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INTRODUCTION

Numerous studies have suggested that the lateral
intercellular spaces can serve as part of the path-
way for water movement across epithelia (2, 3, 5, 6,
11, 14, 15, 20, 22, 23, 24) . The primary evidence
for this view has been the frequent observation in
several tissues that increases in net fluid transport
is accompanied by marked widening of intercellu-
lar spaces. However, recent work has demonstrated
that widened intercellular spaces can occur with-
out net water transfer, possibly due to contractile
activity of smooth muscle (8, 9) . It has also been
observed that the degree of stretch imposed on
tissue can markedly affect the width of intercellu-
lar spaces (9) . Thus, it would be useful to follow
water movement through intercellular spaces by a
technique other than size changes .
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Horseradish peroxidase has been used exten-
sively as a tracer to assess the permeability of cell
junctions (4, 7, 12, 16) . Although the zonula
occludens which occurs at the luminal border of
the toad bladder epithelium is impermeable to
peroxidase (19), the intercellular space is easily
penetrated by peroxidase from the basal (serosal)
side of the epithelium (19). This observation was
utilized in the present studies to detect the flow
of water through the intercellular spaces by cor-
relating movement of the tracer with osmotic
flow.

MATERIALS AND METHODS

Female toads, Bufo marinus, (National Reagents, Inc.,
Bridgeport, Conn.) were pithed and the bladders
were mounted as sacs tied to plastic tubes with the
mucosal surface inside. The bladders were placed in
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an aerated Ringer's solution of 111 .4 mm NaCl, 3.5
mm KCI, 2.4 mm Na HCO3 , 0.88 mm CaC12, with
a pH of 7 .6-8 .2 and tonicity of 220 milliosmols/kg
H20. As previously noted (9) the ultrastructure of the
toad bladder epithelium and the intercellular spaces
can be dramatically altered by stretch . A relatively
constant preparation was achieved by having the
mucosal solution inside the tube rise about a cen-
timeter above the level of the serosal bathing medium .

After a basic equilibration period of 20 min with
Ringer's solution on both sides of the bladder, all
bladders (except peroxidase controls) had an addi-
tional 30 min equilibration period with the same
Ringer's containing 1 .5 mg/ml horseradish peroxidase
(Worthington Biochemical Corp ., Freehold, N . J .),
RZ = 1 .2, and 1 .5 mg/ml bovine albumin fraction V
(Fisher Scientific Company, Pittsburgh, Pa .) in the
serosal medium . Although the results obtained were
essentially the same in the absence of albumin, we
found, as have others (12), that the albumin is useful
in fixing the peroxidase. Preliminary experiments also
demonstrated that it made no difference if peroxidase
was present in the mucosal solution as well as the
serosal medium during the equilibration period . In
experiments with vasopressin (Pitressin, Parke, Davis
& Co ., Detroit, Mich.), this compound was present
during this 30 min equilibration period at a concen-
tration of 200 mU/ml. After the incubation period the
mucosal solution was removed and replaced with
either full strength Ringer's solution or 1/5 Ringer's
solution for periods of 1, 4, or 10 min. The serosal
medium remained the same and thus the bladder was
constantly exposed to peroxidase on its serosal surface .
Tissue was fixed in 2.5% glutaraldehyde (Poly-
sciences, Inc ., Warrington, Pa.) in 0 .09 mt cacodylate
buffer at pH 7.4 for 1-3 hr. Freezing and sectioning
was unnecessary since the bladders are so thin . Al-
though, in some of the experiments reported in this
paper, the staining reaction was carried out on the
following day as recommended by Graham and
Karnovsky (13), the amount of reaction product was
found to be greater if the incubation is carried out im-
mediately after glutaraldehyde fixation for 1 hr and
brief washing . All cases reported as lacking peroxidase
were treated in this fashion . The incubation medium
contained 5 mg of 3,3',4,4'-biphenyltetramine tet-
rahydrochloride (Matheson, Coleman, and Bell,
Cincinnati, Ohio) in 10 ml of 0.05 mt Tris buffer, pH
7.6, and 0 .1 ml of 1%o H202 . Tissue was incubated
for 15 min at room temperature, washed, postfixed for
1 hr in 1 .3% osmium tetroxide buffered with s-colli-
dine, dehydrated in alcohol, and flat-embedded in
Epon. Sections were cut perpendicular to the surface
of the bladder on an LKB Ultrotome with a diamond
knife, picked up on uncoated 75 X 300 mesh copper
grids, stained with uranyl acetate and lead citrate,
and examined in an RCA EMU-4B electron micro-
scope .
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This report is based on the examination of 47 sac
preparations from 12 toads. Each treatment discussed
was performed a minimum of five times .

RESULTS AND DISCUSSION

After an exposure of 30 min to horseradish per-
oxidase in the serosal medium, the tracer was
consistently localized within the intercellular
spaces of the epithelium . If such a preparation was
subsequently exposed to an osmotic gradient by
substituting diluted (1 :5) Ringer's solution for
the mucosal medium without treatment with
vasopressin, there was no change in the position
of the peroxidase (Fig . 1) ; nor was there any sub-
stantial change if the bladder was treated with
vasopressin but not exposed to an osmotic gradi-
ent (Fig . 2) . However, if the epithelium was both
treated with vasopressin and exposed to an os-
motic gradient for 4 min or longer, the tracer was
apparently dislodged from the intercellular spaces
(Fig. 3). Evidence which suggested that peroxi-
dase had previously been in contact with the epi-
thelium could still be found . For example, tracer
was observed in vacuoles at the basal and lateral
surfaces (Fig . 3, V), and occasionally there was
staining of desmosomes and basement membrane .
In four out of the five bladders examined after they
were exposed to an osmotic gradient for only 1
min, there was a significant amount of peroxidase
remaining within the intercellular spaces (Fig . 4) .
Although there was considerable variability in
these intermediate cases, their intercellular spaces
appeared to have less peroxidase activity than
those of bladders not exposed to an osmotic
gradient . In several cases these bladders exposed
to an osmotic gradient for only 1 min were found
to have some intercellular spaces containing
tracer and others virtually empty .
The bladders exposed to both vasopressin and

an osmotic gradient tended to have wider inter-
cellular spaces than those exposed to the alterna-
tive treatments . Thus, the possibility that the
absence of peroxidase might be secondary to a
morphological change and subsequent leaching
out of the tracer during processing had to be
eliminated . When tissue exposed to vasopressin
and an osmotic gradient but no peroxidase was
fixed for 30 min in a glutaraldehyde solution con-
taining horseradish peroxidase and then processed
normally, the wide intercellular spaces were
clearly packed with tracer (Fig . 5) . This demon-
strates that the basic result could not be easily



FIGURE 1 Region of apposition between two epithelial cells of toad bladder . Incubated with horseradish
peroxidase on serosal surface for 30 min and then exposed to an osmotic gradient by substitution of 1 :5
diluted Ringer's solution for the mucosal solution . No vasopressin present . Considerable peroxidase
activity is localized within the intercellular space but stops at the level of the zonula occludens .
X 29,000 .

FIGURE 2 Region similar to Fig. 1 . Incubated with peroxidase on serosal surface in an isotonic medium
containing vasopressin (200 mU/ml) . In the absence of an osmotic gradient, peroxidase activity is still
present in the intercellular space although perhaps reduced from that demonstrated in Fig . 1 . X 29,000 .

attributed to washout of the tracer during process-
ing. Peroxidase was not well retained in the extra-
cellular spaces of the lamina propria even when
peroxidase was added to the fixative . This paral-
lels the observations made by others (7) . It would
seem, therefore, that at least a minimal barrier to
diffusion and/or binding to cell membranes is
necessary for the localization of peroxidase . It is
not possible at the present to exclude the possibil-
ity that changes in these parameters affected the
results . This, however, appears unlikely to be a
critical factor in interpretation since bladders

exposed to an osmotic gradient for only 1 min
(Fig. 4) demonstrate that significant peroxidase
can be localized within widely dilated intercellu-
lar spaces and that the tracer is not necessarily
bound to membranes .

Significant osmotic flow of water across the
toad bladder occurs only when there is both an
osmotic gradient and vasopressin present (1) . Such
water movement is thought to occur as bulk
water flow through aqueous channels (17) . This
flow has been shown to affect the movement of
solutes such as urea by solvent drag (18) . The
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FIGURE 3 Epithelium incubated with peroxidase as in Figs . 1 and 2, but subsequently exposed to both
vasopressin and an osmotic gradient (1 :5) for 4 min . Peroxidase activity is almost completely absent
from the intercellular space. Tracer is still found within some vacuoles (V) . X 23,000 .

FIGURE 4 Tissue treated the same as that in Fig . 3, but exposed to an osmotic gradient for only 1 min .
A significant amount of peroxidase remains within the intercellular space . X 14,000 .

present results would suggest that larger molecules
such as proteins are also subject to solvent drag
and that at least some bulk water flow occurs
within the intercellular spaces of the toad blad-
der .

The present technique leaves unresolved the
question of how water initially enters the inter-
cellular space . It is not known if water must pass
first into the cell across the apical cell membrane
or if it is possible to bypass the cytoplasm com-
pletely and move directly across the zonula occlu-
dens into the intercellular space. Considerable
evidence suggests that vasopressin increases the
permeability of the apical cell membrane (17),
and it has frequently been observed that the epi-
thelial cells tend to swell under conditions of
osmotic water flow (10, 21) . Thus, since vaso-
pressin has not been observed to affect the zonula
occludens, the presently available evidence would
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suggest that water probably enters the intercellu-
lar space from the cells .

The present technique does not allow an assess-
ment of the fraction of the total water flow which
moves through the intercellular spaces . It may be
that a relatively small fraction of the total water
moves through the intercellular spaces, but the
studies presented here suggest that these spaces
form a pathway through which at least some
movement of water can occur .

We are grateful to Dr . Jean-Paul Revel for advice
and encouragement throughout the course of these
studies. We also gratefully acknowledge many useful
discussions of this work with Dr . Stephen Rudich and
Dr. Robert Lisk . The excellent technical assistance of
Mr. Stelio Fantoli is appreciated .
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FIGURE 5 Epithelium exposed to an osmotic gradient in the presence of vasopressin for 10 min without
peroxidase and then incubated in glutaraldehyde solution containing peroxidase for 30 min . The inter-
cellular space is packed with peroxidase, demonstrating that peroxidase is not removed by the processing
procedure . X 15,000 .

Public Health Service, Federal Health Programs
Service, Health Services and Mental Health Ad-
ministration, P-71-12 .

Received for publication 13 April 1971, and in revised form
2 June 1971 .

REFERENCES

1 . BENTLEY, P . J. 1958 . The effects of neurohypo-
physial extracts on water transfer across the
wall of the isolated urinary bladder of the toad
Bufo marinus. J. Endocrinol. 17 :201 .

2 . BENTZEL, C. J ., B. PARSA, and D. K. HARE . 1969 .
Osmotic flow across proximal tubule of Nec-
turus : correlation of physiologic and anatomic
studies . Amer . J. Physiol. 217 :570 .

3 . BERRIDGE, M. J., and B . L. GUPTA. 1967 . Fine-
structural changes in relation to ion and water

transport in the rectal papillae of the blowfly,
Calliphora . J. Cell Sci. 2 :89 .

4 . BRIGHTMAN, M. W., and T. S. REESE . 1969 .
Junctions between intimately apposed cell
membranes in the vertebrate brain . J. Cell
Biol . 40 :648 .

5 . CARAsso, N ., P . FAVARD, and J . VALÉRIEN . 1962 .
Variations des ultrastructures dans les cellules
épithéliales de la vessie du crapaud après
stimulation par l'hormone neurohypophysaire .
J. Microsc . 1 :143.

6 . CARASSO, N., P. FAVARD, J . BOURGUET, and S.
JARD . 1966 . Rôle du flux net d'eau dans les
modifications ultrastructurales de la vessie de
grenouille stimulée par l'ocytocine . J. Microsc .
5 :519.

7. COTRAN, R. S., and M. J . KARNOVSKY . 1968 .
Ultrastructural studies on the permeability of
the mesothelium to horseradish peroxidase . J.
Cell Biol. 37:123.

BRIEF NOTES

	

557



8 . DIBONA, D . R., and M. M. CIVAN. 1969 . Toad
urinary bladder : intercellular spaces . Science
(Washington) . 165:503 .

9. DIBONA, D . R., and M. M . CIVAN . 1970 . The
effect of smooth muscle on the intercellular
spaces in toad urinary bladder. J. Cell Biol.
46:235 .

10 . DIBONA, D . R., M. M . CIVAN, and A. LEAF. 1969.
The cellular specificity of the effect of vaso-
pressin on toad urinary bladder . J. Membrane
Biol . 1 :79.

11 . GANOTE, C. E., J . J . GRANTHAM, H. L . MOSES,
M. B. BURG, and J . ORLOFF . 1968 . Ultra-
structural studies of vasopressin effect on iso-
lated perfused renal collecting tubules of the
rabbit. J . Cell Biol . 36:355 .

12 . GOODENOUGH, D. A., and J. P . REVEL . 1971 .
The permeability of isolated and in situ mouse
hepatic gap junctions studied with enzymatic
tracers . J. Cell Biol. 50 :81 .

13 . GRAHAM, R. C., and M . J . KARNOVSKY . 1966 .
The early stages of absorption of injected
horseradish peroxidase in the proximal tubules
of mouse kidney : ultrastructural cytochemistry
by a new technique . J. Histochem . Cytochem.
14:291 .

14 . GRANTHAM, J . J ., C . E. GANOTE, M. B. BURG,
and J . ORLOFF. 1969. Paths of transtubular
water flow in isolated renal collecting tubules .
J. Cell Biol . 41 :562 .

15 . GRANTHAM, J. J ., F. E . CUPPAGE, and D .
FANESTIL . 1971 . Direct observation of toad
bladder response to vasopressin . J. Cell Biol .
48:695 .

558

16 . KARNOVSKY, M .J. 1967 . The ultrastructural basis
of capillary permeability studied with peroxi-
dase as a tracer . J. Cell Biol . 35 :213 .

17. LEAF, A. 1965 . Transepithelial transport and its
hormonal control in toad bladder . Ergeb .
Physiol . Biol. Chem . Exp . Pharmakol . 56:216 .

18. LEAF, A., and R . M. HAYS . 1962. Permeability
of the isolated toad bladder to solutes and its
modification by vasopressin . J . Gen . Physiol .
45 :921 .

19 . MAZUR, .S . K., E . HOLTZMAN, I . L . SCHWARTZ,
and R. WALTER . 1971 . Correlation between
pinocytosis and hydroosmosis induced by
neurohypophyseal hormones and mediated by
adenosine 3', 5-cyclic monosphosphate. J.
Cell Biol . 49:582 .

20. PAK Poy, R . F. K., and P . J . BENTLEY. 1960 . Fine
structure of the epithelial cells of the toad
urinary bladder . Exp. Cell Res. 20:235 .

21 . PEACHEY, L . D ., and H. RASMUSSEN . 1961 . Struc-
ture of the toad's urinary bladder as related to
its physiology. J. Biophys. Biochem . Cytol . 10:529 .

22 . SCHMIDT-NIELSEN, B., and L. E. DAVIS . 1968 .
Fluid transport and tubular intercellular spaces
in reptilian kidneys . Science (Washington) .
159 :1105 .

23 . TISHER, C. C ., R . E. BULGER, and H. VALTIN .

1971 . Morphology of renal medulla in water
diuresis and vasopressin-induced antidiuresis .
Amer. J. Physiol . 220:87 .

24. TORMEY, J . McD., and J . M. DIAMOND . 1967 .
The ultrastructural route of fluid transport in
rabbit gall bladder . J . Gen . Physiol. 50:2031 .

THE JOURNAL OF CELL BIOLOGY . VOLUME 51, 1971 . pages 558-563


