 5 ml on the

luminal side and 60 ml on the serosal side of identical Ringer's solu-Results are given as meansem with N indicating the number of
tion. Stirring was performed by aerating with oxygen. After an equili- preparations entering the analysis. Means were compared by perform-
bration period of 30 min, the measurements were carried out undeing Student'st-test.

Materials and Methods

ANIMALS AND EXPERIMENTAL PREPARATION
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Results 10 Short Circuited Preparations

+— 75-@ Short Circuited Preparations + Quabain
In this study pathways taken by small diffusible cations £ P
are investigated by following the time course of tracer &
appearance in the solution opposite to the bath to which§
the isotope was added (time zero). Specifically, paracel-3
lular convective flows are studied by measuring pre- <
steady state fluxes of radiolabeled cesium ions (Ussing &£
Nedergaard, 1993; Ussing et al., 1996), and by analysing§L 254
pre-steady-state fluxes of radio-labeled sodium ionsf8
The pre-steady-state flux ratio theorem (Sten-Knudsen &
Ussing, 1981) states that the ratio of unidirectional fluxes
through a single pathway is time-invariant from the mo- 00_0 " 05 "
ment the tracers appear, and equal to the ratio of the
unidirectional fluxes measured when the building up of
the tracers along the pathway are at steady state. A COFg 1. pependence of intracellular trapping 6fCs' on active trans-
ollary to this theorem is that if, at physiological steady port of Nd in frog skin epithelium. [Ouabain] on serosal side was 10
state, the flux ratio is time variant the ion in question um. The amount of radioisotope trapped is expressed as %o of cpm in
makes use of two or more pathways with different flux 1 ml of inside bath per hour per énof isolated epithelium. The active
ratios and mean passage times. Rather than hydrophilif&‘x was cglculated from_ the_ cqntinuously monitpred shor_t-circuit_ cur-
nonelectrolytes, cesium is used for tracing paracellulafe”t' Thg line of regression indicates that the y-intercept is not signifi-

. . . . antly different from zero.

solvent drag. Experimental evidence will be discussed
that this monovalent cation tracer passes the epithelium
via an extracellular route which is also shared by sodiu
ions.

504

Linear Fit to All Data Points:
y=57.3 (£3.8)x - 0.02 (x2.87), R> = 0.942

Na'-Pump Flux [pmol-cm™hr']

rr]oearance of**Cs" both in the luminal perfusion solution
(Fig. 2, left hand panéland in the serosal bath (Fig. 2,
right hand panél is relatively fast. In contrast, the ap-
pearance of’K* was so slow that a steady state was not
reached within the observation period of 70 min. The

The rationale of the Csmethod can be illustrated by fact that the K fluxes at all times are significantly
experiments with the frog skin. If almost carrier-free Smaller than the simultaneously measured @sxes
134Cs" is added to the isolated frog skin epithelium the also indicates that the potassium flux has not reached
isotope is trapped in proportion to the active flux of'Na steady state toward the end of the obsefvatlon period.
(Fig. 1). It can be seen that the relationship between thd he examples shown here are representative of a total of
amount of!3“Cs" trapped by the epithelial cells and the 9 experiments and in none of the experiments was it
activity of the N&/K*-pump measured as the short- possible to derive a half time or any other quantitative
circuit current depicts a straight line, which passesmeasure of the time course of appe_afanc‘&éf on the
through the origin. This simple relationship holds over atransside of the preparation. This flndmg indicates that,
wide range of N4 fluxes whether the variation of the whether the tracer is added to the luminal or the serosal
active flux is due to the spontaneous activity of differentbath, a significant component 8fK™ passes the large
preparations, or to a partial inhibition of the sodium cellular pool of long turnover time con_stant._ The cesium
pump by ouabain added to the solution bathing the setracer, on the other hand, passes the intestinal epithelium
rosal side of the isolated epithelium. Thus, radioactiveVia @ much faster route, i.e., this ion seems to move
Cs" enters the cells via the NA&K*-pump (competing through the intestinal epithelium between the cells.

with K*), and independent of the turnover of the cellular
Na' and K pools, onceCs" has entered the cells it is
virtually irreversibly trapped in this compartment. A
corollary to this observation is that#Cs" is recovered In the followi . he | f
from the solution opposite to the solution to which the !N the following experiments the lumen-to-serosa flux

tracer is added it must have passed the epithelium excl@"d the serosa-to-lumen flux were obtained from the
sively via the paracellular pathway. same preparation as explained in the method section.

In the example shown in Fig. 3ft hand panél the rate
constant of the time course of tracer appearance was,
0.115 min™ for the influx and 0.127 min' for the efflux,
corresponding to half times[;, = 6.0 and 5.5 min,

In Fig. 2 is shown that it takes the two tracef¥Cs"and  respectively. The flux ratio was constant from the time
42K *, different times for reaching a steady flux. The ap-of appearance of tracers (Fig. Bght hand panél in

THE USE oF RADIO-LABELLED CS' FOR TRACING
PARACELLULAR FLUXES

FLUXEs OF 4Cs" IN THE INTESTINAL PREPARATION

COMPARISON OF FLUXES OF “°K™ aND '3“Cs* Across

ToOAD SMALL INTESTINE



244 S. Nedergaard et al.: Cation Transport and Recirculation of Sodium in Small Intestine

0.10 s ol Whereal,andaZ are the activities of Csn mucosal )
© Cs Flx 8 K Flux and serosal¥ bath, V, the transepithelial potential dif-
ference D4 the diffusion coefficient for Csin water,J,,
3% =0.057-(1-exp(-0.0891)) J'=0.043-(1-exp(-0.1541) the water flux (positive in inward direction), ar{x) the
o cross sectional area of the paracellular route of ledgth
o which varies in an unknown manner with distange,
° 6.2 O With similar **“Cs" activity in the bathing solutions and
V, = -3.9 + 1.8 mV, the ratio of unidirectional electro-
o Byt 0o diffusion fluxes would be less than unity artel,= -3.9
o g o mV (i.e., outwardly directed, Eq.h). The flux ratio of
Influxes 2.06 £0.12 (Table 1) corresponds to an average inwardly
' ' ' ! directed driving force oE = 18.2 + 1.5 mV (Eq. &).
This observation leads to the conclusion that the flux of
134Cs' is governed by a large solvent drag component
Fig. 2. Unidirectional fluxes of?K* and**4Cs" in toad small intestine. ~ (Eq. 1b). It was also found, that in toad small intestine
Left hand panelThe effluxes of the two isotopes were measured in the the amount of-*‘Cs' trapped by the cells (i.e., entering
same piect_e of preparatigRight hand _paneI:The inf_luxes were also the cells via the N‘E{K*-pump) is Iinearly correlated with
me_asured in the same piece of intestinal preparation, but frqm amothe[rhe lumen-to-serosa flux of‘Cs (Fig. 4), indicating
animal than the one used for tr_le eﬁqu measurements. The t'lme cours% 2K ’
of the*®‘Cs" appearance was fitted with a monoexponential time func—t a_t the Na/K pumps are located on th? membranes
tion providing estimates of the half time of tracer equilibration and the facing the lateral intercellular spaceeg Discussion).
steady-state unidirectional flux. The fluxes8K did not reach steady The above results (Figs. 2—4, Table 1) lead to the fol-
state within the observations period of 70 min and could not be evaluiowing notions about®‘Cs" fluxes in toad small intes-
ated quantitatively. tine, (i) just a single transepithelial pathway is available
for 134Cs", (ii) this pathway is paracellular, and (i) the
net inward paracellular flux df“Cs" is brought about by
agreement with the notion forwarded above that just ssolvent drag.
single route, the paracellular pathway, is available for
transepithelial transport of radiolabeled cesium ions.
For this preparation, the Steady state flux-ratio Was FLuxes oF 2“Na’ IN THE INTESTINAL PREPARATION
(M dMZ s = (0.136/0.068)= 2.00. Results of a total
of 6 paired experiments are collected in Table 1. The half
time of tracer appearance differed among the preparaFigure 5 shows an example #iNa" flux measurements
tions by a factor of two, but was about the same in theperformed with a protocol similar to the one discussed

two directions when fluxes measured in the same prepagbove. Generally, steady state fluxes could be deter-
ration are compared. mined with an observation period of 40-50 min. In con-

In all preparations was the lumen-to-serosa fluxtrast to results obtained witt**Cs", the ratio of unidi-
larger than the serosa-to-lumen flux. This asymmetry ofectional >Na” fluxes was not constant in time. As
unidirectional fluxes shows that an inwardly directed shown in Fig. 5 (ight hand pane), the flux-ratio was
driving force is imposed on radio-labeled cesium ions.large to begin with and declined toward a stationary
The force,E, is given by (Ussing, 1952): value achieved in the course of the subsequent sampling

periods. Thus, more than one pathway is available for

o transport of sodium ions through the intestinal epithe-

E= R_T In (Mm5> (1a) lium. These pathways have different flux ratios and dif-
M2/ cs ferent passage times. This result, which is similar to that

obtained for frog skin (Ussing et al., 1981), shows that

24Na" besides the fast paracellular shunt also passes the
1 F o
And for the case of paracellular transport’8fCs" with slow cellular route. It can also be seen (Fig.right

the steady state flux being the result of both an electro . 4 pandl that the?’Na* flux-ratio of the faster para-

diffusion and a convection process, the flux-ratio €aUa<elular route is larger than that of the slow cellular route.

tion takes the form: Assuming that only (these) two pathways are available
for transepithelial sodium transport a set of four equa-
% all tions can be constructed from which the steady-state uni-
S
o (M)
Cs

-2

Flux (% cm™ in 5 min)

Time (min)

=) =R-T-In - +tF-V, directional fluxes through the two pathways can be esti-
acs mated. Considering appearing fluxes, the time-
JRTH fx=8 1 dependent unidirectional fluxes in the inward and the

Dcs x=0 mdx (1b) outward directionM,,{t) and M {t), can be written:

sm.
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Fig. 3. Unidirectional fluxes of*“Cs" measured in

020 M, =0.136-[1-exp(-0.115 £)] 5r the same piece of isolated small intestine of the
T, = 6.0 min M /M, tﬁad.Lef(tj_han(_j par_]el.\{}Vhen studying thfe fIL_J);]esl,_ in
_ . the two directions in the same piece of epithelium,
015 M= 0-068[1-exp(-0.127 1] 4r similar half times of tracer appearance was
T, =5.5 min [ observed. The steady-state influx GfCs" was

3t significantly larger than the steady-state efflux.
Symbols:e is the flux from mucosa to serosa
(Mn9; 0 is the flux from serosa to mucosil ).

“*Cs' FLUX (% cm” in 5 min)
<
=

2 ;5’1’&“.—'—".: Right hand panelThe flux ratio was constant in
time indicating that just a single pathway is
0.05 available for transport of*‘Cs" across the
r intestinal epithelium. The line indicates the ratio
calculated from the fitted curves of the left hand
0.00 0 L . . . panel.
0 10 20 30 40 0 10 20 30 40

Time (min) Time (min)
Table 1. Radio-labeled cesium fluxes across toad small intestine 0.4
Prep. # T,(ms) T,(sm) Mhs M,  MidMZ, £

min % cniZin 5 min © 3]

S e
Al 4.3 5.8 0.177 0.085 2.09 é j
A2 6.0 55 0.136 0.068 2.00 = 02
A3 6.1 6.2 0.143 0.078 1.83 3
A4 9.4 9.1 0.260 0.100 2.60 §
A5 43 5.0 0.127 0.060 2.13 =
A6 4.6 5.9 0.184 0106 173 ‘g 017
Mean +SEM 206+012 2 y=13(£0.2)x+0.04 (x0.02)
R*=0.75

Unidirectional fluxes in the mucosa-to-serosa (ms) and serosa-to- 0-000 " 0|1 T T T olz

mucosa (sm) direction were measured in the same preparation. Results
of experiments with 6 preparations are shown. The time dependence of
the fluxes was fitted with a monoexponential time function for estimat-

ing the half time of tracer appearandg,, and the steady-state unidi- Fig. 4. Trapping of ***Cs" in the intestinal epithelium of toad as a

"*'Cs" Flux (% cm” in 5 min)

rectional fluxesM.c andMZ,, conf. Fig. 2. function of the convective flow of*‘Cs" in the direction from lumen
to serosa.
Mind) = J0® - [1 = g(®)] + Jp™- [1 - f(1)] (2a)
. — ra active
Msm(t) = Jgg{a. [1- g(t)] + Jiﬁi've- [1-f(1)] (2b) Mms(Tz) = meas + ‘Jms. ' [1 - f(Tz)] (4a)
Man(T2) = JBm®+ J50"e - [1 - f(7,)] (4b)

Hereg(t) andf(t) are functions of time with the following
initial and boundary conditiongyt) = f(t) = 1 fort = wherer, > t,. Thus, we can write:
0, andg(t) = f(t) = 0 fort — o. Jh¥®andJEy® are the

steady-state unidirectional paracellular fluxes, agftl"® M, (7, JPa2
and J2S™e are the steady-state unidirectional cellular —=—= === forr, <t
fluxes. The reason also for denoting the serosa—to—lumeMS"‘(Tl) N (5a)
transcellular flux “active” will be made obvious in Dis- M, (1) — Jpara J‘;"ncsti"e
cussion. Ifg(t) approaches zero much faster thit), =
there is a time interval, 0 ¢ < t;, for which a set of

values, f,, M(1,)], obeys the relationships:

= — forT, >t
MenfT,) — JBa  gactive 0 727 2 (5b)

It follows from definitions:

_ qpara , _

Mmé’rl) - Jms [1 g(Tl)] (3a) M. = Jpara Jactive (50)
Msm('T]_) = Jgﬁfa . [1 - g(Tl)] (3b) ms~ Yms ms.

MZm= 380 + 5 (5d)

wheret,; <t,. Similarly, there is a time interval, <t <
o, for which at a set of valuesg], M(7,)], obeys the Taking the experiment shown in Fig. 5 as an example,
relationships: the calculations are based on the following asymptotic
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VERTEBRATE SMALL INTESTINE

o
&}

06 . 4r identical with, but fairly close to the measured paracel-

Asymptotic values F . . . .
M = 0401 LM M lular sodium-flux ratio of 3.66 + 0.34 listed in Table 2.

é M, =0227 3L

\n . .

CE 04 Discussion

g

b

X OCoo0O

5 00%o PATHWAYS AND CELL MEMBRANE TRANSPORTERS IN

=

‘o

&

This study presents evidence that in toad small intestine

134Cs' is transported by convection along the paracellu-
T 0 30 20 50 lar pathway (Fig. 3, Table 1). It was found that the

amount of*“Cs" trapped by the cells while passing the
paracellular pathway is linearly correlated to the flux of
Fig. 5. Unidirectional tracer fluxes of*Na* across the same piece of 134Cs" directed from lumen to serosa (Fig. 4). The ex-
toad small intestineLeft hand panelSymbols:® is the flux from  periments with frog skin (Fig. 1) showed th&t‘Cs"
mucosa to serosav(,g; o is the flux from serosa to mucosdfy).  enters the epithelial cells via N&*-pumps. Taken to-
Similar to the*Cs" fluxes, was the steady-state flux ratio for Na  gether, the results indicate that in toad small intestine the
M§¥M§m> 1. Right hand panelThe flux ra_tio was not constant in t.ime. Na*/K*-pumps are located along the paracellular route,
indicating that more than one pathway is available for transepithelial. . .
sodium movement. i.e., on the membranes facing the lateral intercellular
space. Interestingly, the flux df“Cs" pumped into the
cells is of a magnitude similar to that passing the para-
cellular route, i.e., every secord'Cs" ion flowing into
the lateral space is pumped into the cells rather than
proceeding via the low resistance pathway into the sero-
bal bath. Since this result is independent of the convec-
tion flux of *34Cs', it is indicated that the convection
process is driven by the N&K*-pumps. The study also
presents estimates of unidirectional steady-state fluxes of
24Na’ through paracellular and cellular pathways in un-
perturbed intestinal preparations. It is a major finding
that both pathways carry significant net fluxes in inward

bathing solutions of 117.4umol - cm 3 the conversion direction (Fig. 5, Table42).+|__|ke the flux of*'Cs’, also
the paracellular flux of“Na’ is governed by a convec-

factor is, 117.4 10%(5-60- 100) = 3.91- 103 In tion process
Table 2 are listed steady-state unidirectional fluxes The model of the epithelium of vertebrate small in-

through the two pathways for five preparations obtaine : g .
by the method presented above. According to these e estine shown in Fig. 6 contains paracellular and trans-

timates both the cellular and the paracellular pathwa ellular pathways for ion movements. It depl_cts the
carry a significant net flux in the inward direction. The paracellular pathway as the route of transepithelial water

paracellular driving force is (Eq.al, E = 32.3 + 2.5 flow under isotonic conditions, and contains membrane

S
mV, which indicates transport of sodium between thetransporters that translocate the major ions,, i, and

cells by a convection process. Thus, the drag force im-K across the cell. A common cell type expresses both

posed on the sodium ions is larger than that calcuIate&lbsorptiv‘.3 and sgcretory_functions. First, we bri_efly dis-
from the cesium experiments, i.e., 32.3 + 2.5 mV for CUSS studies leading to this model. Next, we derive equa-
Na® vs. 18.2 + 1.5 mV for C§' h; tﬁe tv'vo Toné move tions for estimating recirculation fluxes of Naontained

through the same population of water-filled pores, we'" th_e mo_de! _(arrows). .FlnaIIy,_ we cﬂscus; the physi-
would expect that the drag on the sodium ions is IargerOloglcal S|gn1f|cance of ion recwcula"uon dnveq by the
than the drag on the cesium ions (stemming from the fac teral Na/K*-pump for the generation of an isotonic
that the ratio of the diffusion coefficient® 4Dy, = ransportate.

1.5, e.g., Eq. ). For the limiting case of no discrimi-

nation along the route between the two alkali ions, weThe Paracellular Route

can assume for the convection proces% (/X3 %) . =

(Jparg gparayDe/Dra - Accordingly, the predicted ratio of According to studies of the voltage dependence of trans-
unidirectional paracellular Nafluxes would be, &%  epithelial unidirectional fluxes in rabbit ileum about 85%
JparaDe/Dra = 2 065 = 2.96 (Table 1), which is not (B mS- cm™) of the transepithelial electrical conduc-

m

0.0

Time (min) Time (min)

values M7 = 0.401 andMg,,, = 0.227. By choosing,
= 5 min withM, {5) = 0.099 and_{5) = 0.039, and
T, = 15 min with M {15) = 0.315 andM,(15) =
0.170, we obtain (Egs. 5Jh® = 0.145,J87° = 0.056,
Jactve — 0,256, and2Sve = 0.171, respectively, with all
fluxes in %- cm2in 5 min.

We shall now be dealing with steady state fluxes,
only, and will use, therefore, the conventional unit of
pmol - cm 2 - sec. With a concentration of Nain the
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Table 2. Unidirectional steady state Nduxes (pmol- sec* - cmi ?)* across glucose-stimulated toad small intestine exposed to isotonic Ringer on
the mucosal and the serosal side

Prep. # My Mo M N o gpava Jagave Jacive
M o
B1 1070 370 2.90 400 100 4.00 670 270
B2 1570 890 1.76 570 220 2.59 1000 670
B3 1070 405 2.64 500 125 4.00 570 270
B4 1620 720 2.25 320 100 3.20 1300 620
B5 1320 400 3.30 450 100 4.50 870 300
Mean 1330 560 2.57 450 130 3.66 880 430
+SEM +120 +100 0.26 +40 +20 +0.34 +130 +90

* The steady state unidirectional fluxes were estimated from Eqgs. 5 as explained in the text.

Lumen Epithelium Serosa molecules, which can penetrate the junction membrane
\ ) in the inward direction. This is compatible with our ex-
HO T N periments with*3‘Cs" (Figs. 2 and 3, Table 1) arfdNa*
cr > (Fig. 5, Table 2) indicating that fluxes of these ions con-
R I > tain significant convection components flowing through

a common population of junctional pores. It is also in

Nat B K+:(§: agreement with observed convection flows of ions and
) H* {Na+ 1 & o small hydrophilic molecules in other leaky vertebrate
“ eod T | o epithelia, e.g., gallbladder (Hill & Hill, 1978; Whittem-
| ores=—o -—-! . bury et al., 1980) and kidney proximal tubule (Frter,
K+<.._I__ N~ b Rumrich & Ullrich, 1973; Whittembury et al., 1988).

Nat
2C1
K+

f_

Cellular Pathways

Unlike a number of other fluid absorbing epithelia water
channels have not been found in epithelial cells of small
Fig. 6. lon pathways and recirculating fluxes associated with transepintestine (Nielsen et al., 1993). There is unanimous
ithelial (paracellular) fluid transport in vertebrate small intestine. Water agreement that Né&K*-pumps are localized to the lateral
flows between the cells. lon fluxes contain both paracellular convec-membranes (Fig. 6). As discussed above, our studies led
tive- and cgllular active componentsset left:Electroneutral uptake of _to this conclusion, and following studies by Schultz &
N?CI med_late.d by a set of double exchgngers or l_:)y cotransport W'”Zalusky (1964) indicating active Ndransport energized
K .!nset_ rlght.EIectroneutrgl coupled exit of K(;I in inner membrane. b bain inhibitable N#K*- Stirli 1972
Sodium is also taken up with glucose and amino acig §howi. y ouabain in I,I able pumps,_ iring ( . )
showed that radio-labeled ouabain binds specifically to
the membranes facing the lateral intercellular space. In
tance is associated with ion flows between the cellsagreement with early studies (reviewed in Frizzel, Field
(Frizzell & Schultz, 1972). A microelectrode study of & Schultz, 1979) the apical uptake of Nis depicted as
the conductance of the individual membranes confirmedan electroneutral process coupled to entry of &jainst
that the paracellular conductance of (flounder) small in-this ion’s electrochemical gradient (Fig. 6). The apical
testine accounts for a significant fraction®6%) of the ~ NaCl uptake may not result from obligatory one-for-one
transepithelial conductanceZ7 mS- cm 2, Halm, Kras-  cotransport via a common apical transport protein but,
ney & Frizzell, 1983). Pappenheimer and coworkers rather, involves a set of parallel N&l* and CI/HCO;
provided evidence that not only small electrolytes butexchangers (Turnberg et al., 1970) of which the gene
also dietary monosaccharides and amino acids can beoding for the N&/H™ exchanger (NHE-3) has been
transported between the cells (reviewed in Pappenheiloned (Tse, Brant & Walker, 1992). This set of trans-
mer, 1993). The existence of paracellular water transporters are indicated in thkeft hand insetof Fig. 6,
port is further supported by the finding that the lateralwhich also contains, in agreement with studies of floun-
intercellular space of ileal mucosa was dramatically ex-der (Halm et al., 1985, a Na-K*-2CI” cotransporter
panded in response to glucose-activated fluid transpottogether with a K-selective channel. Also glucose and
(Atisook et al., 1990). The general conclusion from amino acids are transported across the epithelial cells by
these studies is that a paracellular flow of water dragsnechanisms which involve Nagradient-driven uptake

|
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across the luminal membrane (Schultz & Curran, 1970), Lumen Epithelium Serosa
of which the gene (SGLT1) coding for the apical Na-
glucose transporter has been cloned (Hediger et al.,
1987). The apical Cl channel mediates the cAMP-
stimulated secretion energized by the'Ma-pump via
furosemide inhibitable (NaK*-2CI")-cotransport across
the inner membrane (Frizzell et al., 1979). In cell at- Na*
tached patch-clamp studies Mecturusenterocytes, Gi-
raldez et al. (1989) identified an outward rectifying se-
cretory CI' channel with a conductance of 17-25 pS
(depending on membrane voltage) activated by raisingms =«
cellular [cCAMP], but not by cytosolic Gd or membrane Jptives
depolarization. Since cellular Tand K" both are above
electrochemical equilibrium, Frizzell et al. (1979) as-
sumed that these ions move by electrodiffusion (in se-
lective channels, Fig. 6) from cell to serosal bath. More
recent studies of flounder intestinal mucosa have indi-
cated transport of Cland K" also by way of electroneu-
tral exit via a common mechanism (Halm et al., 1885 '( )’
perhaps similar to the KCI™ cotransporter first identi-

fied by Reus.s (198.3) n ga”bl.add.er eplthellal C.ells' In Fig. 7. Diagram designed for assisting the analysis of the forward

_agreement with thew hypo_the5|s this transporter is addegnd backward cellular pathways of unidirectiofR®a* fluxes. Upper

in the right hand insetof Fig. 6. part: Influx path. Lower part. Outflux path.J2%"Ve and J2<tve are the
The model of Fig. 6 depicts Clabsorption and Cl  forward and backward active fluxes, respectively. The ‘return’ fluxes

secretion as being confined to one and the same cell typgRave: *mand J3ave ") are ‘invisible’ components related to the

In the literature it has been discussed that in mammaliaio other components as indicated by Egs. (6) in text. The relatively

small intestine these two fluxes of opposite direction arémaller component; movin_g into the luminal bath through the junction

located in different cells (Madara, 1991; Sullivan & Membrane are depicted with dashed arrows.

Field, 1991). However, an intracellular microelectrode

study ofNecturussmall intestine (Giraldez & Sepulveda, rected active N&flux (™9 passes the apical mem-

1987) showed that stimulation of alanine uptake resulteci)rane together with Cland/or glucose, and is pumped

m_membrane depolarlzat_lon in ceIIs_ of which an ap'c"’.‘linto the lateral intercellular space from which it proceeds
CI” conductance was stimulated simultaneously. Thi

T . >Y- TN$4 the serosal bath. A fraction of the tracer flux entering
observation indicates that absorption and secretion |nth|1$he lateral space returns to the luminal solution via the
species are co-expressed. In the recirculation theory diSNa" permeable junction membrane. This “invisible”
cussed below it is not of importance whether @turns active, return '

. ; . omponent is denotedp,; In the lower part of
via the absort')lng.cell or anothgr C?" type;. As stud!es OTJ;::ig. 7 is depicted the tracer flux in the opposite direction,
non-mammalian intestinal epithelium did not indicate

active i +_ - ;
cellular heterogeneity, we consider it appropriate, at thi Jom ', which passes the NeK"-2C" cotransporter in the

i ) Sasal membrane and is pumped into the lateral space
stage of the analysis, to place the chloride channels of th1erom which it continues into the luminal solution via the

model of amphibian small intestine in the absorbing cell,.

. ) AT . junction membrane. The “invisible” component that
tnag::tnyg that this localization is not yet settled with cer- passes downstream the lateral space for returning to the

serosal bath is denotedfive: U™ \We can now write:

active
» Jns

4 .
> Jacnve, retum
sm

active para
ESTIMATION OF THE SODIUM RECIRCULATION FLUX Ims _Jms

J?ncstive return - Jgfnra (6&)
The results of Table 2 indicate fairly large cellular’™Na .active return gpara

fluxes in both directions across toad small intestine. Ac—=m__ =-ms

cording to the model of the intestinal epithelium (Fig. 6), Jom'©  Joa® (6b)

both of these fluxes pass the lateral"W& -pumps, and

are therefore active. In Fig. 7 we have depicted the pathwhich follows from the principle that a source delivering
ways supposed to be taken by a sodium tracer passing tlee substance at constant rate into a reversible pathway
lateral Na/K*-pump when added to the luminal fluid does not influence the ratio of unidirectional fluxes ap-
(upper cellof Fig. 7) or to the serosal batlogver cell of pearing from the two ends of the pathway (Ussing,

Fig. 7), respectively. The inwardly (lumen-to-serosa) di-1952). With the cellular and paracellular fluxes taken
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Table 3. Recirculation of Na in toad small intestine into the lateral space. Energized by the sodium gradient
tve. et — the cellular [CT] is maintained above thermodynamic
Prep. ™ Ims™ Mins = Maim equilibrium. Thus, this ion may be accumulated in the
(Joeaves Jamverem 1+ |ateral space at a concentration above that of the bathing
(A solutions by electrodiffusion from the cells through

channels in the membranes lining the lateral space. As a

2; 1328 ;gg 8:;"21 result, energized by N&K*-pumps a hypertonic and hy-
B3 1080 140 0.33 perbaric lateral intercellular solution is generated provid-
B4 1980 400 0.26 ing the condition for water flow from lumen to the lateral
B5 2790 190 0.23 intercellular space through the apical junction mem-
Mean 1730 260 0.28 brane. The fluid is flowing into the serosal compartment
SEM 320 60 0.03 driven by a hydrostatic pressure difference between the

. o ) } lateral and the serosal compartments. By maintaining,

Here are listed the “invisible” return fluxesdeFig. 7), and the fraction - .

of the paracellular Naflux through the basement membrane barrier smultaneously, a relatlvely large bac,k ﬂL!X of N@‘nd

which is being added to the serosal compartment (column 4). With Eqs.CI ) from the serosal bath into the eplthellal cells (Table

(6a,b) in the text, the calculations were based on the fluxes presented), the epithelium has the capacity of creating an absor-

in Table 2. Fluxes listed in column 2 and 3 are in pmeéc™* - cm™2, bate which is isotonic with the bathing solutions. Ac-
cording to the model in Fig. 6, the recirculation of Na
and CT is due to cotransport with Kacross the plasma

from Table 2, Eqs. @b) were used to calculate the tWo memprane facing the serosal compartment. Whiléisla

“invisible” (return) flux components collected in Table 3. pumped into the lateral space, a fraction of the &j-

At steady state, the net flux crossing the basement meMgyring the cell via the basal cotransporter proceeds to the

C BM _ ti tive, ret _ - -
bggrge barrier isy J7* = J5dV + JGEMe T+ ngaos:a lateral space and the mucosal bath, respectively, while—
Jom ", while the flux added to the serosal bathA®™ = g pnosedly—a smaller fraction, together with sonie K

Mpms = Mgy, and the flux returning from the serosal bath retyrns directly to the serosal bath. Potassium selective
via the cotransporter islg,™ + Joi ™™ ™" Accord-  channels in the lateral plasma membranes are supposed
ingly, the flux added to the serosal bath expressed ag, return K" to the lateral space at a rate sufficiently large

fraction of the total net inward flux is given by: for maintaining a time-invariant [K of the lateral inter-

. . . cellular fluid. Thus, at steady state, the transport 6f K
AM™ _ Mms~ Msm e into this space, by solvent drag through the junction
SJBM - (gactivey jactivereturn) 4 (gpara_ jpara) membrane and by electrodiffusion through lateral chan-

nels, respectively, is equal to the sum of the active K
This fraction is listed in the fourth column of Table 3. reuptake via the lateral N&™ pumps and the Kflux
According to these calculations, with similar Ringer’s on €scaping downstream to the serosal bath.

the two sides of the intestinal epithelium the flux of

sodium added to the serosal side constitutes only 28% %—WSIOLOGICAL SIGNIFICANCE OF

the net flux appearing downstream the lateral space. O DIUM RECIRCULATION

average 72% returns by active transport to the latera

space. This latter component represents therseircu- ) ) )
lation-flux. The sodium ions pumped from the cells into the lateral

intercellular fluid are derived both from the mucosal and

the serosal bath, with the latter component being the
ION RECIRCULATION IN TOAD SMALL recirculating flux. By regulation of the flux recirculating
INTESTINAL EPITHELIUM through the cells a balance can be maintained between

the paracellular forward and cellular backward flux of
In the model of the absorbing intestinal epithelium sodium such that the net transport of salt and the para-
shown in Fig. 6, the lateral space is separated from theellular flow of water occur in isotonic proportions. In
luminal solution by the junction membrane. Another previous models considering coupling of solute and wa-
barrier is depicted at the level of the basement membranter flows in an intraepithelial compartment (Curran &
and it separates the lateral space from the serosal bathacintoch, 1962; Diamond & Bossert, 1968) metabolic
With water flowing in the inward direction both barriers energy is invested only in the generation of a hypertonic
have to be water permeable with the reflection coeffi-and hyperbaric solution within the epithelium (the para-
cient of the junction membrane being larger than that ofcellular space). The subsequent formation of an isotonic
the basement membrane barrier, i€ > oM. With  transportate was postulated to be a purely dissipative
Na*/K*-pumps in the plasma membranes facing the latprocess. According to the sodium recirculation theory,
eral intercellular space, Nds pumped from the cells metabolic energy is not only spent in driving water into
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the epithelium, but also in making the transportate iso-Hill, A.E., Hill, B.S. 1978. Sucrose fluxes and junctional water flow
tonic. acrossNecturusgall bladder epitheliumProc. R. Soc. Lond. B
200:163-174
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