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Prostaglandin E2 Enhances the Sodium Conductance of Exocrine Glands in Isolated 
Frog Skin (Rana esculenta) 

Robert Nielsen 
Inst i tute of  Biological Chemis t ry  A, Universi ty of  Copenhagen,  DK 2100 Copenhagen,  Denmark  

Summary.  Prostaglandins are known to st imulate the active 
transepithelial  Na + uptake and the active secret ion of  CI- from 
the glands of isolated frog skin. In the present  work the effect of  
prostaglandin E2 (PGE2) on the glandular  Na" conductance  was 
examined.  In order to avoid interference from the Na + uptake 
and the glandular  CI- secret ion the exper iments  were carried out 
on skins where  the CI- secret ion was inhibited (the skins were 
bathed in CI Ringer ' s  solution in the presence of  furosemide,  or 
in NO~ Ringer ' s  solution), and the active Na + uptake was 
blocked by the addition of amiloride. Transepithelial  current,  
water  flow and ion fluxes were measured .  A negative current  was 
passed across  the skins (the skins were c lamped at - 1 0 0  mV, 
basolateral solution was taken as reference). When PGE2 was 
added to the skins under  these  exper imental  condit ions,  the cur- 
rent became more  negative;  this was mainly due to an increase in 
the Na + efflux. Together  with the increase in Na + efflux a signifi- 
cant  increase of  the water  secret ion was observed.  The water  
secret ion was coupled to the efflux of Na +, and when one Na + 
was pulled from the basolateral to the apical solution via this 
pa thway 230 molecules of  water  followed. From the data pre- 
sented it is suggested that this pa thway for Na + is confined to the 
exocrine glands.  

Key Words Elect ro-osmosis  - frog skin glands �9 local osmo-  
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Introduction 

The isolated frog skin consists of at least three dif- 
ferent types of cells which are engaged in trans- 
epithelial ion and water transports; these are: the 
granular cells, the mitochondria-rich cells and the 
glandular cells. For a more detailed description of 
the histology of frog skin epithelia and glands, see 
Vofite (1963), Farquhar and Palade (1965), Mills and 
Prum (1984). The granular cells (stratum granulo- 
sum, -spinosum and -germinativum), which make 
up the major part of the epithelium, are responsible 
for the active transepithelial Na + uptake, whereas 
the mitochondria-rich cells (which are scattered in 
the epithelium) form the passive (potential-acti- 
vated) pathway for C1 (for references, see Kristen- 

sen & Ussing, 1985; Larsen, 1988). The acinus of 
the exocrine glands of frog skin is located in the 
dermis, and the glandular duct crosses the epithelial 
layer. 

The exocrine glands of frog skin can be stimu- 
lated to secrete, both in vivo and in vitro 
(Watlington, 1968; Benson & Hadley, 1969; 
Skoglund & Sj6berg, 1977a,b). The initial secretion 
pulse involves a transient bulk expulsion of the con- 
tents of the acinus by contraction of smooth muscle 
or myoepithelial cells which surround the gland 
acini (Benson & Hadley, 1969; Hoffman & Dent, 
1977). This expulsion is mediated via c~-adrenergic 
receptors and is not characterized by an increase in 
transepithelial current or ion transport (Watlington, 
1968). The continuous secretion of fluid onto the 
skin surface, which follows after the initial secre- 
tion pulse, is driven by an active secretion of C1- 
and is stimulated via 3-adrenergic receptors 
(Watlington & Huf, 1971 ; Thompson & Mills, 1981, 
1983). The active secretion of C1- can be measured 
as an increase in the short-circuit current (SCC) 
across isolated frog skin (Koefoed-Johnsen, Ussing 
& Zerahn, 1952; Watlington, 1968; Tomtinson & 
Wood, 1978; Thompson & Mills, 1981, 1983; Bjerre- 
gaard & Nielsen, 1987). This secretion of C1- can be 
explained by the model proposed by Silva e:t al. 
(1977). According to the model, glandular CI- se- 
cretion occurs as follows: C1- and Na + enter the 
glandular cells from the blood side via a cotransport 
mechanism (NaC1 or NaK2C1). The gradient for in- 
ward movement of NaC1 into the cells is created by 
the Na-K pump. Secretory agents are believed to 
increase, directly or indirectly, the CI~ permeability 
of the apical membrane of the gland cells. CI- dif- 
fuses from the cells to the lumen down a favorable 
electrochemical gradient. This secretion of C1- 
makes the glandular lumen negative relative to the 
blood side of the glands, which drags Na + from the 
blood side of the gland to the lumen. Thus, the 
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model  predicts  that  g landular  secret ion of  NaCl  can 
be modified ei ther  by  changing the rate of  C1- secre- 
tion or  by  changing  the t ransglandular  N a  § conduc-  
tance.  In a prev ious  paper  (Bjerregaard & Nielsen,  
1987) it is shown  that  PGE2 act ivates  the secret ion 
of  C1- f rom the skin glands.  The  aim of  the present  
paper  is to invest igate whe the r  P G E :  should have 
an effect  on the glandular  N a  + conduc tance .  

F r o m  the data  p resen ted  it is seen that PGE2 
act ivates  the N a  § c o n d u c t a n c e  o f  the glands,  and 
when  N a  + is dragged across  the glands (from the 
basolateral  to the apical solution) by an external  
applied potential ,  each N a  + is accompan ied  by 
about  230 molecules  o f  water .  A prel iminary repor t  
of  these results has been  presen ted  (Nielsen, 1988). 

Materials and Methods 

The experiments were performed on male and female frogs 
(Rana esculenta), which were kept at room temperature with 
free access to water; they were fed twice a week with meal 
worms. 

The isolated abdominal skins were divided into two sym- 
metrical halves so each skin served as its own control. The skins 
were mounted in Perspex | chambers (area 8 cm 2) and bathed in a 
stirred C1- Ringer's solution consisting of (in mM): Na + 115, K-- 
2.5, Ca 2+ 1, Mg 2+ 1, CI 118, CO~- 2.5, PO34 - 1, pH = 7.8. 

Nitrate Ringer's solution was produced by replacing all C1- 
by NO3. 

FLUX MEASUREMENTS 

In ion flux experiments one skin half was used for influx mea- 
surements and the other for efftux measurements. 22Na+ and 
36C1- were added to the solution, bathing one side of the skins. 
After a 20-min equilibration period, a 1-ml aliquot was with- 
drawn from the other side and replaced by fresh solution. The 
last procedure was repeated with 30- or 60-min intervals through- 
out the experiment, under conditions where the bathing solutions 
were continuously stirred. 

VOLUME FLOW 

SCC and volume flow (Jr) were measured simultaneously under 
conditions where the skin was bathed with isotonic Ringer's so- 
lution on both sides. Jv was measured as described by Johnsen 
and Nielsen (1980) by an improved technique which allowed re- 
cordings of Jr at intervals of 1 .min. In short, the principle is that 
the outside of the skins is pressed against a stainless steel net 
with a pressure of 2 cm H20. The half-chamber (area: 8 cm2), 
containing the outside bathing solution is closed except for an 
outlet consisting of a capillary tube. The outside bathing solution 
is allowed to flow into the capillary tube, whereby the light trans- 
mission of the tube changes markedly. The transmission is re- 
corded by a detector consisting of a light-emitting diode and a 
photosensitive transistor. The signal from the detector controls a 
motor-driven syringe which appropriately adjusts the outside 
volume in order to keep the position of the meniscus constant. 

The motor also drives a precision potentiometer which is used as 
a potential divider, allowing the position of the syringe to be 
recorded continuously on a pen recorder. 

Results 

The aim of  the presen t  invest igat ion was to examine  
whe the r  PGE2 increases  the N a  + conduc t ance  of  
exocr ine  glands present  in isolated frog skin. It is 
well k n o w n  that  PGE2 enhances  the N a  § conduc-  
tance of  the granular  cells (Barry & Hall 1969; Fas-  
sina, Ca rpenedo  & Santi,  1969; Barry ,  Hall & Mar- 
tin, 1975; Gerencse r ,  1978). Therefore ,  in order  to 
avoid in terference f rom the N a  + conduc t ance  of  
these cells, the N a  § channels  in the apical mem- 
brane  were  b locked  by  the addit ion of  amiloride,  
and in order  to the reduce  the in terference f rom the 
act ive C1 secret ion f rom the glands the co t ranspor t  
inhibitor fu rosemide  was  added,  or  the CI-  Ringer ' s  
solution was  rep laced  by N O 3  Ringer ' s  solution. 

EFFECT OF COTRANSPORT INHIBITORS 

In Fig. 1 an exper iment  is p resen ted  where  both 
skin halves were  ba thed  in C1 Ringer ' s  solution in 
the p resence  o f  amiloride,  and furosemide  was 
added  to one o f  the skin halves.  The  short  circuit 
cur rent  and the transepithelial  vo lume  flow (which 
at physiological  concen t ra t ions  is equal to the water  
flow) were  measured .  The  addit ion o f  PGE2 resulted 
initially in a t ransient  increase  in the water  secret ion 
in bo th  skin halves.  In  the skin half  incubated  in the 
absence  o f  fu rosemide  the wate r  secret ion re turned 
to a new s teady level after the initial secret ion pulse 
had ceased ,  whereas  the secret ion s topped in the 
skin half  incubated  in the p resence  o f  furosemide.  
The initial t ransient  increase  in the water  secret ion 
is p robably ,  as men t ioned  in the in t roduct ion,  due 
to a PGE2- induced  act ivat ion o f  the myoepi thel ia l  
cells or  smoo th  muscles  sur rounding the glands. In 
the absence  o f  fu rosemide  PGE2 elicited a signifi- 
cant  increase  in SCC,  but  in the p resence  o f  furo- 
semide the effect  o f  PGE2 on SCC was  much  less 
p ronounced .  The  obse rved  increase in SCC (in the 
absence  o f  furosemide)  is mainly due to an activa- 
t ion o f  the glandular  secret ion of  C1- (Bjerregaard & 
Nielsen,  1987). I f  instead o f  using the co t ranspor t  
inhibitor furosemide ,  the C1- Ringer ' s  solution was  
replaced  by  N O 3  Ringer ' s  solution. The  result  was 
quali tat ively the same as the one  obta ined in C1- 
Ringer ' s  solution in the p resence  o f  furosemide  
(data not shown). 
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Fig. 1. (A) Transepithelial short circuit current (broken line) and water flow (solid line) across isolated frog skin. Positive water flow 
corresponds to water secretion. Positive current corresponds to an uptake of a positive ion or the secretion of a negative ion. The skin 
was bathed in CI Ringer's solution in the presence of  amiloride (0.1 mM apical) and furosemide (0.5 mM basolateral). At the arrow 
labeled PGE, PGE2 was added (2 b~M basolateral). (B) Control skin half, incubated under the conditions mentioned fn A, but in the 
absence of furosemide 
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Fig. 2. (A) Transepithelial current (broken line) and water flow (solid line) across an isolated frog skin bathed in NO~ Ringer's solution 
in the presence of amiloride (0.1 mM apical). The skin was clamped at - 1 0 0  mV (basolateral solution taken as reference) for the first 
120 min; at the arrow labeled SCC the skin was clamped at 0 mV (short-circuited conditions). At the arrow labeled PGE, PGE2 was 
added (2 p.M basolateral). A negative current corresponds to a secretion of a positive ion or an uptake of a negative ion. (B) The 
experiment was  carried out as described in the legend toA,  but the skin was bathed in C1 Ringer's solution in the presence of amiloride 
(0.1 mM apical) and furosemide (0.1 mM basolateral) 

C O N D U C T A N C E  

In order to investigate whether PGE2 had an effect 
on the transglandular Na + conductance, experi- 
ments of the type presented in Fig. 2 were carried 

out. One of the skin halves was incubated in NO3 
Ringer's solution (Fig. 2A) and the other half in C1- 
Ringer's solution in the presence of furosemide 
(Fig. 2B). Amiloride was added to both skin halves 
and the skins were clamped at -100  mV (basolat- 
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Table. The effect of PGE2 on transepithelial current, water flow, Na- and CI effluxes across isolated 
frog skins clamped at -100 mV 

Conditions n Current Water-flow Na + efflux CI efflux 
neq/cm2/min nl/cm2/min neq/cm2/min neq/cm2/min 

Control 6 -30.8 • 7,3 6.6 +- 3.7" 12.3 -+ 3.1 1.60 -+ 0.36 
Control + PGE -39.4 -+ 5,8 71.0 _+ 4.4 23.3 -+. 2.5 6.97 -+ 0,33 
Difference -8.6 + 0,7 64.9 +- 4.2 10.9 • 0.7 5.38 +- 0.44 
0.5 mM Furos 6 -35.5 -+ 9,7 10.3 + 8.1 a 15.4 + 4.7 1.92 • 0.53 
0.5 mM Furos + 
0.5 mM Furos + PGE -38.7 -+ 9.2 20.4 + 6.6 18.6 + 4.5 1.81 -+ 0.35 
Difference -3.2 + 0.7 10.2 _+ 3.2 3.2 • 0.7 -0.11 -+ 0.21 
0.1 mMFuros 5 -10.5-+ 2.1 -11.3 -+ 2.6 a 2.9• 0.8 0.86 + 0.16 
0.1 Furos + POE -16.3 +- 3.5 20.7 -+ 9.3 8.9 + 2.4 1.40 • 0.23 
Difference -5.8 -+ 2.0 32.6 +_ 10.1 6.0 -+ 2.0 0.55 -+ 0.19 
NO3 solution 7 -11.3 -+ 1.2 1.2 -+ 4.1" 5.6 • 0.6 
NO;- solution + PGE -20.8 -+ 2.6 34.0 • 9.2 14.8 • 2.4 
Difference -9.5 • 1.9 32.8 -+ 7.5 9.3 • 1.8 

The experiments were carried out in the presence of amiloride (0.1 mM apical) in C1 Ringer's solution 
except for the last series which were carried out in NO3 Ringer's solution. Furosemide (Furos) was 
present in two of the series 0.5 or 0.1 mM (basolateral). The mean of the current, water flow and ion 
fluxes were measured during a l-hr period just before the addition of PGE2 (PGE) and during another 1- 
hr period 30 min after the addition of PGE2 (2 IxM basolateral), the data are the mean _+ SE. 
a n = 4. A negative current corresponds to the secretion of a positive ion or an uptake of a negative ion. 
Positive water flow corresponds to water secretion. 
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Fig. 3. Current (broken line) and transepithelial water flow (solid 
line) across isolated frog skin bathed in NO ~ Ringer's solution in 
the presence of amiloride (0.1 mM apical). Initially the skin was 
clamped at -100 mV (basolateral solution taken as reference). 
At the arrow labeled SCC the skin was clamped at 0 inV. At the 
arrow labeled PGE, PGE2 was added (2 /XM basolateral). After 
about 100 rain of incubation the skin was clamped at - 100 mV (at 
the arrow labeled -100) 

eral  so lu t ion  re fe rence) ,  and the t ransepi the l ia l  cur- 
ren t  and wa te r  s ec re t ion  w e r e  measured .  W h e n  
PGE2 was  added  to the skin ha lves  under  these  con-  
di t ions the cu r r en t  b e c a m e  m o r e  nega t ive  and there  
was  a t rans ien t  i nc rease  in the wa te r  sec re t ion  as 
shown  above .  But  af ter  the t rans ient  increase ,  the 
wa te r  sec re t ion  c o n t i n u e d  (a l though the co t r anspor t  
sys t em was  inhibi ted)  as long as a cur ren t  was 
dragged  ac ross  the skins. W h e n  the  c lamp vol tage  
was  changed  f rom - 1 0 0  to 0 mV (shor t -c i rcu i ted  

condi t ions)  the cu r ren t  changed  f rom the re la t ive ly  

high nega t ive  l eve l  to a sl ightly pos i t ive  leve l  and 

the wa te r  s ec re t ion  ceased .  In Fig. 3 an e x p e r i m e n t  

is shown  wh ich  is ana logous  to the one  p re sen t ed  in 
Fig. 2A, but  in Fig. 3 PGE2 was  added  under  short-  
c i rcu i ted  cond i t ions ,  and the rea f t e r  the skin was 

c l am ped  at - 1 0 0  mV,  but  not  until  the  initial secre-  
t ion pulse  had c e a s e d  comple t e ly .  C lamping  of  the 

skin at - 100 mV after  the addi t ion  of  PGE2 resu l ted  
immed ia t e ly  in the cu r ren t  b e c o m i n g  nega t ive ,  but  
the wa te r  s ec re t ion  did not  s tar t  until  12.7 +_ 2.2 rain 

(n = 6) af ter  the cu r ren t  had b e e n  tu rned  on. Thus  it 

looks  as if  the re  is a sort  o f  poo l  (e.g. ,  the g landular  
lumen)  wh ich  has to be  filled before  the onse t  o f  the 

wa te r  sec re t ion .  S ince  the cu r ren t  b e c a m e  more  

nega t ive  af ter  the addi t ion  of  PGE2 then  e i ther  the 
i nward -d i r ec t ed  an ion  f low or the ou tward -d i r ec t ed  

ca t ion  flow has to inc rease ,  and s ince the wa te r  se- 
c re t ion  did inc rease  too,  it is mos t  l ikely that  the 

change  in cu r ren t  is main ly  due  to an inc rease  o f  the 
N a  + efftux. Tha t  this is so appears  f rom the data  
p r e s e n t e d  be low.  

EFFECT OF PGE2 ON ION FLUX 

In the Tab le  e x p e r i m e n t s  are p r e s e n t e d  in which  the 
22Na+ and 36C1 efflux w e r e  m e a s u r e d  across  the 

skins be fo re  and af ter  addi t ion  of  PGE2.  The  skins 
w e r e  c l a m p e d  at - 1 0 0  mV and ami lor ide  was 
p re sen t  in the apical  ba th ing  solut ion.  The  fluxes 



R. Nielsen: Glandular  Sodium Conductance  35 

were measured during a 1-hr period just before the 
addition of PGE2 and during another  l-hr period 30 
rain after the addition of PGEz. The 30-min interval 
between the flux measurements  was included in or- 
der to avoid interference from the a-like stimulation 
of the glands. The first two rows of data in the Table 
contain data obtained on symmetrical skin halves 
incubated under the conditions mentioned above. 
One of the skin halves was incubated in the pres- 
ence of  furosemide: (0.5 mM) and the others in the 
absence of  furosemide. In the absence of furo- 
semide the addition of  PGE2 resulted in an increase 
of the Na + efflux of 10.9 neq cm -2 rain -1, and the 
increase in CI- efflux was 5.4 neq cm -2 min -~. In 
the presence of furosemide (0.5 mM) PGE? had no 
effect on the C1- efflux, but the Na + efflux did in- 
crease by 3.2 neq cm -2 min -1. In the presence of 0.1 
mM furosemide the increase in the CI- efflux was 
0.55 neq cm -2 rain -1 and the increase in the Na + 
efflux was 6.0 neq cm -2 min -1 (see Table). Thus the 
presence of  furosemide blocked the PGE2-induced 
increase in the C1- efflux but not the PGEz-induced 
increase in the  Na + efflux. When the skin halves 
were bathed in NO3 Ringer's solution as well as in 
C1- Ringer's solution (in the presence of furo- 
semide) the change in Na + efflux, after the addition 
of PGE2, was nearly equal to the observed change 
in current (see Table). Since, under these condi- 
tions the PGE2-induced change in 22Na+ influx was 
small (in NO3 Ringer's solution the Na + influx 
changed from 0.7 -+ 0.3 to 0.4 _+ 0.1 (n = 5) neq 
cm -2 rain -J and in C1- Ringer's solution from 0.2 +_ 
0.1 to 0.6 -+ 0.1 neq cm -z min -1 (n = 7), then the 
change in the net flux of anions has to be small. 
Therefore  the observed changes in current are 
mainly due to the change in Na § efflux. Thus PGE2 
enhances the transepithelial Na § conductance of 
the isolated frog skin incubated under these condi- 
tions. The discrepancy between the current and the 
ion fluxes both before and after the addition of PGE2 
(see Table) is due to an inward-directed flux of an- 
ions. 

O S M O L A R I T Y  

The transepithelial water  movement  across skins 
bathed either in NO3 Ringer's solution or in CI- 
Ringer's solution in the presence of furosemide was 
low, even though a current  was dragged across the 
skins (the skins were clamped at - 100  mV). When 
PGE2 was added to skins (bathed in NO~- or C1- 
Ringer's solution in the presence of  furosemide) the 
transepithetial current  became more negative and 
the water  secretion increased. The change in cur- 
rent was mainly due to an increase in the Na + efflux 
(see Table). Since the basal current and the PGE2- 
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Fig. 4. PGE2-induced increase in the Na + efflux plotted as func- 
tion of the PGE2-induced increase in the water  secretion. The 
skins were bathed in NO;- Ringer ' s  solution in the presence  of 
amiloride (0.1 mM apical) and were c lamped at - 1 0 0  mV. The 
linear regression line was drawn according to the following equa- 
tion: y = 1.43 + 0,24 x, where  y is equal to the PGE2-induced 
increase in the N a -  efflux and x is equal to the PGE2-induced 
increase in the water  secret ion 

induced changes in Na + and water secretion varied 
from skin to skin, the apparent  Na + concentration 
of  the solution, which moves across the skin bathed 
in NO3 Ringer's solution, was obtained by plotting 
the PGEz-induced increase in Na + efflux versus the 
increase in water  secretion (Fig. 4). The slope of  the 
regression line was 0.240 which corresponds to an 
apparent Na § concentrat ion of  240 mM, or in other 
words when one Na* was dragged across the skin 
from the basolateral to the apical solution via the 
PGE2-induced pathway then about 230 water mole- 
cules followed. The PGE2-induced increase in (Na + 
+ C1-) effluxes (circles) and the increase in the Na + 
efflux (triangles) of skins bathed in C1- Ringer's so- 
lution in the presence of furosemide is plotted as a 
function of a concomitant  increase in the water se- 
cretion (Fig. 5). The slope of the regression line, 
fitted to the increase in (Na + + C1-) efftuxes was 
0.208. The difference in position between the circles 
and the triangles is small, which is in agreement 
with the fact that the PGE2-induced increase in the 
C1- efflux, in the presence of  furosemide, is small. 
Thus, under conditions where the cotransport  sys- 
tem is blocked, the water  secret ion is coupled, ei- 
ther directly or indirectly, to the efflux of Na + 
which is dragged across the skins via a PGE2-in- 
duced pathway. 
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Fig. 5. PGE2-induced increase in transepithelial (Na + + C1-) 
efftux (circles), and PGE2 increase in transepithelial Na + efflux 
(triangles) plotted as function of  the PGE2-induced increase in 
the water secretion. The experiments were carried out in CI- 
Ringer 's solution in the presence of amiloride (0.1 mM apical) 
and furosemide (basolateral); open symbols 0.5 mM furosemide, 
filled symbols 0.1 mM furosemide. The skins were clamped at 
- 100 mV, The linear regression line was drawn according to the 
following equation: y = 1.01 + 0.208 x, where y is equal to the 
PGE2-induced increase in the (Na + + C1-) efflux and x is equal to 
the PGE2-induced increase in the water secretion. The PGE2- 
induced increase the Na + efflux as function of the water secre- 
t ion,could be described by the following equation: y = 1.13 + 
0.192 x 

Discussion 

From the data presented in this paper it is seen that 
activation of the glands of short-circuited skins 
(PGE2 was added to the basolateral solution), re- 
sulted initially in a transient secretion, whether the 
skins were bathed in C1- or NO3 Ringer's solution 
(Fig. 1). This initial secretion is probably due to the 
fact that PGE2 stimulate the smooth muscle or 
myoepithelial cells surrounding the gland acini 
(Benson & Hadley, 1969; Hoffman & Dent, 1977), a 
stimulation which results in a bulk secretion by a 
rapid expulsion of material contained in the lumen 
of the gland (Watlington, 1968). 

After the initial secretion pulse the glands of 
short-circuited skins bathed in C1- Ringer's solution 
continued to secrete, but not if the skins were 
bathed in NO3 Ringer's solution or in C1- Ringer's 
solution, in the presence of furosemide (Fig. 1). It 

has been shown previously that NO3 is a bad sub- 
stitute for C1 in glandular secretion (Lundberg, 
1956; Seldin & Hoshiko, 1966; Petersen, 1988). This 
is probably due to the fact that the active transport 
(secretion) of anions requires an active cotransport 
system (Silva et al., 1977), and NO~ cannot substi- 
tute for CI- in the cotransport system (Kinne, 
1988). 

When frog skins bathed in NOs ringer's solu- 
tion or C1- Ringer's solution, in the presence of 
furosemide, were clamped at -100 mV, the trans- 
epithelial current was carried partially by a net ef- 
flux of Na + and a net influx of anions (see Table). 
Under these conditions addition of PGE: had the 
result that the transepithelial current became more 
negative. This change in current was mainly due to 
an increase in the efflux of Na § Thus PGE2 en- 
hances the Na § conductance of the skins. The ob- 
served increase in the Na § efflux was followed by 
an increase in the secretion of water, and there was 
a linear correlation between the increase in Na § 
efflux and water secretion (Figs. 4 and 5), which 
indicates that the water secretion is coupled to the 
PGE2-induced increase in Na § efflux. From the 
considerations presented below it appears that it is 
most likely that this coupling between the Na + ef- 
flux and the water secretion takes place in the 
glands. 

W A T E R  F L O W  

Water flow across membranes has been investigated 
theoretically by several authors (Staverman, 1952; 
Lorimer, Boterenbrood & Hermans, 1956; Kedem 
& Katchalsky, 1963). Water flow across a mem- 
brane may consist of the following three compo- 
nents: water flow = hydraulic flow + osmotic flow 
+ electro-osmotic flow, (House, 1974). Thus, three 
different types of forces can drive water across a 
membrane, i.e., hydrostatic pressure gradient, os- 
motic pressure gradient and electrical potential gra- 
dient. Transmembrane water flow, which arises as a 
result of ions being dragged across the membrane 
by an electrical force, may be due to electro-osmo- 
sis (Spiegler, 1958; Dainty, Croghan & Fensom, 
1963; Hill, 1975) or to current-induced changes in 
the osmolarity of the solution bathing the membrane 
(local osmosis) (Barry & Hope, 1969a,b). The oc- 
currence of local osmosis requires a membrane area 
where there is a relatively great difference between 
the cation and anion permeability (e.g., an area 
which is permeable for Na + but impermeable for 
NO3), given that Na + and NO3 have comparable 
transport number values in the adjacent solution. 
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LOCAL OSMOSIS 

According to Barry and Hope (1969a,b), the pas- 
sage of a current via a membrane with such a differ- 
ence in transport numbers would (because of the 
presence of unstirred layers) result in a decrease in 
the concentration of NaNO3 at the membrane solu- 
tion interface from which the Na + is removed. On 
the other hand, the NaNO3 concentration would in- 
crease in the membrane solution interface in the 
phase to which Na + is moved. If such a local os- 
motic gradient should result in something like an 
iso-osmotic transport, it would require that the ef- 
fective water permeability of the membrane was 
much higher than the effective water permeability 
of the unstirred layer. This may be the case in frog 
skin glands, because the area of the gland, in con- 
nection with the basolateral solution, is much larger 
than the area in connection with the apical solution 
(the opening of the glandular duct). Furthermore 
the frog skin epithelium is a high resistance epithe- 
lium, whereas the glandular epithelium, except for 
the glandular duct, is classified as a low resistance 
epithelium. If the water secretion is caused by local 
osmosis it is very likely that the observed PGE2- 
induced increase in Na + efflux is confined to the 
glands. 

However if the observed water secretion was 
due to electro-osmosis it would require an electro- 
osmotic element somewhere in the skin. 

apparent that, when the water-membrane friction is 
low compared to the water-solute friction, the con- 
centration of the transported fluid becomes equal to 
the concentration in the element. 

The data presented show that when one Na § 
ion is dragged across the skin glands (from the baso- 
lateral to the apical solution by an imposed potential 
difference) then 230 molecules of water follow. If 
the water secretion was due to electro-osmosis then 
the electro-osmotic component (the water secre- 
tion) should reach a maximum immediately after the 
current had been turned on (Barry & Hope, 1969b). 
From Fig. 3 it is seen that if the current was turned 
on, after the cMike stimulation has ceased, there 
was a considerable delay between the increase in 
current and water flow. Therefore the observed 
change in water flow is either not caused by electro- 
osmosis or, if it is caused by electro-osmosis, the 
electro-osmotic element must be placed in an area 
of the skin where a pool has to be filled before the 
secretion starts. The only reasonable place where 
this pool can be placed is in the lumen of the glands. 
Therefore, whether the water secretion is caused by 
electro-osmosis or local osmosis or a combination 
of these, the only reasonable place where this can 
taken place is in the glands. Consequently, it is con- 
cluded that the observed PGE2-induced increase in 
Na + efflux is confined to the glands. 
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