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Summary. Paired toad urinary bladders were prepared 
without or with an osmotic gradient (175mosM) 
across them, stimulated for 2.5 (n=6),  5 (n=6), 30 
(n=6) or 60 (n=6) min with ADH (20 mU/ml), 
and studied by freeze-fracture electron microscopy. 
Water permeability at these times was assessed in 
additional bladders (n=6 for each case) after tissue 
fixation according to the technique of Eggena. After 
both 60 and 30 min of ADH stimulation, the presence 
of a gradient compared with the absence of one was 
associated with fewer aggregates (242 + 35 vs. 382-+ 14 
x235gm -2 at 60min, P<0.01;  279+36vs. 470_+51 
x235la m-2 at 30rain, P<0.01) and lower water 

permeability(8.4 • 1.1 vs. 18.8 _+ 1.8 lag x rain- 1 • cm- 
• mosM- 1 at60min, P < 0.005 ; 9.2 _+ 1.0 vs. 22.0 _+ 2.1 lag 
xmin  -~ x c m - / x m o s g  -1 at 30min, P<0.001). In 

addition, with a gradient both maximum water per- 
meability and maximum aggregate frequency were 
reached nearly together; a similar correspondence 
occurred without a gradient. We conclude that in 
the presence of an osmotic gradient both the ADH- 
associated aggregates and the water permeability 
response to ADH are prevented from reaching the 
higher levels observed in bladders not exposed to a 
gradient. 

Key words: Antidiuretic hormone; water permeabil- 
ity; toad urinary bladder; Bufo  rnarinus; membrane 
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Freeze-fracture electron microscopy has been used 
to demonstrate that vasopressin (ADH) stimulation 
of toad bladder is accompanied by the appearance 
of intramembranous particle aggregates on the proto- 
plasmic (P) fracture face of granular cell luminal 
membrane [2, 3, 10, 11]. Selective inhibition or en- 
hancement of ADH-induced water flow results in a 

decrease or increase, respectively, in aggregate fre- 
quency and/or cumulative aggregate area [9, 11, 12]; 
therefore, it has been suggested that this morphologic 
change is specifically related to the ADH-induced in- 
crease in transbladder water permeability. Moreover, 
it has been further postulated that t h e  aggregation 
response may be a marker for luminal membrane 
permeability [8]. In light of the postulated specificity 
of particle aggregation as a marker for transbladder 
water permeability, the following observations would 
appear to require additional clarification: (i) trans- 
bladder osmotic water flow with a constant osmotic 
gradient has been reported to reach a maximum 5 min 
after the maximum aggregation response has been 
reached [4]; and (ii) as compared to the absence of 
an osmotic gradient, the presence of an osmotic gra- 
dient is known to inhibit the ADH-induced increase 
in water permeability [6]; however, an osmotic gra- 
dient has been reported to have no effect on the aggre- 
gation response [4]. The purpose of the present experi- 
ments is to re-examine these two observations. In 
contrast to previous studies [1, 4, 5, 8-11], we used 
the fixed-sac method of Eggena [6] to assess ADH- 
associated increases in osmotic water permeability be- 
cause this approach allows for the measurement of 
both fixed water permeability, and nonosmotic gra- 
dient-associated water permeability. 

Materials and Methods 

Urinary hemibladders from double pithed Dominican toads (Bufo 
marinus) were prepared as sacs on the end of  glass tubes. After 
they were washed inside (mucosal surface) and out (serosal surface) 
with Ringer solution ( l l l  mM NaC1, 3.5mM KCI, 2.5mM 
NaHCO3, and 1.0mM CaC12; pH 7.6-8.2; 220mosM/kg HaO), 
they were suspended in an aerated Ringer bath and their mucosal 
volumes were replaced with an amount of Ringer solution sufficient 
to fill the bladders to capacity. During a 30-min equilibration 
period transbladder electrical potential was measured with calomel 
electrodes and a Keithley electrometer (610 C). If the potential 
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Fig. 1. Osmotic water permeability in glutaraldehyde-fixed, paired 
bladders after various periods of ADH exposure with and without 
a gradient. In each group n=6.  Means • are shown. Asterisk 
indicates that difference between paired means is statistically signi- 
ficant at a probability level < 0.05 

600 

500 

z 400 

ua? I 
m E 
u. a. 3oo. 
%- to 
~I o4 

I 0 0  

I n No Grad/ent 

Gradient 

.t_ 
i 

- I_  

2 5 5 [ 0 30 60 

TIME 

(minutes) 

Fig, 2. Aggregate frequency in paired bladders after various periods 
of ADH exposure with and without a gradient. In each group 
n=6.  Means _+SEN shown. Asterisk indicates that difference be- 
tween paired means is statistically significant at a probability level 
<0.05 

Table 1. Time course study of the effect of osmotic gradient on 
the ADH-induced aggregation response, cumulative aggregate area 

Time Cmnulative aggregate area 
(rain) (l~m 2 x 235 gm- 2 cell membrane) 

Gradient No gradient P value for A 
(175 mosM) (gradient-no gradient) 

2.5 0.5• 0.6• NS 
5 2.1• 1.8• NS 

10 1.7+0.2 1.8• NS 
30 1.7• 3.2• P<0.02 
60 1.2• 2.3• P<0.01 

Values are means +SEM (n=6). 

across either hem• of a pair was less than 20 mV, the experi- 
ment was terminated; otherwise an experimental period began. 
Bladder pairs were exposed to a serosal ADH (Pitressin, Parke- 
Davis) concentration of 20 mU/ml for either 2.5 (n = 12), 5 (n = 12), 
10 (n= 12), 30 (n~ 12) or 60 (n= 12) rain. Five min prior to stimula- 
tion with ADH, the mucosal contents of bladders comprising a 
pair were replaced either with Ringer solution diluted l :5  with 
distilled water or with full strength Ringer. For morphologic 
studies half of the bladder pairs for each time period (n = 6) were 
simultaneously fixed from mucosal and serosal surfaces with 2.5% 
glutaraldehyde in 0.1 u cacodylate buffer (pH 7.4) for 15 rain, and 
then stored at 4 ~ for two to four weeks in vials containing 
0.1 i cacodylate buffer. Freeze fracture was performed on these 
tissues in a Bahers freeze-etch unit (BAE 30I) after treatment for 
at least 60 min with 25% glycerol in 0.1 g cacodylate buffer as 
previously described [10], and the resulting platinum-carbon rep- 
licas were examined with either an RCA (EMU 4B) or Zeiss 
(EM 10A) electron microscope. A single micrograph of a standard 
area (~23.5 btm 2) of fracture face P from the luminal membrane 
of 10 to 14 separate and randomly selected granular cells was 
taken. The number of aggregates present was expressed per refer- 
ence area of membrane (235 pm2). The surface area of each aggre- 
gate was evaluated by planimetry with a Elographics graphical 
digitizer (E 241) on-line to a Wang programmable calculator 
(72O C). 

In order to measure osmotic water permeability, the remaining 
bladder pairs ( n :  6 for each time period) were fixed after ADH 
exposure according to the technique of Eggena [6] by replacing 
the mucosal solution with 1% glutaraldehyde in 0.05 M cacodylate 
buffer and fixing for 5 min. Following removal of this glutaralde- 
hyde solution and after two mucosal washes with 1/5 strength 
Ringer and final replacement of the mucosaI volumes with 1/5 
strength Ringer, bladders were placed in a full strength Ringer 
bath. Water flow was then measured gray• [1] for 15 min 
and expressed per unit bhdder surface area which was estimated 
by measurements of mucosal volume (assuming sacs to be spheres). 

Student's t test for paired or unpaired data (as required) was 
used to evaluate differences in the water flow and aggregation 
responses, Regression analysis was performed by the method of 
least squares. A level of P<0.05 was regarded as significant. 

R e s u l t s  a n d  D i s c u s s i o n  

A f t e r  e i t h e r  2.5 o r  5 r a i n  o f  A D H  s t i m u l a t i o n ,  o s m o t i c  

w a t e r  p e r m e a b i l i t y  was  n o t  a f f e c t e d  b y  a n  o s m o t i c  

g r a d i e n t  (175 mosM)  (Fig .  1). H o w e v e r ,  a f t e r  10, 30, 

o r  60 m i n  o f  A D H  s t i m u l a t i o n ,  t he  p r e s e n c e  o f  a 

g r a d i e n t  i n h i b i t e d  o s m o t i c  w a t e r  p e r m e a b i l i t y  as c o m -  

p a r e d  to  t he  a b s e n c e  o f  a g r a d i e n t  (F ig ,  t ) .  In  c o n n e c -  

t i o n  w i t h  th i s  o b s e r v a t i o n ,  a g g r e g a t e  f r e q u e n c y ,  as 

wel l  as  t o t a l  m e m b r a n e  a r e a  o c c u p i e d  b y  a g g r e g a t e s ,  

was  less in  t h e  p r e s e n c e  t h a n  in  t h e  a b s e n c e  o f  a n  

o s m o t i c  g r a d i e n t  a f t e r  30 o r  60 m i n  o f  A D H  s t i m u l a -  

t i o n  (Fig .  2, T a b l e  1). M o r e o v e r ,  t he  g r a d i e n t - a s s o -  

c i a t e d  i n h i b i t i o n  o f  w a t e r  f l ow  a n d  t he  g r a d i e n t - a s s o -  

c i a t e d  d e c r e a s e  in  a g g r e g a t e  f r e q u e n c y ,  w h e n  

e x p r e s s e d  as p e r c e n t a g e s ,  w e r e  l i n e a r l y  r e l a t e d  s u c h  

t h a t  t h e  t ine  o f  b e s t  f i t  f o r  t h e  r e l a t i o n s h i p  a p p r o x i -  

m a t e l y  i n t e r c e p t e d  t h e  o r i g i n  a n d  h a d  a s lope  c lose  

to 1 (Fig .  3). 
W i t h  a n  o s m o t i c  g r a d i e n t  p r e s e n t ,  o s m o t i c  w a t e r  
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Fig. 3. Percent inhibition ((no gradient-gradient)/(no gradient)) 
x 100 of osmotic water permeability v s .  percent inhibition of aggre- 
gate frequency. Means _+SEM are shown. For each observation 
n=6. r=0.99; P<0.005. Least squares regression line: y= 
0.15+ 1.17x 

permeability reached a maximum and aggregate fre- 
quency plateaued at some time after 2.5 min but by 
5 min of ADH stimulation. Without an osmotic gra- 
dient, osmotic water permeability reached a maxi- 
mum and aggregate frequency plateaued at some time 
after 10 min but by 30 min of ADH stimulation 
(Figs. 1 and 2). 

Eggena's fixed-sac method, which is used in this 
study, has two advantages over the conventional 
"unf ixed"-sac  method for studying the correlation 
of ADH-induced morphologic and physiologic 
changes occurring in the presence and absence of an 
osmotic gradient. First, the effect of no osmotic gra- 
dient on the ADH-induced transbladder water per- 
meability can be fixed with glutaraldehyde [6] and 
thereafter assessed by measuring water flow in the 
presence of a constant osmotic gradient. Second, the 
physiologic and morphologic events with which this 
study is concerned should be precisely coincident be- 
cause with the fixed-sac method preserved momentary 
morphologic changes are being correlated with 
preserved momentary water permeabilities. 

With Eggena's method we observed a close time 
correspondence between the maximal ADH-induced 
water flow and ADH-associated intramembranous 
aggregates. This contrasts with a previous study [4] 
in which the maximum water permeability response 
to ADH, as measured by the conventional "unfixed "- 
sac method, was reported to be delayed until 5 min 
after the maximum aggregation response. Since the 

conventional "unf ixed"  sac method failed to demon- 
strate that the aggregation response and water per- 
meability reach a maximum at about the same time, 
we hypothesized that perhaps some inherent inaccu- 
racy in the method itself might be responsible, and/or 
that the method was not selectively measuring 
changes in luminal membrane water permeability. An 
inherent inaccuracy may result from the inability of 
the conventional method to measure momentary 
water flow. If osmotic water permeability is measured 
over an interval of time, as with the conventional 
method, then the observed value would actually be 
an integrated, rather than a momentary reflection of 
water permeability. The ability to measure momen- 
tary water permeability would be especially important 
during the first 5 rain following A D H  stimulation 
when water permeability is changing rapidly. 

The inability to selectively measure changes 
in luminal membrane water permeability could also 
account for the separation of water permeability and 
aggregation response maxima seen with the 
"unf ixed"-sac  method. This hypothesis would require 
(i) a post-luminal membrane site (i.e., granular cell 
cytoplasm, basolateral membrane, interstitum, basal  
cells and/or serosal cells) which undergoes a gradual 
increase in water permeability that reaches a maxi- 
mum after 10 min of A D H  stimulation, and (ii) in 
contrast to the permeability changes in the luminal 
membrane, a post-luminal membrane site permeabil- 
ity change which is not preserved by glutaraldehyde. 

In examining the effect of an osmotic gradient 
as compared to its absence, we found that the osmotic 
gradient-induced inhibition of water permeability was 
linearly related to the osmotic gradient-induced inhi- 
bition of the aggregation response to ADH (Fig. 3). 
This finding differs from that of Dratwa et al. [4] 
who reported that the aggregation response was not 
influenced by an osmotic gradient. Possibly, these 
investigators did not note the effect which we 
observed because in their studies the influence of an 
osmotic gradient on the aggregation response was 
assessed with unpaired bladders. 

With regard to a possible mechanism whereby an 
osmotic gradient might interfere with the ADH- 
induced aggregation response, Eggena has postulated 
that granular cell swelling, which occurs in response 
to incubation in a hypotonic medium or in response 
to bulk water flow, blunts the effect of ADH possibly 
by diluting intracellular cyclic adenosine monophos- 
phate (cAMP) [7]. Since the aggregation response to 
A D H  is known to be mediated via cAMP [2], lower 
intracellular levels of cAMP could account for a lower 
aggregate frequency; however, other mechanisms are 
possible. 

In summary: (i) the presence as compared to the 
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absence  of  an  osmot ic  g r a d i e n t  appea r s  to reduce  
t oad  b l a d d e r  respons iveness  to A D H - i n d u c e d  in- 
creases in wa te r  p e r m e a b i l i t y  in conce r t  wi th  p r o p o r -  
t i ona l  r educ t i ons  in the agg rega t ion  response ,  thus  
fu r the r  c o n f i r m i n g  the close r e l a t i onsh ip  be tween  
these two p h e n o m e n a ;  a n d  (ii) the f ixed-sac  m e t h o d  
of  m e a s u r i n g  water  p e r m e a b i l i t y  d e m o n s t r a t e s  tha t  
a ch rono log i ca l  co r re l a t ion  b e t ween  wa te r  pe rmeab i l -  
ity a n d  agg rega t ion  response  m a x i m a  ac tua l ly  occurs ,  
thus  sugges t ing  tha t  the  p rev ious ly  obse rved  chro-  
no log ica l  d i s soc ia t ion  o f  the  two m a x i m a  m a y  be 
due  to e i ther  an  ar t i fac t  i n h e r e n t  to the  c o n v e n t i o n a l  
" u n f i x e d " - s a c  m e t h o d  for  m e a s u r i n g  wa te r  f low or 
to un f ixab l e  changes  in the wa te r  p e r m e a b i l i t y  of  a 
p o s t - l u m i n a l  m e m b r a n e  site, o r  to bo th .  
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