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A B S T RA C T It has been previously demonstrated
with freeze-fracture electron microscopy that vaso-
pressin induces specific structural alterations of the
luminal membrane of granular cells from toad urinary
bladder in a dose-dependent fashion. These alterations
consist of aggregated intramembranous particles and
are observed both in the presence and absence of
an osmotic gradient. Weexamined the effect of metho-
hexital, a selective inhibitor of vasopressin-stimulated
water flow, and the effect of phloretin, a selective
inhibitor of urea permeability, on the structure of the
granular cell luminal membrane. Methohexital treat-
ment of the vasopressin-stimulated toad bladder re-
duced both the osmotic water flow and vasopressin-
induced alterations of membrane structure to the
same extent. Phloretin reduced urea permeability but
not water flow or particle aggregation. Since neither
agent affects vasopressin-stimulated sodium move-
ment, these findings indicate that the phenomenon
of particle aggregation is specifically related to vaso-
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pressin-induced water permeability and not to changes
in urea or sodium permeability.

INTRODUCTION

The freeze-fracture technique is a method by which
biologic membranes are internally fractured and pre-
pared for examination with transmission electron
microscopy (1). By convention, the inner (proto-
plasmic) membrane fracture face resulting from appli-
cation of this technique has been designated fracture
face P and the apposed outer (exoplasmic) face,
fracture face E (2). On either of these membrane
fracture faces, particle-like structures (intramem-
branous particles) are found in characteristic distribu-
tions according to membrane type; and considerable
evidence suggests that these structures represent pro-
teins intercalated within the membrane (3-6).

Recently, freeze-fracture electron microscopy was
used to demonstrate that oxytocin stimulation of iso-
lated frog bladder induces a structural alteration in
epithelial cell luminal membranes (7). This alteration
consists of the aggregation of intramembranous par-
ticles at multiple sites and is seen on the inner
membrane fracture face. A similar observation in iso-
lated toad urinary bladder after vasopressin stimula-
tion has also been made and the specific localization
of aggregates to luminal membranes of granular cells
and the organization of aggregated particles in
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linear arrays have been established (8). Since for both
preparations intramembranous particle aggregation
occurs in the absence, as well as in the presence,
of an osmotic gradient (9, 10), the aggregation response
can not be considered a consequence of net water
flow per se, but rather appears to represent a primary
hormonal effect. In addition, since the frequency of
particle aggregation sites and the cumulative area of
membrane occupied by them are linearly related to
measured rates of vasopressin-induced osmotic water
flow (8, 10), it appears that these sites of aggrega-
tion may be of functional significance in the mecha-
nism of action of vasopressin.

The present investigation concerns the specific role
of these vasopressin-induced alterations in membrane
structure. Since vasopressin stimulates transepithelial
movement of water and many solutes, notably sodium
and urea, sites of intramembranous particle aggrega-
tion could be related to any or all of these vaso-
pressin-induced functional changes. To deal with this
problem we have (a) selectively inhibited vasopressin-
stimulated osmotic water transfer across toad bladder
with methohexital, which does not alter vasopressin-
induced changes in sodium or urea movement (11);
(b) selectively inhibited urea permeability with
phloretin, which does not alter induced changes in
osmotic water or sodium movement (12); and (c)
determined in each case the extent to which the ag-
gregation response was modified. Our data support the
hypothesis that vasopressin-induced structural altera-
tions of granular cell luminal membranes from toad
urinary bladder relate specifically to induced changes
in water permeability.

METHODS
Paired hemibladders from double-pithed female Dominican
toads (Bufo marinus) were mounted as sacs on the end of
glass tubes; one from each pair served as an experimental
bladder, the other as a control. After each bladder was
washed three times on both mucosal and serosal surfaces
with phosphate-buffered Ringer's solution (111 mMNaCl, 4
mMKCI, 0.5 mMCaCl2, 1 mMNaHPO4, 4 mMNa2PO4;
pH 7.4; and 230 mosmol/kg H20), each was filled with
8 ml Ringer's solution diluted 1:2 with distilled water
which contained tracer amounts of ['4C]urea (New England
Nuclear, Boston, Mass.), and then suspended in a 35-ml
Ringer bath. For studies with methohexital (n = 6), the
serosal baths of the experimental bladders contained 0.3 mM
methohexital (Brevital, Eli Lilly and Company, Indianapolis,
Ind.). In the phloretin studies (n = 4), the mucosal baths of
the experimental bladders contained 0.1 mMphloretin (K
and K Laboratories, Inc., Plainview, N. Y.) in 0.5% ethanol
and those of the controls contained ethanol alone. In all
cases, stirring of both mucosal and serosal baths was pro-
vided by rotating magnets.

Isotope permeability (K4a,l,j14C]urea) for both control and
experimental bladders was determined for a single 15-min
period before and for two consecutive 15-min periods after
the addition of vasopressin (Pitressin, Parke, Davis &
Company, Detroit, Mich.) to the serosal baths at a final

concentration of 86 mU/ml. These two latter periods were
averaged into a single 30-min period for ease of data
presentation. Osmotic water flow was measured gravimetri-
cally for both experimental and control bladders for 15
min before and 30 min after the addition of vasopressin
(13). At the end of the experiments in which methohexital
was used, transepithelial electrical potential was evaluated.

After final measurements of transport function were made,
bladders were immersed in 2.5% glutaraldehyde containing
0.1 M cacodylate buffer (pH 7.4) for 1 min to keep them
from shrinking when emptied, removed and rapidly drained,
cut from their glass tubes, and then replaced in the same
fixative for 15 min. Thereafter, they were placed in 0.1 M
cacodylate buffer, coded, and stored under refrigeration
until processed for freeze fracture.

Freeze fracture was done with a Balzers freeze-etch tunit
(BAF 301) (Balzers High Vacuum Corp., Santa Anna, Calif.)
on tissue samples after cryoprotectant treatment with glycerol,
as previously reported (8, 10). Tissue replicas after freeze
fracture were studied with an RCA(EMU 4B) (RCA Corp.,
Camden, N. J.) or Zeiss (EM 10) (Carl Zeiss, Inc., New
York) electron microscope without knowledge of their status.
Since vasopressin-induced intramembranous particle aggre-
gation is observed on the inner fracture face P of granular
cell luminal membranes, a single random micrograph, repre-
senting 22 'um2, was taken of this membrane fracture face
from each of approximately 10 different granular cells for
every bladder studied. Thus, for each bladder, the total
area of granular cell luminal membrane used for structural
quantitation approximated 220 uMm2. At a final magnification
of 45,000 x, the number of aggregates was counted and,
for bladders treated with methohexital and their controls,
the area of membrane which each aggregate occupied was
measured by planimetry, using an Elograph graphical digi-
tizer (E241) (Elographics Inc., Oak Ridge, Tenn.) and a WVang
programmable calculator (720C) (Wang Laboratories, Inc.,
Lowell, Mass.).

In separate experiments with methohexital which paral-
leled those already described, active sodium transport, as
measured by short-circuit current, was evaluated with five
pairs of bladders prepared as sacs, in accord with the pro-
cedure of Walser (14).

In all experiments, data for paired hemibladders were
compared for statistical differences (P < 0.05) by Student's
t test (15) unless otherwise specified.

RESULTS
Figure 1 illustrates vasopressin-induced intramiemi-
branous particle aggregation on fracture face P of
granular cell luminal meembrane from a control bladder
studied in this investigation, and is in accord with
previous observations (8, 10). On the apposed fracture
face E of the same meImbrane type, distinctive areas
were observed in which depressions (impressions)
made by the aggregated particles were organized in
parallel arrays.

Aggregation sites which were seen in vasopressin-
stimulated bladders exposed to methohexital appeared
structurally indistinguishable from those associated
with vasopressin alone. In quantitative terms, however,
striking differences were observed. In Table I are listed
these quantitative structural data as well as corre-
sponding functional data. Both the number of sites of
intramembranous particle aggregation and the cumula-
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IMP

FIGURE 1 Vasopressin-induced intramembranous pairticle aggregation oni fracture face P of
control granular cell luininal membrane. Aggregates (arrows) are seen between and near the
bases of microvilli (MV). Unaggregated intramembranous particles (IMP) appear as small
projections which are randomly distributecl. x 75,000

tive area of meml)rane which these sites occupied
were less (P < 0.005) in methohexital-treated bladders
than in the controls. In addition, vasopressin-stimiiu-
lated osmotic water flow was diminished by metho-
hexital (P < 0.001) whereas neither urea permeability
nor electrical potential was significantly altered. In
relative terms, the 69% inhibitory effect of metho-

hexital on water flow followed closely the 74% reduc-
tion in aggregate frequency and the 79% reduction
in the cumulative area of membrane occupied by the
aggregates.

The increase in short-circuit current after vaso-

pressin in methohexital-treated bladders was the same

as that seen in paired controls. This has been shown

TABLE I
Effects of Methohexital and Phloretin otn Functional and Struictutral Characteristics

of Vasopressin-Treated Bladders

Freqecncy of Cumnulatise area
Osmotic Potential aggregati on of aggregattion

Klr,n, tL1rca wsater flow (lifterelite Sitcs sites

X 10|( m.(mg/u mY n.122()n m20 X 103 tn112/122()
membrane W1a2 membrane

Methohexital stuidies (it = 6)
Control 358±49 30.7±2.0 56+18 111± 17 1,171+209
Methohexital 309±70 9.5+2.1 48+14 29±7 247± 63
A (Control-methohexital) 50±28 21.1± 1.6 7+13 82±13 924+174
P < 0.2 0.001 0.6 0.005 0.005

Phloretin stuidies (n = 4)
Control 384±17 27.3± 1.5 261±34
Phloretini 65±3 27.6± 1.2 250±39
A (Control-phloretin) 319± 16 -0.3±0.8 11± 17
P < 0.)01 0.8 0.6
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previously in six paired experiments for bladders
studied in Lucite chambers (11), where the increase
in short-circuit current was not significantly different,
and is presented here for five pairs of bladders
mounted as sacs (Fig. 2).

In Fig. 3, individual aggregate surface area is
histographically illustrated for all aggregates observed
in vasopressin-stimulated bladders with and without
methohexital treatment. In each case, aggregate size is
asymmetrically distributed. Application of an appro-
priate nonparametric statistical test (Wilcoxan test for
unequal observations [15]) indicates that the slight
decrease in the mean area of aggregates in metho-
hexital-treated bladders (8.7 x 10-3 ,tm2) compared with
the mean area of those in controls (10.7 x 10-3 Am2)
is statistically significant (P < 0.01).

As shown in the lower half of Table I, phloretin
reduced vasopressin-stimulated urea movement by
82% but did not exert any effect on either hor-
monally-induced osmotic water flow or on the number
of aggregates per area of granular cell luminal
membrane.

DISCUSSION

The results of this investigation indicate that the vaso-
pressin-induced structural alterations found in granular
cell luminal membranes from toad bladder correlate
specifically with alterations in osmotic water per-
meability. Both the present and an earlier study (11)
indicate that methohexital inhibits the effect of vaso-
pressin on osmotic water movement across the toad
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FIGURE 2 Short-circuit current (mean±+SEM) before and
after vasopressin in paired control ( 0) and metho-
hexital-treated (O--- 0) bladders prepared as sacs (n = 5).

bladder, but does not affect vasopressin-induced
changes in urea permeability or active sodium trans-
port. Phloretin, on the other hand, inhibits urea
permeability, but it does not alter the aggregation
response to vasopressin. In view of these results, and
because methohexital treatment affected vasopressin-
stimulated osmotic water flow quantitatively to about
the same extent as vasopressin-induced particle aggre-
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FIGURE 3 Frequency histogram of aggregate size for control bladders treated with vaso-
pressin and for paired experimental bladders treated with vasopressin plus methohexital.
Relative to control, methohexital exposure is associated with an increase in the proportion
of smaller aggregates and a decrease of larger aggregates such that mean aggregate size is
reduced significantly (P < 0.01) from 10.7 x 10-3 to 8.7 x 10-3 Jm2.
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gatioii, it is reasonable to conclude that of the effects
of vasopressin stimulation on water, urea, and sodiumil
movemenit across toad bladder, only osmotic water
movemiient relates to these induced structuLiral altera-
tions. Further support for this concluisioni is the find-
ing that colchicine, which disrupts microtuLibules and
inhibits the stimiulation of water flow, but not sodiumn
transport, by vasopressin (16), also reduces the number
of aggregates and the fractional area of membrane
occupied by them (17).

It seemiis clear that the aggregation response to vaso-
pressin is not a consequence of water flow per se
since it occurs in the absence of an osmotic gradient
when net water flow is negligible (9, 10). On the
basis of two paired experiments which we per-
formed, aggregates seen in the absence of a gradient
were at least as numerous as those seen in the
presence of one.

The mechanism by which vasopressin modifies
the permeability of toad bladder involves mediation
by intracellular cyclic AMP (cAMP) (18, 19). When
cAMP is uised to stimnulate toad bladder, altera-
tions in granular cell luminal membrane occur which
are identical to those induced with vasopressiin
stimulation (9, 10). Since methohexital appears to
inhibit vasopressin-stimulated osmotic water flow by
inhibiting cAMP synthesis (20), the finding in this
study of fewer membrane alterations in methohexital-
treated bladders is probably best explained by a reduc-
tion of intracellular cAMPconcentration.

In this connection, it is interesting that the mean
size of aggregation sites associated with vasopressin
plus methohexital was significantly less than that
associated with vasopressin alone. With levels of vaso-
pressin between 0.1 and 200 mU/ml, a change in
mean aggregate size was not previously noted (10),
and thus the finding of smaller aggregates in metho-
hexital-treated bladders may represent a second, direct
effect of mnethohexital per se on the mobility of
membrane proteins. The significance of smaller aggre-
gates in methohexital-treated bladders is open to
question siince the reduction in size seems slight,
but nevertheless this effect is consistent with the
smiiall discrepancy observed between relative reduc-
tions of aggregate frequency (74% decrease) and
cumulative area of membrane affected by the aggre-
gation phenomenon (79% decrease) in methohexital-
treated bladders.

The results of this investigation suggest more firmly
than before (8, 10) that the vasopressin-induced altera-
tions in toad bladder granular cell luminal membrane
relate specifically to changes in membrane water
permeability. It should not be concluded, however,
that the intrasmembranous particles which are aggre-
gated by vasopressin are necessarily actual sites for
water transfer. Nevertheless this possibility should be

seriously considered, especially sinice the water per-
meability barrier altered by vasopressini is spe-
cifically located in granular cell luminial membranes
(21, 22) and, in the case of red cell membranes,
intramembranouis particles apparently canl represenlt
sites for water passage (23).
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