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Abstract. In the present work the coupling under short- Introduction

circuited conditions between the net Naflux across

isolated frog skin and the transepithelial transport ofThe isolated amphibian skin and bladder have been usec
water was examined i.e., the short-circuit curreip) (  €xtensively as models for studying the effect of ADH on
and the transepithelial water movement (TEWM) werethe hydro-osmotic water flow. It is well established that
measured simultaneously. It has been shown repeathe addition of antidiuretic hormone results in the inser-
edly that thel,. across isolated frog skin is equal to tion of water channels in the apical membrane, for ref.
the net transepithelial Natransport. Furthermore the seee.g., (de Sousa & Grosso, 1981; Harris & Handler,
coupling between transepithelial uptake of NaCl1988; Ecelbarger etal., 1995). The net water movement

under open-circuit conditions and TEWM was also mea-2cross these tissues under nonosmotic conditions (con:
sured. ditions where the apical and the basolateral side of the
The addition of antidiuretic hormone (AVT) to skins tissue are bathed in solutions of equal composition), has
incubated under short-circuited conditions resulted in arPnly been investigated in a few cases, but it has been
increase in thé,.and TEWM. Under control conditions shown that the uptake of water under nonosmotic con-
I, was 9.14 + 2.43 and in the presence of AVT 45.9 +ditions depends on the metabolism (House, 1964; Lau et
7.3 neq cr? min™! (n = 9) and TEWM changed from al., 1979).
12.45 + 4.46 to 132.8 + 15.8 nL ¢rAmin~t. The addi- It is still an enigma how the transport of water across
tion of the N& channel blocking agent amiloride resulted transporting epithelia under nonosmotic conditions is
in a reduction both in,. and TEWM, and a linear cor- coupled to the transport of ions (Tripathi & Boulpaep,
relation between,. and TEWM was found. The corre- 1989; Whittembury & Reuss, 1992; Ussing, Lind &
lation corresponds to that 160 + 15 & 7) molecules of ~Larsen, 1996), although several models have been put
water follow each Naacross the skin. In another series forward and tested. These models suggest that electro-
of experiments it was found that there was a linear corosmosis (House, 1964; Hill, 1975; Boulpaep et al.,
relation betweeth,. and the increase in apical osmolarity 1993), different forms of local osmosis (Diamond &
needed to stop the TEWM. Bossert, 1967, Barry & Hope, 1969; Sackin & Boulpaep,
The data presented indicate that the observed coul975; Spring, 1983; Reuss, 1985; Tripathi & Boulpaep,

pling between the net transepithelial Nmansport and  1989), friction (Ussing & Eskesen, 1989), and “osmotic
TEWM is caused by local osmosis. engines” (Zeuthen & Stein, 1994) are responsible for the

coupling between the transport of ions and water.
The isolated frog skin contains three different types

Key words: Sodium — Water — Transport — Coupling of cells engaged in the transepithelial transport of ions,
— Frog skin — Osmosis namely the principal cells, the mitochondria-rich cells

(MR-cells), and the glandular cells. The principal cells,

which make up the major part of the epithelium, are

responsible for the active transepithelial ‘Naptake,

whereas the MR-cells (which are scattered within in the
[ epithelium) form the passive (potential-activated) path-
Correspondence taR. Nielsen way for CI', for ref seee.g., Larsen (1991). The acinus
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of the exocrine glands of frog skin is located in the Johnsen and Nielsen (1982). In short, the principle is that the skin is
dermis. and the glandular duct crosses the epithe”aﬂmressed against a stainless steel net with a pressure of 20m®he
layer. Activation of the glands results in the secretion of°f (€ chamber halves (area 6 Onis closed except for an outlet

. . . . . consisting of a capillary tube. The solution is allowed to flow into the
a near isotonic solution (Blerregaard & Nielsen, 1987)' capillary tube, whereby the light transmission of the tube changes

~Inan attempt to Ch_araCteri_Ze the coupling betweennarkedly. The transmission is recorded by a detector consisting of a
ion flux and water flow via the different pathways in frog  light-emitting diode and a photosensitive transistor. The signal from

skin, the correlation between the Nefflux via the para-  the detector controls a motor-driven syringe which appropriately ad-

cellular pathway in the skin glands and transepithelialiUStS the outside volume in order to keep the position of the meniscus

water movement was investigated (Nielsen, 198D cor;sttre]mt. Thti signal toltrtledmotor (a s(tjezper motor) o:rives a coutnht.e(rj
. : nd the counts accumulated are recorded every minute or every thir

The experiments showed that there was a I|ne§r Co.rrela:_winute. The motor drives also a precision poteni/iometer which isyused

tion between the net Naefflux and the transepithelial as potential divider, allowing the position of the syringe to be recorded

net outflow of water, and that 220 molecules of water continuously on a pen recorder. As current electrodes Ag/AgCl elec-

follow each N4 via this pathway. In another investiga- trodes were used, the electrodes were mounted outside the chamber

tion (Nielsen, 1995) it was found that in the presence ofand the current was passed through salt bridges consisting of a 3%

the antidiuretic hormone arginine-vasotocin (AVT) there agarose gel (Agarose Type VIII) made in the same solution as that

was a signcant corelaion between the e Inflx of 71 e arter Moneee e VI e 8 v o

ﬂolzlcaufzg g:s\;;tee”f fiﬂgwwggﬁ ?gclgovggs'[rtce)u:ﬂrfhat 70current bridges caused by electro-osmosis (Nielsen, 1995).

In the present work it was investigated whether un-

der nonosmotic conditions there was a correlation beMATERIALS

tween the net Nainflux via the principal cells and trans- _ '

epithelial transport of water. | found that in the presenceVT and Agarose Type Vill were obtained from Sigma dfitla’” and

of AVT there was a linear correlation between the net C' o™ Amersham.

transepithelial transport of Naand the net uptake of

water. When Na passes the skin via the principal cells DeriniTIONS

about 160 water molecules follow each™Na he experi-

ments presented indicate that the observed coupling i€urrent, as usual a positive current, is defined as an inward-directed
caused by local osmosis. Na" flux (apical to basolateral), and an inward-directed water flow is in
the present paper considered positive.

Materials and Methods
Results

Skins from male and female frogR#éna esculenjawere used. The
frogs were kept at room temperature and had free access to food (meal
worms) and water. COUPLING BETWEEN TRANSEPITHELIAL TRANSPORT OF

The Ringer’s solution had the following composition (irvin NaCi AND WATER UNDER OPEN CIRCUITED CONDITIONS
Na* 115.0, K 2.5, Mg* 1.0, CI 118.0 CG 2.5, PG~ 1.0; pH = 7.8.
The osmolarity of the solutions was determined by measuring the freez

. . . In the experiments presented below the skins were
ing-point depression.

mounted in an Ussing chamber and bathed in isotonic
Ringer’s solution. Addition of AVT (48 m) to the skins
FLUX MEASUREMENTS resulted in an increase in the transepithelial potential and
in the transepithelial water movement (TEWM) (Fig. 1).
influx and the other for efflux2Na" and *CI~ were added to the 0 getan estimate of the osmolarity Of the solution trar.ls_
solution bathing one side of the skins. After a equilibration period of ported, the_TEWM was measured SImUItaneOUSIy with
20 min, an aliquot (1 ml) was withdrawn from the other side and the transepithelial flux of’Na" and®*°CI". The transep-
replaced with fresh solution. The last procedure was repeated at inteithelial influx was measured on one skin half and the
vals of 60 min throughout the experiment. In the experiments thetransepithelial efflux on the other skin half. Under open
fluxes of 22Na* and3°CI~ were measured simultaneously, the Glas circuit conditions (|n the absence of AVT) the transepi_

gaton i atable top cenriuge, 1A acity of e supematan: NSl potential was 30 mv, the net transport of 4
) =2 i1 - = i1

was assayed by liquid scintillation. The Girecipitate was dissolved neq cm - min 'n—?zf C_l _14'00 neg Cm? min -, .and of
in 1 ml 0.5M NaSCN. After centrifugation, th&°CI™ activity in the water 14.5 nL cm® min™7, corresponding to (disregard-

supernatant was counted by |iquid scintillation. |ng the osmotic Coefﬁcient) a calculated Osmolal’ity of
0.629 Osmol (Table). After the addition of AVT the
transepithelial potential was 52.8 mV, the net transport
of Na" 11.5 neq cri¥ min~%, of CI"* 9.69 neq cnv¥
The transepithelial current or potential and water flow were measurednin~*, and of water 52.1 nL ciif min™*, corresponding
simultaneously. The flow of water was measured as described byfo a calculated osmolarity of 0.406 Osmol. The calcu-

During flux measurements, one skin half was used for measurement

WATER FLOW
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200 1 r 80 increase in the short-circuit currertj and the transep-
- s ithelial water movement (TEWM) (Fig. 3). It has been
E 150 - shown repeatedly that the only major transepithelial ion
o - 70 transport, which takes place under these conditions, is a
'e 9 transepithelial transport of Naand that thel . mea-
© 1001 (65 3 sured is equal to the transepithelial transport of" Na
G 650 < (Ussing & Zerahn, 1951). Under control conditions
= 50 was 9.14 + 2.43, and in the presence of AVT 45.9 + 7.3
E - 55 neq cm? min~%, and TEWM changed from 12.45 + 4.46
S i to 132.8 + 15.8 nL cA? min"* (n = 9). Under short-

circuited conditions Nfis transported across the skin,
whereas Clis delivered to, or removed from the bathing
solutions by means of the current electrodes. The NaCl
Fig. 1. Effect of the antidiuretic hormone arginine vasotocin (AVT) solution transported from the apical to the basolateral
(48 ™, basolateral) on transepithelial potential (PD) and the transepbathing solution is hypertonic, under control conditions it
ithelial movement of water (TEWM). is 1.5 Osmol and in the presence of AVT 0.7 Osmol.

lated osmolarity of the Ringer’s solution used was 0.240;2?;22?;2%?{)2&:ygiﬁirgﬁ gasilltg(c)jrriwe tﬁg'caelr}g d
Osmol. Thus the solution transported is hypertonic. 9 9 P

During the experiment the transport of NaCl from (50 min) presented in Fig. 3 in a change in the osmolarity

the apical to the basolateral bathing solution resulted in getween the bathing solutions of about 1 mOsmal. A

total change between the bathing solutions of about onghange in the osmolarity of 1 mOsmol between the bath-

mOsmol. To see whether this small change in the trans%[‘lgv\?'?/:u;:cog Snle 3‘#‘3 rlr?int‘qe ﬁgﬁiiﬂfe;ecﬁ;ng\étncc?:rii-a

epithelial osmolarity should have an effect on TEWM, larity of the bathing solutions, which happens during

the effect of transepithelial osmolarity on TEWM was hort circuiting, can not account for the observed move-
investigated. The experiments were conducted on skin%ent of wate?’

where the net transepithelial transport of NaCl was abol- .
. I ) : The correlation betweeh,. and TEWM was mea-
ished by the addition of the Nahannel-blocking agent sured on skins whert,, and TEWM were activated by

amiloride. The transepithelial osmotic water flow was "
measured both in the absence and in the presence 8 dition of AVT. Whenls; and TEWM had reached a

. : Steady statel.. was reduced in a stepwise manner by
AVT. The osmolarity of the basolateral solution was i Se ~° . - o
kept constant, and t)rqe osmolarity of the apical solutionaddltlon (.)f amllorlde_ (Fig. 4)._The addition of amiloride
was changed either by replacing a small amount of théeslulte;j ina Leducthn both i and TEWM.‘ The re-
Ringer's solution by water or by a Ringer's solution Sults of 3 such experiments are presented in Fig. 5, and

containing 0.54 mannitol. The resulting osmolarity was Itis seen that in each experiment there is a linear corre-
. : : : lation betweer..and TEWM. The slope of the regres-

measured by freezing point depression. The relation beS-ion lines (Fi SCS) was 2.86 + 0.26 nL ridgn — 6)

tween apical osmolarity and TEWM could both in the 9. P oo

' hich corresponds to the fact that 160 + 15 molecules of
presence and the absence of AVT be described by %ater follow each N& across the skin. This indicates

linear relationship (Fig. 2). From the slope of the regres- . . . i
sion lines it was found that a change in the transepithelia‘h"’.‘t ‘h?re is a coupling (direct or indirect) between trans-
: . ' epithelial Nd and water flow.
osmolarity of 1 mOsmol in the absence and in the pres-
ence of AVT resulted in a change in the TEWM of 1.04
tively, corresponding to &p value of 7.1 x 107 or 54.2
7 ~1 -1 H
:;%g CTnS?CritAtn; th, rebzgrel:i(r:]tlvglyl. t-i[)hnussctge cf&aggfﬁ If the observed coupling between ion and water flow is
€ osmolarity of the g solu USed bY M€ue to electro-osmosis or friction one would expect that
transport NaCl were o0 small to account for th? Ob.' changel. should result in an immediate change in
served movement of water. Therefore the transepitheli ¢

EWM (Nielsen, 1995). Experiments of the type pre-
mgr\;ement of water must be caused by another mGChegented in Fig. 6 were carried out in order to measure the

degree of coupling betwedg, and TEWM. The trans-
port was activated by addition of AVT and aftef, and
TEWM had reached a steady staltg,was inhibited by
addition of amiloride (5Qum), and the change ih,and
TEWM was measured. The observed decreasg and
The addition of AVT (48 m) to the isolated frog skin TEWM was fitted to a single exponential decay function,
incubated under short-circuited conditions resulted in arthe half-time for the decrease lig.and TEWM was 0.59

0 25 50 75 100 125 150
minutes

CoUPLING BETWEEN TRANSEPITHELIAL SODIUM
TRANSPORT AND TRANSEPITHELIAL WATER MOVEMENT
UNDER SHORT-CIRCUITED CONDITIONS
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Table. Effect of AVT (48 nv) on transepithelial potential (PD), Nand Cr influx and efflux, and water uptake

Water flow PD Na influx Na efflux Na netflux Cl influx Cl efflux Cl-netflux

nL cm™2 min™t mv
neq cm? min™t

Control

145+2.2 30.0+0.9 56+2.0 0.46 £ 0.09 51+2.1 7.0+£2.9 3.0+£1.2 40+1.7
AVT

52.1+7.6 52.8+5.7 126+25 1.08 +0.20 11.5+2.6 125+4.2 28+1.4 9.7+£29

The values are meanse (n = 5)

3509 c AVT 120 7 4 TM Isc [ 60

x----4 Control SE 100 + o----0 TEWM - 50 8_
- 175 - 3 UM 5
= 2
E NN o
~ 04  BTTTTTEN--al 3|
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=

]
—350 -
190 210 230 250 270 minutes
mOsmol apical Fig. 4. Effect of amiloride (1, 3, 15 and 10@wm, apical) on the trans-

epithelial movement of Na(l,) and water (TEWM) across a skin
Fig. 2. Effect of changes in the apical osmolarity on the transepithelialincubated in the presence of AVT (4&nbasolateral).
movement of water (TEWM) across isolated frog skin in the absence
and the presence of AVT (48). The transepithelial Naransport was
blocked by the addition of the Nachannel blocking agent amiloride 150 - u]
(50 pMm, apical). The basolateral osmolarity (228 mOsmol) was kept Lo ’
constant during the experiment. T ’

= A
£ .
150 - o ~ 1007
ISC E
'c 125{ -0 TEWM w0 § ©
E - =
~ 100 |, 2 < 50-
5 75 S =
1 3 iw
2 L 20 ™ -
2 507 § 0 = T T 1
=]
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o Josagens Lo lsc neq cm~2 min”!
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. Fig. 5. Correlation between short-circuit curremt) and transepithe-
minutes

lial water movement (TEWM). Each experiment was carried out as

Fig. 3. Effect of AVT (48 nu, basolateral) on short circuit curremt§

and transepithelial movement of water (TEWM). closed symbols by full lines.

LocaL Osmosis
+ 0.03 min and 1.69 + 0.04 min, respectivelp, € 4).
Thus, the decrease in TEWM is about 3 times sloweilf the TEWM is driven by local osmosis, then the trans-
than the decrease Ig, which indicates that the coupling epithelial transport of Nashould lead to the formation of
between the movement of Nand water is not direct (for a local-osmotic gradient. The size of this gradient was
further discussiorseeDiscussion). estimated by increasing the osmolarity of the apical bath-

outlined in Fig. 4. Open symbols are connected by broken lines and



R. Nielsen: Coupling Between Nand H,O Transport 65
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Fig. 6. Effect of amiloride (5Qum, apical) on short-circuit currenty) Fig. 7. Effect of an increase in the apical osmolarity (addition of man-

and transepithelial water movement (TEWM). The experiment wasnitol) on the TEWM andin a frog skin incubated in the presence of
carried out on an isolated frog skin whedrg and TEWM were acti-  AVT.

vated by the addition of AVT (48w, basolateral). At time zero amilo-

ride was added to the apical solution. The decreadg.iand TEWM

was fitted to a first-order decay function. 7570

-
1

o
ing solution until the TEWM was abolished. The os- E 50 -
motic gradient was measured as outlined in Fig. 7. Aftere
lscand TEWM had reached a steady state, TEWM was E
reduced in steps by replacing small amounts of the Ring © 25
er's solution bathing the apical side of the skin with a €
Ringer’s solution containing 0.& mannitol. From the =
relation between TEWM and the increase in osmolarityE
the change in osmolarity, needed to abolish TEWM, was+
found, (Fig. 8) i.e., the strength of transport was mea- -25 4, . . .
sured (Weinstein, Stephenson & Spring, 1981). The re ] 5 10 15
lation betweenly. and the strength of transport is pre- mOsmol Mannitol in apical solution
sented in Fig. 9r{ = 7). The correlation betwedg.and
the strength of transport, could be described by a lineaFig. 8. Correlation between increase in apical osmolarity and TEWM.
correlation (2 = 0.95). The strength of transport was The osmolarity of the basolateral solution was kept constant during the
also determined under open-circuit conditions and it wagxperiment.
found that the strength of transport was 15.5 + 3.0 mOs-
mol when the transepithelial uptake of NaCl was 17.6 + ]
4.3 nMole cri2minL. It appears to be the first time that €€ctrodes take care of the necessary adjustment of the
this relationship has been measured in frog skin. CI” content of the bathing solutions. Both under open-
and short-circuited conditions Nianainly passes the api-
cal membrane of the skin via Napecific channels in
Discussion the principal cells and the basolateral membrane via the
Na,K-pump (for referenceseelLarsen, 1988). The ad-
From the data presented it is seen that in the presence dftion of AVT to the isolated frog skin under nontrans-
AVT both under open- and short-circuited conditions porting conditions (in the presence of amiloride) resulted
there is a transport of a hypertonic NaCl solution fromin about 8 times increase in the hydro-osmotic TEWM
the apical to the basolateral bathing solution. The(Fig. 2). Addition of AVT results in the insertion of
change in osmolarity of the solutions caused by thiswater channels in the apical membrane of the cells (for
transport of NaCl cannot account for the observedref. seee.g., Harris & Handler, 1988; Ecelbarger et al.,
TEWM. The model presented in Fig. 10 is used to ex-1995). This indicates that in the presence of AVT most
plain the observed coupling between transepithelial iorof the TEWM passes the apical membrane via a cellular
transport and TEWM. Under open-circuit conditions ClI pathway. The TEWM is not driven by a direct coupling
passes the skin via specificGlhannels in the apical and in the apical membrane between @hd water (Nielsen,
the basolateral membrane of the mitochondria-rich cells1995) or between Naand water (Fig. 6). Since water
whereas under short-circuited conditions the currenpasses the apical membrane via water channels the
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Na" 160 water molecules follow (Fig. 5). Thus one
pump cycle resultin a TEWM of 480 molecules of water.
Zeuthen and Stein (1994) have shown that one cycle
159 of the KCI-cotransporter (acting as an osmotic engine)
o results in a transmembrane transport of 500 water mol-
ecules. Electro-osmosis of the Schmid type has been
shown to take place in the gramicidin channel, where it
results in the transport of 6 molecules of water for each
5 - ion passing the channel (Finkelstein & Andersen, 1981).
If the TEWM is driven by one of these mechanisms,
then under steady-state conditions the transepithelial
0y r . r . - transport of Nawould result in a net movement of water
0 10 20 30 40 50 across the basolateral membrane, and consequently th
lsc_neq cm™2 min”! osmolarity of the cell would increase. Because of this
change in osmolarity of the cell, water would move into
Fig. 9. Data from 7 experiments in which the increase in the apicalthe cell. A TEWM driven by such a mechanism would
osmolarity, neede_d to stop the TEWM '(the strength of transport), isrequire that the passive water permeability of the baso-
plotted as a function of the transepithelial Nieansport (). lateral membrane is much lower than the water perme-
ability of the apical membrane.

In frog skin it has been found that, under control
conditions the ratio between the osmotic water perme-
ability of the basolateral and the apical membrane is
higher than 20, and in the presence of ADH, it is about

K* 7 (MacRobbie & Ussing, 1961). The same has been
found to be the case in toad bladder (Di Bona, Civan &
Leaf, 1969). In the collecting duct it has been shown that
the ADH-regulated water channel Aquaporin 2 is present
—l— in the apical membrane, whereas the water channel
Aquaporin 3 is present predominately in the basolateral
domain (for ref.seeEcelbarger et al., 1995). Aquaporin
has also been cloned from the frog bladder (Abrami et
J_ al., 1994). Water channels have also been shown to be
Ccl- present in the basolateral membrane of the frog bladder
T T (Van Der Goot, Corman & Ripoche, 1991). Thus avail-
. able data imply that the basolateral membrane has a
MR - cell higher osmotic water permeability than the apical mem-
brane. In a membrane with an osmotic engine and a high
Fig. 10. Model useq to explain the transepithelial transport of NaCl. ggmotic permeability a high degree of water circulation
For further explanatiorsee tex. would take place across the membrane, but the net trans.
port of water would be low. It is therefore suggested that
the TEWM is not driven by an osmotic engine.
movement of water across this membrane must be driven
by an osmotic force. The basolateral membrane contains
the Na,K-pump which is the primary active mechanismLOCAL Osmosis UNDER OPEN CIRcUIT CONDITIONS
responsible (directly or indirectly) for the force driving
the TEWM. The operation of the NaK-pump generates d_ocal osmosis has repeatedly been suggested as tht
recycling of K" across the basolateral membrane (Fig.mechanism responsible for the coupling between trans-
10). Thus, both the Na,K-pump and thé-khannel are epithelial ion and water transport. However TEWM
possible sites for an interaction between ion and watedriven by local osmosis would always result in the trans-
movement. Electroosmosis of the Schmid type (Schmidport of a solution which is more or less hypertonic (need-
1950) might happen in the Kchannel, and the Na,K- less to say if it was isotonic there would be no osmotic
pump might act as an “osmotic engine” (Zeuthen andgradient). Under open-circuit conditions in the presence
Stein, 1994). Under steady-state conditions each pumpf AVT there is a transepithelial transport of a hypertonic
cycle removes 3 Nafrom the cell. These ions are re- (0.4 Osmol) NaCl solution (Table). Since the solution,
placed by 3 N& from the apical solution. Simulta- which passes the membrane, is hypertonic, then the so-
neously with the net transepithelial movement of onelution left behind (at the apical side) will become hypo-

n
o

—_
o

10 A

Stop—flow mOsmol

Principal cell

J——. Na*
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tonic. Thus, the presence of unstirred layers will main-Under short-circuited conditions the system can, as a first
tain an osmotic gradient produced by an active mechaapproximation, be described as a membrane with an elec-
nism within the membrane. This is opposite to thetrogenic sodium pump and a water channel with an un-
situation where the active transport of solute is abolishedtirred layer. The electrodes which measure the trans-
and the water is driven across the membrane by an apnembrane potential are placed at the interface betweer
plied osmotic gradient. The solution, which passes thehe membrane and the bathing solutions. Under short-
membrane in this situation, is hypotonic, and conse-ircuited conditions the transmembrane potential is kept
guently it results in an interepithelial solute polarization. at zero mV, and only Napasses the membrane. The
Therefore arLp value estimated from an applied osmotic current electrodes (Ag/AgCl) take care of the necessary
gradient must be less than the tiygvalue of the tissue adjustment of the Clcontent of the bathing solutions.
(Weinstein et al., 1981; Barry & Diamond, 1984). The flow of a Nd current across the unstirred layer
Under open-circuit conditions the rate of transepi-results in a potential drop across this layer. TWelrop
thelial transport of NaCl was about 10 nMole @min™*  across the unstirred layekY) was calculated from Eq. 2
and the TEWM 50 nL cia? min~ (Table). ATEWM of  (Ohms law for an electrolyte solution).
that size can be driven by an applied osmotic gradient of
about 6 mOsmol (Fig. 2). From the arguments presentedV = a - I+ 1+ A™ 2)
below it appears that a transport of 10 nMole émin*
NaCl produces a strength of transport of 8.8 mOsmol. In Ed. 2o is the specific resistance of the solution pre-
Weinstein et al. (1981) have, in their mathematicalSent in the extracellular space. The equivalent conduc-
description of the coupling between transepithelial soluteivity of the solution in the extracellular space is assumed
and volume flow, shown, that the osmotic gradient whichto be equal to the conductivity of 115wNaCl solution:
can be produced by a transepithelial transport of NaCl
can be described by an equation similar to Fick's firstAsolution = Anat A )

law: .
However, under steady-state conditions only" Mlaws

J — AC-D-All ) across the extracellular space. Therefore, the conductiv-
NacCl : : : H

ity of the solution in the extracellular space is equal to the
equivalent conductivity for Na(50.1 O™t cn? Val™)
times the N& concentration (0.00011& cm™), which
gives a specific Naresistance of 173.6 ohm ¢t | is
equal to length of the unstirred layer, aAds the area.
Neither| nor A is known but the ratio betwednand A
can be calculated from the strength of transport found
under open-circuit conditions using Eg. 1. To drive a
Na* current () of 50 neq cm?® min (80 pA cm ?)

In Eq. 1Jyac is the metabolically driven transport of
NaCl, AC (the strength of transport) is the increase in
bath concentration that nullifies transepithelial volume
flow, D is the diffusion coefficient for NaCI§ = 1.39
-107° cn? sec?), (A) is the area antlis the length of the
unstirred layer. Under open-circuit conditions it was
found that a transport of 17.6 nMole cmmin™* of

gaCIdgavteh a sgetngth of transl,polrtt OIhliéiSt' m(?;’mm'across the unstirred layer requires, according to Eq. 2, a
ased on these data one can caiculate the £gliand by voltage of 5.1 mV. A voltage which is delivered from

the use of this value one can estimate that a transport qf, , voltage clamp apparatus. When the system is in a

_2 . _l .
1OOnMo:e _?;n ”t];]n dOI NaCl retsu(;t.f, '(;‘ a%Ctﬁf t8fr? steady state there is no net movement of &iross the
msmol. 1hus, the data presented indicate that th€ ol , ;e g layer and in this situation the electric force on

served coupling between the transport of NaCl and watef -
can be explained by the presence of a local osmotic

gradient. electrical force= (-z- F - dE/dX (4)

CoUPLING BETWEEN |, AND TEWM has to balance the diffusion force on Cl

—dw/dx = R- T - In(C%/C%d

Under short-circuited conditions and in the presence o¥ and (Colca™ ©)
AVT there is a linear relationship betwedg. and By settingdE/dx equal to the potential drop across the
TEWM (Fig. 5), and arly; of about 50 neq cif min™  extracellular spacaAV andC%, equal to the Cl concen-
results in a TEWM of 170 nL cAf min™", a TEWM tration in the Ringer’s solution (118m) andCX % equal
which can be driven by an applied osmotic gradient of 21tg the concentration at the apical end of the extracellular

mOsmol (Fig. 2). space, one gets by setting Eq.=4 Eq. 5 the following
If the observed TEWM under short-circuited condi- equation (Eq. 6) where, R, Fand T have their usual

tions is driven by local osmosis, then it means that ameaning

transepithelial current of Naper seresults in the for-

mation of an osmotic gradient somewhere in the tissueCS®™ = C%, - expl: F - AV)/(R+ T) (6)
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Tight junction Dermis water would increase the osmolarity of the epithelial
Gap junction l cells and water would move into the cells via specific
Na* water channels in the apical membrane. The opening of
o the extracellular space towards the apical solution is
< closed by tight junctions. The opening of the extracel-
-4 % lular space towards'the basqla_lteral solutions happens vie
H,0 :; large pores (reflection coefficient about 0), and conse-
3 guently no osmotic movement of water would take place
t from the basolateral solution into the extracellular space.
Extracellulaszpace Osmotic profile TEWM driven by an osmotic gradientAr) is
equal to
I ctn T TEWM = Lp- Aw @)

Apical solution Basolateral solution

wherelp is the hydraulic conductivity. In the presence
Fig. 11. The double-membrane model used to explain the couplingdf AVT the Lp of frog skin was 54.2 x 10 cm sec?
between transepithelial ion and water transport. The osmotic profileAtm™ (Fig. 2). TheLp values of tight epithelia such as
drawn is hypothetical ) osmotic gradient across the apical membrane frog skin are about a 100 times lower thhp values for
of the epithelial cells, &) osmotic gradient across the basolateral mem- |egky epithelia such as the proximal tubule (Tripathi &
pran(_e of the epithelial cel]s. The prlnu_:lpal cells are connecteq by ga‘Boquaep, 1989). This means that a much smaller os-
junctions and form a functional syncytium. For further explanation, see . . . .
toxt. motic gradient than observed in the present experiments
is able to drive a substantial TEMW in epithelia with
highLp values. Thus, the experiments presented support
From Eq. 6 one can calculate that the €Cbncentration the notion (Spring, 1983) that a near isotonic transport
at the apical end of the extracellular is 144.8 nSince  across leaky epithelia can be driven by small local os-
electroneutrality has to be maintained the"N@ncen-  motic gradients (for further referencege Tripathi &
tration has to be same. This means that the calculateBoulpaep, 1989).
osmotic gradient across the unstirred layer (the skin) 2

(144'2_1_18) Is 52.4 mOsmoI): The data rT]em|()nGdThis work was supported by grants from the Danish Natural Science
above (Fig. 7) show that a gradient of 21 mOsmol wWasresearch Council (11-0971) and the Novo Nordisk Foundation.
sufficient to explain the observed TEWM. Thus, the ob-
served coupling between transepithelial transport of Na
(Is9 and TEWM can be explained by the presence of aReferences
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