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Abstract. Fluxes of Na, Cl and volume were followed
acrossNecturus small intestine under zero voltage
clamp. 20 mM L-alanine doubles the net Na and fluid
transfer. Although there is a ouabain-sensitive Na pump
present inNecturusa major fraction of the net Na flux
can be measured for an hour after application of 10−3

M

ouabain. Collected fluid transferred by the epithelium is
quasi-isotonic over a range of luminal osmolarities from
100 to 250 milliosmolar in alanine saline. The net Na
fluxes account for the Na found in this transported fluid.
Fluid transfer also shows a large ouabain-insensitive
fraction after the addition of alanine.

Compartmental analysis of22Na-loaded epithelium
was used to separate cellular and paracellular fluxes.
The estimated Na concentration in the cell derived from
its Na content is 9–10 mM, in agreement with that deter-
mined with microelectrodes. The Na efflux from cell to
serosa is stimulated by alanine, but this increase accounts
for only a quarter of the simultaneous rises in Na, fluid
and current flow across the epithelium.

The increase of Na efflux from the cell induced by
alanine is apparently insensitive to ouabain although the
cell Na content rises tocirca 20 mM but no higher even
after 20 hr. From the initial rate of rise of Na in the cell
on treatment with ouabain the activity of the Na pump
can be estimated to be∼92 pM/cm2 z sec, a value much
smaller than the transepithelial net flux.

The results are not consistent with the standard
model in which Na-alanine influx stimulates the Na
pump and enhances fluid transport by osmotic coupling
in the lateral interspace system. A scheme is proposed
based upon that for absorption inNecturusgallbladder
by which alanine stimulates an active paracellular fluid
transfer driven by motile elements of the junction.
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Introduction

The small intestine ofNecturusshows a net transport of
ions and water from the lumen to the serosa which is
stimulated by alanine. As part of a study of the bidirec-
tional fluxes of dextran molecules through the paracel-
lular system in response to the presentation ofL-alanine,
we have measured the fluxes of the major ions and water;
this was necessary in order to determine the parameters
of absorption which are required to set the dextran fluxes
in context. In a comparable system, the gallbladder epi-
thelium of Necturus,previous work has shown that it is
not possible to incorporate the ion fluxes at the mem-
branes, and therefore through the cells, into a scheme in
which the Na pump is the driving force for the coupling
of salt and water flow across the epithelium [5, 8]. Sub-
sequent studies using radiolabeled dextrans as paracellu-
lar markers showed that virtually all the fluid flow is
transjunctional and that isotonic fluid flow does not oc-
cur by local osmotic equilibration [6, 16].

In the intestine the situation is more complicated in
two respects: first, the fluid and salt flows are modulated
by the presence of metabolites in the luminal bath; sec-
ond, it is generally assumed that there is recirculation of
water and salt occurring as well. The bidirectional fluxes
cannot simply be assumed to be passive plus active in the
direction of the net flux, and only passive in the opposite
direction. Nevertheless, the addition of metabolites can
be used as a convenient switch to study changes in ion
and water fluxes, and the net fluxes have direct relevance
for the fluid uptake mechanism, in particular for the in-
terpretation of the flux of molecules which only use the
paracellular system, as described in a companion paper
[7]. Alanine is very effective in stimulating the waterCorrespondence to:A.E. Hill
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and salt transport from the intestinal lumen ofNecturus
maculosusand therefore affords a method for modulat-
ing fluid transport in comparison withNecturusgallblad-
der epithelium where the fluid transport rate is ‘‘consti-
tutive.’’

The aims of this study were twofold. First, to char-
acterize the overall transport of ions and water by the
epithelium in response to alanine, to determine whether
the absorbate is isotonic, and to measure the sensitivity
of the fluxes to ouabain. Second, to measure the rate of
Na efflux from the cells, in particular the ouabain-
sensitive fraction, by compartmental washout analysis to
see whether the rate altered when the tissue was pre-
sented with alanine, as would be expected from a cyto-
plasmic stimulation of the Na pump. A comparison of
the cellular and transepithelial Na fluxes should give
information about the role of the pump in fluid produc-
tion. The technique of compartmental analysis has been
developed for analyzing ion fluxes inNecturusgallblad-
der epithelium [8] and has been used here for analyzing
the cellular Na flux in the intestine.

Materials and Methods

TISSUE AND SOLUTIONS

Necturus maculosuswas kept in aerated, filtered tanks at 13–14°C and
fed regularly. Sections of small intestine of 5–10 cm were removed
from below the bile duct and stripped of the muscle coat under a
dissecting microscope. Pieces were mounted into Perspex cassettes
where the tissue was held in place by outer O-rings; inside these were
circular flat rings whose faces were spaced 30mm apart, and which
sealed the tissue without crushing it. The area of epithelium exposed to
the saline baths was 0.283 cm2. Adjacent pieces were used in parallel
chambers to measure forward and back fluxes simultaneously in any
experiment.

Necturussalines were buffered at pH 7.2 and contained (mM/l)
either Na 100, K 3.6, Ca 1, Mg 1, Cl 104, phosphate 3.6, gassed with
pure oxygen, or Na 100, K 2, Ca 1, Mg 1, Cl 84, bicarbonate 20, gassed
with 95% O2:5% CO2; in experiments where the latter was used it is
referred to as ‘‘bicarbonate saline.’’

FLUX MEASUREMENTS

Experiments were carried out at 18–20°C. Bidirectional fluxes of22Na
and36Cl were measured across the epithelium by sampling at 15-min
intervals and averaged over an hour for each protocol.22Na was as-
sayed in a gamma counter and36Cl assayed by liquid scintillation
counting. L-Alanine was used at 20 mM and always applied to both
sides of the epithelium. Ouabain was also applied to both sides of the
epithelium at a concentration of 1.0 mM to ensure rapid inhibition.
Solutions were stirred at high speed parallel to the cassette faces by
magnetic bars, the rotations being monitored with Hall effect transistor
probes. Calculation shows that as the Reynolds number exceeded 8000
the flows were turbulent and consequently unstirred-layer effects in the
baths adjacent to the apical cell membrane and the subepithelium were
considered to be negligible [16]. Within the subepithelium, which is an
unstirrable matrix, USL gradients can be calculated as follows:

assuming that the matrix is similar toNecturusgallbladder, where the
diffusion coefficients of Na and Cl ions are about 20% of free solution
values [8], application of the linear diffusion-convection equation with
the known values of fluid convection indicates that the concentration
difference across the structure is very small, amounting to 2%.

VOLTAGE CLAMP

The clamp amplifiers were equipped with series resistance compensa-
tion using a continuous automatic bias circuit. These were initialized
by balancing the effect of current in chambers with empty cassettes and
salines. The efficacy of the compensation was checked before every
experiment against an electronic analogue circuit of the tissue in the
amplifier. Tissue resistances were monitored with current clamp pulses
of 3 mv every 9 min. The output of the clamp circuits was filtered at
20 Hz and the data captured by computer software emulating scrolling
recorders.

FLUID MEASUREMENTS

Volume Flow Rates

Fluid transfer was measured gravimetrically. Stripped epithelium was
mounted across the bottom of a cylindrical Perspex chamber (0.66–
1.33 cm2 in area) containing saline and immersed in an aerated bath at
room temperature. Weighings were taken every 15 min.

Absorbate Osmolarity and Na Concentration

Stripped epithelium was mounted horizontally in a small chamber in
which the mucosal face was perfused with saline from a reservoir.
The serosal side faced a closed chamber in which absorbate could be
collected. Care was taken to avoid any temperature differences be-
tween the tissue and the chamber walls, which can alter the concen-
tration of the fluid by vapor phase distillation of water out of the
absorbate. To ensure thermal equilibration the chamber was seated into
an aluminium block which was immersed in a constant temperature
bath.

At the end of two hours the chamber was opened and fluid re-
moved from the underside of the tissue with a filter paper disc which
was immediately transferred to an adjacent vapor phase osmometer
(Wescor 5500). Care was taken not to touch the tissue in this proce-
dure. Samples from the mucosal perfusing solution were also assayed.
Osmolarities determined in this way are probably upper estimates due
to any slight evaporation of the samples. Na in the absorbate was
determined by flame photometry.

CELL EFFLUX ANALYSIS

Technique

The measurement of ion fluxes from the cell and extracellular space by
compartmental analysis, and the theory underlying the technique, is
described in considerable detail elsewhere forNecturusgallbladder
epithelium including the estimation of unstirred layers (USL) at both
mucosal and serosal surfaces [5]. The same conditions apply toNec-
turusintestine, and the technique is only described here in its essentials.

The stripped epithelium is set up in conditions of steady-state
transport between two chambers bathed in bicarbonate saline. The mu-
cosal chamber is filled with22Na-saline. The serosal chamber is kept
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washed with nonradioactive saline by a pump. Previous studies of the
diffusion of Na ions in the subepithelium of gallbladder show that the
specific activity of Na adjacent to the basal cell membrane must be
close to zero i.e., that there is a negligible USL in the subepithelium
under these conditions. In the case of stripped intestine, the subepi-
thelium is of similar thickness to that of the gallbladder epithelium and
so these conditions apply. The subepithelium thus does not make a
contribution to the Na compartments and does not impose any delays.
At t 4 0 the mucosal22Na saline is replaced with nonradioactive saline
and the perfusion of the serosal chamber is directed to a fast fraction
collector (15-sec aliquots). The efflux of22Na into the serosal bath
represents the loss from the cell and the extracellular space compart-
ments as they move towards a condition of zero specific activity Each
empties as a single exponential with its own time constant.

In experiments to determine the effect of ouabain on the efflux the
glycoside, at a concentration of 10−3 M, was added to the serosal per-
fusate at zero time. When ouabain is applied to the serosa it acts
quickly. It can be calculated that 98% inhibition of the pump inNec-
turus occurs within 20 sec, taking the diffusion lag into account (see
Discussion). In some experiments in which the rise of cell Na was
measured after inhibition of the Na pump, the tissue was pretreated
with ouabain for periods extending up to 40 min at room temperature
(20°C) and for one set of treatments kept overnight (20 hr) at 6°C and
then warmed to room temperature.

Cell Volume Determination

StrippedNecturusintestine was fixed for light microscopy in buffered
glutaraldehyde at pH 7.2 with the osmolarity identical to the saline to
minimize volume changes. The tissue was then post-fixed in OsO4,
dehydrated and embedded in epoxy resin. 1–2mm sections were cut
and photographed under phase contrast microscopy.

To convert cell contents to concentration the enterocyte volume
per unit area was obtained from measurements of cell dimensions from
light micrographs of the stripped epithelium. This was 0.0134
cm3/cm2.

Results

ANALYSIS OF THE CELL EFFLUX

The22Na contents of the washout samples were fitted to
a double exponential (Fig. 1) from which the fast and
slow interceptsJ0 and slopesk were extracted. The slow
intercept represents the basolateral efflux from the cell
and the fast one, the effluxvia the paracellular system.
This has been confirmed in a study ofNecturusgallblad-
der, in which the sizes and time constants of the two
compartments are very similar to those in intestine, by
loading the tissue with radio sucrose as a free space
marker. Efflux analysis of the radio sucrose then reveals
only one compartment i.e., the efflux curve is a single
exponential, with similar time constant to the fast Na
compartment of the tissue.

The contentsQ of each compartment are determined
by integration of the separate exponentials i.e., for a
single compartment

Jt = J0 exp~−kt! (1)

Q = *
0

`

Jtdt = J0/k (2)

which does not require that all the radio sodium be
washed out, only that the zero time interceptJ0 and the
rate constantk be known. To validate that the slow ef-
flux is indeed that from the cell it must be shown that this
compartment has the same Na content as the enterocyte.
Because the cell is essentially in diffusive equilibrium
only with the mucosal bath the specific activity of the
cell s 4 1. The cell Na contentQ must be equal to the
22Na contentQ* i.e., Q 4 Q*/s.

It is very important to ascertain (i) whether the cells

Fig. 1. A representative experiment of efflux into the serosal chamber
from 22Na-loaded intestine in bicarbonate saline fitted to a double
exponential. The dotted line shows the zero intercept to the slow com-
ponent. The equation fitted to this data wasy 4 3429.8 exp(−2.19 ×
10−2t) + 226.8 exp(−2.49 × 10−3t); the intercepts and time constants
separate by an order of magnitude.

Fig. 2. Contents as determined with Eqs. 1 and 2 after loading for
different periods with22Na in bicarbonate saline. The line is a linear
regression withr2 4 0.002 for all experiments.
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are loaded for long enough and (ii) whether the technique
is causing the cells to leak; (i) can be calculated if the
cellular through-flux of Na is known, but could not be
assumeda priori. Consequently, cells were loaded for
various times (all in excess of calculated values) and the
contentsQ were compared. The results are shown in
Fig. 2, where it can be seen that different load times
make little difference and that they are already asymp-
totic; (ii) was investigated by reloading the cells with
22Na 20 min after a washout and repeating the experi-
ment. The results from reloads are shown in Fig. 3 for
the slow (cellular) component. It is apparent that the
same results are obtained and the slight increase in efflux
is not significant. This is probably an indicator of the
robustness ofNecturustissues in general.

ION FLUXES AND CHARGE FLOW BALANCE

The net fluxes of sodium and chloride ions across the
epithelium under zero voltage clamp are shown in Fig. 4.
It is apparent that the clamp current is due to the absorp-
tion of sodium and chloride ions in different proportions,
the sodium fluxes being much larger than the chloride.
The sum of the two is accounted for by the charge flow
and there is no special need to invoke a substantial trans-
port of other ions, for which there is no evidence. It
would appear that the effect of alanine is to stimulate the
net sodium flux without stimulating the net chloride
fluxes.

EFFECT OFALANINE AND OUABAIN ON TRANSEPITHELIAL

Na FLUXES

The transepithelial Na fluxes are shown in Fig. 5 and the
Table where the stimulation due to alanine and its partial

suppression by ouabain can be seen. The fluxes under
ouabain are mean values for the first hour after applica-
tion of the glycoside. There are two points of interest in
these results. First, it is clear that the stimulation of so-
dium transport is due to the absorption of Na ions while
the changes in Na backfluxes are not significant. Sec-
ond, the Na-pump inhibitor ouabain has only a partial
(and on a time scale, very slow) effect and the net trans-
port of sodium stimulated by alanine is remarkably re-
sistant to this compound. However, it is important to
note that studies on the Na pump inNecturushave shown
that it is sensitive to ouabain having similar properties to
that in other animals (seeDiscussion). In these experi-
ments onNecturusintestine the clamp currentIsc begins
to decline immediately after ouabain is applied in a
quasi-exponential fashion with an initial time constant of
3–7 × 10−4 sec−1 which indicates that the glycoside acts

Fig. 3. The effect of reloading on efflux and content ofNecturus
intestine. Tissue was reloaded in bicarbonate saline with22Na 20 min
after the first washout. No significant difference in content or efflux
from the cell is observed between the first (open bars) and second (solid
bars) washouts.

Fig. 4. Charge balance under zero voltage clamp. Currents (Isc) and
the net transport of Na and Cl are shown before and after alanine
stimulation. Ouabain values are means for the subsequent hour.

Fig. 5. Transepithelial net Na fluxes before and after alanine stimula-
tion and the effect of ouabain (hatched).
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upon the Na pump in the intestinal epithelium just as it
does in other tissues of the animal.

FLUID TRANSPORT

Volume Rates and Sodium Transport

The Table shows the stimulation of fluid transport in-
duced by alanine which is∼230% and falls under oua-
bain to 93% of the prestimulated level, as averaged over
the first hour.

In Fig. 6 the rate of sodium transfer in the fluid
based upon its Na content (seenext section) is compared
to the net transepithelial radio-sodium fluxes. The dif-
ferences are not significant and are consistent with a
transfer, before and after alanine stimulation, of isotonic
volumes of fluid composed predominantly of sodium sa-
line.

Tonicity and Na Content of the Absorbed Fluid

The fluid osmolarity is shown in Fig. 7 over a range of
luminal values from 100 to 250 mOs. The relationship
between absorbate and luminal osmolarity is linear ((cor-
relation)2 4 0.98) and can be described as quasi-
isotonic. The measurements involve a transfer of fluid to
an osmometer chamber and there may be a slight rise in
tonicity caused by this procedure (see Materials and
Methods) although this could not be accurately quanti-
fied. The measured Na concentration in the absorbate
([Na]/mM) is related to its osmolarity (p/mOs) by the
expression [Na]4 0.4p–1.9. The Na salts therefore ac-
count for approximately 80% of the osmolarity, a value
which may reflect a slight enrichment of the fluid in
alanine at the expense of sodium.

COMPARTMENTAL ANALYSIS OF SODIUM TRANSFER

The serosal efflux analysis results are shown in Figs. 8
and 9. In this analysis we consider it an essential test of
the method to be able to measure the Na content of the

cells. As explained in Materials and Methods, it is pos-
sible to do this by calculating the area under the slow
exponential i.e., by integrating the cell efflux of labeled
Na over time until this compartment is effectively empty
(Eq. 2). The value obtained for the cell content in bicar-
bonate saline is 12.5 × 10−8 mol/cm2 epithelium and
using the measured value for the cell volume (0.0134
cm3/cm2 epithelium) gives a value for the cell Na con-
centration [Nai] of 9.3 mM. This may be compared with
two values for [Nai] in Necturussmall intestine deter-
mined previously with sodium-selective microelectrodes
in solutions without bicarbonate ion: [Nai] 4 9.1 mM

[14] and a calculated [Nai] of 12.1 mM [9] determined in
saline containing 110 mM Na. These values show clearly
that the titration of intracellular sodium by22Na efflux
analysis gives correct results and that the measured ef-
flux from the slow phase represents that from the cell.

In the absence of alanine the fluxes from the cell
compartment shown in Fig. 9 (366 ± 32 pM/cm2 z sec)
are of comparable size to the net flux across the epithe-
lium (516 ± 140) although somewhat smaller. But, the
efflux is not ouabain sensitive and this lack of inhibition
is also seen in the transepithelial fluxes (Fig. 5). It

Table. Transepithelial Na and fluid flows

NR NR + ouabain NR + alanine NR + alanine
+ ouabain

Na ms 2245 ± 166 2120 ± 242 2724 ± 167 2455 ± 281
Na sm 1720 ± 100 1709 ± 159 1684± 109 1609 ± 281
Na net 525 ± 138 411 ± 112 1041 ± 144 846 ± 228
Jv 4.21 ± 0.41 9.59 ± 1.64 3.93 ± 0.76

Na fluxes (pM/cm2 z sec) measured as isotope flows and fluid flowsJv (cm3/cm2 z sec × 10−6)
followed gravimetrically, ±SE.L-alanine added at 20 mM and ouabain at 1 mM. The flows of
both Na and fluid following ouabain addition are means for 1 hr.

Fig. 6. A comparison of net transepithelial Na fluxes (open bars) with
the Na flux calculated from its mean concentration in the transported
fluid (hatched).
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should be remembered that the cell effluxes of Fig. 9 as
estimated from the analysis are measured over a period
of 10 min, longer than needed to inhibit the pump (20
sec) but over which the flux has not fallen appreciably.
However, the transepithelial net Na fluxes are averaged
over an hour, during which time the values under oua-
bain are slowly falling; the values a short time after
ouabain (15 min) would be much closer to the pre-
ouabain values.

The effects of alanine are also shown in Figs. 8 and
9 where it can be seen that there is a stimulation of both
Na content and Na efflux. However, the stimulation of
Na efflux from the cell (from 366 to 510 i.e., 144 pM/
cm2 z sec) is small compared to the increase in transepi-
thelial Na flux after alanine (∼500 in NR and∼1000 in
bicarbonate saline); a comparison of all the flux in-
creases caused by alanine are made below (seeDiscus-
sion and Fig. 11).

EFFECTS OFOUABAIN ON CELL Na CONTENT

In the experiments shown in Fig. 10 the cell Na content
was determined by efflux analysis after pretreating the
tissue with ouabain for different times. During this time
the cell Na would be expected to rise in response to the
inhibition of the Na pump and the inwardly directed Na
gradient. It is apparent that the cell Na does not ap-
proach that of the bath (100 mM) but ‘‘locks’’ at about a
sixth of this value (∼16 mM), assuming an original cell
volume of 0.0134 cm3/cm2 epithelium. If the tissue has
swollen to any degree, the concentration will be even
lower. As the content rises this can be used to estimate
the rate of pumping: if the pump is inhibited, the imme-
diate rise of cell Na, (dQ/dt)t40 should be equal to the
pump rate. If the total cell Na is measured, as in the
efflux experiments here, the value ofdQ/dt does not
depend upon the volume of the cell as it would if cell
concentration was measured. This procedure depends
upon the pump being inhibited on a time scale which is
short compared to the rise of cell Na or the fall of cell
potential. Both these criteria are met: the pump is inhib-
ited within 20 sec (seeDiscussion below) and the intra-
cellular Na concentration and potential change very little
in that time ([20] and refs. therein). If we fit a third-order
polynomial to the first four points of Fig. 10 we obtain an
influx at zero time of 92 pM/cm2 z sec. This value is of
the same order as that inNecturusgallbladder epithelium
[8] (62 pM/cm2 z sec) and quite small when compared to
the cell efflux value (366 pM/cm2 z sec).

Discussion

The results are difficult to fit to any simple scheme
whereby the Na pump is the coupling mechanism be-
tween Na and fluid transport in the intestine. In many

Fig. 7. The measured osmolarity of the serosal transportate plotted
against that of the luminal saline. The line represents a linear regression
(r2 4 0.98).

Fig. 8. Content of Na in the cell compartment (Eq. 2) before and after
alanine stimulation in bicarbonate saline and the effect of ouabain
(hatched). The content can be converted to a concentration using the
epithelial volume of 1.34 × 10−2 ml/cm2 epithelium.

Fig. 9. The Na effluxes from the cellular compartment before and after
alanine stimulation in bicarbonate saline with the effect of ouabain
(hatched). The efflux is the intercept of the cell component att 4 0 (see
Fig. 1).
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respects the picture is very similar to that shown for
Necturusgallbladder. There are two main points to be
noted here: the relative insensitivity of the net fluxes to
inhibition by ouabain, and the small size of the cell
fluxes compared to the transepithelial ones after stimu-
lation by alanine.

PUMP INHIBITION

Figure 4 shows that ouabain reduces the short-circuit
current and net Na transepithelial transport after the ad-
dition of alanine, but does not abolish them. Other work-
ers have observed this phenomenon inNecturusintestine
[4] and claimed that this is due to the insensitivity of
Necturusas a species. It is essential to draw a clear
distinction between the action of ouabain on cellular Na
homeostasis and its effect upon transepithelial salt and
water transport. There are many instances in the litera-
ture where ouabain has only a partial or slow effect upon
transepithelial transport, in a manner similar to that de-
scribed here ([1, 4, 15, 17] for example). However, it has
never been demonstrated that ouabain fails to inhibit an
epithelial Na-K-ATPase when present in the assay.

Ouabain has a similar effect inNecturusto that in
other tissues which are sensitive to the glycoside. In the
Necturuserythrocyte ouabain inhibits82Rb+ ion accumu-
lation with aK0.5

−1 of 1.6 × 10−6 molar and in the gall-
bladder epithelium studies with labeled ouabain have
shown that the association coefficient of the inhibitor for
the pump is 5 × 103 M−1 sec−1 [8]. This compares well
with that determined for mammalian systems [2]. The
diffusion time constant measured for3H-ouabain in the
lateral intercellular spaces, when applied to the serosal
bath, is 5.2 × 10−3 sec−1. These two can be combined
into a single rate equation representing simultaneous fill-
ing of the interspace with ouabain and its binding to the

pump sites. The solution of this equation shows that the
Na pump is inhibited to 98% in 20 sec [8].

As shown in Results ouabain has an immediate ef-
fect as would be expected from its binding constants.
The cell Na quickly starts to rise, and if there is a mi-
croelectrode in the cell the potential immediately falls.
The transepithelial short-circuit current also quickly be-
gins to fall in a quasi-exponential fashion. However, the
rate of decline is slow and the current is still 68% of the
alanine-stimulated value after an hour. There is a
mechanism that can maintain the charge flow through an
epithelium for some time: this is the effect of the Na-K
gradient between cell and bath running down and driving
current through the tissue—the ‘‘replacement current’’
effect. The current comprises a Na current entering
across the apical membrane and a K current of similar
magnitude leaving the basolateral membrane. This phe-
nomenon can easily be demonstrated with tight epithelia,
and the time course of clamp current after ouabain has
been effectively modelled [11]. This mechanism cannot
be invoked here for the reason that theNecturusentero-
cytes do not replace most of their K with Na: the data of
Fig. 10 show that the Na content of the cell has only risen
from 12 to about 20 (molz cm2 × 10−8) over the first 20
min, and remains at this level for long periods, some-
times overnight. The replacement current this Na would
transfer is only about 5–6mA for the first 20 min. This
phenomenon of the Na rising to ‘‘lock’’ at a value which
is still quite low may be due to the inhibition of Na entry
by the rise of the cytoplasmic Na concentration. This has
been postulated for both ‘‘tight’’ epithelia [12, 18, 19]
and ‘‘leaky’’ ones [3, 10] and may be a general effect.

The net epithelial transport of Na and volume show
a similar decline but a substantial fraction of both is also
present after an hour (Table and Figs. 5 and 6). It would
seem that the remaining net transport of Na and charge,
together with a continuation of volume flow, is not di-
rectly dependent on the Na-K pump. There is apparently
a different coupling process maintained, which declines
slowly after ouabain. It has been proposed that the basis
of fluid transfer inNecturusgallbladder epithelium is an
active mechanism resident in the junction [6] and the
extension of this idea toNecturusintestine in order to
explain these results is explored more fully below.

Ouabain has inhibitory effects on most transepithe-
lial flows if left for quite long periods. This may be due
to the fact that eventually cellular ion gradients collapse
and transepithelial movements, together with other cell
transport functions, come to a halt.Necturusis very re-
sistant in this respect while most mammalian tissues are
very sensitive. It is possible that the Na:K gradients built
up by the pump between the cell and exterior contribute
energetically to the fluid transport mechanism, and the
fact that inhibitors of ATP synthesis often work very
slowly would support this idea. The linkage may there-

Fig. 10. The rise of Na in the cell in bicarbonate saline determined by
washouts at specified times after ouabain treatment. The value at 20 hr
was determined after incubation at 6°C.
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fore be indirect, as opposed to that envisaged in the con-
ventional scheme where the Na pump and fluid move-
ments are simply osmotically coupled.

CELL EFFLUXES OFNa

The cellular effluxes shown in Fig. 9 are not reduced by
ouabain, which is in conformity with the behavior of the
net transepithelial fluxes shown in Fig. 5. While the two
are comparable in magnitude in the absence of alanine
(about 400–500 pM/cm2 z sec) it is clear that the increase
in cell efflux caused by alanine, which on the conven-
tional model is due to the stimulation of the sodium
pump, is far too small to account for the rise in transep-
ithelial net flux. In Fig. 11 the two are compared.

It is interesting to compare this result with the situ-
ation revealed by previous work. InNecturusintestine
the sodium transport is stimulated by galactose, but the
rise in cellular sodium concentration is not sustained and
falls back to its prestimulated level in less than 10 min.
The net Na transport rate, however, as measured by
short-circuit current, increases by 400% to a steady level
[9]. Similar effects are seen in the stimulation of net Na
transport in rabbit gallbladder epithelium by bicarbonate
[13]. The conclusions drawn in both papers are that (i)
there cannot be a kinetic stimulation of the basolateral
Na pumping consistent with the known properties of the
Na-K pump (seeDiscussion in [9]) and therefore this
simple scheme must be called into question, and (ii) the
only possible mechanism must be an involvement of
more pump: the effectiveVmaxof the overall Na transport
is increased as opposed to itsKm. Either ‘‘inactive’’
pumps in the membrane are being activated, other than
by a rise in [Na]c, or new pump is being recruited into the

membrane. It is not apparent what the signal or mecha-
nism for this process would be.

It is clear from Fig. 11 that such a mechanism of
pump recruitment cannot be operating because the in-
crease in Na efflux from the cell is far too small to
account for the rise in net transepithelial Na flux. Fur-
thermore, the cell Na efflux is ouabain insensitive (Fig.
9) which is not consistent with the operation of a Na-
pump; insensitivity of transepithelial charge flow to oua-
bain has also been noted by others [4] but as we have
seen,Necturuspossesses Na pumps of normal ouabain-
sensitivity. The intestinal short-circuit current begins to
decline immediately after the application of ouabain (see
Results).

When this technique of efflux analysis is applied to
Necturusgallbladder epithelium it reveals a ouabain-
sensitive fraction amounting to 62 pM/cm2 z sec, but
there is a large insensitive fraction [8]. Here the effluxes
seem to be insensitive, but we obtain a comparable
pumping rate of 92 pM/cm2 z sec from the initial rise of
cell Na after ouabain, as calculated above.

Na AND CHARGE FLOW ACROSS THEEPITHELIUM

A central feature of the stimulations caused by alanine,
shown in Fig. 11, is that the clamp current is much larger
than the rise in cell efflux, at least by 350%. If the actual
pump rate is even smaller than the cell effluxes i.e., only
92 pM/cm2 z sec, the discrepancy becomes much greater.
This is again an indication that the increase in charge
flow across the epithelium cannot be explained simply
by an increase in Na pumping, although it is certainly
due to an increase in overall Na transport. If the increase
is due to a junctional mechanism similar to that which
may operate in gallbladder, it must transfer charge inde-
pendently of the pump, which would account for the
discrepancy. It is possible that the clamp current is a
measure of cell Na pumping only in ‘‘tight’’ epithelia
which do not transport isotonically.

The insensitive fraction, although it cannot be a leak
[8], represents a loss of radio-sodium from the cytoplas-
mic compartment. We propose in Fig. 12 a mechanism
to account for the overall transport features of the epi-
thelium, before and after stimulation by alanine. This
scheme is consistent with that proposed forNecturus
gallbladder [6, 8] and that which emerges from a study of
the intestine using paracellular probes [7]. Essentially,
the driving element is a compartment of the junction
which uses active contractile elements to transport Na
and water in isotonic proportions. As the net Cl fluxes
are always much smaller than the Na net fluxes, the
junctional compartment must discriminate against Cl
ions; this could be on the basis of size, but is more likely
to be because it is negatively charged. In this case the
junctional mechanism is contributing to the clamp cur-

Fig. 11. The stimulations produced by alanine of transepithelial net Na
flux (N), mucosa-to-serosa Na flux (M), fluid transfer (Jv) and current
(Isc) expressed as equivalent Na fluxes, compared with the cellular Na
efflux.
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rent under short-circuit conditions in a manner that is
indistinguishable from the Na pump, and the persistent
current after ouabain may originate from this source.

It is important to include in this scheme a mecha-
nism for the exchange of Na ions between junctional
compartment and the cytoplasm (a ‘‘window’’) to ex-
plain two observations. (i) In a washout experiment ra-
dio-Na can be stripped from the cell into the serosal bath
after the pump is inhibited with ouabain, as shown in Fig.
9. This requires another efflux mechanism because the
basolateral membrane is virtually Na impermeable; an
exchange of Na ions would bring about this radio-Na
efflux as observed. (ii) The fluid transferred is quasi-
isotonic. If the Na pump were operating independently
of the junction then the fluid transfer would be hyper-
tonic because the total Na transfer across the epithelium
Js would be the sum of junctional and basolateral fluxes
i.e., Js 4 JvCo + P whereJv is the fluid transfer rate at
tonicity Co, andP is the pump rate. If a fractiona of the
Na entering the cell comes from the junctional compart-
ment then this expression becomes

Js 4 JvCo − aP+ P (3)

and the tonicity of the absorbate,Ce would then be given
by

Ce 4 Js/Jv 4 Co + P(1 − a)/Jv (4)

If a 4 0 (pump and junction were quite independent)
then a basal saline concentration ofCo 4 0.1, a pumping
rateP of 92 pM/cm2 z sec, and a fluid transfer rate of 4.21
× 10−6 cm3/cm2 epitheliumz sec, would lead to a pre-
dicted value ofCe of 0.123. This represents a hyperto-
nicity of 23% which is not observed. Therefore, the en-
try of Na into the cell from a junctional compartment

enables the overall transported fluid to approach isoto-
nicity. The magnitude ofa is unknown, but in this model
it must be a substantial fraction to achieve quasi-
isotonicity, and this would lead directly to the behavior
seen in Fig. 9. This parameter would function to control
the tonicity of the transportate. At present there is no
precise value for the amount of Na entering the cell by
transporters on the apical membrane, although many
studies assume this to be 100%.

The role of the Na-alanine transporter in controlling
the rate of Na and fluid transfer needs to be further
clarified. Obviously, on the results presented in this pa-
per, it cannot be the simple one of stimulating the pump
by raising the internal Na concentration. So much has
been concluded in a previous study for the Na-galactose
transporter inNecturus[9].

This work was supported by the Wellcome Trust.
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