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Abstract. Isolated small intestine of toad (Bufo bufo)
was mounted on glass tubes for perfusion studies with
oxygenated amphibian Ringer’s solution containing glu-
cose and acetate. Under open-circuit conditions (Vt 4
−3.9 ± 1.8 mV,N 4 14) the preparation generated a net
influx of 134Cs+. The time course of unidirectional
134Cs+-fluxes was mono-exponential with similar rate
constants for influx and outflux when measured in the
same preparation. The flux-ratio was time invariant from
the beginning of appearance of the tracers to steady state
was achieved. Thus, just a single pathway, the paracel-
lular pathway, is available for transepithelial transport of
Cs+. From the ratio of unidirectional Cs+-fluxes the
paracellular force was calculated to be, 18.2 ± 1.5 mV (N
4 6), which is directed against the small transepithelial
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-
nitude similar to that passing the paracellular route.
Therefore, independent of the convective flux of134Cs+,
every second134Cs+ ion flowing into the lateral space
was pumped into the cells rather than proceeding, via the
low resistance pathway, to the serosal bath. It is thus
indicated that the paracellular convective flow of134Cs+

is driven by lateral Na+/K+-pumps. Transepithelial uni-
directional42K+ fluxes did not reach steady state within
an observation period of 70 min, indicating that compo-
nents of the fluxes in both directions pass the large cel-
lular pool of potassium ions. The ratio of unidirectional
24Na+ fluxes was time-variant and declined from an ini-
tial value of 3.66 ± 0.34 to a significantly smaller steady-
state value of 2.57 ± 0.26 (P < 0.001,N 4 5 paired
observations), indicating that sodium ions pass the epi-
thelium both via the paracellular and the cellular path-
way. Quantitatively, the larger ratio of paracellular Na+

fluxes, as compared to that of paracellular Cs+ fluxes, is
compatible with convective flow of the two alkali metal
ions through the same population of water-filled pores.
With a new set of equations, the fraction of the sodium
flux passing the basement membrane barrier of the lat-
eral space that is recirculated through the cellular com-
partment is estimated. This fraction was, on average,
0.72 ± 0.03 (N 4 5). It is concluded that isotonicity of
the transportate can be maintained by producing a hy-
pertonic fluid emerging from the lateral space combined
with reuptake of salt via the cells.

Key words: Small intestine — Leaky epithelia — Sol-
ute-coupled water transport — Na+ recirculation — Lat-
eral intercellular space — Flux ratio analysis

Introduction

Vertebrate small intestine, gallbladder, and renal proxi-
mal tubule belong to the class of leaky epithelia which
has capacity for transporting isotonic fluid in the absence
of transepithelial ion concentration-, electrical potential-,
osmotic-, and hydrostatic-pressure differences. The
transport of water depends on metabolic energy and on a
simultaneous transport of NaCl with Na+ submitted to
active transport via Na+/K+-pumps. The transport of wa-
ter can take place against an adverse osmotic gradient,
but if the NaCl transport is abolished, water flow stops
(Curran & Solomon, 1957; Windhager et al., 1958; Cur-
ran, 1959; Diamond, 1964a,b; Green et al., 1991). It is a
major and unresolved problem to reconcile this metaboli-
cally energized rectified transport of water and NaCl in
isotonic proportions under conditions of no external driv-
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
coupling between solute and water flows takes place in a
macroscopic subcompartment (Curran & MacIntosh,Correspondence to:S. Nedergaard
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1962; Diamond & Bossert, 1967) supposed to build up
osmotic and hydrostatic pressures above those of the
bathing solutions. Generally, this compartment is as-
sumed to be the lateral space between the epithelial cells.
As yet, it has not been possible to assess the putative
driving force for water movement into the space. And
based on theoretical considerations it is likely that the
tonicity of the fluid emerging downstream the space
would be hypertonic, rather than truly isotonic (reviewed
in Spring, 1998; Weinstein, 1988, 1992; Whittembury &
Reuss, 1992). These difficulties have provided room for
models assuming transport of water through the cells.
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
solute coupled uphill water transport in membrane pro-
teins associated with other functions, like a Na+-glucose
transporter, a Na+-K+-2Cl−-transporter, and a Na+-lactate
transporter (Zeuthen, 1995).

With the Na+-recirculation theory developed
(Ussing & Eskesen, 1989) and further explored (Ussing,
Lind & Larsen, 1996; Sørensen et al., 1998) in studies of
the secretory frog skin gland, the type of models which
assumes coupling of solute and water flow in the lateral
intercellular space should be reevaluated. In this study is
presented a method based on134Cs+ and 24Na+ pre-
steady state flux measurements for demonstrating para-
cellular convective flow of cations and for separating
cellular and paracellular sodium fluxes in unperturbed
toad small intestine. It is shown how these fluxes can be
used for calculating the flux of sodium that is recircu-
lated through the epithelial cells. Our experimental re-
sults will be used for discussing the significance of ion
recirculation for producing an isotonic absorbate. The
present investigation includes previous studies published
in preliminary form (Ussing & Lind, 1996; Ussing &
Nedergaard, 1993; Nedergaard & Ussing, 1997).

Materials and Methods

ANIMALS AND EXPERIMENTAL PREPARATION

Large female toads (Bufo bufo) caught in late summer were stored at
7°C in drawers in a pool of water. More than 10 days before the
experiment the temperature of the bath was slowly raised (∼24 hr) to
20°C. The toads were then transferred to a cage with hiding facilities,
a water pool, and fed withTenebriolarvae. After at least 10 days of
eatingad libitum, the small intestine is well developed. The toad was
decapitated and doubled pithed. A 2-cm long piece of small intestine
cut from above one cm caudal to the pylorus valve was emptied by
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 strings.
The intestinal wall with an area of 1.57 cm2 was exposed to 5 ml on the
luminal side and 60 ml on the serosal side of identical Ringer’s solu-
tion. Stirring was performed by aerating with oxygen. After an equili-
bration period of 30 min, the measurements were carried out under

open-circuit conditions with an average transepithelial potential differ-
ence of,Vt 4 −3.9 ± 1.8 mV (N 4 14 preparations, serosal bath
grounded).

Frogs (Rana temporaria) were kept in tap water at 4°C. The
epithelium of double-pithed animals was isolated by serosal exposure
of the skin to 2 mg/ml collagenase in Ringer’s solution, and mounted
in a flux chamber with 2 cm2 exposed area supported by a steel mesh
on the external surface. Following about 1 hr of equilibration at open
circuit, the epithelium was short circuited and134Cs+ was added to the
serosal bath. After 60 min the epithelium was washed for 30 min in
non-radioactive Ringer’s solution, and the radioactivity measured. For
studying with the above protocol134Cs+ trapping at reduced sodium
pump activity, prior to adding134Cs+ the serosal side the epithelium
was exposed to ouabain at a submaximal concentration of 10−5 M.

FLUX MEASUREMENTS

As the transport properties change along the small intestine it is not
possible to use two adjacent pieces of intestine for obtaining paired
unidirectional fluxes. Flux-ratio analysis was therefore carried out by
measuring the two unidirectional fluxes in one and the same prepara-
tion. During the initial period of about 40–70 min fluxes were mea-
sured in the direction from serosa to lumen. Then, following three times
of gentle washings, fluxes from lumen to serosa were measured for a
similar period of time. Every 5 min, samples of 1 ml were withdrawn
from the chamber opposite to the one with the isotope added and
replaced with 1 ml of fresh Ringer’s solution. The volume activity of
the hot chamber did not change during the period of flux measure-
ments. With a sampling interval of 5 min, the flux per unit area of
intestinal wall (total area: 1.57 cm2) is given as the amount of tracer
appearing on thetrans side expressed in per cent (%) of the concen-
tration of tracer (cpm? ml−1) on thecis side:

M =
100? ~Dcpmin 5 min!trans side

1.57? ~cpm? ml−1!cis side

@% ? cm−2 in 5 min#.

SOLUTIONS, RADIONUCLEIDES, AND CHEMICALS

The Ringer’s solution used in experiments with the intestinal prepara-
tion contained (mM): 117.4 Na+, 2 K+, 1 Ca2+, 2 Mg2+, 118 Cl−, 2.4
HCO−

3, 5 acetate−, 5 glucose, pH4 8.2 when aerated with oxygen.
In experiments with the isolated frog skin epithelium, the composition
was, 113.4 Na+, 1.9 K+, 1 Ca2+, 2 Mg2+, 117.9 Cl−, 2.4 HCO−

3, pH 4

8.2.42K+, 134Cs+, and24Na+ were purchased from Risø, Roskilde (Den-
mark) with the following specific activities:∼42 GBq/g K as42KCl at
a concentration of∼260 mBq/ml H2O, ∼800 GBq/g Cs as ‘carrier free’
134CsCl at a concentration of∼70 mBq/ml H2O, and∼85 GBq/g Na as
24NaCl at a concentration of∼265 mBq/ml H2O. The radioactivity of
the samples was counted in a Packard 1900TR Liquid Scintillation
Analyzer using Ultima Gold scintillation cocktail (Packard). Trapped
134Cs+ radioactivity was counted following disolution in Soluen-350
(Packard) of the preparation used for flux studies. Collagenase was
from Boehringer-Mannheim (cat. no. 103586), and ouabain from
Sigma (cat. no. O-3125).

DATA TREATMENT

Results are given as mean ±SEM with N indicating the number of
preparations entering the analysis. Means were compared by perform-
ing Student’st-test.
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Results

In this study pathways taken by small diffusible cations
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-
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
pre-steady-state fluxes of radio-labeled sodium ions.
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-
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 cor-
ollary to this theorem is that if, at physiological steady
state, the flux ratio is time variant the ion in question
makes use of two or more pathways with different flux
ratios and mean passage times. Rather than hydrophilic
nonelectrolytes, cesium is used for tracing paracellular
solvent drag. Experimental evidence will be discussed
that this monovalent cation tracer passes the epithelium
via an extracellular route which is also shared by sodium
ions.

THE USE OF RADIO-LABELLED Cs+
FOR TRACING

PARACELLULAR FLUXES

The rationale of the Cs+ method can be illustrated by
experiments with the frog skin. If almost carrier-free
134Cs+ is added to the isolated frog skin epithelium the
isotope is trapped in proportion to the active flux of Na+

(Fig. 1). It can be seen that the relationship between the
amount of134Cs+ trapped by the epithelial cells and the
activity of the Na+/K+-pump measured as the short-
circuit current depicts a straight line, which passes
through the origin. This simple relationship holds over a
wide range of Na+ fluxes whether the variation of the
active flux is due to the spontaneous activity of different
preparations, or to a partial inhibition of the sodium
pump by ouabain added to the solution bathing the se-
rosal side of the isolated epithelium. Thus, radioactive
Cs+ enters the cells via the Na+/K+-pump (competing
with K+), and independent of the turnover of the cellular
Na+ and K+ pools, once134Cs+ has entered the cells it is
virtually irreversibly trapped in this compartment. A
corollary to this observation is that if134Cs+ is recovered
from the solution opposite to the solution to which the
tracer is added it must have passed the epithelium exclu-
sively via the paracellular pathway.

COMPARISON OFFLUXES OF
42K+

AND
134CS

+ ACROSS

TOAD SMALL INTESTINE

In Fig. 2 is shown that it takes the two tracers,134Cs+ and
42K+, different times for reaching a steady flux. The ap-

pearance of134Cs+ both in the luminal perfusion solution
(Fig. 2, left hand panel) and in the serosal bath (Fig. 2,
right hand panel) is relatively fast. In contrast, the ap-
pearance of42K+ was so slow that a steady state was not
reached within the observation period of 70 min. The
fact that the K+ fluxes at all times are significantly
smaller than the simultaneously measured Cs+ fluxes
also indicates that the potassium flux has not reached
steady state toward the end of the observation period.
The examples shown here are representative of a total of
9 experiments and in none of the experiments was it
possible to derive a half time or any other quantitative
measure of the time course of appearance of42K+ on the
transside of the preparation. This finding indicates that,
whether the tracer is added to the luminal or the serosal
bath, a significant component of42K+ passes the large
cellular pool of long turnover time constant. The cesium
tracer, on the other hand, passes the intestinal epithelium
via a much faster route, i.e., this ion seems to move
through the intestinal epithelium between the cells.

FLUXES OF
134Cs+

IN THE INTESTINAL PREPARATION

In the following experiments the lumen-to-serosa flux
and the serosa-to-lumen flux were obtained from the
same preparation as explained in the method section.
In the example shown in Fig. 3 (left hand panel), the rate
constant of the time course of tracer appearance was,
0.115 min−1 for the influx and 0.127 min−1 for the efflux,
corresponding to half times,T1/2 4 6.0 and 5.5 min,
respectively. The flux ratio was constant from the time
of appearance of tracers (Fig. 3,right hand panel) in

Fig. 1. Dependence of intracellular trapping of134Cs+ on active trans-
port of Na+ in frog skin epithelium. [Ouabain] on serosal side was 10
mM. The amount of radioisotope trapped is expressed as ‰ of cpm in
1 ml of inside bath per hour per cm2 of isolated epithelium. The active
flux was calculated from the continuously monitored short-circuit cur-
rent. The line of regression indicates that the y-intercept is not signifi-
cantly different from zero.
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agreement with the notion forwarded above that just a
single route, the paracellular pathway, is available for
transepithelial transport of radiolabeled cesium ions.
For this preparation, the steady state flux-ratio was,
(M`

ms/M
`
sm)Cs4 (0.136/0.068)4 2.00. Results of a total

of 6 paired experiments are collected in Table 1. The half
time of tracer appearance differed among the prepara-
tions by a factor of two, but was about the same in the
two directions when fluxes measured in the same prepa-
ration are compared.

In all preparations was the lumen-to-serosa flux
larger than the serosa-to-lumen flux. This asymmetry of
unidirectional fluxes shows that an inwardly directed
driving force is imposed on radio-labeled cesium ions.
The force,E, is given by (Ussing, 1952):

E =
R ? T

F
ln SMms

`

Msm
` D

Cs

(1a)

And for the case of paracellular transport of134Cs+ with
the steady state flux being the result of both an electro-
diffusion and a convection process, the flux-ratio equa-
tion takes the form:

R ? T ? ln SMms
`

Msm
` D

Cs

= R ? T ? ln
aCs

m

aCs
s

+ F ? Vt

+
R ? T ?JV

DCs
? *

x=0

x=d 1

A~x!
dx (1b)

Wheream
Csandas

Csare the activities of Cs+ in mucosal (m)
and serosal (s) bath,Vt the transepithelial potential dif-
ference,DCs the diffusion coefficient for Cs+ in water,JV

the water flux (positive in inward direction), andA(x) the
cross sectional area of the paracellular route of lengthd,
which varies in an unknown manner with distance,x.
With similar 134Cs+ activity in the bathing solutions and
Vt 4 −3.9 ± 1.8 mV, the ratio of unidirectional electro-
diffusion fluxes would be less than unity and,E 4 −3.9
mV (i.e., outwardly directed, Eq. 1b). The flux ratio of
2.06 ± 0.12 (Table 1) corresponds to an average inwardly
directed driving force ofE 4 18.2 ± 1.5 mV (Eq. 1a).
This observation leads to the conclusion that the flux of
134Cs+ is governed by a large solvent drag component
(Eq. 1b). It was also found, that in toad small intestine
the amount of134Cs+ trapped by the cells (i.e., entering
the cells via the Na+/K+-pump) is linearly correlated with
the lumen-to-serosa flux of134Cs+ (Fig. 4), indicating
that the Na+/K+-pumps are located on the membranes
facing the lateral intercellular space (see Discussion).
The above results (Figs. 2–4, Table 1) lead to the fol-
lowing notions about134Cs+ fluxes in toad small intes-
tine, (i) just a single transepithelial pathway is available
for 134Cs+, (ii) this pathway is paracellular, and (iii) the
net inward paracellular flux of134Cs+ is brought about by
solvent drag.

FLUXES OF
24Na+

IN THE INTESTINAL PREPARATION

Figure 5 shows an example of24Na+ flux measurements
performed with a protocol similar to the one discussed
above. Generally, steady state fluxes could be deter-
mined with an observation period of 40–50 min. In con-
trast to results obtained with134Cs+, the ratio of unidi-
rectional 24Na+ fluxes was not constant in time. As
shown in Fig. 5 (right hand panel), the flux-ratio was
large to begin with and declined toward a stationary
value achieved in the course of the subsequent sampling
periods. Thus, more than one pathway is available for
transport of sodium ions through the intestinal epithe-
lium. These pathways have different flux ratios and dif-
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
slow cellular route. It can also be seen (Fig. 5,right
hand panel) that the24Na+ flux-ratio of the faster para-
cellular route is larger than that of the slow cellular route.
Assuming that only (these) two pathways are available
for transepithelial sodium transport a set of four equa-
tions can be constructed from which the steady-state uni-
directional fluxes through the two pathways can be esti-
mated. Considering appearing fluxes, the time-
dependent unidirectional fluxes in the inward and the
outward direction,Mms(t) andMsm(t), can be written:

Fig. 2. Unidirectional fluxes of42K+ and134Cs+ in toad small intestine.
Left hand panel:The effluxes of the two isotopes were measured in the
same piece of preparation.Right hand panel:The influxes were also
measured in the same piece of intestinal preparation, but from another
animal than the one used for the efflux measurements. The time course
of the134Cs+ appearance was fitted with a monoexponential time func-
tion providing estimates of the half time of tracer equilibration and the
steady-state unidirectional flux. The fluxes of42K did not reach steady
state within the observations period of 70 min and could not be evalu-
ated quantitatively.
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Mms~t! = Jms
para ? @1 − g~t!# + Jms

active? @1 − f~t!# (2a)

Msm~t! = Jsm
para ? @1 − g~t!# + Jsm

active? @1 − f~t!# (2b)

Hereg(t) andf(t) are functions of time with the following
initial and boundary conditions,g(t) 4 f(t) 4 1 for t 4
0, andg(t) 4 f(t) 4 0 for t → `. Jms

para andJsm
para are the

steady-state unidirectional paracellular fluxes, andJms
active

and Jsm
active are the steady-state unidirectional cellular

fluxes. The reason also for denoting the serosa-to-lumen
transcellular flux “active” will be made obvious in Dis-
cussion. Ifg(t) approaches zero much faster thanf(t),
there is a time interval, 0 <t < t1, for which a set of
values, [t1, M(t1)], obeys the relationships:

Mms~t1! = Jms
para ? @1 − g~t1!# (3a)

Msm~t1! = Jsm
para ? @1 − g~t1!# (3b)

wheret1 < t1. Similarly, there is a time interval,t2 < t <
`, for which at a set of values, [t2, M(t2)], obeys the
relationships:

Mms~t2! = Jms
para + Jms

active? @1 − f~t2!# (4a)

Msm~t2! = Jsm
para + Jsm

active? @1 − f~t2!# (4b)

wheret2 > t2. Thus, we can write:

Mms~t1!

Msm~t1!
=

Jms
para

Jsm
para

, for t1 , t1
(5a)

Mms~t2! − Jms
para

Msm~t2! − Jsm
para

=
Jms

active

Jsm
active

, for t2 . t2
(5b)

It follows from definitions:

Mms
` = Jms

para + Jms
active (5c)

Msm
` = Jsm

para + Jsm
active (5d)

Taking the experiment shown in Fig. 5 as an example,
the calculations are based on the following asymptotic

Fig. 3. Unidirectional fluxes of134Cs+ measured in
the same piece of isolated small intestine of the
toad.Left hand panel:When studying the fluxes in
the two directions in the same piece of epithelium,
similar half times of tracer appearance was
observed. The steady-state influx of134Cs+ was
significantly larger than the steady-state efflux.
Symbols:● is the flux from mucosa to serosa
(Mms); o is the flux from serosa to mucosa (Msm).
Right hand panel:The flux ratio was constant in
time indicating that just a single pathway is
available for transport of134Cs+ across the
intestinal epithelium. The line indicates the ratio
calculated from the fitted curves of the left hand
panel.

Table 1. Radio-labeled cesium fluxes across toad small intestine

Prep. # T½ (ms) T½ (sm) M `
ms M `

sm M `
ms/M

`
sm

min % cm−2 in 5 min

A1 4.3 5.8 0.177 0.085 2.09
A2 6.0 5.5 0.136 0.068 2.00
A3 6.1 6.2 0.143 0.078 1.83
A4 9.4 9.1 0.260 0.100 2.60
A5 4.3 5.0 0.127 0.060 2.13
A6 4.6 5.9 0.184 0.106 1.73

Mean ±SEM 2.06 ± 0.12

Unidirectional fluxes in the mucosa-to-serosa (ms) and serosa-to-
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 appearance,T½, and the steady-state unidi-
rectional fluxes,M `

ms andM `
sm, conf. Fig. 2.

Fig. 4. Trapping of 134Cs+ in the intestinal epithelium of toad as a
function of the convective flow of134Cs+ in the direction from lumen
to serosa.
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values,M`
ms4 0.401 andM`

sm4 0.227. By choosingt1

4 5 min withMms(5) 4 0.099 andMsm(5) 4 0.039, and
t2 4 15 min with Mms(15) 4 0.315 andMsm(15) 4
0.170, we obtain (Eqs. 5),Jms

para 4 0.145,Jsm
para 4 0.056,

Jms
active4 0.256, andJsm

active4 0.171, respectively, with all
fluxes in %? cm−2 in 5 min.

We shall now be dealing with steady state fluxes,
only, and will use, therefore, the conventional unit of
pmol ? cm−2 ? sec−1. With a concentration of Na+ in the
bathing solutions of 117.4mmol ? cm−3 the conversion
factor is, 117.4? 106/(5 ? 60 ? 100) 4 3.91? 103. In
Table 2 are listed steady-state unidirectional fluxes
through the two pathways for five preparations obtained
by the method presented above. According to these es-
timates both the cellular and the paracellular pathway
carry a significant net flux in the inward direction. The
paracellular driving force is (Eq. 1a), E 4 32.3 ± 2.5
mV, which indicates transport of sodium between the
cells by a convection process. Thus, the drag force im-
posed on the sodium ions is larger than that calculated
from the cesium experiments, i.e., 32.3 ± 2.5 mV for
Na+ vs. 18.2 ± 1.5 mV for Cs+. If the two ions move
through the same population of water-filled pores, we
would expect that the drag on the sodium ions is larger
than the drag on the cesium ions (stemming from the fact
that the ratio of the diffusion coefficients,DCs/DNa 4
1.5, e.g., Eq. 1b). For the limiting case of no discrimi-
nation along the route between the two alkali ions, we
can assume for the convection process, (Jms

para/Jsm
para)Na 4

(Jms
para/Jsm

para)Cs
DCs/DNa. Accordingly, the predicted ratio of

unidirectional paracellular Na+ fluxes would be, (Jms
para/

Jsm
para)Cs

DCs/DNa ≈ 2.061.5 4 2.96 (Table 1), which is not

identical with, but fairly close to the measured paracel-
lular sodium-flux ratio of 3.66 ± 0.34 listed in Table 2.

Discussion

PATHWAYS AND CELL MEMBRANE TRANSPORTERS IN

VERTEBRATE SMALL INTESTINE

This study presents evidence that in toad small intestine
134Cs+ is transported by convection along the paracellu-
lar pathway (Fig. 3, Table 1). It was found that the
amount of134Cs+ trapped by the cells while passing the
paracellular pathway is linearly correlated to the flux of
134Cs+ directed from lumen to serosa (Fig. 4). The ex-
periments with frog skin (Fig. 1) showed that134Cs+

enters the epithelial cells via Na+/K+-pumps. Taken to-
gether, the results indicate that in toad small intestine the
Na+/K+-pumps are located along the paracellular route,
i.e., on the membranes facing the lateral intercellular
space. Interestingly, the flux of134Cs+ pumped into the
cells is of a magnitude similar to that passing the para-
cellular route, i.e., every second134Cs+ 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 134Cs+, it is indicated that the convection
process is driven by the Na+/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
direction (Fig. 5, Table 2). Like the flux of134Cs+, also
the paracellular flux of24Na+ is governed by a convec-
tion process.

The model of the epithelium of vertebrate small in-
testine shown in Fig. 6 contains paracellular and trans-
cellular pathways for ion movements. It depicts the
paracellular pathway as the route of transepithelial water
flow under isotonic conditions, and contains membrane
transporters that translocate the major ions, Na+, Cl−, and
K+ across the cell. A common cell type expresses both
absorptive and secretory functions. First, we briefly dis-
cuss studies leading to this model. Next, we derive equa-
tions for estimating recirculation fluxes of Na+ contained
in the model (arrows). Finally, we discuss the physi-
ological significance of ion recirculation driven by the
lateral Na+/K+-pump for the generation of an isotonic
transportate.

The Paracellular Route

According to studies of the voltage dependence of trans-
epithelial unidirectional fluxes in rabbit ileum about 85%
(∼8 mS? cm−2) of the transepithelial electrical conduc-

Fig. 5. Unidirectional tracer fluxes of24Na+ across the same piece of
toad small intestine.Left hand panel.Symbols:● is the flux from
mucosa to serosa (Mms); o is the flux from serosa to mucosa (Msm).
Similar to the134Cs+ fluxes, was the steady-state flux ratio for Na+,
M`

ms/M
`
sm> 1.Right hand panel:The flux ratio was not constant in time

indicating that more than one pathway is available for transepithelial
sodium movement.
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tance is associated with ion flows between the cells
(Frizzell & Schultz, 1972). A microelectrode study of
the conductance of the individual membranes confirmed
that the paracellular conductance of (flounder) small in-
testine accounts for a significant fraction (∼95%) of the
transepithelial conductance (∼27 mS? cm−2, Halm, Kras-
ney & Frizzell, 1985a). Pappenheimer and coworkers
provided evidence that not only small electrolytes but
also dietary monosaccharides and amino acids can be
transported between the cells (reviewed in Pappenhei-
mer, 1993). The existence of paracellular water trans-
port is further supported by the finding that the lateral
intercellular space of ileal mucosa was dramatically ex-
panded in response to glucose-activated fluid transport
(Atisook et al., 1990). The general conclusion from
these studies is that a paracellular flow of water drags

molecules, which can penetrate the junction membrane
in the inward direction. This is compatible with our ex-
periments with134Cs+ (Figs. 2 and 3, Table 1) and24Na+

(Fig. 5, Table 2) indicating that fluxes of these ions con-
tain significant convection components flowing through
a common population of junctional pores. It is also in
agreement with observed convection flows of ions and
small hydrophilic molecules in other leaky vertebrate
epithelia, e.g., gallbladder (Hill & Hill, 1978; Whittem-
bury et al., 1980) and kidney proximal tubule (Fro¨mter,
Rumrich & Ullrich, 1973; Whittembury et al., 1988).

Cellular Pathways

Unlike a number of other fluid absorbing epithelia water
channels have not been found in epithelial cells of small
intestine (Nielsen et al., 1993). There is unanimous
agreement that Na+/K+-pumps are localized to the lateral
membranes (Fig. 6). As discussed above, our studies led
to this conclusion, and following studies by Schultz &
Zalusky (1964) indicating active Na+ transport energized
by ouabain inhibitable Na+/K+-pumps, Stirling (1972)
showed that radio-labeled ouabain binds specifically to
the membranes facing the lateral intercellular space. In
agreement with early studies (reviewed in Frizzel, Field
& Schultz, 1979) the apical uptake of Na+ is depicted as
an electroneutral process coupled to entry of Cl− against
this ion’s electrochemical gradient (Fig. 6). The apical
NaCl uptake may not result from obligatory one-for-one
cotransport via a common apical transport protein but,
rather, involves a set of parallel Na+/H+ and Cl−/HCO−

3

exchangers (Turnberg et al., 1970) of which the gene
coding for the Na+/H+ exchanger (NHE-3) has been
cloned (Tse, Brant & Walker, 1992). This set of trans-
porters are indicated in theleft hand insetof Fig. 6,
which also contains, in agreement with studies of floun-
der (Halm et al., 1985b), a Na+-K+-2Cl− cotransporter
together with a K+-selective channel. Also glucose and
amino acids are transported across the epithelial cells by
mechanisms which involve Na+ gradient-driven uptake

Table 2. Unidirectional steady state Na+ fluxes (pmol? sec−1 ? cm−2)* across glucose-stimulated toad small intestine exposed to isotonic Ringer on
the mucosal and the serosal side

Prep. # M `
ms M `

sm M ms
`

M sm
`

Jsm
para Jsm

para
Jms

para

Jsm
para

Jms
active Jsm

active

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 Eqs. 5 as explained in the text.

Fig. 6. Ion pathways and recirculating fluxes associated with transep-
ithelial (paracellular) fluid transport in vertebrate small intestine. Water
flows between the cells. Ion fluxes contain both paracellular convec-
tive- and cellular active components.Inset left:Electroneutral uptake of
NaCl mediated by a set of double exchangers or by cotransport with
K+. Inset right:Electroneutral coupled exit of KCl in inner membrane.
Sodium is also taken up with glucose and amino acids (not shown).
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across the luminal membrane (Schultz & Curran, 1970),
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 Na+/K+-pump via
furosemide inhibitable (Na+-K+-2Cl−)-cotransport across
the inner membrane (Frizzell et al., 1979). In cell at-
tached patch-clamp studies ofNecturusenterocytes, Gi-
raldez et al. (1989) identified an outward rectifying se-
cretory Cl− channel with a conductance of 17–25 pS
(depending on membrane voltage) activated by raising
cellular [cAMP], but not by cytosolic Ca2+ or membrane
depolarization. Since cellular Cl− and 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 Cl− and K+ also by way of electroneu-
tral exit via a common mechanism (Halm et al., 1985b),
perhaps similar to the K+-Cl− cotransporter first identi-
fied by Reuss (1983) in gallbladder epithelial cells. In
agreement with their hypothesis this transporter is added
in the right hand insetof Fig. 6.

The model of Fig. 6 depicts Cl− absorption and Cl−

secretion as being confined to one and the same cell type.
In the literature it has been discussed that in mammalian
small intestine these two fluxes of opposite direction are
located in different cells (Madara, 1991; Sullivan &
Field, 1991). However, an intracellular microelectrode
study ofNecturussmall intestine (Giraldez & Sepulveda,
1987) showed that stimulation of alanine uptake resulted
in membrane depolarization in cells of which an apical
Cl− conductance was stimulated simultaneously. This
observation indicates that absorption and secretion in this
species are co-expressed. In the recirculation theory dis-
cussed below it is not of importance whether Cl− returns
via the absorbing cell or another cell type. As studies of
non-mammalian intestinal epithelium did not indicate
cellular heterogeneity, we consider it appropriate, at this
stage of the analysis, to place the chloride channels of the
model of amphibian small intestine in the absorbing cell,
noting that this localization is not yet settled with cer-
tainty.

ESTIMATION OF THE SODIUM RECIRCULATION FLUX

The results of Table 2 indicate fairly large cellular Na+

fluxes in both directions across toad small intestine. Ac-
cording to the model of the intestinal epithelium (Fig. 6),
both of these fluxes pass the lateral Na+/K+-pumps, and
are therefore active. In Fig. 7 we have depicted the path-
ways supposed to be taken by a sodium tracer passing the
lateral Na+/K+-pump when added to the luminal fluid
(upper cellof Fig. 7) or to the serosal bath (lower cellof
Fig. 7), respectively. The inwardly (lumen-to-serosa) di-

rected active Na+-flux (Jms
active) passes the apical mem-

brane together with Cl− and/or glucose, and is pumped
into the lateral intercellular space from which it proceeds
to the serosal bath. A fraction of the tracer flux entering
the lateral space returns to the luminal solution via the
Na+ permeable junction membrane. This “invisible”
component is denoted,Jms

active, return. In the lower part of
Fig. 7 is depicted the tracer flux in the opposite direction,
Jsm

active, which passes the Na+-K+-2Cl− cotransporter in the
basal membrane and is pumped into the lateral space
from which it continues into the luminal solution via the
junction membrane. The “invisible” component that
passes downstream the lateral space for returning to the
serosal bath is denoted,Jsm

active, return. We can now write:

Jms
active

Jms
active, return

=
Jms

para

Jsm
para (6a)

Jsm
active, return

Jsm
active

=
Jms

para

Jsm
para (6b)

which follows from the principle that a source delivering
a substance at constant rate into a reversible pathway
does not influence the ratio of unidirectional fluxes ap-
pearing from the two ends of the pathway (Ussing,
1952). With the cellular and paracellular fluxes taken

Fig. 7. Diagram designed for assisting the analysis of the forward
and backward cellular pathways of unidirectional24Na+ fluxes.Upper
part: Influx path. Lower part.Outflux path.Jms

active and Jsm
active are the

forward and backward active fluxes, respectively. The ‘return’ fluxes
(Jms

active, returnandJsm
active, return) are ‘invisible’ components related to the

two other components as indicated by Eqs. (6) in text. The relatively
smaller components moving into the luminal bath through the junction
membrane are depicted with dashed arrows.
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from Table 2, Eqs. (6a,b) were used to calculate the two
“invisible” (return) flux components collected in Table 3.
At steady state, the net flux crossing the basement mem-
brane barrier is,∑JBM 4 Jms

active + Jsm
active, return+ Jms

para −
Jsm

para, while the flux added to the serosal bath is,DM` 4
M`

ms − M`
sm, and the flux returning from the serosal bath

via the cotransporter is,Jsm
active + Jsm

active, return. Accord-
ingly, the flux added to the serosal bath expressed as
fraction of the total net inward flux is given by:

DM`

(JBM
=

Mms
` − Msm

`

~Jms
active+ Jsm

active, return! + ~Jms
para − Jsm

para!
(7)

This fraction is listed in the fourth column of Table 3.
According to these calculations, with similar Ringer’s on
the two sides of the intestinal epithelium the flux of
sodium added to the serosal side constitutes only 28% of
the net flux appearing downstream the lateral space. On
average 72% returns by active transport to the lateral
space. This latter component represents the Na+ recircu-
lation-flux.

ION RECIRCULATION IN TOAD SMALL

INTESTINAL EPITHELIUM

In the model of the absorbing intestinal epithelium
shown in Fig. 6, the lateral space is separated from the
luminal solution by the junction membrane. Another
barrier is depicted at the level of the basement membrane
and it separates the lateral space from the serosal bath.
With water flowing in the inward direction both barriers
have to be water permeable with the reflection coeffi-
cient of the junction membrane being larger than that of
the basement membrane barrier, i.e.,sJM > sBM. With
Na+/K+-pumps in the plasma membranes facing the lat-
eral intercellular space, Na+ is pumped from the cells

into the lateral space. Energized by the sodium gradient
the cellular [Cl−] is maintained above thermodynamic
equilibrium. Thus, this ion may be accumulated in the
lateral space at a concentration above that of the bathing
solutions by electrodiffusion from the cells through
channels in the membranes lining the lateral space. As a
result, energized by Na+/K+-pumps a hypertonic and hy-
perbaric lateral intercellular solution is generated provid-
ing the condition for water flow from lumen to the lateral
intercellular space through the apical junction mem-
brane. The fluid is flowing into the serosal compartment
driven by a hydrostatic pressure difference between the
lateral and the serosal compartments. By maintaining,
simultaneously, a relatively large back flux of Na+ (and
Cl−) from the serosal bath into the epithelial cells (Table
3), the epithelium has the capacity of creating an absor-
bate which is isotonic with the bathing solutions. Ac-
cording to the model in Fig. 6, the recirculation of Na+

and Cl− is due to cotransport with K+ across the plasma
membrane facing the serosal compartment. While Na+ is
pumped into the lateral space, a fraction of the Cl− en-
tering the cell via the basal cotransporter proceeds to the
lateral space and the mucosal bath, respectively, while—
supposedly—a smaller fraction, together with some K+,
returns directly to the serosal bath. Potassium selective
channels in the lateral plasma membranes are supposed
to return K+ to the lateral space at a rate sufficiently large
for maintaining a time-invariant [K+] of the lateral inter-
cellular fluid. Thus, at steady state, the transport of K+

into this space, by solvent drag through the junction
membrane and by electrodiffusion through lateral chan-
nels, respectively, is equal to the sum of the active K+

reuptake via the lateral Na+/K+ pumps and the K+ flux
escaping downstream to the serosal bath.

PHYSIOLOGICAL SIGNIFICANCE OF

SODIUM RECIRCULATION

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
recirculating flux. By regulation of the flux recirculating
through the cells a balance can be maintained between
the paracellular forward and cellular backward flux of
sodium such that the net transport of salt and the para-
cellular flow of water occur in isotonic proportions. In
previous models considering coupling of solute and wa-
ter flows in an intraepithelial compartment (Curran &
MacIntoch, 1962; Diamond & Bossert, 1968) metabolic
energy is invested only in the generation of a hypertonic
and hyperbaric solution within the epithelium (the para-
cellular space). The subsequent formation of an isotonic
transportate was postulated to be a purely dissipative
process. According to the sodium recirculation theory,
metabolic energy is not only spent in driving water into

Table 3. Recirculation of Na+ in toad small intestine

Prep. Jsm
active, return Jms

active, return
Mms

` − Msm
`

~Jms
active+ Jsm

active, return! +
~Jms

para − Jsm
para!

B1 1080 170 0.34
B2 1740 380 0.22
B3 1080 140 0.33
B4 1980 400 0.26
B5 2790 190 0.23
Mean 1730 260 0.28
±SEM ±320 ±60 ±0.03

Here are listed the “invisible” return fluxes (seeFig. 7), and the fraction
of the paracellular Na+ flux through the basement membrane barrier
which is being added to the serosal compartment (column 4). With Eqs.
(6a,b) in the text, the calculations were based on the fluxes presented
in Table 2. Fluxes listed in column 2 and 3 are in pmol? sec−1 ? cm−2.
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the epithelium, but also in making the transportate iso-
tonic.
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