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Summary. Prostaglandins are known to stimulate the active so- 
dium absorption in frog skin. In this paper it is shown that pro- 
staglandin E2 (PGE2) stimulates an active secretion of C1 , Na +, 
and K + from the skin glands in Rana esculenta. The active C1 
secretion is enhanced more than the Na and K secretion. There- 
fore, in skins where the Na absorption is inhibited by amiloride, 
the addition of PGE2 results in an increase in the short-circuit 
current (SCC). The PGE2-stimutated CI secretion could be inhib- 
ited by the presence of ouabain or furosemide in the basolateral 
solution or diphenylamine-2-carboxylate in the apical solution. 
The PGE2-stimulated C1 secretion was enhanced by the phospho- 
diesterase inhibitor, theophylline, indicating that the effect of 
PGE2 was caused by an increase in the intracellular cAMP level 
in the gland cells. The calcium ionophore A23187, which in- 
creases the PGE2 synthesis in frog skin, stimulated the glandular 
C1 secretion. This secretion could be blocked by the prostaglan- 
din synthesis inhibitor indomethacin, indicating that A23187 acts 
by increasing the prostaglandin synthesis and not by a direct 
action of Ca z+ ions per se. The net water flow (Jw) and the C1 
secretion were measured simultaneously under the conditions 
outlined above. The stimulation, inhibition, and the time-course 
of the outward-directed Jw were similar to the change observed 
for the Ct secretion. These results show that PGE2 stimulates a 
glandular secretion of C1 and water in frog skin, probably by 
increasing the cAMP level in the gland cells. 
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Introduction 

It is well established that prostaglandins stimulate 
the short-circuit current in frog skin. Several re- 
ports have shown that this increase in SCC is due to 
active transepithelial sodium transport (Barry & 
Hall, 1969; Fassina et al., 1969; Barry et al., 1975; 
Gerencser, 1978). 

PGE2 has no effect on the CI-, K +, and C a  2+ 

influx and efflux in Rana temporaria (Lote et al., 
1974). However,  we found in Rana esculenta that 
the PGE2-stimulated SCC could not be accounted 
for by active sodium transport (Bjerregaard & Niel- 
sen, 1986a). The present work was therefore under- 

taken in order to examine the ionic nature of PGE2- 
stimulated SCC. 

The results presented in this paper show that 
p r o s t a g l a n d i n  E2,  besides stimulating a sodium ab- 
sorption through the epithelial cells, also stimulates 
a secretion of salt and water from the glands of the 
frog skin. 

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. 

S C C  MEASUREMENTS 

The isolated abdominal skins were divided into two symmetrical 
halves so each skin served as its own control. The skins were 
mounted in Perspex | chambers (area: ~r cm 2) and bathed in 
stirred C1- Ringer's solution consisting of (mM): Na + 115, K + 
2.5, Ca z+ 1, HCO~ 2.5, and C1- 117, pH = 8.2. 

The epithelia were isolated, as described by Johnsen and 
Nielsen (1982), after a 3-hr incubation of the skins in 0.3 mg 
collagenase/ml at room temperature. The isolated epithelia were 
mounted in Perspex chambers (area: 1.5 cm 2) in a modified Ring- 
er's solution (raM) Na + 115, K + 2.5, Ca 2+ t, Mg 2+ 1, CI- 118, 
CO~- 2.5, PO]- 1, glucose 5, pH = 7.8. 

SCC was measured according to the technique of Ussing 
and Zerahn (1951), using an automatic voltage clamp that com- 
pensated for the current-dependent potential drop between the 
potential-measuring electrodes. In order to monitor the skin re- 
sistance, the skin was clamped at -+ 10 mV (5-sec each) every 2 
rain. The clamp pulses were kept at this low value in order to 
minimize secondary potential-dependent effects on the transport 
parameter. 

FLUX MEASUREMENTS 

In ion flux experiments, one skin half was used for influx mea- 
surements and the other for efflux measurements, azNa+, 36C1-, 
and 4~K+ were added to the solution, bathing one side of the 
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Table 1. Comparison of 22Na net fluxes and SCC after stimulation with PGE2 a 

Period Incubation Influx Efflux Net flux SCC 
(rain) (n equivalents - rain ~ �9 cm 2) 

0-30 Control 4.05 -+ 0.59 0.57 + 0.21 3.48 -+ 0.62 3.86 -+ 0.52 
30-60 Control 3.53 -+ 0.34 0.53 --_ 0.25 3.00 -+ 0.40 3.48 -+ 0.37 
60-90 PGE2 5.02 - 0.79 2.41 -+ 0.74 2.61 -+ 0.48 6.11 -+ 1.00 b 
90-120 PGE2 3.85 -+ 0.38 2.99 -+ 0.79 0.87 -+ 0.80 5.50 -+ 0.80 c 

120-150 PGE2 + amiloride 1.30 -+ 0.50 3.25 -+ 0.84 -1.95 -+ 1.06 2.08 _+ 0.40 c 
150-180 PGE2 + amiloride 1.49 -+ 0.33 2.90 -+ 0.73 -1.42 -+ 0.81 2.01 +- 0.39 ~ 

a Influx and efflux of 22Na was measured in paired frog skin halves for periods of 30 min. After two 
control periods, 2 /zM PGE2 were added to the inside solution. After another two periods, 0.1 mM 
amiloride was added to the outside solution. Values are mean -+ SE, n = 4. 
b p  < 0.05. 
c p < 0.01; compared with corresponding net flux. 

skins. After a 20-min equilibration period, a 1-ml aliquot was 
withdrawn from the other side and replaced with fresh solution. 
The last procedure was repeated with 30-min intervals through- 
out the experiment, under conditions where the bathing solutions 
were continuously stirred. 

In experiments where the fluxes of Na +, CI-, and K + were 
measured simultaneously, the activity of CI- was separated from 
that of Na § and K + precipitating chloride with 1 M AgN03. After 
centrifugation at 4000 rpm in a table top centrifuge, the superna- 
rant was assayed for 42K+ by Cerenkov counting. 22Na+ activity 
was assayed by liquid scintillation after the decay of 42K+. The 
chloride precipitate was dissolved in 1 ml of 0.5 M NaSCN. After 
centrifugation, the 36C1- activity in the supernatant was counted 
by liquid scintillation. 

WATER FLOW 

SCC and water flow (Jw) were measured simultaneously under 
conditions where the skin was bathed with isotonic Ringer's so- 
lution on both sides. Jw was measured as described by Johnsen 
and Nielsen (1980) by an improved technique which allowed re- 
cordings of Jw with 1-min intervals. In short, the principle is that 
the outside of the skin is pressed against a stainless steel net with 
a pressure of 2 cm H20. The half-chamber (area: 8 cm 2) contain- 
ing 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 adjusted 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. 

DATA ANALYSIS 

The results are expressed as means _+ SE. Student's t-test for 
paired data was used for statistical analysis. A P value of < 0.05 
was considered significant. 

MATERIALS 

PGE2, indomethacin (both dissolved in ethanol), furosemide, 
ouabain, and theophylline were obtained from Sigma; A23187 
from Calbiochem; collagenase (C. histolyticum), and N-2-0-dibu- 
tyryl-cAMP from Boehringer, and diphenylamine-2-carboxylate 
from Merck. 42K+ and 36C1- were obtained from the Danish En- 
ergy Commission, isotope division, Rise and 22Na+ from 
Amersham. 

Results 

Addition of  PGE2 (2//,M) to the basolateral solution 
of  the frog skin resulted in an increase in the SCC 
and in a decrease in net Na  § flux across the skin 
(Table 1). This was due to the Na  § efflux, which 
was enhanced more than the Na § influx. Addition 
of  amiloride (0.1 m s )  to the apical solution of  PGE2- 
treated skins resulted in a decrease in Na  § influx, 
but the PGE2-stimulated Na  + efflux was not af- 
fected, so the transepithelial Na  § flux changed from 
a net inward- to a net outward-directed Na trans- 
port, but SCC did not change direction. 

Thus, an active transport of  other ions besides 
Na  must take place under these conditions. In order 
to identify this ion, the effect of  PGE2 was investi- 
gated in skins where normal inward-directed Na 
transport was inhibited by amiloride. 

EFFECT OF PGE2 IN AMILORIDE-TREATED SKINS 

The time-course of  SCC and transepithelial resis- 
tance is shown in Fig. 1. In four skins addition of 
amiloride resulted in a decrease in SCC from 17.5 - 
2.7 to 0.7 -+ 0.3/.eA/cm 2. Addition of PGE2 resulted 
in a biphasic stimulation of  SCC. The SCC reached 
a maximum level of  6.9 -+ 0 .5 /xA/cm 2 5 to 10 min 
after addition of  PGE2, and a second maximum of 



H.F. Bjerregaard and R. Nielsen: Prostaglandin Ez and Glandular Secretion 11 

? 6 
E 

(.9 
e D . 
O3 

2 �9 

amiL 
4, 

-i 

1}3 20 3'0 4"0 5'0 6'0 7'0 80 

Time (min.} 

i 

i 

i 

O 

re" 

Fig. 1. Time-course of PGE2-induced change in SCC and resis- 
tance in amiloride-treated skin. After addition of 0.1 mM atol- 
l�9 to the apical solution, 2/xM PGE2 was added to the basola- 
teral solution. Transepithelial resistance: ( . . . . . . . .  ) SCC: 
( ) 

J 

10 �9 Cl- 

8 

6" 

4- 

2" 

~- 0 

E 
U 

~ 4  

,-7 

No+ 

T I effLux I 

I / netflux 

/ 

21 ,  

I I 

- .  

3'0 6"0 9"0 1~0 1~0 1~ 
Time (min.) 

6.3 --+ 0.8 /xA/cm 2 was reached after 20 to 30 min. 
The PGE2-stimulated SCC in amiloride-treated skin 
could be maintained for  hours. 

The t ime-course  of  transepithelial resistance 
change was  similar to that  observed  for  SCC (Fig. 
1). Addition of  amiloride increased the resistance 
f rom 2.6 -+ 0.1 to 6.7 -+ 1.0 kf~ cm 2. After  addition 
of  PGE2 the resis tance decreased to 3.1 + 0.8 kl~ 
cm 2 (n = 4). 

Fig. 2. Effect of PGEz on influxes and effluxes of 36C1-, 2ZNa+, 
and 42K+ in amiloride-treated skin. Influx and efflux experiments 
were carried out simultaneously on symmetrically divided skin 
halves and performed as described in Materials and Methods. 0.1 
mM amiloride was added to the apical solution. After three con- 
trol periods of 30 rain, 2/xM PGEB was added to the basolateral 
solution and the fluxes were measured again in three periods of 
30 rain. Values are mean + SE; n = 4. efflux: (x x); netflux; 
(�9 0); influx: (0 O); 

PGE2-STIMULATED CI- ,  K +, AND N a  + EFFLUXES 

In an a t tempt  to identify the ions responsible for the 
PGE2-stimulated SCC, we simultaneously mea- 
sured the net fluxes of  36C1-, 42K+, and 22Na+. Fig- 
ure 2 shows that  addition of  PGE2 (2 IXM) resulted in 
large increases in the effluxes of  Cl- ,  K +, and N a  +, 
whereas  the influxes of  these ions were hardly af- 
fected. Because  of  the large stimulation of  the efflux 
relative to the influx, the net outfluxes of  CI- ,  K +, 
and N a  § increased f rom - 0 . 5  -- 0.4 to 5.6 +- 1.9, 
-0 .03  -+ 0.02 to 0.87 +- 0.29 and - 0 . 3  -+ 0.1 to 2.7 -+ 
1.1 neq �9 min -1 �9 cm -z (n = 4), respectively.  

The SCC was compared  to the total net fluxes 
of  C1-, K +, and N a  + in these exper iments  (Table 2). 
Addition of  PGE2 to amiloride-treated skin resulted 
in an increase in SCC of  2.12 -+ 0.39 neq �9 min H �9 
cm -z. In the same period the total net flux of  CI- ,  
K +, and N a  + was increased by  2.20 -+ 0.62 neq �9 

min -1 �9 cm -2. These  data were  not significantly dif- 
ferent, demonstra t ing that the PGE2-stimulated in- 
crease  in SCC could be accounted  for by the total 
net fluxes of  CI- ,  K § and N a  +. Moreover ,  the 
results show that  the PGE2-stimulated increase in 
SCC in amiloride-treated skins was caused by  an 
increase in the chloride efflux. 

PGE2-STIMULATED S C C  FROM GLANDS 

The PGEz-st imulated C1 secretion could originate 
f rom the glands in the frog skin (as is suggested for 
the fl-adrenergic stimulation of chloride secretion in 
frog skin (Koefoed-Johnsen  et al., 1952; Tomlinson 
& Wood,  1978; Thompson  & Mills, 1983). One way 
to disclose a PGE2-stimulated glandular C1 secre- 
tion is to r emove  the glands f rom the skin. 

The epithelium was separated f rom the dermis 
by  an enzymat ic  procedure .  In histological exami- 
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Table 2. Comparison of  total net  fluxes and SCC after stimulation with PGEz (2/zM) a 

Period Incubation Net  flux Total SCC 
(rain) 

CI- Na + K + 
(n equivalents �9 rain -I �9 c m  -2)  

0-30 Control 0.67 • 0.62 -0 .20  • 0.07 0.03 • 0.04 0.29 • 0.53 0.22 • 0.05 
30-60 Control -0 .27  • 0.14 -0 .26  • 0.05 0.04 • 0.05 -0.01 -+ 0.06 0.19 • 0.02 
60-90 Control -0 .38  -+ 0.32 -0 .32  • 0.09 -0 .02  • 0.02 -0 .04  -+ 0.29 0.16 • 0.03 
90-120 PGE2 4.54 • 1.36 1.90 • 0.88 0.47 • 0.14 2.18 • 0.53 2.52 • 0.53 

120-150 PGE2 4.89 • 1.58 1.98 • 0.87 0.93 • 0.46 1.99 -+ 0.32 2.56 • 0.72 
150-180 PGE2 5.34 • 1.64 2.18 • 1.02 0.83 • 0.23 2.64 • 0.77 2.62 • 0.47 

" Influx and efflux of  36C1- ,  22Na+ and 42K were measured in symmetrically divided amiloride-treated 
skin halves as described in Materials and Methods.  The net outward directed fluxes are indicated as 
positive values. SCC compared to the net  flux was not significantly different in any period. Values are 
mean • SE; n = 5. 

TaMe 3. Effect of  PGEE, theophylline and furosemide on 36C1 , 42K+ and 22Na+ fluxes in amiloride-treated skins ~ 

Incub~ion  
period 
(min) 

PGE2 (2/zM) Theophylline (1 raM) Furosemide (0.5 mM) 

0-30 30-60 60-90 90-120 120-150 150-180 
(neq �9 cm -2 �9 min -1) (neq �9 cm -z �9 rain -1) (neq �9 cm -2 - min 1) 

E F -  8.68 -+ 0.85 (5) 8.20 -+ 0.89 (5) 16.75 -+ 1.46 (7) 17.42 • 1.17 (7) 9.94 -+ 0.50 (7) 4.58 • 0.51 (5) 
36C1- IN-  2.25 • 0.53 (3) 2.37 -+ 0.55 (3) 5.31 • 1.18 (3) 6.16 + 1.01 (3) 4.52 • 0.94 (3) 3.45 _+ 0.32 (3) 

NET 5.26 + 0.51 (3) 4.82 -+ 0.75 (3) 10.06 -+ 0.90 (3) 9.52 -+ 0.81 (3) 4.64 -+ 1.03 (3) 0.92 -+ 0.64 (3) 
E F -  0.70 --- 0.06 (5) 0.65 -+ 0.03 (5) 1.27 + 0.10 (7) 1.18 -+ 0.09 (7) 0.46 -+ 0.08 (7) 0.14 • 0.01 (5) 

42K- IN 0.05 + 0.004 (3) 0.08 - 0.006 (3) 0.10 -+ 0.006 (3) 0.11 -+ 0.011 (3) 0.14 • 0.005 (3) 0.14 • 0.005 (3) 
NET 0.63 • 0.10 (3) 0.55 • 0.06 (3) 1.15 -+ 0.18 (3) 1.03 -+ 0.20 (3) 0.16 • 0.06 (3) -0 .02  • 0.02 (3) 
E F -  3.53 -+ 0.32 (5) 3.28 • 0.31 (5) 8.61 • 0.70 (7) 8.85 -+ 0.84 (7) 4.23 _+ 0.46 (7) 2.71 • 0.48 (5) 

Z2Na- IN-  1.00 • 0.11 (3) 1.15 -+ 0.20 (3) 1.78 • 0.34 (3) 2.25 -+ 0.29 (3) 2.59 • 0.62 (3) 2.18 + 0.44 (3) 
NET 2.63 • 0.46 (3) 2.17 • 0.33 (3) 5.64 • 0.54 (3) 6.12 + 0.64 (3) 1.94 • 0.70 (3) 0.99 + 0.53 (3) 

a After addition of  amiloride (0.1 m M )  to the apical solution, influxes ( I N )  and effluxes (EF-)  of  36C1 , 22Na+ and 42K+ were measured 
separately in paired skin halves as described in Materials and Methods under the conditions indicated in the Table. Values are mean • 
SE. Number  of  experiments  is given in parentheses.  

nation of  epithelia from split frog skin we found, as 
already shown by Thompson and Mills (1981), that 
the separation procedure  had removed the glands, 
leaving only the neck segment of  the gland in the 
epithelium (Fig. 3). 

The first series of  experiments was performed 
to compare  the effect of  PGEz and amiloride on 
epithelia from split skins with those of intact skin 
preparations. Addition of  PGE2 (2/XM) to the baso- 
lateral solution of  epithelia increased the SCC from 
a control  value of  4.22 - 0.20 to 9.71 + 0.50 neq �9 
min -~ �9 cm -z (n = 4), showing that the separating 
procedure  did not change the ability of  the epithe- 
lium to be stimulated by PGE2. Amiloride was then 
added to the apical solution of  the same epithelia 
and the SCC decreased to a level of 0.43 -+ 0.12 neq 
�9 rain -1 �9 cm -2, which is much lower than the SCC 
level in PGE2 and amiloride-treated intact skins, but 
of  the same magnitude as the SCC in control skins 

treated with amiloride (0.64 -+ 0.07 neq �9 min -1 �9 
cm -2, n = 20). 

In another  set of experiments PGE2 was added 
to the basolateral solution of amiloride-treated epi- 
thelia as shown in Fig. 4. The SCC in five amiloride- 
t reated epithelia did not change after addition of 
P G E 2 .  

T h e s e  r e s u l t s  s h o w  t h a t  i n  g l a n d - f r e e  i s o l a t e d  

e p i t h e l i a  P G E 2  w a s  u n a b l e  t o  s t i m u l a t e  S C C  a f t e r  

a m i l o r i d e  t r e a t m e n t ,  in  c o n t r a s t  t o  i n t a c t  s k i n  p r e p -  

a r a t i o n s .  T h i s  i n d i c a t e s  t h a t  t h e  P G E z - i n d u c e d  in -  

c r e a s e  in  S C C  a f t e r  a d d i t i o n  o f  a m i l o r i d e  r e s i d e s  in  

g l a n d s  o f  t h e  f r o g  s k i n .  

E F F E C T  OF SECRETION STIMULATORS 

AND INHIBITORS 

I n  o r d e r  t o  g e t  m o r e  i n f o r m a t i o n  a b o u t  t h e  m e c h a -  

n i s m  b y  w h i c h  P G E 2  s t i m u l a t e s  t h e  S C C  in  a m i -  
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Fig. 3. Light micrographs of frog skin (A) and epithelium from split frog skin (B) fixed with 1% OsO4 during short-circuiting. The 
enzymatic splitting procedure had removed the glands from the skin sections leaving only the duct and the neck segment of the gland in 
the isolated epithelium (B). Light micrographs of methylene blue-stained 1-/z sections. 400x 

loride-treated skins, the effect of PGE2 was investi- 
gated in combination with drugs which are known 
to activate or inhibit glandular secretion. According 
to the model for glandular CI secretion proposed by 
Silva et al. (1977), this secretion could be inhibited 
by the Na-C1 cotransport inhibitor furosemide or 
the Na, K-ATPase inhibitor ouabain. The same au- 
thors have shown that cAMP and the phosphodies- 

terase inhibitor theophylline are able to stimulate 
glandular C1 secretion. 

Table 3 shows the effect of PGE2, theophylline, 
and furosemide on the ion movement in amiloride- 
treated skins. Simultaneous measurements of the 
unidirectional fluxes of chloride, potassium, and so- 
dium show that 1 mM theophylline was able to dou- 
ble the PGE2-stimulated outward-going net fluxes 
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Fig. 4. Effect of PGEz and furosemide on SCC in gland-free 
amiloride-treated epithelia. Amiloride (0.1 mM) was added to the 
apical solution, PGE2 (2 /xM), and furosemide (0.5 raM) to the 
basolateral solution at the time indicated in the Figure 

for all three ions. The ability of theophylline to stim- 
ulate the ion transport and SCC was enhanced when 
the skins were pretreated with PGE2 (Fig. 5). In 
amiloride-treated skins theophylline had only a 
small effect on SCC (an increase of 0.99 -+ 0.27/zA/ 
cm2), whereas addition of theophylline to skins pre- 
treated with amiloride and PGE2 resulted in an in- 
crease of 3.85 --- 0.60/xA/cm 2. On the other hand, 
the effect of PGE2 was strongly enhanced by prior 
addition of theophylline to amiloride-treated skins, 
resulting in a maximum increase in SCC of 16.15 • 
4.26 txA/cm 2, compared to a maximum increase in 
SCC of 6.03 --- 0.46/zA/cm 2 in PGE2-stimulated ami- 
loride-treated skins. These results show that PGE2 
and theophylline have a synergistic effect on the 
SCC in amiloride-treated skins. 

The effect of the diuretic furosemide was moni- 
tored in amiloride-treated skins where the ion trans- 
port was stimulated by PGE2 and theophylline. Ad- 
dition of furosemide (0.5 mM) to the basolateral 
solution nearly abolished the net fluxes of CI-, K +, 
and Na + (Table 3). 

The effect of ouabain on the PGE2-stimulated 
SCC in amiloride-treated skins was tested in two 
sets of experiments, where ouabain (0.1 mM) was 
added to the basolateral solution either before or 
after addition of PGEz. In skins treated with ami- 
loride and ouabain, the PGEz-induced stimulation 
of SCC was nearly abolished, showing an increase 
from 1.0 + 0.2 to 1.5 -+ 0.3/zA/cm 2, n = 3, whereas 
PGE2 increased the SCC in amiloride-treated skins 
from 1.1 + 0.2 to 5.9 • 0.5/~A]cm 2, n = 5. Addition 
of ouabain to these skins resulted in a decrease in 
SCC from 5.9 • 0.5 to 2.1 -+ 0.2/~A/cm 2. 

The effect of exogenous cAMP was examined 
in order to see if cAMP could stimulate the C1 secre- 
tion. Addition of 1 mM dibuturyl-cAMP resulted in 
an increase of 8.8 • 1.24/zA/cm 2, n = 5. This in- 
crease could be inhibited by furosemide as seen in 
Fig. 8. 
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Fig. 5. Effect oftheophylline on the PGE2 response in amiloride- 
treated skin. Two symmetrical amiloride-treated skin halves (A 
and B) were incubated under the conditions noted in the Figure. 
The increase in SCC (A SCC) was calculated as the difference in 
SCC before addition of the agent and the maximum SCC level 
after addition of the agent. Values are mean + SE; n = 4 

Thus the PGE2-induced increase in SCC and C1 
secretion in amiloride-treated skins could be stimu- 
lated by theophylline or exogenous cAMP and in- 
hibited by furosemide or ouabain like the glandular 
C1 secretion in shark rectal gland. Together these 
experiments indicate that the PGE2-induced in- 
crease in SCC in amiloride-treated skins is the 
result of a C1 secretion from the glands in the frog 
skin. 

Diphenylamine-2-carboxylate (DPC) impedes 
the exit of CI- in the thick ascending limb of the 
loop of Henle as well as in the rectal gland of the 
shark (Di Stefano et al., 1985). The effect of DPC on 
the PGE2-stimulated C1 secretion was investigated 
by adding 0.35 mM DPC to the apical solution. The 
net outward-directed fluxes of CI-, K +, and Na + 
were nearly halved by the addition of DPC (Fig. 6). 
The influx of these ions was not affected by DPC. 
These results show that DPC is able to inhibit glan- 
dular C1 secretion of frog skin. 

P G E 2 - S T I M U L A T E D  WATER SECRETION 

The net water movement across the skins was mea- 
sured in order to investigate glandular fluid secre- 
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Fig. 6. Effect of diphenylamine-2-carboxylate 
(DPC) on PGE2-stimulated influxes and 
effluxes of 36C1-, 22Na+ and 42K+ in 
amiloride-treated skin. Influx and efflux 
experiments were performed as described in 
Materials and Methods. 2/zM PGE2 was 
added to the basolateral solution of 
amiloride-treated skin after two control 
periods of 30 min. After two additional 30-min 
periods, DPC (0.35 mM) was added to the 
apical solution, and the fluxes were observed 
for the last two periods 

tion under  conditions which stimulate or inhibit 
glandular ion secretion. 

Figure 7 shows a representat ive  exper iment  in a 
series of  four, where  SCC and net water  flow (Jw) 
were  measured  simultaneously.  Addition of  ami- 
loride to the apical solution decreased the inward- 
directed J~ f rom 0.77 + 0.41 to 0.09 + 0.04/~1 �9 hr -1 
�9 c m  -2. After  20 to 30 min with amiloride the in- 
ward-directed Jw was 0.60 -+ 0.21/zl  �9 hr -1 �9 c m  -2. 

Addition of  PGE2 turned the inward-directed Jw to 
an outward-directed Jw. The PGEz-stimulated out- 
ward-directed J~ was biphasic,  where  the first tran- 
sient increase reached a m ax i m um  of  8.50 -+ 1.61/~1 
�9 hr -1 �9 cm -2, 2 to 5 rain after addition. The second 
max imum of  2.16 -+ 0.49 ~1 �9 hr -1 �9 cm -2 was 
reached after  20 to 30 min of  incubation with PGE2. 

This Jw was stable and could be maintained for 
hours.  The net water  flow could be stimulated fur- 
ther by theophyll ine to a max imum level of  5.51 -+ 
1.04/xl �9 hr -1 �9 cm 2. Addition of  furosemide to the 
PGE2- and theophyll ine-st imulated skins resulted in 
a decrease  in Jw f rom 5.23 +- 0.84 to 0.29 + 0.23/~1 �9 
hr -1 �9 cm -2. Ouabain also inhibited the PGE2 and 
theophyll ine-st imulated Jw in amiloride-treated 
skins to the same degree as furosemide (unpub- 
lished observations). 

The t ime-course  of  the Jr,, change under  these 
different conditions was similar to that observed  for 
SCC (Fig. 7). The change in Jw started 1 to 3 min 
after the change in SCC, indicating that  the glandu- 
lar ion m o v e m e n t  is responsible for the net water  
flow. 
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Fig. 7. PGEz-stimulated SCC and net water flow (Jw) in ami- 
loride-treated skin. SCC and Jw were measured simultaneously 
with isotonic Ringer's on both sides of the skin. Amiloride (0,1 
raM) was added to the apical solution, and PGE2 (2/~M), theophy- 
Uine (1 raM), and furosemide (0.5 mM) to the basolateral solution 
at the time indicated in the Figure 

A23187-STIMULATED C1 AND WATER SECRETION 

We have shown previously that the calcium 
ionophore A23187 increases the prostaglandin E2 
synthesis in frog skin (Nielsen & Bjerregaard, 
1984). 

To test whether or not an A23187-induced PGE2 
synthesis was able to stimulate glandular ion and 
water secretion, we compared the effect of A23187 
in paired amiloride-treated skin halves with or with- 
out previous addition of the prostaglandin synthesis 
inhibitor indomethacin (Fig. 8). 

In four control skins, A23187 induced an in- 
crease in SCC and Jw of 4.94 -+ 0.19/zA/cm 2 and 
5.51 + 1.03/xl �9 hr -1 �9 c m  -2, respectively, whereas 
in the paired indomethacin-treated skins the in- 
crease in SCC and Jw was reduced to 0.48 --+ 0.28 
/zA/cm 2 and 0.28 + 0.24/xl �9 hr -1 �9 cm -2. Indome- 
thacin did not affect the basal or the dibutyryl 
cAMP-stimulated or the furosemide-inhibited glan- 
dular ion and water secretion. 

These results suggest that the calcium 
ionophore A23187 stimulates the glandular ion and 
water secretion via increased prostaglandin synthe- 
sis. Furthermore, this experiment shows that the 
glandular CI secretion is not activated by the Ca 2+ 
ions per se, since the calcium ionophore could not 
activate the glandular secretion in indomethacin- 
treated skins. 

Discussion 

The data presented in this paper show that PGE2 
elicits an increase in SCC in frog skin (Rana escu- 
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Fig. 8. A23187-stimulated SCC and net water flow (Jw) in ami- 
loride-treated skin. ~SCC and Jw were measured simultaneously 
in two symmetrical skin halves (A and B). Amiloride (0.1 mM) 
was added to the apical solution, and A23187 (4 /zM), 10 /z~4 
indomethacin (imc), dibutyryl-cAMP (1 mM), and furosemide 
(0.5 raM) to the basolateral solution at the time indicated in the 
Figure 

lenta) where the sodium absorption is abolished by 
amiloride (Fig. 1). The increase in SCC was due to 
an increase in a net outward-directed flux of CI-, 
K ' ,  and Na-- (Fig. 2). The net C1 secretion ex- 
ceeded the net secretion of K" and Na ' ,  yielding a 
net flux which was equal to the PGE2-stimulated 
SCC (Table 2). 

In order to locate the cell type responsible for 
the PGE2-stimulated CI secretion, gland-free, iso- 
lated epithelia were prepared. The SCC of these 
epithelia could not be stimulated by PGE2 in the 
presence of amiloride (Fig. 4). Thus, the removal of 
the glands and connective tissue from the frog skin 
removes also the ability of PGE2 to induce an active 
outward-directed CI transport, but the Na absorp- 
tion in these epithelia could still be activated by 
PGEz. This indicates that the PGE2-induced in- 
crease in SCC after addition of amiloride resides in 
the glands of the skin. The same method, with 
gland-free epithelial preparations, has been used to 
disclose that the /3-adrenergic stimulation of the 
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SCC in amiloride-treated frog skin is the result of a 
C1 secretion from the glands (Thompson & Mills, 
1981; 1983). Further evidence, showing that the C1 
secretion in frog skin is due to glandular activity has 
been reported by Mills et al., 1985. Experiments 
with electron-microprobe analysis showed that the 
only significant ion change in isoproterenol-stimu- 
lated amiloride-treated skins was an increase in C1- 
and Na + in a group of cells at the ductal pole of the 
acini of the glands. 

According to the model proposed by Silva et al. 
(1977), glandular C1 secretion occurs as follows: C1- 
and Na + enter the glandular cells from the blood 
side through a cotransport mechanism which can be 
blocked by furosemide. The gradient for inward 
movement of Na + and C1- is created by the oua- 
bain-sensitive Na/K pump. Secretory agents are be- 
lieved to increase, directly or via cAMP, the Cl per- 
meability of the apical membrane of the gland cells. 
C1- ions leave the cells to the lumen by passive 
diffusion down a favorable electrochemical gradi- 
ent. The model for glandular C1 secretion in the 
shark rectal gland has been used to explain the C1 
transport in other Cl-secreting systems, such as the 
rabbit descending colon (Heintz et al., 1983), frog 
cornea (Zadunaisky et al., 1980), and canine trachea 
epithelium (Shorofsky et al., 1984). 

Several features of the PGE2-stimulated ion 
transport in amiloride-treated frog skins presented 
in this paper are in agreement with the model for 
glandular C1 secretion. The PGEz-stimulated SCC 
and ion transport could be inhibited by addition of 
furosemide (Fig. 7 and Table 3), ouabain or the C1 
channel inhibitor DPC (Fig. 6). 

The possibility that PGE2 stimulates the C1 se- 
cretion through a cAMP-mediated increase in the 
apical C1 permeability was investigated in experi- 
ments where the effect of the phosphodiesterase in- 
hibitor, theophylline, and PGE2, was compared. In- 
hibition of the decomposition of cAMP by 
theophylline leads to a small increase in the CI se- 
cretion. Addition of PGE2 in the presence of 
theophylline resulted in an increase in C1 secretion 
which was 2 to 3 times higher than the secretion in 
skins only treated with PGE2 (Table 3 and Fig. 5). 
The same effect was seen in experiments where 
theophylline was added to skins pretreated with 
PGE2. Thus, PGE2 and theophylline act synergisti- 
cally, which indicates that PGE2 might stimulate the 
adenylate cyclase and thereby increase the cellular 
cAMP content. In agreement with these results Hall 
et al. (1976) have shown that PGE2 increases the 
cAMP level in frog skin and that this increase in 
cAMP was facilitated by theophylline. Although, in 
this context, one should note that the cAMP con- 
tent was measured in whole skins where different 
cell types are present. The involvement of cAMP as 

a possible second messenger in the initiation of C1 
secretion was further examined by addition of exog- 
enous dibutyryl cAMP to amiloride-treated skin. In 
these experiments dibutyryl cAMP induced an in- 
crease in SCC which could be inhibited by furo- 
semide. Altogether these results suggest that cAMP 
is likely to be involved as second messenger in the 
glandular C1 secretion elicited by PGE2. 

The amphibian antidiuretic hormone, arginine 
vasotocin, which is known to increase the cAMP 
content in isolated frog skin epithelia (Johnsen & 
Nielsen, 1978), could not stimulate the SCC in ami- 
loride-treated skin, whether added before or after 
addition of theophylline (unpublished observa- 
tions). This observation indicates that the adenylate 
cyclase in glands does not have receptors for argi- 
nine vasotocin. 

In addition to the PGEz-stimulated secretion of 
CI-, PGE2 stimulated a secretion of Na + and K + 
from the inside to the outside of the frog skin. In 
PGE2-stimulated amiloride-treated skin the flux ra- 
tio (influx/efflux) for CI-, Na +, and K + was 0.372, 
0.342, and 0.151, respectively. If we assume that 
the gland cells are short-circuited and bathed with 
identical solutions on both side, the deviation of the 
ratio from unity indicates that the secretion of Na 
and K originates from a primary or secondary ac- 
tive transport mechanism like that suggested for C1 
secretion. 

With simultaneous measurement of SCC and 
net water transport in amiloride-treated skin, we 
were able to correlate the PGEz-stimulated glandu- 
lar ion and water secretion. First, PGE2 elicits a 
large transient water flow in the outward direction, 
which could be the result of a glandular discharge 
evoked by a shrinking action of the myoepithelial 
cells around the body of the skin gland. This mecha- 
nism has been proposed to explain the initial PGE1- 
stimulated outward-directed watefflow observed in 
Rana temporaria (Barry et al., 1975). However, in 
their experiments the net water outflow returned 
after a period of 6 to 8 min to an inward-directed 
water flux, associated with a large increase in the 
active Na transport. In our experiment, where the 
Na absorption was abolished by amiloride, the wa- 
ter outflow did not reverse but increased to a new 
steady level which could be maintained for hours. 
The outward-directed water flow could be stimu- 
lated by theophylline or inhibited by furosemide or 
ouabain, and had a time-course similar to the SCC, 
indicating that the PGEz-stimulated ion secretion is 
responsible for the glandular fluid secretion. Under 
steady-state secretion conditions, where Jw was 
2.16/xl �9 hr -1 �9 c m  -2, and the net secretion of CI-, 
Na +, and K + was 500.13 neq �9 hr -l �9 cm -2, thus the 
fluid-secreted was isosmotic (232 mOsm) to the 
Ringer's solution (238 mOsm). Watlington and Huf 
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(1971) have shown that the norepinephrine-stimu- 
lated glandular fluids secretion from the body sur- 
face of living frogs contains C1 , Na +, K +, and 
HCO3, yielding an osmolarity of 180 mOsm. Taking 
into account the different experimental conditions, 
this osmolarity of the glandular fluid secreted is in 
good agreement with our findings. 

The experiments presented here indicate that 
the glandular active transport of CI both drives the 
water secretion and is responsible for the SCC. If 
the glands are perfectly short-circuited, an active 
transport of C1 from the inside to the outside of the 
skin is balanced by uptake and liberation of C1- 
from the Ag/AgCI electrode reactions. Thus, the 
outward-directed active C1 transport is under per- 
fect short-circuited conditions unable to establish 
the ion gradient necessary for the water secretion. 
These considerations led us to propose the follow- 
ing model for glandular ion and water secretion in 
short-circuited frog skin. The glands shift between a 
closed (not short-circuited) and open (short-cir- 
cuited) state. In the closed state, the active trans- 
port of CI from the blood side to the glandular lu- 
men creates a potential across the glandular cells 
which drags Na + and maybe K + from the blood side 
to the glandular lumen. This creates a concentration 
gradient across the glandular cells and drags water 
from the blood side to the glandular lumen. When 
the glandular lumen is filled, the glandular duct 
opens and the content of the glandular lumen is dis- 
charged into the solution bathing the outside of the 
skin. In the open state the glandular cells become 
short-circuited and the active transport of C1 is mea- 
sured as a short-circuit current. When the glandular 
lumen is "empty ,"  the glandular duct becomes 
closed, and the active transport of C1 produces no 
short-circuit current, but creates a new concentra- 
tion gradient across the gland cells. These two ex- 
treme situations (the closed and the open state of 
the glands) are described in order to elucidate the 
rationale behind the model. When the chloride se- 
cretion is activated it is conceivable that the glands 
are in a sort of intermediate state where the cells are 
not ideal short-circuited. In this situation the active 
transport of chloride creates a negative potential 
(relative to the bathing solutions) in the lumen of the 
glands. In order to preserve electroneutrality in the 
glandular lumen sodium would diffuse both from 
the apical and basolateral solution into the glandular 
lumen. The increased solute content drags water 
into the lumen, mainly from the basolateral side be- 
cause the glandular cells are bathed in this solution. 
The increased amount of the solution in the glandu- 
lar lumen, is via the glandular duct secreted into the 
apical solution. 

In frog skin the prostaglandin synthesis can be 
stimulated by agents that modulate the cellular Ca 2+ 
metabolism. We have previously shown that the 
calmodulin antagonist, trifluoperazine, stimulates 
the PGE2 synthesis by a CaZ+-dependent process 
(Bjerregaard & Nielsen, 1986b). The calcium 
ionophore A23187 stimulates also the prostaglandin 
synthesis in frog skin (Erlij et al., 1981; 1986; Niel- 
sen & Bjerregaard, 1984). This ability of A23187 
was used in order to investigate whether the 
ionophore could stimulate the glandular C1 and wa- 
ter secretion in amiloride-treated skin via an in- 
crease in the prostaglandin synthesis. As shown in 
Fig. 8, A23187 was able to stimulate both CI and 
water secretion. This secretion could be blocked by 
previous addition of the prostaglandin synthesis in- 
hibitor indomethacin, indicating that the A23187- 
induced increase in PGEz synthesis was responsible 
for the glandular C1 and water secretion. The secre- 
tory functions of both endocrine and exocrine gland 
cells (Petersen & Maruyama, 1984) and C1- secret- 
ing epithelia like rat colon (Cuthbert, 1985) have 
been shown to be activated by a rise in intracellular 
Ca 2+ levels. Frizzell (1977) reported that A23187 in- 
creases the C1- secretion by a CaZ+-dependent 
mechanism in rabbit colon. In this study we have 
provided evidence for a mechanism where A23187 
does not directly stimulate the glandular CI secre- 
tion via an increase in the intracellular Ca 2+ concen- 
tration, since A23187 could not stimulate the CI se- 
cretion in skin where the prostaglandin synthesis 
was inhibited. The inability of A23187 to stimulate 
CI secretion in this situation was not due to an inhi- 
bition of the secretion by indomethacin, since addi- 
tion of dibutyryl cAMP increased the CI secretion 
to the same level in control as in indomethacin- 
treated skin. A possible model for these events con- 
sistent with our data is: addition of A23187 in- 
creases the intracellular Ca 2+ concentration. The 
increase in intracellular Ca 2+ concentration acti- 
vates a phospholipase, resulting in a release of 
arachidonic acid, which is then converted to pro- 
staglandins via the indomethacin-sensitive cy- 
clooxygenase pathway (Feinstein & Sha'afi, 1983). 
The increased production of prostaglandins resulted 
in a stimulation of the C1 secretion, probably by an 
increase in the cellular cAMP content. A similar 
mechanism has been proposed for the A23187-in- 
duced increase in C1 secretion in stripped rabbit co- 
Ionic mucosa (Smith & McCabe, 1984). 

In summary, we find that PGE2 stimulates a se- 
cretion of CI-, Na +, K +, and fluid in amiloride- 
treated frog skin. The secretion resides in the skin 
glands. Theophylline enhanced the PGE2-stimu- 
lated ion secretion, indicating that the effect of 
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PGE2 was mediated by cAMP. Experiments with 
the calcium ionophore A23187 showed that its stim- 
ulation of the ion and fluid secretion is not a result 
of Ca z+ per se, but is due to an increase in the pro- 
duction of prostaglandins. 

This work was supported by the NOVO Foundation, Denmark. 
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