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Summary. Addition of noradrenaline (4 x 10-SM)to the inner bathing fluid in the 
skin of the frog Rana esculenta results in increased unidirectional fluxes of urea, thiourea, 
N-methyl-thiourea, N-N'-dimethylthiourea and mannitol. Fluxes towards the external me- 
dium (~o) undergo a much greater increase than those moving in the opposite direction 
(~). The effect of noradrenaline on ~b o is higher for urea and thiourea than mannitol, 
while its effect on ~o thiourea derivatives is related to lipid solubility. This phenomenon 
does not occur for q5 i of the same molecules. 

FCCP (10 .6 M) pretreatment strongly inhibits the noradrenaline effect on ~Po. In skin 
pretreated whith colchicine (2 x 10- s M) both urea fluxes are increased to the same extent 
by noradrenaline. Noradrenaline is concluded to exert two separate effects: (1) a change 
in permeability in both directions; (2) a secretion of nonelectrolytes towards the external 
fluid. Such secretion is most probably associated with the hormone-induced secretion of 
fluid and electrolytes, perhaps mediated by an exocytotic mechanism. 

Key words: noradrenaline, frog skin, secretion, microtubules, colchicine. 

N o r a d r e n a l i n e  is well k n o w n  to p r o d u c e  var ia t ions  in a m p h i b i a n  

skin potent ia l .  The  electrical  response  to no rad ren a l i n e  consists  o f  initial 

depo la r i za t ion  fol lowed by  hype rpo l a r i za t i on  [6]. House  [6] suggests tha t  

ionic m o v e m e n t  t h r o u g h  a t rans ient  shunt  p a t h w a y  in the skin glands 

m a y  a c c oun t  for  this electrical  response.  

F u r t h e r m o r e ,  it has  also been well es tabl ished tha t  exposure  to cate- 

cho lamines  s t imulates  e lect rolyte  and  p ro te in  loss f r o m  the skin of  Rana 

pipiens [4], and  g lycopro te in  and  p ro te in  secret ion f r o m  pa ro t id  glands 

in m o u s e  [12], r abb i t  [5] and  rat  [1]. 

A mode l  for  the b iochemica l  events occur r ing  dur ing  secret ion has 

been  given by Rasmussen  [8]. In this model ,  the first messenger ,  an 

externa l  s t imulus specific for  the pa r t i cu la r  cell type,  in teracts  with mem-  

b r a n e - b o u n d  adenyl-cyclase  to resul t  in increased cyclic A M P  synthesis  

wi thin  the cell. The  increased concen t r a t i on  o f  cyclic A M P  acts as a 
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second  in t race l lu la r  messenger ,  ac t iva t ing  one  or m o r e  processes  or  en- 

zymes ,  wi th  the s u b s e q u e n t  set t ing up  o f  a m i c r o t u b u l e  system.  T h e  

secre t ion  p r o d u c t s  are  p a c k e d  in to  vesicles b o u n d  to the  m i c r o t u b u l e  

system.  S t i m u l a t i o n  resul ts  in m i g r a t i o n  of  c o m p l e x  mic ro tubu le -ves i c l e s  

to  the  cell surface.  C o n t a c t  be tween  vesicle a n d  p l a s m a  m e m b r a n e s  leads 

to fus ion  wi th  s u b s e q u e n t  d i scharge  o f  ves icular  con ten t .  

P r e l i m i n a r y  o b s e r v a t i o n s  s howed  n o r a d r e n a l i n e  t r e a t m e n t  o f  f rog  skin 

to  resul t  in inc reased  p e r m e a b i l i t y  [9]. 

This  work ,  therefore ,  deals wi th  the effect of  n o r a d r e n a l i n e  on  non-  

e lect rolyte  p e r m e a b i l i t y  t h r o u g h  the frog skin, wi th  inves t iga t ion  m a d e  

of  the n a t u r e  o f  f rog  skin r e sponse  to  the h o r m o n e  as well. 

Materials and Methods 

The biological "membrane" used was the isolated ventral skin of Rana esculenta. 
The incubation medium was Ringer's solution for amphibians (NaC1, 110 raM; KC1, 2 raM; 
CaC12, 2.5 mM buffered with NazHPO4; 3.7 raM; NaH/PO4 1.7 raM) containing differing 
amounts of unlabelled test molecule. 

The outfluxes (~bo) and influxes (cbi) were measured using the two symmetrical halves 
of the same skin in order to minimize variations among individuals. Each "membrane" 
was mounted between two lucite chambers containing 7 ml of incubation fluid and gassed 
with air at 22 + 2 ~ the exposed area was of 2 cm 2. Measurement was carried out in 
the absence of concentration gradient. The skins were not short-circuited. 

The labelled molecules (final activity 1 pCi/ml) were added to one of the two compart- 
ments, and once steady-state conditions were reached after 2 hr, samples were withdrawn 
every hour at least twice from the opposite compartment. Noradrenaline was then added 
to the inner compartment and other samples withdrawn at least three times. Noradrenaline 
concentration for all experiments, with the exception of those reported in Table 2, was 
4 x 10- s g. Colchicine experiments were carried out by adding 2 x 10- 5 M of colchicine 
to the inner bathing solution either 4 hr before beginning the experiment or after equilibra- 
tion time. 

FCCP (p-trifluoromethoxy-carboxylcyanidephenil-hydrazone) experiments were carried 
out by adding FCCP 10-6M to the bathing solutions at the onset of the experiments. 

Radioactivity count was made with a liquid scintillation spectrometer (Packard Tri-arb 
3320), with transepithelial fluxes calculated as well. 

Results 

T a b l e  1 shows the  effect  o f  n o r a d r e n a l i n e  on  the un id i rec t iona l  f luxes 

o f  ce r ta in  none lec t ro ly t e s  t h r o u g h  the skin of  Rana esculenta. 

A d d i t i o n  o f  the  h o r m o n e  resul ts  in an increase  o f  b o t h  fluxes. F luxes  

t o w a r d s  the ex te rna l  m e d i u m  (~o) u n d e r g o  a m u c h  grea te r  increase  t h a n  

those  t o w a r d s  the in te rna l  m e d i u m  (cbi). The  effect  o f  n o r a d r e n a l i n e  

on  ou t f luxes  is re la ted  to m o l e c u l a r  weight  a n d  l ipid solubi l i ty  o f  the  
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Table 1. Effect of noradrenaline on both fluxes of some nonelectrolytes across frog skin 

Tested molecule n ~c cb N A 

Urea 4 q~o 13.2_+ 1.0 42.5+ 5.4 29.2_+4.6 
~i 16.8_+ 3.6 32.1+ 3.0 15.3+_1.6 

Thiourea 7 ~o 21.0_+ 1.6 61.0_+ 6.0 40.0_+5.1 
~b i 19.8-+ 2.6 36.1_+ 7.0 14.8-+4.8 

N-Methyl-thiourea 5 ~b o 45.8+-15.1 99.6-+18.4 53.9-+4.6 
~b~ 42.1_+ 5.5 63.2_+ 6.9 21.0+6.5 

N-N'-Dimethylthiourea 5 q~o 162.8_+ 13.6 239.4_+ 1 3 . 5  76.6_+9.5 
q~i 144.4_+18.5 166.5_+17.6 22.1_+9.6 

Mannitol 8 ~o 4.5+ 0.8 9.2-+ 1.3 4.4-+0.8 
~b i 3.6-+ 0.4 5.4_+ 0.5 1.8_+0.4 

Control fluxes (~c) were measured after the equilibration period. 4 x 10-5 M noradrenaline 
was then added to the inner bathing solution and new flux measurements (q~N) performed. 
A = (b N -  q~c. The concentration of all tested molecules was 1 mu/liter: ~o = flux towards 
the external medium and ~i=flux towards the internal medium expressed in 
nmole x 10-1 cm- 2 hr-  1. Values are mean_+ SE. n =number of experiments. 

Table 2. Effect of differing noradrenaline concentrations on thiourea (1 mM/liter) outfluxes 
across the skin of Rana esculenta 

Experimental conditions n cb c ~N A 

Noradrenaline 4 ~o 26.5_+2.3 58.0_+6.0 31.5_+4.2 
4 . 1 0 - 6 M  

Noradrenaline 4 ~b o 23.6 _+ 1.5 63.3 _+ 5.7 39.7 +__6.5 
4 .10 -~M 

Noradrenaline 4 4~ o 21.9_+ 1.6 57.2_+4.2 35.4_+2.7 
4 . 1 0 - 4 M  

Control fluxes (~b c) were measured after the equilibration period. 4 x 10-6 M, 4 x 1 0 - 5 ~  
4 x 10-4M noradrenaline, respectively, were added to the inner bathing solution and new 
flux measurements (~N) performed. A =~b N -  ~b c. ~o--flux towards the external medium 
is expressed in nmole x 10 1 cm-2 h-1. Values are mean +_ SE. n = number of experiments. 

t e s t e d  m o l e c u l e s .  I t  is a c t u a l l y  h i g h e r  for  u r e a  a n d  t h i o u r e a  t h a n  fo r  

m a n n i t o l  a n d  f o r  m e t h y l a t e d  t h i o u r e a  d e r i v a t i v e s  t h a n  f o r  t h i o u r e a .  T a -  

b l e  2 s h o w s  t h e  r e s p o n s e  o f  t h i o u r e a  o u t f l u x e s  to  t h e  h o r m o n e  t o  be  

t h e  s a m e  a t  a l l  n o r a d r e n a l i n e  c o n c e n t r a t i o n s  t e s t e d :  4 x 1 0 - 6 M ,  

4 x 1 0 - 5  M, 4 x 10 . 4  M. F ig .  1 i n d i c a t e s  a l i n e a r  r e l a t i o n s h i p  b e t w e e n  u r e a  

c o n c e n t r a t i o n  a n d  i n c r e a s e d  u r e a  f l uxes  u n d e r  n o r a d r e n a l i n e  t r e a t m e n t .  

M o r e o v e r ,  i n c r e a s e  is g r e a t e r  f o r  o u t f l u x  t h a n  f o r  in f lux .  T h e  t h i o u r e a  
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Fig. 1. Effect of noradrenaline on urea fluxes at different urea concentrations. Each point 
represent the mean of nine experiments + SE. qSoN-- ~c and ~ f -  4 ~c are the differences between 
outfluxes (~o N) or influxes (4~f) after noradrenaline treatment and control outfluxes (~o c) 

or influxes ( ~ .  Regression lines obtained by the least squares method 

pattern differs from that of  urea (Fig. 2). In fact, the noradrenaline 
elicited flux increase is not a linear function of  molecule concentrat ion;  
rather at high thiourea concentrations, the hormone effect tends to 

decrease. 
Table 3 shows a marked decrease in the effect of  noradrenaline on 

both  urea fluxes in the presence of  thiourea 110 mN as compared to 

that found without  thiourea (Table 1). 
The residual hormonal  effect is virtually the same on both  urea fluxes. 

Thus, high thiourea concentrations seem to affect the response mecha- 

nism of frog skin to noradrenaline. However,  this effect cannot  be due 
to simple disruption of  skin architecture brought  on by the increased 
osmolari ty of  the bathing fluids because: (a) ~c  of  urea in the presence 
of 110 mM thiourea (Table 3), do not differ from the q Sc reported in 
Table 1 without t reatment;  (b) ~o/[thiourea] and ~//[thiourea] (thiourea 
concentrat ion 110 mM, s e e  Fig. 2), are virtually equal to that reported 
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Table 3. Effect of high thiourea concentration on the response of both urea (1 mM/liter) 
fluxes to noradrenaline across frog skin 

Tested molecule n ~c ~N A 

Urea 6 ~o 19.4• 24.7• 5.3• 
�9 ~ 16.3• 20.2• 3.9• 

Thiourea 110 raM/liter was added to both inner and outer medium at the onset of experi- 
ments. Control fluxes (4~ c) measured at the end of the equilibration period. 4 x 10- s M 
noradrenaline then added to the inner solution and new flux measurements (~N) performed. 
A=c~N--~ c. qSo=flux towards the external medium, and 05~--flax towards the internal 
medium expressed in nmole x 10-1 cm- z hr- 1. Values are mean• n=number  of experi- 
ments. 

Table 4. Effect of noradrenaline on thiourea fluxes in media of different osmolarity 

Experimental conditions n 45c q5 N A 

A 6 ~o 24.4• 29.9• 5.5• 
~i 25.4• 29.3• 3.8• 

B 5 ~o 24.2• 26.9• 2.6• 
~i 23.9• 25.2• 1.3• 

Thiourea 110 mM/liter was added to both inner and outer medium at the onset of experi- 
ments. In A the bathing fluids were Ringer's solution plus thiourea ll0mM, in B total 
osmolarity of Ringer's solution was unchanged (110 mM thiourea substituted for 55 mM 
NaC1). Control fluxes (~c) measured at the end of the equilibration period. 4 x 10-5 M 
noradrenaline then added to the inner solution and new flux measurements (~b N) performed. 
A=cI'N--~b c. ~bo=flux towards the external medium and ~ = f l u x  towards the internal 
medium expressed in nmole x 10 -1 cm -2 br-1/[thiourea]. Values are mean +_s~. n =number 
of experiments. 

Table 5. Effect of colchicine on the response of both urea (1 mM/liter) fluxes to noradrenaline 
across frog skin [preincubation time with colchicine = 4 hr (A) and without preincubation (B) 

Tested molecule n ~c ~N A 

Urea (A) 4 ~o 10.5• 32.8• 
~i 8.4• 29.2• 

(B) 5 ~o 13.2• 40.6• 
~i 12.5• 29.3• 

22.3• 
20.7• 

27.4• 
16.9• 

2x 10-SM colchicine was added to the inner bathing solution before (A) or after (B), 
the equilibration period, after which control fluxes (~c) were measured, 4 x 10 -5 M noradre- 
naline was then added to the inner solution and new flux measurements (~/~) were taken. 
A=~bu-~b c. ~o=flux towards the external medium, and cbi=flux towards the internal 
medium are expressed in nmole x 10 -1 cm -z hr -1. Values are mean• n=number  of 
experiments. 
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Table 6. Effect of FCCP (p-Trifluoromethoxy-carboxylcyanidephenyl-hydrazone) on the 
response of thiourea (1 mM/liter) outfluxes to noradrenaline across frog skin" 

Tested molecule n (b c ~b N A 

Thiourea 5 (b o 48.9+4.7 b 57.3+2.0 13.3+1.1 

a 1 0 - 6 M  FCCP was added to the bathing solution at the onset of experiments. Control 
fluxes ((b c) were measured after equilibration period. 4 x 10- 5 M noradranaline was then 
added to the inner side and new flux measurements (~N) were performed. A =q~N_q~c. 
(bo = flux towards the external medium is expressed in nmole x 10-1 cm- z hr- 1. n = number 
of experiments. Values are mean +_ SE. 
b The higher control thiourea 1 raM/liter outflux compared to that reported in Table 1, 
was due to a seasonal variability. 

aM 10-4 cm -2 
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Fig. 3. Urea 1 m~ outfluxes across frog skin in the presence (B) and absence (A) of colchicine 
2 x 10-5 M. Number of experiments: group A, n = 7; group B, n = 6 

in T a b l e  1 as 4~c; (c) the n o r a d r e n a l i n e  effect  on  t h iou rea  110 mM fluxes, 

in m e d i a  wi th  u n c h a n g e d  to ta l  o smo la r i t y ,  is equa l  to tha t  f o u n d  at  

h igher  o s m o l a r i t y  (Table  4). 

Colch ic ine  is well k n o w n  to exert  d i s rup t ive  effects on the mic ro -  

tubules  invo lved  in the cel lular  ac t ion  of such  h o r m o n e s  as vasopress in  

wi th in  the cells [10]. 

T a b l e  5 shows the effect of n o r a d r e n a l i n e  on u rea  fluxes to  be s y m m e -  

trical in skin p r e i n c u b a t e d  with colchicine.  F u r t h e r m o r e ,  the effect is 

ve ry  s imilar  to tha t  f ound  for  influxes in the absence  of colchicine (Ta-  

ble 1). In  o the r  words ,  colchic ine  m a y  decrease  the  r e sponse  o f  ou t f luxes  

bu t  has  no  effect  on n o r a d r e n a l i n e  elicited inf lux increase.  Colch ic ine  

a d d e d  i m m e d i a t e l y  a f te r  the equ i l ib ra t ion  per iod ,  (i.e., w i t h o u t  pre-  

i ncuba t ion )  (Table  5), fails to inf luence the n o r a d r e n a l i n e  effect  pre-  

v ious ly  r e p o r t e d  (Table  1). D e c r e a s e d  h o r m o n e  effect  on t h iou rea  
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outfluxes results when the frog skin is preincubated with 10-6M FCCP 
(Table 6). Indeed, the increased outflux results are very similar to 
that of influxes without FCCP (Table 1). The effects of colchicine 
and FCCP are not due to tissue damage. In fact, as reported in Fig. 3, 
colchicine treatment for 7 hr does not increase urea 1 m u  fluxes. Not 
even FCCP increases skin permeability [9]. Therefore in our experimental 
conditions, these drugs do not elicit the formation of any leak pathway. 

Discussion 

The present study was undertaken in order to investigate the effect 
of noradrenaline on nonelectrolyte permeability in frog skin. 

Unidirectional nonelectrolyte fluxes with different molecular weight 
and lipid solubility appear to increase after noradrenaline stimulation 
(Table 1). The greater effect on the outfluxes as compared to influxes 
could be accounted for by the existence of a secretory phenomenon.  
Indeed, this view is in agreement with the data of Campbell and Huf  
[4] and House [6]. In fact, it has been reported that in amphibian skin 
catecholamines produce an increase in active sodium influx and chloride 
outflux acting both on epithelial and gland cells. Therefore, a possible 
explanation for our results (Table 1) could be that noradrenaline elicits 
a secretory phenomenon towards the external medium responsible for 
increased outflux. The behavior of methylated thiourea derivatives is 
in agreement with this hypothesis. In fact, it can be assumed that there 
is a larger cellular pool available for the secretion by increasing lipid 
solubility. In accordance with this view, a lower outflux enhancement 
was found for mannitol, a hydrophilic molecule with a higher molecular 
weight. 

In agreement with the view that noradrenaline elicits a secretory 
phenomenon in frog skin epithelium, increased influx can be accounted 
for by the incorporation of secretion granule membrane into the apical 
membrane of the gland cells [1]. This incorporation may, in turn, be 
responsible for the change in membrane surface and thus for the rate 
of nonelectrolyte permeation across it. However, hormone effect on in- 
fluxes is quite similar for thiourea and its methylated derivatives, i.e., 
unrelated to lipid solubility. A close correlation between lipid solubility 
and influx enhancement following noradrenaline is to be expected if 
the effect on influx is due to an incorporation of secretion granule mem- 
brane into gland cell membrane. Therefore, this hypothesis may be ruled 
out, with the suggestion that hormone treatment has two different effects : 
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(a) symmetrical increase of permeability unrelated to the lipid solubility 
of test molecules; and (b) asymmetrical transport towards external me- 
dium related to the lipid solubility of nonelectrolytes. 

The fact that, during the hormone action, the unstirred layers do 
not  play a significant role in the differing increase of both fluxes must 
be also considered. Indeed, this factor is known to be virtually nonexistent 
in frog skin for such molecules as amides [11]. On the other hand, 
previously reported effects of noradrenaline on urea fluxes were not 
modified by vigorously stirring the bathing fluids (M. Svelto, unpublished 
results). 

The linear relationship between flux increase after noradrenaline and 
urea concentration (Fig. 1), is in agreement with the hypothesis that 
noradrenaline can elicit a "secretory" phenomenon in frog skin. In 
fact increasing the cellular pool available for secretion results in a linear 
increase of the hormone effect on outfluxes. Moreover, a linear function 
between increased influx and molecular concentration is to be expected 
for a change in membrane permeability in gland and/or epithelial cells. 
A different pattern is shown by thiourea (Fig. 2). In fact, at high thiourea 
concentrations a lower and almost symmetrical increase of both fluxes 
occurs. This could resemble an inhibitory phenomenon of some specific 
mechanism. However, thiourea derivatives are known to behave as meta- 
bolic inhibitors [2], a phenomenon which may, in turn, be responsible 
for the behavior shown by the noradrenaline effect at high thiourea 
concentrations. In order to test this hypothesis, study has been made 
of the hormone effect on urea 1 mM fluxes in the presence of 110 mM 
thiourea. Under the above mentioned conditions, noradrenaline fails 
to increase urea fluxes to the same extent previously detected (Table 1). 
It seems most likely, therefore, that thiourea transport does not display 
a true saturation mechanism. We may thus conclude that noradrenaline- 
elicited nonelectrolyte secretion is not complicated by any type of interac- 
tion between test and "carr ier"  molecules. Microtubules have been 
reported to form the structural element along which secretory granule 
movement  takes place [10]; they are also intimately involved in granule 
motion. In either case, the alteration of microtubular structure would 
disrupt the structural fromework of the system and lead to granule migra- 
tion inhibition. 

Colchicine, which exerts a disruptive effect on microtubules interacting 
with microtubule protein [12-13], has been widely used as a tool for 
investigation of the role of microtubules in cell function. In order to 
test whether microtubules are involved in noradrenaline-induced nonelec- 
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trolyte "secret ion",  experiments on frog skin (Table 5) were carried 
out. It is noteworthy that both urea unidirectional fluxes are increased 
to the same extent by the hormone,  after 4 hr of colchicine preincubation. 
This increase is quite similar to that found for urea influxes in the 
absence of colchicine (Table 1). 

These experiments support the idea that microtubules play a role 
in the action of noradrenaline on nonelectrolyte "secret ion".  

On the other hand, the fact that influx increase is not modified 

by colchicine preincubation strongly suggests that the nature of hormonal  
effect on influxes is completely different from that found for the "secre- 
to ry"  phenomenon.  

Moreover, the effect of colchicine cannot be due to interaction with 
the noradrenaline receptor. In fact, colchicine added just after the equili- 
bration times was found to be incapable of exerting an inhibitory effect. 
It is well known that colchicine binding to the tubulin extracted in 
porcine brain approaches the maximum value in about 4 hr. This time 
span seems similar to that required to obtain colchicine inhibition of 
the response to noradrenaline (Table 5). 

Since the energy supply could be a limiting factor for a secretory 
process [3], the frog skin was incubated in Ringer's solution containing 
FCCP 10 -6 M. The presence of metabolic uncoupler (Table 6), strongly 
inhibits the noradrenaline effect on thiourea outfluxes. In fact, outfluxes 
decrease to the same value reported in Table 1 for influxes. 

These results, therefore, give further evidence that the higher effect 
of noradrenaline on the outfluxes might be due to a secretory process. 
This secretory process may be an epiphenomenon of the hormone-elicited 
secretion of fluid and electrolytes. 

Two considerations support this view: 
(1) No specificity is exhibited by nonelectrolyte "secre t ion";  in fact, 

all the molecules tested in the present work show asymmetrical transport  
under noradrenaline treatment. 

(2) None of the nonelectrolytes tested exhibit a true saturation kinetic 
under noradrenaline treatment. 

On the other hand, the hypothesis that noradrenaline induces an 
olocryne nonelectrolyte secretion may be ruled out. In fact, this process 
might result in loss of tissue selectivity as regarding nonelectrolyte per- 
meability. However, if the ratio q'o urea/go mannitol, is taken as a tool 
for skin selectivity, no reduction is found after noradrenaline treatment. 

Finally the secretion cannot be due to a drag effect exerted by water 
bulk flow through water-filled pores since the extent of nonelectrolyte 
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secre t ion is re la ted  to  lipid solubili ty.  Thus  exocytos is  m a y  be seen as 

respons ib le  for  the hormone-e l i c i t ed  a symmet r i ca l  none lec t ro ly te  t rans-  

por t .  Acco rd ing  to  this hypothes i s  the extent  o f  none lec t ro ly te  " sec re -  

t i o n "  shou ld  be re la ted  to the p e r m e a t i o n  rate  o f  these molecules  t h r o u g h  

two m e mbra ne s "  (a) the p lasma m e m b r a n e  o f  secre tory  cells; and  (b) 

the m e m b r a n e  o f  in t racel lu lar  vesicles p r io r  to the exocy to t i c  process.  

Certain preliminary results of this work have been presented at the 5th International 
Biophysic Congress, Copenhagen, 1975. 
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