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Abstract. The aim of this study was to clarify the mecha-
nism of isotonic fluid transport in frog skin glands. Sta-
tionary ion secretion by the glands was studied by mea-
suring unidirectional fluxes of24Na+, 42K+, and carrier-
free134Cs+ in paired frog skins bathed on both sides with
Ringer’s solution, and with 10−5 M noradrenaline on the
inside and 10−4 M amiloride on the outside. At transepi-
thelial thermodynamic equilibrium conditions, the134Cs+

flux ratio, JCs
out/JinCs, varied in seven pairs of preparations

from 6 to 36. Since carrier-free134Cs+ entering the cells
is irreversibly trapped in the cellular compartment
(Ussing & Lind, 1996), the transepithelial net flux of
134Cs+ indicates that a paracellular flow of water is drag-
ging 134Cs+ in the direction from the serosal- to outside
solution. From the measured flux ratios it was calculated
that the force driving the secretory flux of Cs+ varied
from 30 to 61 mV among preparations. In the same ex-
periments unidirectional Na+ fluxes were measured as
well, and it was found that also Na+ was subjected to
secretion. The ratio of unidirectional Na+ fluxes, how-
ever, was significantly smaller than would be predicted if
the two ions were both flowing along the paracellular
route dragged by the flow of water. This result indicates
that Na+ and Cs+ do not take the same pathway through
the glands. The flux ratio of unidirectional K+ fluxes
indicated active secretion of K+. The time it takes for
steady-state K+ fluxes to be established was significantly
longer than that of the simultaneously measured Cs+

fluxes. These results allow the conclusion that — in ad-
dition to being transported between cells — K+ is sub-
mitted to active transport along a cellular pathway.
Based on the recirculation theory, we propose a new
model which accounts for stationary Na+, K+, Cl− and
water secretion under thermodynamic equilibrium con-
ditions. The new features of the model, as compared

to the classical Silva-model for the shark-rectal gland,
are: (i) the sodium pumps in the activated gland transport
Na+ into the lateral intercellular space only. (ii) A bar-
rier at the level of the basement membrane prevents the
major fraction of Na+ entering the lateral space from
returning to the serosal bath. Thus, Na+ is secreted into
the outside bath. It has to be assumed then that the Na+

permeability of the basement membrane barrier (PNa
BM) is

smaller than the Na+ permeability of the junctional mem-
brane (PNa

JM), i.e.,PNa
JM/PNa

BM > 1. The secretory paracellu-
lar flow of water further requires that the Na+ reflection
coefficients (sNa) of the two barriers are governed by the
conditions,sNa

BM > 0, andsNa
BM > sNa

JM. (iii) Na+ channels
are located in the apical membrane of the activated gland
cells, so that a fraction of the Na+ outflux appearing
downstream the lateral intercellular space is recirculated
by the gland cells. Based on measured unidirectional
fluxes, a set of equations is developed from which we
estimate the ion fluxes flowing through major pathways
during stationary secretion. It is shown that 80% of the
sodium ions flowing downstream the lateral intercellular
space is recycled by the gland cells. Our calculations
also indicate that under the conditions prevailing in the
present experiments 1.8 ATP molecule would be hydro-
lyzed for every Na+ secreted to the outside bath.
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Introduction

In a theoretical study on isotonic fluid transport (Ussing
& Eskesen, 1989) it was concluded that if the bathing
solutions on the two sides of the object are identical, and
if there are no electrical potential differences and hydro-
static pressure differences across the object, the active
transport of a solute from one side of the object to theCorrespondence to:H.H. Ussing
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other can never lead to the formation of an isotonic fluid.
A driving species always will run ahead of a driven
species, whether the driving species is a solute or a sol-
vent. Isotonicity of the transported fluid, however, may
be achieved if part of the driving species is returned to
the solution of origin. Subsequently, principles of the
recirculation theory were illustrated by experiments on
secreting frog skin glands (Eskesen & Ussing, 1989) and
absorbing toad small intestine (Ussing & Nedergaard,
1993).

Already in 1952 we observed (Koefoed-Johnsen,
Ussing & Zerahn, 1952) that frog skin stimulated by
application of adrenaline to the inside solution generates
a short-circuit current which is no longer carried solely
by Na+. A large fraction of the current was carried by a
flux of Cl− in the outward direction. We suggested that
the skin glands were responsible for the apparently active
Cl− transport, but the full understanding of the behavior
of Cl− in glands did not emerge until the beautiful Silva-
model of the shark rectal gland was proposed (Silva et
al., 1977). The rectal gland does not, however, produce
an isotonic fluid and the Silva-model cannot, therefore,
explain why some glands produce an isotonic solution,
while others do not.

The frog skin gland belongs to those producing an
isotonic secretion (Watlington & Huf, 1971; Bjerregaard
& Nielsen, 1987), and is particularly well suited for the
study of this physiological function. The Na+ channels
of the epidermal cells can be closed with amiloride. If
the skin glands are now stimulated, say, by noradrenaline
added to the inside solution, after initial stimulation, the
skin potential drops and ultimately becomes zero. The
disappearance of the skin potential abolishes the Cl− con-
ductance of the epithelial mitochondria-rich cells
(Larsen, 1991). Thus, with Na+ and Cl− conductance of
the surface epithelium both eliminated, and the gland
cells fully activated, the transport properties of the skin
preparation reflect those of the skin glands. In agree-
ment with this observation, the cAMP-mediated secre-
tory response, evoked byb-adrenergic receptor occupa-
tion or by the addition of prostagandin E2 to the inside
bath, is absent in gland free preparations (Thomson &
Mills, 1981, 1983; Bjerregaard & Nielsen, 1987). Fol-
lowing stimulation, electrolyte and water secretions have
a dual time course (Bjerregaard & Nielsen, 1987; Eske-
sen & Ussing, 1989): (i) An initial transient phase with
an inside positive electrical potential difference and with
the associated short-circuit current containing a signifi-
cant component carried by the active outflux of
Cl−. During this initial secretion phase there is a redis-
tribution of electrolytes and a secretion of mucus, toxins,
etc. (ii) Usually, after about one hour the transepithelial
potential and,pari passu,the short-circuit current vanish
and secretion of mucus and other proteins stops. How-
ever, for hours the glands continue to produce an isotonic

solution of electrolytes at a constant rate. It is during this
stationary secretion phase that our studies of tracer fluxes
are being carried out.

With the frog skin preparation we are studying the
concerted activity of a large number of small glands
comprising acini with very short ducts (Mills & Prum,
1984). Thus, the secretion is as close as one can wish to
a primary secretion. Since the acini are small and the
macroscopic morphology of glands relatively simple,
both forward and backward fluxes of the involved elec-
trolytes can be measured. Thus, we can study secretion
with radioactive tracers without perturbing the glands
with electrical pulses or by application of drugs. This
preparation enables the simultaneous determination of
forward and backward fluxes, because the glands of the
left and right side of the belly skin of an animal are in the
same functional state, for instance, of the moulting
cycle1.

The purpose of the present study is to examine — in
the light of the recirculation theory — the routes in frog
skin glands of transepithelial cation fluxes during sta-
tionary secretion. We have used134Cs+-tracer fluxes for
estimating paracellular transport. This approach is based
on the finding that after carrier-free134Cs+ is added to the
bathing solutions of frog skin it enters the cells via the
Na+/K+-pump and becomes virtually irreversibly trapped
(Ussing & Lind, 1996). Thus, if134Cs+ is added to one
side of the preparation, the tracer activity recovered from
the opposite side can be assumed to have entered this
compartment by transport along the high conductance
paracellular pathway of the glands. By measuring uni-
directional tracer fluxes of24Na+ and42K+, respectively,
together with unidirectional fluxes of134Cs+, it has been
possible to estimate the fraction of the paracellular Na+

flux which recirculates via gland cells. Based on such
estimates the paper presents a model describing relative
ion fluxes through cellular and paracellular pathways.
Furthermore, the model accounts for the finding that dur-
ing stationary secretion, the gland has the capacity to
short-circuit itself.

Materials and Methods

PREPARATION AND FLUX CHAMBERS

The frogs,Rana temporaria,were kept in tap water at 4°C. Whole skin
was dissected from double-pithed animals and cut in two symmetrical
preparations which were mounted in a flux chamber with an area of 7
cm2 and with 20 ml of well-stirred outside and inside solutions. The

1 Slough formation greatly influences all activities of the skin (e.g.,
Larsen 1971). Skin preparations from the left- and the right hand side
of a given animal, however, are always in the same phase of the
moulting cycle.
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transepithelial potential (Vt) of each half skin was continuously moni-
tored via high impedance amplifiers on chart recorders using 0.3M

3%-agar bridges.Vt is indicated relative to the grounded outside bath.

MEASUREMENTS OFFLUXES WITH RADIOACTIVE TRACERS

After isolation and mounting in the flux chambers, the two skin halves
were allowed to equilibrate under open-circuit conditions for 30–60
min. Both external and internal solutions were then replaced by fresh
Ringer’s and 10−4 M amiloride was added to the external solutions.
After the skin potentials had dropped to near zero mV, noradrenaline
was added to the internal bathing solutions at a final concentration of
10−5 M. Following anothercirca 60 min of equilibration, external and
internal solutions were again replaced by fresh Ringer’s containing
10−4 M amiloride (external solution) and 10−5 M noradrenaline (internal
solution), respectively. At this timeVt was again close to zero mV
(e.g., Fig. 1), and radio-isotopes were added. In one series of experi-
ments unidirectional fluxes of Na+ and Cs+ were studied in the same
pair of skins, i.e., influxes of24Na+ and 134Cs+, respectively, were
measured in one of the two half-skins, and outfluxes of24Na+ and
134Cs+, respectively, were measured in the other of the two half-skins.
In another series of experiments unidirectional fluxes of K+ and Cs+

were studied using a similar protocol. In the cesium/sodium experi-
ments, 40ml of the 134Cs+-stock solution (∼632 GBq/g Cs;∼60
mBq/ml as carrier-free134CsCl) together with 150ml of the 24Na+-
stock solution (∼10 GBq/g Na;∼35 MBq/ml as NaCl in H2O) were
added to the 20 ml-external bath of the one half-skin, and to the 20
ml-internal bath of the other. At 10-min intervals, samples of 1,000
ml were withdrawn from the ‘cold’ solutions and replaced by fresh
Ringer’s. Simultaneous measurements of unidirectional cesium and
potassium fluxes were performed by adding134Cs (as above) together
with 30 ml of 42K+ from a stock solution of∼35 GBq/g K; ∼212
MBq/ml as KCl in H2O.

42K+ was added in such a way that the final
K+ concentration in the hot chambers remained 1.88 mM. The radio-
activity of samples was counted in a Packard 1900TR Liquid Scintil-
lation Analyzer using the Ultima Gold scintillation cocktail (Packard).
Separation of the radioisotopes was achieved by taking advantage of
the relatively short half-lives of24Na+ (15.0 hr) and42K+ (12.5 hr),
respectively, as compared to134Cs+ (2.1 y). All radioisotopes were
purchased from Risø, Roskilde, Denmark.

Fluxes are given as the amount of tracer appearing in 1 ml per 10
min on thetransside expressed inper thousand(‰) of tracer in 1 ml
of the bath to which the tracer was added (thecis side),

J 4 1,000z (Dcpm z ml−1 z 10 min−1)trans side/(cpm z ml−1)cis side. (1)

SOLUTIONS AND CHEMICALS

In all experiments, Ringer’s solutions of similar composition were
bathing the outside and the inside of the skin (mM): 113.40 Na+, 1.88
K+, 1.00 Ca2+, 114.88 Cl−, 2.40 HCO3

− with pH 4 8.2 when aerated
with atmospheric air. Amiloride was from Merck Sharp & Dohme, and
noradrenaline as hydrochloride was from Sigma.

Results

FLUXES OF CESIUM AND SODIUM

With identical solutions on the two sides of the skin,
addition of amiloride to a final concentration of 100mM

in the outside solution resulted in a decrease of the trans-
epithelial potential (Vt) to a value close to zero mV. Fig-
ure 1 shows that the subsequent application of 10mM

noradrenaline to the serosal bath resulted in a transient
stimulation ofVt. At the new steady state, however, the
potential was again very close to zero mV (during the
period of flux measurements,Vt of the two skin halfs
varied between 1.0 and 0 mV, and 0.7 and 0 mV, re-
spectively). These observations confirm results of a pre-
vious study of amiloride-treated short-circuited prepara-
tions showing a similar noradrenaline response of the
short-circuit current with the steady-state current ap-
proaching zero (Eskesen & Ussing, 1989). The time
course of tracer appearances on thetrans side of the
preparations, during the stationary period withVt ≈ 0
mV, are presented in Fig. 2. It can be seen that the tracer
fluxes are stationary about 20 min after the addition of
tracer and that this is independent of whether they are
added to the inside or outside bath. The steady-state
fluxes of seven experiments carried out with this proto-
col are shown in Table 1. Directed from the inside bath
to the outside bath, in all seven sets of preparations there
is a significant net flux of both24Na+ and134Cs+. These
net fluxes reflect the activity of secretory glands (Bjer-
regaard & Nielsen, 1987; Eskesen & Ussing, 1989;
Ussing & Eskesen, 1989; Nielsen, 1990a,b). With the
transepithelial potential difference (and thus the short-
circuit current) being practically zero, it follows that if
only electrical parameters were measured, the secretory
activity of the preparation would have escaped our at-
tention. Bjerregaard and Nielsen (1987) measured — in
short-circuited skin ofR. esculenta— the net fluxes of

Fig. 1. Time course of transepithelial potential (Vt) in paired frog skins
indicated by continuous and broken line, respectively. After an initial
equilibration period, the preparations were exposed to 100mM amilo-
ride on the outside. During the final period, 100mM amiloride was
present in the outside solutions and 10mM noradrenaline in the inside
solutions. The horizontal arrow indicates the stationary period in which
the tracer flux studies were carried out.
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Na+, K+, and Cl− together with the volume of water
secreted and found that the osmolarity of the secreted
fluid (232 mOsm) was about the same as that of the
Ringer’s solution bathing the two sides of the preparation
(238 mOsm). The osmolarity of secretions by frog skin
in vivo was 180 mOsm (Watlington & Huf, 1971).

Because of the irreversible trapping of134Cs+ by the
epithelial cells (Ussing & Lind, 1996), the transepithelial
passage way for radioactive cesium can be considered
strictly paracellular. The force (F) driving the paracel-
lular flow of tracer Cs+ can be estimated from (Ussing,
1952),

F 4 R z T/[F] z loge[JCs
out/JinCs] (2)

With the steady-state Cs+ flux ratio varying between 3.25
and 11 (JCs

out/JinCs of Table 1), it is calculated (Eq. 2) that
F varied from 30 to 61 mV. Obviously, however, this
force is not electrochemical but reflects solvent drag on

Cs+. In other words, the result of this analysis indicates
that there is a substantial flow of water between the cells.

The paracellular flow of water is expected also to
drag sodium ions along this pathway. It should be pos-
sible, then, to estimate the ratio of the Na+ fluxes passing
together with Cs+ along the paracellular route,

[JNa
out/JinNa]Calculated4 [JCs

out/JinCs]
1.5 (3)

where the exponent (1.5) of the right hand side of Eq. 3
is the ratio of the two ion species’ diffusion coefficients
in water. The results collected in Table 1 show that the
experimental flux ratio in all seven sets of preparations is
significantly smaller than the flux ratio calculated by Eq.
3. With the Na+ channels in the apical membranes of the
epidermal cells blocked by amiloride, the inequality,
[JNa
out/JinNa]Measured< [JNa

out/JinNa]Calculated, indicates that
24Na+

and 134Cs+ do not follow the same route through the
glands. The hypothesis that Na+ and Cs+ fluxes are flow-
ing via different transepithelial pathways shall be con-
sidered in details in the Discussion.

FLUXES OF CESIUM AND POTASSIUM

With a protocol similar to that used for investigating
sodium fluxes, time courses of42K+- and134Cs+ fluxes
were also studied in paired sets of skin preparations. Re-
sults of a single experiment are shown in Fig. 3A andB,
and fluxes of nine experiments are listed in Table
2. Also this series of experiments revealed a substantial
net flux of tracer-Cs+ with flux ratios (column 6 of Table
2) spanning a range similar to that indicated in the above
studies with sodium (column 8 of Table 1). It can be
seen from Fig. 3AandB that it takes somewhat longer for
the potassium fluxes to reach steady state, indicating that
apart from being transported between cells, K+ is sub-
mitted to transport along the cellular pathway. By com-
paring the data presented in Tables 1 and 2, it can also be
seen that, contrary to what was found for Na+, the mea-
sured K+ flux ratio in all nine experiments is substan-
tially larger than the simultaneously measured Cs+ flux
ratio. With the diffusion coefficient ratio,DK/DCs ≈ 1,
and the prevailing transepithelial electrochemical equi-
librium conditions, the inequality, [JK

out/JK
in]Measured>

[JCs
out/JinCs], provides the evidence that a component of the

outflux of K+ is due to active secretion. A contribution
of an active pathway, in addition to the paracellular path-
way, would account for the above mentioned rela-
tively long pre-steady state period of transepithelial
42K+-fluxes.

Discussion

It seems impossible to reconcile the significant secretion
of Na+ observed under conditions of eliminated external

Fig. 2. Pre-steady state unidirectional fluxes of24Na+ (h) and134Cs+

(j) measured during the period indicated by the arrow in Fig. 1. The
fluxes were measured simultaneously in two half skins from the same
animal. (A) Forward fluxes (secretory direction). (B) Backward fluxes.
In both half skins, the tracer appearance per min on thetransside of the
skin are stationary from about 20 min after the addition of the radio-
active tracers to thecisside. Although the transepithelial electrochemi-
cal potential difference is eliminated (similar ion composition on the
two sides,Vt 4 0 mV), for both ions at steady state, is the outflux
significantly larger than the influx. This finding reveals the secretory
activity of the glands.
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transepithelial electrochemical driving forces (Fig. 1;
Table 1; Bjerregaard & Nielsen, 1987; Eskesen &
Ussing, 1989) with an entirely passive flow of this ion
through a low-resistance paracellular pathway as as-
sumed in the Silva-model. However, this model was de-
signed to account for hypertonic NaCl secretion by the
shark rectal gland. The frog skin glands and many other
exocrine acini secrete an isotonic fluid, and the Silva-
model does not deal with this physiological property.

The model of the secreting frog skin gland shown in
Fig. 4 has been designed to account for the secretory flux
of Cl− and, in addition, the secretory Na+-flux and the
associated paracellular water flow under transepithelial
thermodynamic equilibrium (short-circuit) conditions.
In the remaining part of the paper we shall discuss the
new features of this model and compare its properties
with the function of the exocrine glands. Finally, we
shall discuss the relative contributions of cellular and
paracellular pathways for the ion fluxes governing fluid
secretion under physiological conditions.

THE EXOCRINE FROG SKIN GLAND

The Cellular Uptake of Na+ and Cl− from the
Inside Solution

Similar to previous models, secretion is driven by a Na+/
K+-pump creating a steep gradient for Na+ that drives the
secondary active uptake of Cl− across the basal mem-
brane via coupling to the downhill entrance of Na+ (see
Fig. 4). The transport system, here assumed to be a
{1Na+,2Cl−,1K+} cotransporter, is located in the mem-
brane facing the blood side, so the Na+ and Cl− trans-
ported across the gland epithelium both come from the
solution bathing its serosal side. A similar cotransporter

Fig. 3. Pre-steady state unidirectional fluxes of42K+ (h) and134Cs+

(j) measured with a protocol similar to the one indicated in Fig. 2. (A)
Forward fluxes (secretory direction). (B) Backward fluxes. For the
42K+-fluxes, in both directions are the pre-steady state periods signifi-
cantly longer than those of the134Cs+ fluxes. This indicates a signifi-
cant contribution from a cellular pathway which is used by K+, but not
by Cs+.

Table 2. Potassium and cesium fluxes in frog skin glands (J in o⁄oo per
10 min)

Exp. JCs
out JinCs JK

out JK
in JCs

out/JinCs JK
out/JK

in

16/9 0.366 0.059 2.4 0.13 6.2 18
20/9 0.40 0.055 1.01 0.18 7.2 5.6
23/9 0.44 0.11 2.38 0.25 4.0 9.6
13/10 0.56 0.058 3.00 0.18 9.2 16.2
14/10 0.40 0.065 1.40 0.10 6.1 14.0
3/11 0.34 0.063 1.05 0.07 5.2 15.4
11/11 0.75 0.09 3.6 0.08 8.3 45
14/11 0.54 0.29 1.96 0.25 1.8 7.8
16/11 0.44 0.12 1.8 0.1 3.6 18

Table 1. Tracer fluxes of sodium and cesium in frog skin glands (J in o⁄oo per 10 min)

Exp. JCs
out JCs

in JNa
out JinNa JCs

out - JinCs JNa
out - JinNa JCs

out/JinCs JNa
out/JinNa JNa

out/JinNa
Calculated*

13/7 0.65 0.20 0.65 0.20 0.45 0.45 3.25 3.25 5.9
25/7 0.52 0.15 0.40 0.18 0.37 0.22 3.45 2.52 6.4
10/8 0.43 0.11 0.35 0.10 0.32 0.25 3.90 3.50 7.7
19/8 0.28 0.06 0.24 0.06 0.22 0.18 4.73 4.00 10.3
24/8 0.33 0.06 0.28 0.06 0.27 0.22 5.51 4.67 12.9
14/12 0.75 0.093 0.65 0.073 0.66 0.68 8.06 8.9 22.9
15/12 0.44 0.04 0.39 0.04 0.40 0.35 11.0 9.8 36.5

* (JNa
out/JNa

in )Calculated4 (JCs
out/JinCs)

1.5
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was suggested to drive the Cl− uptake by shark gland
cells (Hannafin et al., 1983; Greger & Schlatter,
1984a,b), and its presence in frog skin glands was sug-
gested by Mills et al. (1985). They showed that the iso-
proterenol stimulated Cl− dependent short-circuit current
is inhibited by the cotransport blocker bumetanide added
to the serosal bath, and that bumetanide inhibition pre-
vents the gland cell-[Cl−] to increase in response to iso-
proterenol treatment. Thus, there is strong evidence that
a {1Na+,2Cl−,1K+} cotransporter is present in the serosal
membrane of frog gland cells. Generally, however, the
basal membrane mechanism could be any combination
of transport systems coupling entrance of Na+ with en-
trance of Cl−, e.g., a parallel arrangement of Na+/H+-
exchange and Cl−/HCO3

−-exchange as suggested for sali-
vary glands (Novak & Young, 1986; Melvin, Moran &
Turner, 1988; Dissing & Nauntofte, 1990). In the pre-
sent in vitro experiments, however, with an atmospheric
CO2 tension of the bathing solutions, most likely it is the

cotransport with Na+ and K+ which dominates the
mechanism for cellular Cl− uptake across the basal
plasma membrane.

Chloride Exit Pathways

Similar to the shark rectal gland (Greger et al., 1984;
Greger, Schlatter & Go¨gelein, 1985) the apical exit of
Cl− is assumed to take place by diffusion through chan-
nels (Fig. 4). In situ hybridization, with35S-probes gen-
erated from the R-domain ofXenopuscystic fibrosis
transmembrane conductance regulator (CFTR), as well
as application of an immunofluorescence technique, with
a polyclonal antibody raised against human CFTR, have
indicated that CFTR is expressed in gland cells of the
skin of Xenopus laevis(Engelhardt et al., 1994). Thus,
CFTR may constitute the apical chloride conductance in
b-adrenergically stimulated gland cells. Furthermore, a
recent patch-clamp study of frog gland cells stimulated
by cholinergic agonists identified high-conductance Cl−

channels in the apical membrane that were activated by
membrane depolarization (Andersen & Harvey, 1995).
As can be seen in Fig. 4, a fraction of the chloride ions
entering the cell via the cotransporter returns to the blood
side via channels in the basal membrane. Whole cell and
single channel studies of lacrimal glands have identified
channels with a high Cl− selectivity in the basal cell
membrane which were active during secretion (Marty,
Tan & Trautmann, 1984). The return of Cl− to the sero-
sal bath may look like an unnecessary leak of the system.
Due to the stoichiometry of the cotransporter and the
secretion of a fluid with nearly similar concentrations of
Na+ and Cl−, however (see alsobelow), the basal Cl−

channels constitute a necessary and quantitatively sig-
nificant exit pathway for Cl−.

Transport of Sodium

Having entered the gland cell across the basal membrane,
sodium ions are pumped out again across the membrane
lining the lateral intercellular space. It is a new feature
of the model that the Na+/K+ pumps involved in the
secretory state of the gland are assumed located in lateral
plasma membranes, only. With this assumption, the
gland has the capacity to short-circuit itself and generate
a secretory Na+ flux under transepithelial thermody-
namic equilibrium conditions. However, for Na+ to dif-
fuse from the lateral extracellular space into the duct
lumen we have further to assume the existence of a para-
cellular barrier at the level of the basement membrane
with a Na+ permeability which is significantly smaller
than that of the apically located junctional membrane.
After passage through the junctional membrane, a frac-
tion of the sodium ions is taken up by the cells again for
recirculation. Reuptake of Na+ is a prerequisite for the

Fig. 4. Model of active frog gland indicating the pathways for the three
ions involved in generation of the paracellular fluid flow. Like the
Silva-model for NaCl-secretion by shark rectal gland, the active secre-
tion of Cl− is here energized by a Na+/K+-ATPase by the coupling of
the basal entrance of Cl− to the downhill movement of Na+. The fol-
lowing new features, however, distinguish the frog gland model from
the Silva-model: (i) The Na+/K+ pumps are located in the membrane
facing the lateral intercellular space. (ii) A barrier at the level of the
basement membrane prevents the major fraction of the pump-generated
Na+ flux from returning to the serosal bath. Thus, the Na+ permeability
of the basement membrane (PNa

BM) and of the junctional membrane
(PNa

JM) must fulfill the condition,PNa
JM > PNa

BM. Paracellular fluid secretion
further requires that the Na+ reflection coefficients (sNa) obey the
relationships,sNa

BM > 0; sNa
BM > sNa

JM. (iii) The gland cells contain Na+

channels in the apical membrane allowing for the recycling of Na+. It
should be noted that all of the secreted Na+ has passed the cell on its
way from the inside solution to the duct lumen. It is also interesting to
note that fluid secretion is possible even ifPNa

BM 4 0 provided the
‘basement membrane’ maintains its permeability to water (i.e.,s 4 1).
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fluid emerging on the skin surface becoming isotonic
(Ussing & Eskesen, 1989). The presence of Na+ chan-
nels in the apical membrane of the model (Fig. 4) ac-
counts for the reuptake. Mills et al. (1985) found that the
intracellular [Na+] in gland cells of frog skin, stimulated
for long-time by isoproterenol, was significantly de-
creased by 10−4 M amiloride in the outside bath. This
indicates the presence of amiloride-sensitive Na+ chan-
nels in the apical membrane of activated gland cells.
The importance of Na+ recirculation, however, calls for
further studies of cation transport in this membrane to
identify the apical Na+ entrance pathway and to study its
regulation during transition from the resting to the se-
creting state of the gland.

Potassium Exit Pathways

In the steady state there is a continuous flow of potas-
sium ions into the gland cell via the basal cotransporters
and the lateral Na+/K+ pumps. The passive flux of po-
tassium ions from the cell to the surroundings may take
one of three pathways (Fig. 4). A major outflux pathway
is depicted as K+ channels in the lateral membrane of the
gland cell. Recycling of K+ across this membrane is nec-
essary in order for maintaining continued high activity of
the Na+/K+-pump. K+ channels with this function are
most likely located adjacent to the pumps. The basal
plasma membrane of the gland cells contains the other
significant outflux pathway which has the function of
returning the potassium ions entering the cell from the
inside bath via the cotransporter. Thus, K+ channels in
the lateral membrane (facing the intercellular space) and
in the basal membrane (facing the blood side) might well
constitute different populations. Whole cell and single
channel patch-clamp studies have indicated the existence
of more than one type of K+ channels in exocrine glands
(Petersen, 1992). Inward rectifying K+-channels with
the specific function of recirculating K+ entering the cell
via the sodium pump have been characterized in detail in
a study of frog epidermis principal cells (Urbach, Van
Kerkhove & Harvey, 1994). A recent patch-clamp study
of single ion channels identified ‘maxi’ K+ channels in
cell-attached patches on the inward-facing membrane of
frog skin gland cells (Andersen et al., 1995). These
channels were quiescent in the nonstimulated preparation
but could be activated by application of muscarinic cho-
linergic agonists. Activation of muscarinic cholinergic
receptors of frog glands evokes the secretory response.
However, unlikeb-adrenergic receptor activation, occu-
pation of muscarinic receptors results in secretion of only
short duration (Schak-Nielsen & Nielsen, 1995). Fi-
nally, potassium ions are contained in the secreted fluid
(Bjerregaard & Nielsen, 1987), and the flux ratio of this
ion indicates active transport in the outward direction
(Nielsen & Nielsen, 1994; present study’s Table

2). These observations have led to the assumption that
the apical membrane contains K+ channels which are
activated as a result of secretion (Fig. 4). However, due
to the relatively low [K+] in the secreted fluid (Bjer-
regaard & Nielsen, 1987), the outward K+ flux through
the apical membrane must be small as compared to the
K+ flux through the K+ channels in the basal and lateral
membranes, respectively. In connection with this, it is
recalled that during stationary secretion the gland short-
circuits itself. This condition must be caused by a cel-
lular regulation of the apical and basal membrane con-
ductances leading to identical potentials across apical
and basal membranes. Probably, this cannot be accom-
plished without apical K+ channels.

The Movement of Water

The continuous pumping of sodium across the lateral
membrane leads to an accumulation of this ion in the
lateral intercellular space and subsequent diffusion to the
luminal compartment which — as a result of Na+ reup-
take across luminal cell membranes — has a somewhat
smaller [Na+]. Secretion of water from the serosal bath
to the duct lumen requires some additional assumptions.
First, as already mentioned above, it is necessary that the
basement membrane covering the lateral intercellular
space (or another structure with a similar anatomical lo-
calization) constitutes a diffusion barrier for sodium, so
that this ion preferentially diffuses to the luminal com-
partment of the duct. This is not identical to claiming
that Na+ cannot diffuse to the serosal bath. As will be
discussed below, a small component of the forward flux
of 24Na+ returns via this pathway to the serosal bath.
Both tracer Cs+ and tracer K+ also exhibit substantial
fluxes across this barrier (Table 1, 2, and below). Fur-
thermore, in the studies by Nielsen (1990a) a significant
paracellular flow of Na+ could be generated by voltage
clamping the preparation to −100 mV. Taken together,
these observations lead to the conclusion, that the Na+

permeability of the inner barrier (at the base of the lateral
intercellular space,PNa

BM) and of the apical barrier (the
junctional membrane,PNa

JM) are high. However, during
secretion they must fulfill the condition,PNa

JM > PNa
BM.

Another set of prerequisites for secretory water flow re-
gards the Na+ reflection coefficients (sNa) of the two
paracellular barriers. With a volume flow in the direc-
tion from the blood side to duct lumen, these parameters
must be governed by the following inequalities:sNa

BM > 0,
and sNa

BM > sNa
JM. During stationary secretion it is ex-

pected that the lateral membranes facing the paracellular
space have no water permeability.

The Counter Ion for Sodium in the Lateral Space

Following activation of gland cells, sodium ions are
pumped into the lateral intercellular space which might
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expand its volume relative to that of the resting gland.
Thus, at the new steady state we expect more Na+ in the
lateral intercellular space than prior to stimulation. The
anion accompanying sodium is most likely chloride.
During stationary secretion, the Cl− permeability of the
lateral membrane is expected to be negligible. Other-
wise there would be a continuous passive flow of Cl−

from the cell to the intercellular space. It is more likely
that the barrier at the base of the paracellular pathway
allows Cl− to exchange between the serosal bath and the
lateral space. If this is the case, the junctional mem-
brane’s Cl− permeability must be very low because the
overall paracellular Cl− conductance of frog skin glands
is vanishingly small (Nielsen, 1990a). Thus, during the
initial period of accumulation of Na+ in the lateral inter-
cellular space, the accompanying Cl− is suggested to be
derived from the serosal bath by passive flow through the
barrier at the base of the lateral space.

ION FLUXES DURING STATIONARY SECRETION

The model shown in Fig. 4 indicates a complicated flow
of ions in an exocrine gland during secretory activity.
In this section, we apply the measured unidirectional
cation fluxes for estimating the quantitative significance
of the different ion pathways. In turn, such estimates
shall be used in a discussion of the cost of isotonic trans-
port.

Sodium Fluxes

Inspection of Fig. 4 shows that a component of the24Na+

flux having passed the sodium pump returns via the lat-

eral intercellular space to the compartment of its origin.
This is the case whether the unidirectional flux is mea-
sured in the forward or in the backward direction. In
outflux studies whereJNa

out is the measured component
moving forward into the outside bath, letJNa

out, returnde-
note the component returning to the serosal bath (conf.
Fig. 5A). In a similar way, in influx studies whereJinNa is
the measured component flowing into the serosal bath,
we letJNa

in, returndenote the component which is returning
to the outside bath (conf.Fig. 5B). We can now set up
equations from which the fraction of sodium ions being
recirculated can be estimated. The total flux of Na+ leav-
ing the lateral intercellular space downstream (SJNa

out, JM)
is given by,

SJNa
out, JM 4 JNa

out + JNa
in, return (4a)

while the (relatively small) total flux of Na+ crossing the
basement membrane barrier in upstream direction
(SJNa

in, BM) is,

SJNa
in, BM 4 JinNa + JNa

out,return (4b)

Since we are dealing with ‘appearing fluxes’ (Ussing,
1952), only, and in agreement with the assumption dis-
cussed above (Eq. 3), we also have,

@JNa
out/JNa

out, return# 4 @JCs
out/JCs

in #1.5 (5a)

@JNa
in, return/JNa

in # 4 @JCs
out/JCs

in #1.5 (5b)

This follows from the general principle (Ussing, 1952)
that the flux of a substance produced or consumed by a
constant source or sink, respectively, in a reversible path-
way does not influence the ratio of unidirectional fluxes
flowing along the pathway. Thus, from the measured
quantities,JNa

out andJinNa, together with the ratio of simul-
taneously measured paracellular unidirectional134Cs+

fluxes, the ‘return fluxes’ can be calculated by Eqs. 5a
andb. Then, by the use of Eqs. 4a andb we can calcu-
late the Na+ fluxes appearing down and upstream of the
lateral space,SJNa

out, JM andSJNa
in, BM, respectively. With

the measured quantities listed in Table 1, the calculated
fluxes are collected in Table 3. It can be seen that, on the
average, only one sodium ion out of five is emerging on
the outside of the skin while four are submitted to recir-
culation by gland cells. In other words, 80% of the so-
dium ions passing down the lateral space originates from
the acinar space. The general conclusion is that a very
significant fraction of the paracellular Na+ flux is re-
cycled.

Potassium Fluxes

In principle, it is possible to separate the transepithelial
unidirectional K+ fluxes in cellular and paracellular com-

Fig. 5. Diagrams indicating pathways for the unidirectional24Na+

fluxes. (A) Outflux path. (B) Influx path. JNa
out and JinNa are the fluxes

which have been measured in the present study. The ‘return’ fluxes
JNa
out, returnandJNa

in, return, are ‘invisible’ components which can be calcu-
lated by the set of equations derived in the text.
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ponents. The set of equations necessary for performing
the calculations would be closely related to that already
developed for a similar analysis of Na+ and Cl− (Eskesen
& Ussing, 1989; Ussing & Nedergaard, 1993), although
the special handling of K+ by gland cells has to be taken
into account. In some skins, however, the paracellular
flux amounted to such a small fraction of the total flux
that the quantitative separation would have been carried
out with a considerable uncertainty. In other experi-
ments, the42K+ fluxes did not become truly stationary
within the period of observation which, of course, also
would introduce errors in the estimates of the two com-
ponents. Based on less rigorous analysis, it is possible,

however, to discuss the relative contributions of the ac-
tive and paracellular components to the net flux of K+.
Thus, by comparing (Table 2) the flux ratios of K+ and
Cs+, respectively, it is indicated that in one set of prepa-
rations (20/9) the major component was paracellular.
In others (e.g., 16/9, 14/11, and 16/11), the active flux
through cells must have been, relatively, very significant.
There seems to be considerable variation among the dif-
ferent skins, therefore, in the transepithelial active K+

flux. Some skins exhibit a relatively very small active
secretory K+ flux. In such skins, the secreted K+ is trans-
ported, predominantly, by solvent drag along the para-
cellular route. In other skins, the paracellular component
amounts to a relatively small fraction of the net flux
of K+.

Chloride Fluxes

Since the concentration of Na+ and Cl− in the transported
fluid is about the same, and all of the secreted sodium
ions have been transported to the outside bath via the
cotransporter, it follows from the stoichiometry of the
cotransporter, that about half of the chloride ions enter-
ing the cell via the cotransporter has to return to the
serosal bath again.

Cost of Isotonic Secretion

The diagram of the active frog skin gland shown in Fig.
6 contains net fluxes through the different pathways ex-
pressed relatively to one another. The Na+ fluxes are
derived from numbers given in Table 3. Together with
the Cl− fluxes they are considered representative for the
type of experiments conducted in the present study. It
should be mentioned, however, that there is evidence that
the recirculated Na+ flux varies with experimental con-
ditions like transepithelial voltage clamping (Ussing &
Eskesen, 1989). With respect to K+, as discussed above
the active (cellular) component varies considerably
among different preparations. The numbers for the K+

fluxes in Fig. 6 are in agreement with the finding that the

Fig. 6. Summary of ion fluxes in a frog skin gland in the stationary
secretion phase. The paracellular pathway is permeable to small cat-
ions, but not to anions. It is important to note that secretion requires that
the Na+ permeability of the junctional membrane (PNa

JM) is larger than
the Na+ permeability of the ‘basement’ membrane (PNa

BM), and that the
Na+ reflection coefficients (sNa) of the two membranes obey the in-
equalities,sNa

BM > 0 andsNa
BM > sNa

JM. In this presentation it is assumed
that the apical Na+ channels are so close to the junctional membrane
that the associated acinus cells would be able to recirculate the Na+

‘appearing’ at the junctional membrane. In the diagram it is also indi-
cated that the secreting gland short-circuits itself (Vt 4 0 mV).

Table 3. Fluxes of sodium in frog skin glands and estimated fraction of the downstream
paracellular Na+ flux which is secreted to the outside solution, (JNa

out - JinNa) / SJJa
out, JM

Exp. JNa
out JinNa JNa

out,return JJa
in,return SJNa

out, JM SJNa
in,BM (JNa

out - JinNa)
SJ Na

out, JM

13/7 0.65 0.20 0.118 1.18 1.83 0.31 0.25
25/7 0.40 0.18 0.062 1.15 1.55 0.24 0.14
10/8 0.35 0.10 0.045 0.77 1.12 0.145 0.22
19/8 0.24 0.06 0.023 0.618 0.858 0.083 0.21
24/8 0.28 0.06 0.021 0.77 1.50 0.081 0.21
14/12 0.65 0.075 0.029 2.10 2.75 0.104 0.21
15/12 0.39 0.04 0.011 1.46 1.85 0.051 0.19

Mean± SEM, 0.20± 0.01

109H.H. Ussing et al.: Recirculation of Sodium and Isotonic Transport in an Exocrine Gland



total net flux of K+ generally does not exceed 15% of the
net flux of Cl−.

It can be seen that the ratio between secreted and
pumped sodium is 9/(45 + 3). This corresponds to 16
molecules of ATP hydrolyzed for 9 sodium ions se-
creted. Thus, Na+ transport by frog skin glands driving
secretion of an isotonic fluid between solutions of iden-
tical composition is 5–6 times more costly than active
transport of Na+ by frog skin epidermis (Zerahn, 1958),
in which any transepithelial water flow depends on a pre
established osmotic concentration difference between the
bathing solutions.

Thanks are due Mr. Bjarne Brønager for art work. This work was
supported by the Alfred Benzon-, Carlsberg-, and Novo-Nordisk Foun-
dations and by the Danish Natural Science Research Council (11-
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