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Summary, Osmotic water permeability of the apical membrane of 
toad urinary epithelium is increased greatly by vasopressin (VP) 
and is associated with exocytic addition of granules and ag- 
grephores at the apical surface. To determine the physiological 
role of granule exocytosis, we measured the osmotic water per- 
meability and membrane fluidity of isolated granules, surface 
membranes and microsomes prepared from toad bladder in the 
presence and absence of VP. Pf was measured by stopped-flow 
light scattering and membrane fluidity was examined by diphen- 
ylhexatriene (DPH) fluorescence anisotropy. In response to a 75 
mM inward sucrose gradient, granule size decreased with a single 
exponential time constant of 2.3 -+ 0.1 sec (SEM, seven prepara- 
tions, 23~ corresponding to aPsof5 x 10 -4 cm/sec; the activa- 
tion energy (Ea) for Pfwas 17.6 --+ 0.8 kcal/mole. Under the same 
conditions, the volume of surface membrane vesicles decreased 
biexponentially with time constants of 0.13 and 1,9 sec; the fast 
component comprised - 70% of the signal. Granule, surface 
membrane and microsome time constants were unaffected by 
VP. However, in surface membranes, there was a small decrease 
(6 + 2%) in the fraction of surface membranes with fast time 
constant. DPH anisotropies were 0.253 (granules), 0.224 (surface 
membranes) and 0.190 (microsomes), and were unaffected by 
VP. We conclude: (1) granules have among the lowest water 
permeabilities of biological membranes, (2) granule water perme- 
ability is not altered by bladder pretreatment with VP, (3) granule 
membrane fluidity is remarkably lower than that of surface and 
microsomal membranes, and (4) rapid water transport occurs in 
surface membrane vesicles. The unique physical properties of 
the granule suggests that apical exocytic addition of granule 
membrane may be responsible for the low water permeability of 
the unstimulated apical membrane. 
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Introduction 

Epithelial polarity is characterized by separation of 
the plasma membrane into apical and basolateral 
membrane domains by tight junctions. The apical 
membrane of the bladder epithelium of the well- 
hydrated toad has low osmotic water permeability, 

while the basolateral membrane is highly water per- 
meable. Vasopressin binding to basolateral recep- 
tors causes activation of adenylate cyclase, cAMP 
production, protein kinase activation, and ulti- 
mately, by a series of poorly understood events, a 
marked increase in apical membrane water perme- 
ability. Granule-rich cells make up 90% of the mu- 
cosal surface of  the bladder and in their apical 
membranes reside the hormonally regulated water 
transport properties (DiBona, Civan & Leaf, 1969). 
Upon vasopressin stimulation, two types of mem- 
branous organelles fuse with the apical surface: ag- 
grephores and granules (Masur, Holtzman & Wal- 
ter, 1972; Muller, Kachadorian & DiScala, 1980). 
Granule exocytosis is also stimulated by stretch, 
mucosal phorbol ester and lectin application 
(Brown, Montesano & Orci, 1981; Masur, Sapir- 
stein & Rivero, 1985; Masur, Greenberg & Howell, 
1987). 

The physiological role of the toad bladder gran- 
ule is not known. It has been suggested that granule 
exocytosis is important for the hydroosmotic  re- 
sponse to vasopressin, for insertion of 'average'  ap- 
ical membrane or for addition of glycocalyx to the 
apical membrane.  A procedure for isolation of puri- 
fied granules from toad bladder cells has been devel- 
oped recently using cell homogenization and Per- 
coll| gradient centrifugation methods (Masur et al., 
1986). We report here the measurement of water 
permeability and membrane fluidity of the isolated 
granules and other bladder cell membrane fractions. 
We find that granule membranes have a very low 
osmotic water permeability, lower than most other 
biological and artificial membranes.  Granule water 
permeability is unaffected by pretreatment of toad 
bladders with vasopressin. This is consistent with 
the granule playing a role as precursor to the imper- 
meable apical membrane.  In addition, compared 
with other membranes,  the granule has a very low 
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Fig. 1. Electron micrographs of isolated toad bladder granules. (a) Granules were fixed using 2% glutaraldehyde in 0.1 M cacodylate 
buffer, pH 7.2, postfixed with 2% reduced OsO4, dehydrated, and embedded in Epon (Masur et al., 1986). Silvergold sections were 
examined in a JEOL 100 B electron microscope. Stained with uranyl acetate and lead citrate. (b) Electron micrograph of isolated 
granules suspended in hypotonic media and needle homogenized (see Materials and Methods). The samples were fixed by addition of 
glutaraldehyde (2%) to the hypotonfc medium. Note the decrease in granule diameter and electron density as compared to Fig. la ,  
which is in the same magnification 

membrane fluidity, a characteristic which may 
maintain segregated functional domains in the api- 
cal membrane. 

Materials and Methods 

Dominican toads (Bufo marinus) were purchased from National 
Reagents (Bridgeport, CN) and were maintained on damp peat 
moss. 1,6-diphenyl-l,3,5-hexatriene (DPH) was obtained from 
Molecular Probes (Eugene, OR). All other chemicals were ob- 
tained from Sigma Chemical Co. (St. Louis, MO). Solution os- 
molarities were measured on a 3W2 Advanced Instruments Os- 
mometer (Needham Heights, MA). 

MEMBRANE PREPARATION 

Vesicle membranes were prepared from toad bladder as de- 
scribed previously (Masur et al., 1986). Toads (15-20) were 
killed by double pithing and bladders were suspended for 15 min 
in amphibian HEPES-buffered saline solution (110 mM NaCI, 18 
mM D-glucose, 10 rnM HEPES, 1 mM Na2HPO4, pH 7.5, 23~ in 
the presence or absence of 50 mU/ml pitressin (Park Davis, 
vasopressin). Epithelial cells were scraped from the bladder and 

washed twice in lfl mM NaCI, 132 mM sucrose, 10 mM HEPES, 2 
mM EGTA, 1 mg/ml bovine serum albumin, pH 7.5, -240 mOsm 
(buffer A) at 4~ Cells were homogenized, centrifuged differen- 
tially and fractions were separated using a series of four Percofl 
density gradients (Masur et al., 1986). Phenylmethylsulfonyl flu- 
oride (PMSF) was added at each step at a final concentration of 
0.2 raM. Membranes were maintained at 4~ until the time water 
transport and fluidity measurements were performed (<24 hr). 

All fractions were examined biochemically and by electron 
microscopy. Enzyme enrichments were similar to those reported 
previously (Masur et al., 1986). Morphologically, the initial gran- 
ule fraction recovered from Percoll was relatively homogeneous 
(Fig. la) with mean granule diameter of 0.9 Ix. For measurement 
of osmotic water permeability, granules were placed in hypo- 
tonic K-HEPES buffer (65 mM sucrose, 5 mM HEPES, pH 7.4, 
- 7 0  mOsm, buffer B) and homogenized by passage through 23 
and 26 gauge needles. The resultant granules in Fig. lb are 
smaller (mean diameter 0.44 ix) and their contents are less elec- 
tron dense. The surface membrane fraction, made up of apical 
and basolateral membrane vesicles, consisted of a heterogeneous 
mixture of electron dense cylindrical bodies (0.1 x 1/x), smaller 
membrane vesicles (0.35 tx diameter), and a few larger spherical 
vacuoles enclosing smaller membranous organetles, including 
granules. The microsomal fraction consisted predominantly of 
small spherical vesicles with diameters 0.13-0.36 tx with a few 
large vacuoles of 0.6 ~ diameter. There was no significant altera- 
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tion in the ultrastructure of surface membranes and microsomes 
after resuspension in hypotonic K-HEPES as described above. 
Biochemically, the microsomal fraction consists of surface-like 
membranes with >fourfold alkaline phosphatase enrichments 
over crude homogenate. 

GEL ELECTROPHORESIS 

Granule membranes and contents were separated by suspending 
granules in distilled water with 1 mM dithiothreitol (DTT) after 12 
hr in 500 mM NaCI, 10 mM HEPES, 1 mM EDTA, 0~ Mem- 
branes were pelleted at 12,000 x g for 3 min. Triton X-114 phase 
fractionation was performed to identify the hydrophobic mem- 
brane proteins, presumably the intrinsic membrane proteins 
(Bordier, 1981). The granule membrane pellet was resuspended 
in 1% prewashed Triton X-I14 in 110 mM NaCI, 10 mM Tris, 1 
mM DTT, pH 7.5 and incubated at 4~ for 30 min. The mixture 
was then incubated at 37~ for 5 min and the resultant cloudy 
mixture centrifuged for 3 min at 12,000 x g. The heavy, deter- 
gent-rich phase was separated from the lighter, detergent-de- 
pleted phase. A second temperature-mediated phase partitioning 
was performed on each phase as described by Bricker and Sher- 
man (1984). Polyacrylamide gel electrophoresis was performed 
according to the procedure of Maizel (1971) on 7.5% acrylamide 
mini-gels (Hoefer Scientific) as described in Masur et al. (1986). 
One/xg protein samples of granules, granule contents, granule 
membranes, Triton extracted proteins and aqueous phase pro- 
teins were compared in gels stained with silver (Merril, Goldman 
& VanKeuren, 1984). 

OSMOTIC WATER TRANSPORT MEASUREMENT 

Osmotic water permeability was determined by the stopped-flow 
light-scattering technique (Verkman, Dix & Seifter, 1985; Meyer 
& Verkman, 1987). Seventy-five/zl of vesicles (40-80/~g protein/ 
ml) in 65 mM sucrose, 5 mM HEPES/Tris, pH 7.4 (buffer B) were 
mixed with an equal volume of hyperosmotic buffer in a Hi-Tech 
stopped-flow apparatus (Wiltshire, England) to give specified in- 
wardly directed sucrose gradients. Solutions were degassed prior 
to experiments to prevent cavitation. The instrument dead time 
was <2 msec and the electronic response time was <1 msec. 
Temperature was controlled by a circulating water bath and 
monitored by an indwelling thermistor. The sample was excited 
with monochromatic light at 550 nm (4 nm bandpass) from a 100 
watt tungsten-halogen bulb powered by a deep cycle 12V marine 
battery. The time course of 90 ~ scattered light intensity was mea- 
sured and recorded by a MINC/23 computer (Digital Equipment 
Corp., Maynard, MA) for analysis. 512 data points were ac- 
quired in each experiment with a maximum rate of data acquisi- 
tion of 25 kHz. 

The time course of scattered light intensity was fitted to 
single (granules) or biexponential (surface membranes and mi- 
crosomes) functions. For granules, the osmotic water permeabil- 
ity coefficient (Pfin cm/sec) was calculated from the exponential 
time constant and the average vesicle surface-to-volume ratio 
(1.4 • 105 cm -t, assuming a 0.44/x diameter) by comparing expo- 
nentials fitted to experimental and calculated time courses 
(Meyer & Verkman, 1986; Illsley & Verkman, 1986). For surface 
membranes and microsomes, absolute P:. for the fast component 
was estimated using a surface-to-volume ratio of 2.5 x 105 cm 1 
(see Discussion). 

FLUIDITY MEASUREMENTS 

Measurements of DPH fluorescence in vesicles were carried out 
using an SLM 48000 multifrequency phase-modulation fluorime- 
ter (SLM Instrument, Urbana, IL) as described previously (I1- 
lsley, Lin & Verkman, 1987, 1988). Vesicles were diluted in N2 
gassed buffer B to concentrations of -100 /.tM phospholipid. 
DPH (0.3/xM) was added to vesicles while vortexing from a 2 mM 
stock solution in acetone. The suspension was incubated for 1 hr 
under N2 at 23~ in the dark prior to fluidity measurements. 

Steady-state DPH anisotropy was measured in the T-format 
using 350 nm excitation (4 nm bandpass) and >408 nm emission 
(KV408 cut-on filters, Schon Glass Co., Duryea, PA). Less than 
1% of detected light was due to vesicle and background scatter- 
ing. Depolarization caused by emission scattering was absent as 
shown by the independence of anisotropy on a fivefold dilution 
of the vesicle/DPH suspension. 

DPH lifetime heterogeneity experiments were carried out 
using 12 modulation frequencies (1-150 MHz) with He-Cd laser 
excitation (7.5 mW at 325 nm, Liconix Corp., Sunnyvale, CA). A 
dilute solute of 1,4-bis(4-methyl-5-phenyloxazol-2-yl) benzene 
(POPOP) in ethanol (lifetime 1.3 nscc) was used as reference 
solution. The sample was excited with vertically polarized light; 
emitted light was detected through sequentially placed KV408 
and GG420 filters and a polarizer oriented at 54.7 degrees from 
the vertical. Ground state heterogeneity analysis was performed 
using software provided by SLM Instruments Inc. Differential 
depolarization measurements were carried out in the T-format 
using 15 modulation frequencies. Differential phase and modula- 
tion data were fitted to the anisotropy decay predicted for an 
isotropic hindered rotator using a maximum DPH anisotropy of 
0.39 in the absence of depolarizing rotations. 

Results 

T h e  g r a n u l e  f r a c t i o n  c o n s i s t s  o f  m e m b r a n e - b o u n d  
e l e c t r o n  d e n s e  g r a n u l e s  w i t h  f e w  ( < 5 % )  c o n t a m i -  

n a t i n g  l y s o s o m e s  a n d  m i t o c h o n d r i a  ( M a s u r  e t  a l . ,  

1986). E l e c t r o n  m i c r o s c o p y  c o n f i r m s  t h e  h o m o g e -  
n e i t y  o f  t h e  g r a n u l e  f r a c t i o n  a n d  the  s u c c e s s f u l  re -  
m o v a l  o f  P e r c o l l  b y  c e n t r i f u g a t i o n  t w i c e  in > I 0 0  

v o l u m e s  o f  i s o s m o t i c  s u c r o s e  (100,000 • g,  90 rain) 
F ig .  l a ) .  T h e  m e a n  d i a m e t e r  o f  t h e  i s o l a t e d  g r a n u l e s  

u s e d  f o r  o s m o t i c  w a t e r  t r a n s p o r t  m e a s u r e m e n t s  
w a s  0 . 4 4 / x  a f t e r  r e s u s p e n s i o n  in h y p o t o n i c  b u f f e r  
a n d  n e e d l e  h o m o g e n i z a t i o n  (see M a t e r i a l s  a n d  

M e t h o d s )  (Fig .  lb ) .  
F o r  c o m p a r i s o n  o f  g r a n u l e  p r o t e i n s  w i t h  t h o s e  

r e p o r t e d  f o r  o t h e r  t o a d  b l a d d e r  m e m b r a n e  f rac -  
t i ons ,  S D S - P A G E  o f  g r a n u l e  p r o t e i n s  w a s  per -  

f o r m e d  (Fig .  2). G r a n u l e  m e m b r a n e s  a n d  c o n t e n t s  

w e r e  s e p a r a t e d  b y  h y p o t o n i c  s h o c k  p r i o r  to  e l e c t r o -  
p h o r e s i s .  T h e  b r o a d  b a n d  a t  6 8 - 7 2  k i l o d a l t o n s  is a 
g r a n u l e  c o n t e n t  m a r k e r  c o n s i s t e n t  w i t h  t h e  o b s e r v a -  

t i ons  o f  W a d e ,  M c C u s k e r  a n d  C o l e m a n  (1986). T h e  
m a j o r i t y  o f  g r a n u l e  p e p t i d e s  a p p e a r  to  b e  t igh t ly  
a s s o c i a t e d  w i t h  t h e  m e m b r a n e  u n d e r  t h e s e  c o n d i -  
t i ons .  F u r t h e r  s e p a r a t i o n  in to  i n t r i n s i c  a n d  p e r i p h -  
e ra l  m e m b r a n e  p r o t e i n s  w a s  p e r f o r m e d .  T h e  gel  
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Fig. 3. Osmotic water transport in isolated toad bladder gran- 
ules. Granules (40 /~g protein/ml, 65 mOsm buffer) were sub- 
jected to a 75 mOsm inward sucrose gradient at 23~ as de- 
scribed in Materials and Methods. Light scattering was 
measured at 550 nm. Data were fitted to a single exponential 
function with time constant 2.3 sec, corresponding to a Prof  5 • 
10 -4 cm/sec 

Fig. 2. Left: SDS-PAGE of isolated intact granules (G) and gran- 
ule membrane and content separated by osmotic shock. Mr stan- 
dards are indicated at the left in kDa. Right: SDS-PAGE of gran- 
ule membrane proteins separated on basis of hydrophobicity 
using temperature-induced phase separation of proteins in Triton 
X-114 (see Materials and Methods). Two classes of membrane 
proteins are identified as components of the osmotically shocked 
granule membrane: " G  114" are the lipophilic proteins that parti- 
tion into the detergent phase. " G  aq" are the hydrophilic pro- 
teins found in the aqueous phase after multiple temperature- 
dependent extractions 

shows a 14-160 kDa range of intrinsic proteins, 
which includes proteins of 17 and 55 kDa, corre- 
sponding to two out of the three most prominent 
proteins reported by Harris et al. (1987) in density 
shifted endosomes from toad bladder. 

OSMOTIC W A T E R  PERMEABILITY IN GRANULES 

Vesicle osmotic water transport was measured from 
the time course of vesicle volume decrease after 
imposing rapidly (<1 msec) an inward sucrose gra- 
dient in a stopped-flow apparatus. The transient in 
vesicle volume was followed optically from the time 
course of scattered light intensity at 550 rim. These 
conditions were determined empirically by mea- 
surements of the relative sensitivity of scattered 
and transmitted light intensity at a series of wave- 
lengths (350-650 nm) to changes in granule volume. 
Similar methodology has been used to measure 
quantitatively osmotic water transport in red cells 
(Terwilliger & Solomon, 1981), platelets (Meyer & 
Verkman, 1986), and membrane vesicles from kid- 
ney (Verkman et al., 1985; Meyer & Verkman, 

1987), intestine (Worman & Field, 1985), trachea 
(Worman et al., 1986) and placenta (Illsley & 
Verkman, 1986). 

Figure 3 shows the time course of scattered 
light intensity following exposure of granules to a 75 
mM inwardly directed sucrose gradient at 23~ 
There is a single exponential time course of increas- 
ing scattered light intensity in granules correspond- 
ing to osmotic water efflux and vesicle shrinkage. 
Following the exponential increase, the signal re- 
mains constant for >90 sec, indicating that granules 
are impermeant to sucrose (not shown). In four sep- 
arate preparations of granules, measured time con- 
stants were 2.3 -+ 0.2 sec (sD, n = 4), 2.5 -+ 0.2, 2.3 
-+ 0.1 and 2.1 -+ 0.2 sec (23~ indicating a good 
degree of biological reproducibility. In one prepara- 
tion tested, the time constant for a 75 mM inward 
osmotic gradient was not dependent on the neutral 
impermeant used to induce water flow (sucrose 2.3 
+ 0.2 sec [SD, n = 4], raffinose 2.3 -+ 0.1 sec and 
mannitol 2.1 -+ 0.2 sec). 

To determine granule Pf quantitatively from the 
light-scattering data, the relationship between scat- 
tered light intensity and vesicle volume was estab- 
lished. Figure 4 (top) shows the dependence of rela- 
tive scattered light intensity, determined from the 
amplitude of single exponentials fitted to the light- 
scattering time course, on vesicle volume, assumed 
to equal the ratio of intravesicular to solution osmo- 
larities. This 'perfect osmometer' assumption has 
been confirmed by 3H-glucose space measurements 
in a wide variety of cells and vesicles. As found for 
other vesicles systems, the data show a negative 
linear relationship between scattered light intensity 
at 550 nm and granule volume. This relationship 
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Fig .  4. Dependence  of relative scattered light intensity and ap- 
parent  Ps on osmotic  gradient  size. Top: Absc issa  is the ratio of  
in t ravesicular /external  osmolari t ies immediately after mixing be- 
fore osmotic  water  flow has  occurred.  Ordinate is the ampli tude 
of a single exponent ial  fitted to the time course  of scattered l ight 
intensity.  A linear regression is shown.  Bot tom:  Apparent  P j w a s  
calculated for each osmot ic  gradient as given in Materials and 
Methods .  All data  are mean  -+ SD for quadruplicate determina- 
tions 

was used to calculate Pf from the scattering vs. time 
data (Illsley & Verkman, 1986; Meyer & Verkman, 
1986). 

At 23~ Pf was calculated to be 5 x 10  . 4  cm/ 
sec for a 75 mOsm inward gradient using a granule 
surface-to-volume ratio of 1.4 x 105 cm ~ deter- 
mined from electron micrographs. To investigate 
whether this value might be lower than the true 
membrane Pf because of nonmembrane restrictions 
to osmotic water flow (e.g. vesicular contents or 
cytoskeletal constraints), the dependence of Py on 
osmotic gradient size was measured (Fig. 4, bot- 
tom). A decrease in apparent PN with increasing os- 
motic gradient size might occur if significant non- 
membrane barriers to osmosis exist (Illsley & 
Verkman, 1986). The data show no significant effect 
of osmotic gradient size on Pf. 

The very low granule Pf suggests absence of 
water channels and presence of a specialized water- 
impermeable membrane (see Discussion). Based on 
osmotic water transport measurements in a wide 
variety of biological and artificial membranes, it is 
found that the activation energy (Ea) for PS is high 
for lipid-mediated transport (>10 kcal/mole) and 
low for water passage through pores or channels (2- 
6 kcal/mole) (Finkelstein, 1987). As shown in Fig. 
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Fig .  5. Tempera tu re  dependence  of granule osmotic  water  per- 
meability. Exper iments  were performed as in Fig. 2 at varying 
temperatures .  Data are given as an Arrhenius  plot with fitted 
activation energy of  17.6 -+ 0.8 kcal/mole.  Data points are mean  
-+ s n  of quadruplicate  Pj, measu remen t s  

Table 1. Osmot ic  water  permeabili ty in toad bladder mem- 
branes a 

TAUfast TAU~ow Afast/Atot 

Granules 
- vasopress in  
+ vasopress in  

Surface membranes  
- vasopress in  
+ vasopress in  

Microsomes  
- vasopress in  
+ vasopress in  

m 

2.4 • 0.1 0 
2.3 • 0.2 0 

0.14 + 0.01 1.8 • 0.3 0.70 _+ 0.02 
0.14 • 0.02 2.0 • 0.1 0.65 -+ 0.02 

0.16 • 0.01 1.3 -+ 0.1 0.75 • 0.02 
0.15 -+ 0.01 1.4 • 0.1 0.74 • 0.01 

a Exper iments  were carried out  as in Fig. 3. Time cons tants  are 
given in seconds .  Afast/Ato t represents  the fractional pre-exponen-  
tial ampli tude of the fast exponential  process .  Data  are expressed  
as mean  -+ SE for quadruplicate measu remen t s  performed on four 
independent  membrane  preparations.  

5, there is a marked effect of temperature on the 
rate of granule osmotic water transport. The data fit 
well to a single activation energy of 17.6 -+ 0.8 kcal/ 
mole (15-45~ supporting the absence of facili- 
tated water transport through channels in the toad 
bladder granules. 

O S M O T I C  W A T E R  T R A N S P O R T  1N S U R F A C E  

M E M B R A N E S  A N D  M I C R O S O M E S  

In response to a 75 mM inward sucrose gradient, the 
time course of scattered light intensity in surface 
membranes and microsomes fitted closely to a biex- 
ponential function (Fig. 6); a single exponential fit 
was inadequate. Fitted exponential time constants 
and pre-exponential factors are summarized in Ta- 
ble 1 for four separate membrane preparations. For 
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Fig. 6. Osmotic water transport in surface membrane and micro- 
somes. Experiments were carried out as in Fig. 3. Fitted single 
and double exponent ials  are shown along with an expanded view 
of early t ime points.  Because  of the high signal-to-noise ratio for 
microsome data,  the exper imental  and fitted curves  are difficult 
to distinguish. Fit ted parameters  for the double exponential  fits 
are summar ized  in Table 1 

both membrane types the majority of the signal am- 
plitudes was the faster exponential process with av- 
erage time constant 0.15 sec, 15-fold faster than the 
time constant measured for granule osmotic water 
transport measured under identical conditions. As- 
suming an average surface-to-volume ratio for these 
membranes of 2.5 • 105 cm -~, a 0.15 time constant 
corresponds to a Pf of 6 • 10 .3 cm/sec at 23~ 

To examine further the mechanisms of water 
transport in the surface membrane fraction, the ac- 
tivation energies for the fast and slow processes 
were determined. In the temperatures range 16 to 
38~ single activation energies of 9.1 -+ 0.6 and 19 
-+ 1 kcal/mole were measured for the fast and slow 
components, respectively (r > 0.98 for linear fits to 
Arrhenius plots, data not shown). The very differ- 
ent activation energies for the fast and slow pro- 
cesses indicate that the different rates of water 
transport represent differences in membrane com- 
position, and not in vesicle geometry. 

VASOPRESSIN EFFECTS 

Vasopressin has been shown to increase exocytosis 
of aggrephores and granules to the apical surface of 
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Table 2. Steady-s ta te  DPH anisotropy in toad vesicles a 

vasopress in  + vasopress in  

Granules  0.253 --_ 0.004 0.255 +- 0.007 
Surface membranes  0.224 - 0.006 0.218 • 0.012 
Microsomes  0.192 • 0.003 0.195 • 0.005 

a Steady-state  DPH anisotropy was measured  at 23~ as de- 
scribed in Materials and Methods .  Data are expressed  as mean  • 
SE for measu remen t s  performed on three independent  membrane  
preparations.  Errors for individual measu remen t s  are under  
0.004 (SD). 

toad bladder cells (Masur et al., 1972; Muller et al., 
1980) as well as increase endocytic internalization 
of apical membrane (Masur et al., 1971; Gronowicz, 
Masur & Holtzman, 1980). The net effects of vaso- 
pressin action are an increase in apical membrane 
surface area and expression of active water chan- 
nels possibly by insertion of channels into special- 
ized regions or microdomains of the apical mem- 
brane surface. It is not known whether there is, in 
addition, chemical modification of the water chan- 
nels (e.g. phosphorylation or dephosphorylation) 
causing channel activation or inactivation. To ex- 
amine whether vasopressin results in a change in 
granule water permeability or in the relative frac- 
tion of fast and slow components of water transport 
in surface membranes and microsomes, osmotic 
water transport was measured in vesicles isolated 
from toad bladder which had been stimulated by 
saturating vasopressin concentrations. 

Table 1 shows no effect of vasopressin stimula- 
tion on the exponential time constants for osmotic 
water transport in each membrane type. There was 
no effect of vasopressin on the relative signal due to 
the fast component in microsomes; however, there 
was a small but significant decrease in the fast com- 
ponent measured in surface membranes with vaso- 
pressin (see Discussion). 

M E M B R A N E  F L U I D I T Y  M E A S U R E M E N T S  

To correlate water permeability with the physical 
state of the vesicle membranes, membrane fluidity 
was assessed by steady-state DPH anisotropy. Ta- 
ble 2 summarizes the steady-state anisotropies ob- 
tained in four separate sets of membrane prepara- 
tions. The granules show a remarkably higher DPH 
anisotropy than surface membranes or microsomes, 
indicating a lower degree of membrane fluidity (see 
Discussion). There was no significant effect of vaso- 
pressin stimulation on DPH anisotropy in each of 
the membranes. 

To examine further the physical state of the 
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granule membrane, measurements of DPH lifetime 
and rotational heterogeneity were performed. Be- 
cause steady-state DPH anisotropy measurements 
give composite information about DPH lifetime, ro- 
tational rate and rotational freedom, differences in 
anisotropy among membrane types cannot be inter- 
preted rigorously in terms of differences in mem- 
brane fluidity (Verkman & Ives, 1986; Illsley et al., 
1987). Time-resolved fluorescence measurements 
using differential polarization allow definition of the 
anisotropy decay law, providing independent infor- 
mation about DPH lifetimes and rotational charac- 
teristics. 

The results of the lifetime and differential polar- 
ization analyses are given in Table 3. For granules 
and surface membranes, the data fitted well to a 
single DPH lifetime in the usual range 8-11 nsec 
plus scattering components with shorter lifetimes. 
A chi squared value of < 1.2 indicates excellent cor- 
respondence between theory and experiment. For 
microsomes, the best-fit model was that of triple 
lifetime decay with DPH lifetimes of 8.5 and 15.4 
nsec, plus a scattering component. Differential 
phase and modulation data were fitted to the anisot- 
ropy decay law for a single isotropic hindered rota- 
tor (Lakowicz & Prendergast, 1978); because of im- 
perfect membrane homogeneity, the use of more 
detailed anisotropy decay laws containing ground 
state rotational heterogeneity (Illsley & Verkman, 
1988) was unwarranted. Therefore bearing in mind 
the approximate nature of the anisotropy decay 
model, the differential polarization data showed 
that the limiting anisotropies paralleled the steady- 
state anisotropies, supporting the conclusion that 
granules have a very low membrane fluidity. Addi- 
tionally, the rotational correlation time for DPH in 
granules was longer than that in surface membranes 
and microsomes, indicating that both the DPH rota- 
tional rate and motional freedom are low in gran- 
ules. 

Discussion 

The present studies were performed to examine the 
water permeability and fluidity properties of granule 
membranes isolated from toad bladder cells. 
Stopped-flow light scattering was used tO measure 
the rapid time course of vesicle volume following 
exposure to an osmotic gradient. From these mea- 
surements, the membrane osmotic water permeabil- 
ity coefficient (Pf) was determined quantitatively. 
Fluorescence anisotropy measurements of the fluid- 
ity-sensitive probe DPH were used to assess gran- 
ule membrane fluidity. Results obtained in granules 
were compared with those from parallel expert- 

Table 3. Lifetime and differential polarization measurements  of  
DPH 

Granules  Surface membranes  Microsomes  

Lifetime analysis 
Double decay: 

r~ I0.8 nsec  I0.3 nsec  9.5 nsec  
~'2 0.8 nsec  1.8 nsec  1.6 nsec  
ft 0.95 0.96 0.94 

0.05 0.04 0.06 
Chi-squared 1.1 2.6 3.2 
Triple decay: 

rt 10.7 nsec  15.4 nsec  
r2 3.9 nsec  8.5 nsec  
73 0.8 nsec 1.4 nsec  

0.91 0.19 
0.07 0.77 

f3 0.02 0.04 
Chi-squared 1.2 0.8 

Differential polarization analysis 
q5 1.36 nsec  0.77 nsec  0.98 nsec  
r~ 0.232 0.209 0.165 

Symbols: ~-i: lifetime of  ith c o m p o n e n t ; f :  fractional amplitude of 
the i ~h lifetime component ;  qS: rotational correlation time; 
r~: limiting anisotropy.  

ments performed in two other toad bladder cell frac- 
tions: surface membranes and microsomes. 

The time course of osmotic water transport in 
granules is described well by a single exponential 
increase in scattered light intensity. The absence of 
measurable heterogeneity in the light-scattering 
data suggests that granule membranes are function- 
ally homogeneous with respect to intrinsic water 
permeability and surface-to-volume ratio. The rela- 
tive homogeneity of the granule fraction and the 
uniformity of granule size seen in the electron mi- 
crograph (Fig. Ib) support the adequacy of a single 
exponential fit to the data. 

At 23~ the calculated granule osmotic water 
permeability (Pf) is 5 x 10 .4 cm/sec, among the 
lowest values reported for biological membranes. 
The activation energy (Ea) was high, 17 kcal/mole. 
The independence of Pf on osmotic gradient size 
and the linear Arrhenius plot suggests that the mea- 
sured PS value represents true membrane PI and not 
the composite resistances of the membrane and a 
series nonmembrane barrier. Fettiplace and 
Haydon (1980) reviewed the Pi and Ea values mea- 
sured for a series of planar and liposomal bitayers. 
Ps values ranged from 2 x 10 -4 cm/sec for choles- 
terol-containing bilayers to 5 x 10 .3  cm/sec for 
phosphatidylcholine bilayers (values corrected to 
25~ Ea values ranged from 8 to 28 kcal/mole but 
were usually in the range 11-20 kcal/mole. Thus the 
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granule Pf and Ea values are similar to those mea- 
sured in lipid bilayers. 

The granule PT and Ea values are notably differ- 
ent from those in many biological membranes. In 
membranes thought to contain water channels, Pf 
values have been reported to be 2 x 10 2 cm/sec for 
red cells (Terwilliger & Solomon, 1981), 1-4 • i0 2 
cm/sec for proximal tubule brush border and baso- 
lateral membranes (Carpi-Medina, Gonzalez & 
Whittembury, 1983; Welling, Welling & Ochs, 1983; 
Meyer & Verkman, 1987), 2-3 x 10 -2 cm/sec for 
the vasopressin-stimulated toad bladder (Levine & 
Kachadorian, 1981) and kidney collecting tubule 
(Kuwahara, Berry & Verkman, 1988), and 3 x 10 -2 
cm/sec for vasopressin-induced endosomes isolated 
from renal medullary collecting tubule (Verkman et 
al., 1988). Interestingly, the granule Pf of 5 x 10 -4  

cm/sec is lower than that measured for biological 
membranes which do not contain water channels 
including platelets (3-6 x 10 -3 cm/sec; Wong & 
Verkman, 1987), placental brush border membranes 
(5 x 10 -3 cm/sec, Illsley & Verkman, 1986) and 
small intestine brush border and basolateral mem- 
branes (6 x I0 3 cm/sec, van Heeswijk & van Os, 
1986) but similar to the unstimulated toad bladder 
(2.8 x 10 4 cm/sec, Levine & Kachadorian, 1981). 
Granule E~ (17.6 kcal/mole) is similar to that mea- 
sured in pure lipid bilayers but distinctly higher than 
E~ in membranes containing water channels includ- 
ing red cells (5 kcal/mole, Macey, 1984), proximal 
tubule brush border and basolateral membranes (2- 
4 kcal/mole, Meyer & Verkman, 1987), intestinal 
vesicles treated with gramicidin (Worman & Field, 
1985) and the vasopressin-stimulated toad bladder 
(4 kcal/mole). In addition, the estimated granule 
diffusional water permeability (Pa) is similar to 
granule Pf,1 providing further support for the lack of 
a water channel in granule membranes. 

Water transport in surface membranes and mi- 

1 If granule osmotic (Pf) and diffusional (Pe) water perme- 
ability coefficients are equal, then the diffusional exchange time 
(te• for intravesicular water would be -10  msec (1/te~ = P J / V ) .  
P~ could not be measured by nuclear magnetic resonance in gran- 
ules because of the small quantities of membrane obtainable. We 
estimated granule Pj using the H20/D20 exchange method de- 
scribed by Lawaczeck (1984) in which the intensity of scattered 
or transmitted light is an instantaneous function of intravesicular 
H20/D20 composition. Granules (125 k~g/ml) in 75 mOsm D20 
buffer were diluted fivefold with isosmotic H20 buffer in the 
stopped-flow apparatus. To maximize signal amplitude, the time 
course of transmitted light at 400 nm was measured at a data 
acquisition rate of 0.2 msec/point. There was a rapid decrease in 
transmitted light intensity with a half-time of 6-10 msec with a 
signal-to-noise ratio of 3 : 1; there was no consistent change in 

crosomes was functionally heterogeneous. The 
light-scattering data were described well by biex- 
ponential functions with time constants of 0.15 and 
1.4-2.0 sec; most of the kinetic signal (-70%) con- 
sisted of the fast component. Because of the size 
heterogeneity of surface membranes and micro- 
somes, it is difficult to assign unambiguously time 
constants to the vesicle morphologies seen on elec- 
tron micrographs. The large difference in activation 
energies of the fast and slow components of the 
light-scattering signal in surface membranes indi- 
cates that the functional heterogeneity represents a 
difference in intrinsic membrane transport proper- 
ties rather than in vesicle geometry. If the fast time 
constant is assigned to the small vesicles making up 
>70% of the surface membrane fraction, then the 
small vesicles have Pf- 6 x I0 -3 cm/sec with Ea 9.1 
kcal/mole. These values are very different from 
those measured in granules and are consistent with 
rapid water transport in surface membranes. If the 
fast time constant in surface membranes is assigned 
to larger vesicles, then Pf would become even 
larger. Additional separation methods are required 
to define with certainty the water transport proper- 
ties of the individual toad bladder apical and baso- 
lateral membranes. 

There was no effect of vasopressin stimulation of 
the intact toad bladder on the rates of water trans- 
port in each of the vesicle fractions. These results 
indicate that the membrane of the toad bladder 
granule has not been modified by vasopressin, at 
least prior to fusion of the granule with the apical 
cell surface. While there was no effect of vasopres- 
sin stimulation on the time constants for surface 
membrane water transport, there was a small but 
significant (P < 0.05) decrease in the fraction of the 
signal with the shorter time constant. It is difficult 
to interpret this result at present because a clear 
assignment of time constants in the surface mem- 
brane fraction has not been made. Possible explana- 
tions for the decrease in the amplitude of the rapid 
surface membrane signal with vasopressin are: (1) 
with vasopressin, apical vesicle water transport be- 
comes very fast and unresolvable, leading to a de- 
creased amplitude of the fast component; (2) with 
vasopressin, there is an increased slow component 
due to an increase in apical surface area, some of 
which has the low water permeability of the granule 
membrane; and (3) vasopressin causes a redistribu- 

transmitted light intensity upon mixture of granules in H2O 
buffer with isosmotic H20. These results are consistent with 
equal granule Pf and Pa values; however, the signal quality for 
fast diffusional exchange with limited vesicle quantity did not 
permit rigorous fitting of the data. 
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tion of intracellular membranes altering the density 
profiles and thus the separation on Percoll gradi- 
ents. 

The physical state of the lipid bilayer has been 
shown to be an important determinant of water per- 
meability (Carruthers & Melchior, 1983; Worman & 
Field, 1985; Verkman & Ives, 1986; Worman et al., 
1986; Illsley et al., 1987). For water transport via 
lipid diffusion, water permeability increases with in- 
creased membrane fluidity; for water transport 
through channels, effects of fluidity on transport are 
unpredictable and depend upon the interactions of 
the water channel with surrounding phospholipid. 
Above the phase transition temperature of artificial 
lipid membranes, addition of cholesterol results in a 
decrease in water permeability (Finkelstein & Cass, 
1967; Jain, Touissaint & Cordes, 1973), consistent 
with the cholesterol-induced decrease in membrane 
fluidity. 

Because of the strong correlation between wa- 
ter permeability and membrane fluidity, we exam- 
ined the fluidity of each type of toad bladder vesicle 
by DPH fluorescence anisotropy. DPH has been 
used widely to assess membrane fluidity or 'mi- 
croviscosity' because of its excellent membrane 
partitioning, brightness and sensitivity of rotational 
characteristics to changes in the physical state of 
the membrane. Steady-state DPH anisotropies of 
granules (0.25) were markedly higher than those of 
surface membranes (0.22) and microsomes (0.19). 
Compared to values in other membranes, DPH ani- 
sotropies in granule membranes are at the upper 
limit of those reported for epithelial brush border 
membranes at 23-25~ (0.23-0.25, Worman et al., 
1986; Illsley et al., 1987, 1988), and higher than 
those measured for epithelial basolateral mem- 
branes (0.21-0.23, LeGrimellec et al., 1982; Hise, 
Mantulin & Weinman, 1984; Verkman & Ives, 
1986), nonepithelial plasma membranes (e.g., red 
cells and hepatic plasma membranes, 0.16-0.20) 
and intracellular organelle membranes. The low 
granule fluidity arises likely from the high choles- 
terol and low protein content of the granule mem- 
brane (Masur et al., 1987), and possibly from spe- 
cialized lipid phase structures within the 
membrane. Analysis of the lipid composition of 
granules and of the gel/fluid structure of the granule 
membrane are required to define further the cause 
of the very low granule membrane fluidity. 

To resolve the lifetime and rotational compo- 
nents of steady-state DPH anisotropy in toad blad- 
der membranes, multi-frequency fluorescence life- 
time and differential polarization measurements 
were performed. While DPH lifetimes were similar 
in each vesicle type, the limiting anisotropy of DPH 
in granule membranes was higher than that in sur- 

face membranes and microsomes. These results 
confirm the interpretation of steady-state DPH an- 
isotropy data in terms of membrane fluidity. 

Our data indicate that the toad bladder granule 
has a uniquely low water permeability and mem- 
brane fluidity which is not altered by pretreatment 
with vasopressin. These results suggest that the 
granule does not contribute water channels to the 
apical membrane during the hydroosmotic response 
to vasopressin. The homology between toad blad- 
der and mammalian distal nephron is expressed in 
their hydroosmotic response to vasopressin. How- 
ever, the low permeability to water and small ions 
of the resting toad bladder is seen in the luminal 
membrane of the mammalian urinary bladder as 
well as in the luminal membrane of the resting mam- 
malian distal nephron. Structural and chemical 
analysis of the low permeability mammalian bladder 
luminal membranes are of interest in light of the 
extremely low osmotic water permeability of toad 
bladder granules. Discoidal vesicles apparently 
translocate between the cell surface and the cyto- 
plasm during expansion and contraction of the 
mammalian bladder (Hicks, Ketterer & Warren, 
1974; Minsky & Chalpowski, 1978). A similar role 
could be postulated for toad bladder granule exocy- 
tosis to accommodate bladder volume change or 
simply as precursor to the impermeable luminal 
membrane. 

Our data do not rule out the possibly that the 
granule contributes proteins which are chemically 
modified at the apical surface, or specialized lipids 
which are important for the increase in apical water 
permeability caused by vasopressin. The contrib- 
uted proteins or lipid may be involved in the modu- 
lation of the activity of other channels or transport 
proteins not involved in osmotic water perme- 
ability. It is more likely however that the granule 
contributes 'average' low permeability apical 
membrane important for the low basal water perme- 
ability of the toad bladder. This interpretation is 
consistent with the temporal dissociation of PMA- 
induced granule exocytosis and induced osmotic 
water permeability. Further measurements of water 
permeability of toad bladder aggrephores and puri- 
fied surface membranes are required to extend cur- 
rent understanding of the mechanism of the hy- 
droosmotic response. 
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