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ABSTRACT 

The structure of the urinary bladder of the toad Bufo marinus was studied by light and elec- 
tron microscopy. The epithelium covering the mucosal surface of the bladder is 3 to l0 mi- 
crons thick and consists of squamous epithelial cells, goblet cells, and a third class of cells 
containing many mitochondria and possibly representing goblet cells in early stages of their 
secretory cycle. This epithelium is supported on a lamina propria 30 to several hundred 
microns thick and containing collagen fibrils, bundles of smooth muscle fibers, and blood 
vessels. The serosal surface of the bladder is covered by an incomplete mesothelium. The cy- 
toplasm of the squamous epithelial cells, which greatly outnumber the other types of cells, 
is organized in a way characteristic of epithelial secretory cells. Mitochondria, smooth and 
rough surfaced endoplasmic reticulum, a Golgi apparatus, "multivesicular bodies," and iso- 
lated particles and vesicles are present. Secretion granules are found immediately under the 
plasma membranes of the free surfaces of the epithelial cells and are seen to fuse with these 
membranes and release their contents to contribute to a fibrous surface coating found only 
on the fi'ee mucosal surfaces of the cells. Beneath the plasma membranes on these surfaces is 
an additional, finely granular component. Lateral and basal plasma membranes are heavily 
plicated and appear ordinary in fine structure. The cells of the epithelium are tightly held 
together by a terminal bar apparatus and sealed together, with an intervening space of only 
0.02 mu near the bladder lumen, in such a way as to prevent water leakage between the 
cells. It is demonstrated in in vitro experiments that water traversing the bladder wall passes 
through the cytoplasm of the epithelial cells and that a vesicle transport mechanism is not 
involved. In vitro experiments also show that the basal (serosal) surfaces of the epithelial 
cells are freely permeable to water, while the free (mucosal) surfaces are normally relatively 
impermeable but become permeable when the serosal surface of the bladder is treated with 
neurohypophyseal hormones. The permeability barrier found at the mucosal surface may be 
represented, structurally, either by the filamentous layer lying external to the plasma mem- 
brane, by the intracellular, granular component found just under the plasma membrane, 
or by both of these components of the mucosal surface complex. The polarity of the epi- 
thelial sheet is emphasized and related to the physiological role of the urinary bladder in 
amphibian water balance mechanisms. 

I N T R O D U C T I O N  

One of the biological membranes which has been 
given much attention by physiologists in the past 
few years is the amphibian urinary bladder. This 
organ is of considerable interest for a number of 

reasons. It is the phylogenic and functional analog 
of the collecting tubule of the mammalian kidney, 
but offers the advantages of being more readily ac- 
cessible and of being simpler histologically. It is, 
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under resting conditions, relatively impermeable 
to water and urea, but becomes more permeable to 
these simple substances upon being treated with 
any of a number  of neurohypophyseal hormones, 
including oxytocin, arginine vasopressin, lysine 
vasopressin, and arginine vasotocin (1-5). In addi- 
tion, these hormones stimulate the net active trans- 
port  of sodium ions from the mucosal to the serosal 
surface of the bladder (6). On the basis of their re- 
sults (3, 6-9), Leaf and his collaborators have pos- 
tulated that  the hormones change the size of pores 
in some diffusion barrier at or near the mucosal 
surface of the bladder. 

The present study was undertaken in an effort to 
determine the structural basis for the physiological 
properties of this organ and to establish, if possible, 
the mode of action of the neurohypophyseal hor- 
mones thereon. The latter is of particular interest 
since insulin, which changes the permeability of 
cells to small molecules such as glucose, and which, 
like the neurohypophyseal hormones, contains di- 
sulfide bonds possibly involved in its chemical 
mechanism of action, has been reported by Barr- 
nett  and Ball (10) to cause increased vesiculation of 
the plasma membranes of adipose cells. 

This paper is a report  on the first phase of this 
study and is concerned with the light and electron 
microscopic appearance of the toad's urinary blad- 
der and some alterations in this appearance 
brought  about by variations in ionic medium and 
the application of hormones to the bladder in vitro. 

M A T E R I A L S  AND M E T H O D S  

Toads (Bufo marinus) were kept at a constant tempera- 
ture, 20°C, well hydrated but not fed. Tissues for 
light or electron microscopy alone were either fixed 
in situ in pithed toads, dissected out after a few min- 
utes, and put into bottles of cold fixative, or fixed 
in vitro shortly after removal from the animal. For 
the in vitro studies, bladder halves were removed from 
pithed animals and mounted according to the 
method of Bentley (2). Each bladder half was tied 
over the tip of a hollow glass tube, filled with 3 ml of 
Ringer's solution diluted 1 to 5 with distilled water 
(50 mOsM/liter), and then immersed (serosal surface 
outward) in 20 ml of circulating, aerated Ringer's 
solution (220 mOsM/liter). The rate of water move- 
ment from the mucosal to the serosal solution was 
measured at intervals of about 20 minutes by the 
decrease in weight of the bladder and the tube 
upon which it was mounted. 

The Ringer's solution used had the following 
composition (mM/liter) : NaC1, 110, KC1, 2.0; CaCI2, 

2.0; Na2HPO4, 1.0, NaH2PO4, 0.2; NaHCO3, 2.0 
(pH 7.4). 

Specimens for paraffin embedding were fixed for 
16 hours in 5 per cent trichloracetic acid and dehy- 
drated in ethanol. Sections were cut at about 5 # on 
a Spencer microtome with a steel knife. 

The fixative used for phase and electron micro- 
scopic studies was 1 per cent osmium tetroxide dis- 
solved either in Ringer's solution (sometimes with 
the addition of glucose, 5.5 raM/liter) or in acetate- 
veronal buffer at pH 7.6 (11) with CaCI~ (0.001 M/ 
liter). The bladders were fixed cold (approx. 4°C) 
for from 8 to 20 minutes, dehydrated through ethanol- 
water mixtures, and embedded in n-butyl methacry- 
late with 1 per cent 2,4-dichlorobenzoyl peroxide 
and 1 per cent dibutyl phthalate (Luperco CDB). 

Sections of osmium-fixed tissue were cut on Porter- 
Blum (12) and Huxley (13) microtomes using glass 
knives and mounted on carbon support films. Some 
thin sections were treated with saturated aqueous 
lead subacetate, Pb(C~H30~)2.Pb(OH)~, to increase 
contrast, and covered with thin films of collodion. 
Thick sections for phase microscopy were mounted 
on glass slides in immersion oil of refractive index 
1.460 and covered with glass coverslips. 

Some observations were made on living cells ob- 
tained by scraping the mucosal surface of the bladder 
with a razor blade or with the edge of a glass micro- 
scope slide. Large numbers of intact epithelial cells 
are freed from the lamina propria by this procedure. 
These cells were washed, mounted in aqueous media 
under coverslips, and then observed by phase micros- 
copy. 

Electron micrographs were made on Eastman 
Contrast lantern slides at 50 kv using RCA EMU-2B 
and EMU-3F electron microscopes. Light micro- 
graphs were made on Eastman M plates using a coil 
filament lamp with a green filter. A Zeiss X 90 oil 
immersion phase objective, N.A. 1.25, was used for 
phase micrographs of methacrylate sections, and a 
Spencer 32 mm objective and a Zeiss 2 mm oil im- 
mersion apochromat objective, N.A. 1.3, were used 
for light micrographs of paraffin sections. 

R E S U L T S  

The histological arrangement  of the toad's urinary 
bladder is illustrated in the light micrograph of a 
stained paraffin section shown in Fig. 1. Portions of 
a short loop of the bladder wall are seen sectioned 
transversely. This bladder was fixed while moder- 
ately distended and then emptied during subse- 
quent  t reatment  prior to embedding. In bladders 
fixed while highly stretched, all transverse dimen- 
sions of the bladder wall are proportionally re- 
duced. A major part  of the bladder wall consists of 
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FIGURE 1 

Low magnification light micrograph of a paraffin section of the toad's urinary bladder stained with 
iron Mum-iron hematoxylin and counterstained with cosin. The epithelium (ec) covers the lamina 
propria (lp) on its mucosal surface. Within the lamina propria are blood vessels (by) and smooth 
muscle fibers (sm). An incomplete mesothelium (ms) is found on the serosal side of the bladder wall. 
Spencer 32 mm objective. X 75. 

a relatively thick connective tissue layer, or l amina  
propr ia  (lp), made up  largely of collagen fibrils, 
blood vessels (by), and bundles of smooth muscle 
fibers (sin). The lamina  propr ia  varies considerably 
throughout  the bladder ,  being ra ther  thick where 
blood vessels and  smooth muscle fibers are present  
and  reaching a m i n i m u m  thickness elsewhere of 
about  30 ~ in bladders fixed while moderately dis- 
tended. The  mucosal surface of the bladder,  
bounding  the lumen,  is covered by an  epi thel ium 
(ec) usually between 1 and  I0 # in thickness. This  
epi thel ium, shown more clearly in the higher mag-  
nification light micrograph in Fig. 2, appears  to be 
one or two cells thick, a l though in most areas only 
one layer of cells is found. Even in highly distended 
bladders,  no perforation of this cell layer is found, 
indicat ing tha t  the cells are t ightly held together 

at  their  lateral  edges. The  serosal surface of the 

b ladder  is covered by an  incomplete  squamous cell 

layer or mesothel ium (ms) as seen in Fig. 1. This  

description is in close agreement  with  Lavdowsky, 

who apparent ly  gave the first description of the 

amph ib ian  ur inary  bladder  (14). 

Electron Microscopy 

At least three morphologically distinct cell types 

can be identified in electron micrographs of the 

epi thel ium on the mucosal surface of the bladder.  

Examples of these cell types are shown in the sur- 

vey electron micrograph in Fig. 3 and  in later  fig- 
ures. The  overlay of Fig. 3 indicates the boundar ies  
of the cells and  identifies the various cell types. 
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FIGURE 

Higher magnification of the section in Fig. 1, showing the epithelial cells (ec) bounding the lumen 
of the bladder (bl) on the inner or mucosal surface of the bladder wall. Connective tissue fibrils of the 
lamina propria (lp), a blood capillary (by), and a bundle of smooth muscle fibers (sin) are indicated. 
Zeiss 2 mm oil immersion objective, N.A. 1.3. X 1500. 

The most abundant  ceils are the squamous epi- 
thelial cells (ec), which form the entire free surface 
of the portion of the bladder shown in Fig. 3 and, 
indeed, account for almost the entire area of the 
free mucosal surface of the bladder. Cells of the 
other types communicate with the bladder lumen 
through narrow, neck-like projections forming only 
a small proportion of the total free surface area 

(Figs. 4 and 5). For convenience, the term epithelial 
ceil will be used here to refer to the more or less flat 
cells lying with their long axes parallel to the sur- 
face of the bladder (the squamous epithelial cells), 
excluding other types of cells found in the epithelial 
cell layer. Because of the numerical predominance 
of this cell type, and because another function can 
be attr ibuted to at least one of the remaining cell 

FIGURE 3 

Survey electron micrograph of a normal bladder epithelium illustrating three types of 

cells found in this cell layer. The overlay indicates the boundaries of the various cells. 

Three squamous epithelial cells (ec) form the surface bounding the bladder lumen 

(bl) in this figure. Microprojections (rap) extend from these cells into the lumen. Also 

indicated are a goblet cell (gc) containing large, dense droplets and vesicles with either 
clear (cv) or dense (dr) contents. Three cells containing numerous mitochondria arc 

also seen. Within each of these latter cells, the mitochondria are of uniform size, but 

there is considerable variation in size from one cell to another. The largest mitochondria 

are found in cell mcl; cell me2 has mitochondria of an intermediate size, and cell mc~ 

has the smallest mitochondria in this field. EMU-2B. X 14,000. 
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FIGURE 4 

Electron micrograph showing a goblet cell packed with mucus droplets (rod) and flanked by two 
epithelial cells (ec). This goblet cell appears as though ready to discharge its contents into the 
bladder lumen (bl). EMU-2B. X 12,000. 

types, it is assumed tha t  these cells are responsible 
for the unusual  and interesting permeabi l i ty  and  
t ranspor t  properties of the bladder.  

One  of the other cell types found in the epithelial  
cell layer is the goblet or mucus-secreting cell, 
shown in Fig. 4. The  cell labeled gc in Fig. 3 also 
has the morphological  characteristics of a goblet 
cell. These cells contain a few small mi tochondr ia  
(average width  0.2 ~) and  two classes of vesicles, 
one with a quite clear i n t e rnum and the other  con- 
ta ining a uniform, moderately dense substance 
(Fig. 3). The  most obvious feature of these cells is 
the presence of large, pale droplets, 0.5 to 1.5 # in 
diameter ,  which can be identified wi th  the mucus 

droplets seen in l ight microscope prepara t ions  (see 
md, Fig. 4). The  fact tha t  these cells sometimes con- 
tain these pale droplets (Fig. 4) and  sometimes 
slightly smaller (0.4 to 1.0 ~) dense ones (Fig. 3) 
has been pointed out by Rhodin  and  D a l h a m n  
(15) as suggesting stages in mucus formation. Fig. 4 
shows a mucus cell apparent ly  just  prior to dis- 
charging its contents into the lumen of the bladder.  

Cells of the third type cannot  at  present  be iden- 
tified functionally, bu t  they clearly form a class 
which is morphologically distinct from the epithe-  
lial and  goblet cells. Examples  (mc) are shown in 
Figs. 3 and 5. They contain mi tochondr ia  in con- 
siderably greater  numbers  than  do ei ther  epithelial  
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or goblet cells. The mitochondria vary consider- 
ably in size (from 0.1 to 0.4 # in width), but those 
in any one cell are all of approximately the same 
size (Fig. 3). These cells often have a slightly less 
dense cytoplasmic matrix than the other cell types, 
and contain many small particles and isolated ves- 
icles of endoplasmic reticulum. They communicate 
with the bladder lumen only through narrow 
necks, as seen in Fig. 5. The significance of this 
type of cell is not known with certainty. Early his- 
tological studies of the goblet cells of the amphibian 
urinary bladder showed the presence of two types 
of cells, in addition to the epithelial cells, with dif- 
ferent morphological appearances when stained 
with various agents (16-19). For example, when 
stained with osmic acid one type appeared dark 
and coarsely granular, while the other was lighter 
and homogeneous or finely granular. These cells 

were considered to be goblet cells in different 
states of secretory activity, the dark, coarsely gran- 
ular cells being in a "mucus-filled" state and the 
lighter cells with finer granulation in a "protoplas- 
mic"  state. It  is quite possible that the cells with the 
high mitochondrial content observed in the present 
study represent the "protoplasmic"  cells observed 
earlier and are goblet cells in various early stages of 
secretory activity. This problem will not be pur- 
sued further here. 

Fine Structure of the Epithelial Cells of the Bladder 

Cytoplasm: The cytoplasm of the epithelial cells is 
similar in fine structure to that of many other types 
of cells that have been described (Fig. 6). Nuclei 
are often proximally (basally) located, although 
the thinness of most of the epithelial cells does not 

FIGURE 5 

A cell of the type that contains numerous mitochondria (me), showing the characteristic narrow 
neck (nk) by which these cells communicate with the bladder lumen (bl). Ajdacent epithelial cells 
are indicated (ec). EMU-2B. X 31,000. 
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FIGURE 6 

View of the  cy toplasm of an  epithelial cell. The  Golgi appa ra tus  (g) occupies the  region nea r  the  
center  of the  figure and  is su r rounded  by mi tochondr ia  (m). At the  lower r ight  corner  is the  cell nu -  
cleus (n), whose double  m e m b r a n e  shows an indicat ion of a pore (np) and  distention over a region 
covered with R N P  particles and  associated with an  a r ray  of enlarged elements  of rough  surfaced 
endoplasmic  re t icu lum (er). A mult ivesicular  body  (mvb) is near  the  left center  of  the  figure, and  sev- 
eral secretion granules  (sg) are seen jus t  unde r  the  mucosa l  surface p lasma  m e m b r a n e .  These  granules  
are b o u n d e d  by single m e m b r a n e s  and  conta in  a finely g r anu l a r  mater ia l  s imilar  to tha t  found in the  
i n t e r n u m  of the  rough  surfaced endoplasmie  re t iculum.  A cortical layer of  fine, g ranu la r  mater ia l  (cg) 
lies jus t  benea th  the  p lasma  m e m b r a n e  of the  free surface of the  cell. N u m e r o u s  small  vesicles and  
dense particles are scat tered t h roughou t  the  cytoplasm. T h e  g ranu le  (gr) seen between the  Golgi ap-  
para tus  and  the  nucleus  m a y  be a newly formed secretion granule .  E M U - 3 F .  >( 39,000. 

a l low a s h a r p  d i s t inc t ion  b e t w e e n  " p r o x i m a l "  a n d  

" d i s t a l . "  Golg i  m e m b r a n e s  a re  u s u a l l y  s u p r a n u -  

clear ,  as a re  m o s t  of  the  l ame l l ae  of  the  r o u g h  

su r faced  e n d o p l a s m i c  r e t i c u l u m  a n d  m o s t  o f  the  

m i t o c h o n d r i a .  M i t o c h o n d r i a  a n d  e n d o p l a s m i c  re-  

t i c u l u m  seem u s u a l l y  to be  exc luded  f r o m  the  

d is ta l  h a l f - m i c r o n  o f  cell j u s t  u n d e r  the  free m u c o s a l  

sur face  (Fig. 6). 
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I~OVRB 7 

Detail of mitochondrla (m) and cytoplasmic vesicles (v) and particles (p) in an epithelial cell. EMU- 
2B. X 67,000. 

The mitochondria of the epithelial cells have cir- 
cular to irregularly elongated profiles in section; 
they sometimes branch, are bounded by two outer 
membranes, and contain cristae (Fig. 7). 

The endoplasmic reticulum of these cells con- 
sists of a smooth surfaced component,  usually vesic- 
ular in form, and a rough surfaced component in 
the form of flat lamellae often in roughly parallel 
arrays (Figs. 6 and 8 a). The two forms of endo- 
plasmic reticulum, the smooth and the rough, are 
occasionally seen in continuity with each other and 
also in continuity with the nuclear membrane 
(Fig. 8 a and arrow, Fig. 15). 

Another membrane component of the cytoplasm 
is a structure which has been observed in a variety 
of cell types (20-22) and which has been referred 
to by several names, including "multivesicular 
body" (20). Examples of this structure are shown 
in Figs. 6 and 8 b. It  is variable in form, sometimes 
consisting of whorls of closely packed membranes, 
as in Figure 8 b, and sometimes made up of only a 
few loosely packed membranes (Fig. 6). No func- 
tional significance can be attributed at present to 
this structure, except perhaps that it represents 
storage of lipid or lipoprotein molecules. 

The Golgi complex of these cells is very similar 

in form to that which has been reported for several 
types of secretory cells (23). This is shown in Fig. 6. 
This component consists of a stack of flat lamellae, 
usually three to five in number,  which are bounded 
by smooth surfaced membranes and flanked by nu- 
merous small vesicles also with smooth membranes. 

Irregular dense bodies, probably lipid droplets, 
are occasionally observed. They often show dark, 
osmiophilic granules near their surfaces, as seen in 
Fig. 9. Granules, about 50 m/z in diameter, are also 
found scattered throughout the cytoplasm (Fig. 9). 

The nuclei of the epithelial cells have a fine 
structure very similar to that commonly seen in so- 
matic cells of vertebrates. The nuclear envelope 
consists of two membranes, the outer one seen oc- 
casionally to be connected with the rough surfaced 
component of the endoplasmic reticulum, as has 
already been pointed out in the electron micro- 
graphs (Fig. 15). Fenestrations or pores occur in 
the nuclear envelope. These are depicted in sec- 
tions as areas of apparent  fusion of the outer and 
inner nuclear membranes as shown at np in Fig. 6. 
The nucleoplasm consists of a finely granular or 
filamentous material disposed in patches immedi-  
ately under the nuclear membrane and in clumps 
bordering clear areas or channels throughout the 
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core of the nucleus. These clear channels in the 
nucleoplasm are often associated with the pores of 
the nuclear  membrane ,  as has been observed in 
pancreat ic ,  hepatic,  and other  cells of the ra t  by 
Watson (24). 

Secretion granules similar to the zymogen gran- 
ules of the pancreas (25) are a constant  finding in 
the epithelial  cells of the bladder  (sg, Fig. 6). They 
are usually located immediately benea th  the free 
surface of the cell, in an area, as has been men-  
tioned, from which mi tochondr ia  and endoplasmic 
re t iculum are usually excluded. These secretion 
granules  are bounded  by single membranes  and 
their  content  appears  uni form or finely granular .  
An interest ing relationship between these granules 
and  the special s tructure of the free surfaces of the 
cells will be discussed following the description of 
the various surfaces of the cells. 
Basal and Lateral Surfaces of the Cells." The epithe- 
lial cell layer of the ur inary  bladder  is coated on its 
basal surface, adjoining the lamina  propria,  wi th  

an extracellular layer of amorphous  mater ia l  (ms) 
a little less than  0.1 # thick, as shown in Figs. 10 
and  14. This  is much  th inner  than the usual base- 
men t  membrane  of histology, and will be referred 
to as the "subepithel ial  m e m b r a n e , "  since it is not  
certain whether  it is the basis of the staining reac- 
tions used to identify basement  membranes .  The  
basal plasma membranes  covered by this subepi- 
thelial membrane  are usually flat. In  contrast,  the 
lateral surfaces of all the cells and the proximal  
surfaces of cells not  in direct contact  with  the sub- 
epithelial membrane  are character ized by numer-  
ous loosely interlocking folds, as seen in Figs. 3 and  
10. 

Evidence of pinocytotic activity is often found in 
the basal plasma membranes  adjacent  to the sub- 
epithelial  membrane  (arrows, Fig. 10), bu t  never  
in the lateral plasma membranes  or on the mucosal 
surface of the epithelial  cells. 
Cellular Attachment: Specialized regions of a t tach-  
men t  ("adhesion plates"  or "desmosomes")  are 

FIGURE 8 

a. Showing continuity of membranes of rough surfaced (er) and smooth surfaced (am) endoplasmic 
reticulum with the nuclear membrane (nm). EMU-2B. X 48,000. 
b. Detail of a complex multivesicular body (mvb) in an epithelial cell. EMU-2B. X 55,000. 
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FIGURE 9 

A lipid droplet (ld) with small, dense particles near its periphery in the cytoplasm of an epithelial cell. 
EMU-2B. X 43,000. 

found between adjacent  epithelial  cells (Figs. 10 
and 11). The  fine structure of these a t t achmen t  
areas is very similar to tha t  which has been de- 
scribed in many  epithelia,  e.g., in h u m a n  epidermis 
(26). The  plasma membranes  of the two a t tached  
cells run  quite parallel  over a short  distance (about  
0.4 #) in which there is an appa ren t  doubl ing  of 
each m e m b r a n e  so tha t  it shows up  as two dense 
lines, spaced by about  0.01 # in electron micro- 
graphs. The  outer  two dense lines, one from each 
membrane  forming the desmosome, are spaced by 
about  0.03 Iz and  there is an  addi t ional  faint line 
midway between the two. Dense areas in the cyto- 
plasm immediate ly  adjacent  to the adhesion plates 
represent  the " tonofibr i l lae ,"  fine cytoplasmic fila- 
ments  which are known to a t tach  to the plasma 
membrane  in these structures. 

Desmosomes specially located a little less than  

1 # f rom the free surfaces of the cells form the so- 
called " t e rmina l  bar  appara tus"  which is common 
in epi thel ial  cell layers. This  region is i l lustrated in 
the electron micrograph  in Fig. 11. The  high fre- 
quency with which desmosomes are seen in t rans-  
verse sections of the bladder  epi the l ium at the level 
of the te rminal  bar  appara tus  indicates tha t  these 
structures form a dense band  around each cell. 
Since these structures remain  intact  under  condi-  
tions where the cells are highly stretched or dis- 
tended by large accumulat ions of fluid in the in- 
tercellular spaces, the commonly  held view tha t  
the terminal  bar  appara tus  in epithelia serves to 
anchor  the cells together and thus ma in ta in  the in- 
tegrity of the epithelial  sheet seems to apply in this 
c a s e .  

There  is an addi t ional  componen t  in the associa- 
t ion of the plasma membranes  of adjacent  cells tha t  
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FIGURE 10 

View of three epithelial cells and a portion of the lamina propria near the mucosal surface of the blad- 
der. Close association (ws) is seen between the plasma membranes of the neighboring epithelial ceils 
bounding the bladder lumen (bl). Below this is seen a desmosome (d). The proximal (lower, in this 
figure) plasma membranes of these two cells form deep, interlocking folds, while the plasma membrane 
of the lower epithelial cell, bordering on the subepithelial membrane (ms), is relatively flat. Evidence 
of pinocytotic activity in the latter plasma mclnbrane is indicated by arrows. Bundles of collagen fibrils 
and a portion of a blood vessel are at the lower left. EMU-2B. )< 34,000. 

may serve a function in reducing the leakage pa th  
th rough  the bladder  wall between the cells. Start-  
ing just  at the free surface where the two mem-  
branes  of adjacent  cells come together,  and  extend- 
ing almost to the terminal  bar ,  the space between 
the membranes  is extremely narrow, about  0.02 # 
(Fig. 11). This close apposit ion of cell membranes  
is not  l imited to the epithelial  cells, bu t  occurs be- 
tween cells of all types in the mucosal surface of the 
bladder  (Figs. 4 and 5). 
Free Cell Surface." The  free surfaces of the epithelial  
cells show characterist ic  microvilli and  ridges in 
the plasma membranes  tha t  are most appa ren t  in 
tissue tha t  was loosely held at  the t ime of fixation. 
In tissue fixed while highly stretched, these micro- 
projections of the cell surface are reduced a l though 
not completely absent.  In  sections approximately 
parallel  to the surface of the bladder ,  it can be seen 
tha t  ridges as well as villi are present. A cortical 
layer of moderate ly  dense material ,  finely granular  
in appearance ,  lies immediate ly  inside the plasma 

membrane  at the free surfaces of the cells and  
within the microprojections (cf. Figs. 6, 12, and 
13). 

A fine filamentous layer is found just  outside the 
plasma membranes  of the free mucosal surfaces of 
all the cells border ing on the ur inary  lumen. This  
filamentous mater ia l  is most appa ren t  in sections 
tha t  have been heavily " s t a ined"  with lead salts 
(Fig. 12) and  can be clearly distinguished from the 
plasma membrane  only where the plane of the sec- 
tion is accurately perpendicular  to the cell surface. 
The  a r rangement  of this mater ial  wi th  respect to 
the plasma m e m b r a n e  is shown at higher  magnifi- 
cation in Fig. 13. Only cell surfaces border ing on 
the ur inary  lumen (free surfaces) have this special 
surface coating and  the cortical granular  mater ia l  
inside the plasma membrane .  I t  is evident  tha t  the 
lower epithelial  cell in Fig. 12, which is not  on the 
inner  bladder  surface, does not  have the fibrous 
coating or the granular  mater ia l  at  its distal sur- 
face. 
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I t  is possible to find morphological  evidence tha t  
this filamentous layer is derived from the epithelial 
cells by a secretory process (Figs. 14 and  15) which 
is similar to tha t  described for the pancreas by 
Palade (25). Secretion granules are shown with 
their  membranes  in cont inui ty  wi th  the plasma 
membrane  at the mucosal surface, and  a direct 
cont inui ty  is seen between the granule  content  and 
the fibrous coating of the cell. This suggests tha t  
the mater ial  coating these cells on their  free sur- 
faces consists of a substance synthesized and 
secreted by the epithelial  cells. I t  should be men-  
t ioned here tha t  secretion granules clearly "open-  
ing"  at  the mucosal surface have been seen repeat-  
edly in bladders fixed in vivo or shortly after 
removal  from the animal,  but  never  in bladders in- 
cubated for several hours in vitro before fixation. 

Qui te  often, in the epithelial  cells, an extensive 
array of enlarged elements of the rough surfaced 
endoplasmic re t iculum is seen (Figs. 6, 14, and 16). 
The  thickness of these enlarged cisternae is about  
0.2 to 0.3 #, while tha t  of the usual rough surfaced 
endoplasmic re t iculum in these cells is only about  
0.1 # (Fig. 8 a). The  content  of the enlarged reticu- 
lar elements is somewhat  denser than  the cytoplas- 
mic matrix,  and  has roughly the same density as 
the content  of the secretion granules,  suggesting 
tha t  the secretory substance or a precursor is found 
in the i n t e rnum of the endoplasmic reticulum, as is 
the case in the pancreas of the guinea pig (25). 
Close association occurs between mi tochondr ia  
and  the enlarged re t iculum over small areas from 
which R N P  particles are excluded, as seen at two 
places in Fig. 16. 

The  fine structure of the epithelial  cells of the 
toad's  u r inary  b ladder  is summarized in the draw- 
ing, Fig. 17. 

In Vitro Experiments 

Three  bladders were set up,  as described under  
Materials  and  Methods  with di luted Ringer ' s  solu- 
tion (50 m O s M / l i t e r )  inside (mucosal surface) 
and immersed (serosal surface) in Ringer ' s  solution 
(220 mOsM/ l i t e r ) .  The  first of these served as a 
control.  Weigh t  loss of each was de te rmined  for 
a control  period of 20 minutes  and  then 1.25 
~g of arginine vasopressin (AVP) was added to the 
outside (serosal) solution of the second and third 
bladders.  The  second bladder  was fixed in osmium 
tetroxide after its rate of weight loss had increased; 
the th i rd  was fixed after it had  re turned to a 
resting condit ion following wi thdrawal  of the 

FIGURE 11 

Higher magnification of the region of contact be- 
tween two adjacent epithelial cells at the mucosal 
surface of the epithelial sheet. Desmosomes (d) 
form the terminal bar  apparatus a short way from 
the bladder lumen, and the two plasma membranes 
from the adjacent cells are very closely applied to 
each other (ws) distal to the terminal bar. Secre- 
tion granules (sg) arc seen in each epithelial cell. 
EMU-2B. X 76,000. 

hormone.  Weight  loss was followed on the two 
exper imental  bladders for about  an  hour  after 
they had  been fixed, to make sure tha t  the fixative 
was not  causing extraneous effects such as reversal 
of the physiological states of the bladders.  Weight  
changes were followed on the control  b ladder  
throughout  the exper iment  and  it was fixed at  the 
end of the experiment.  All three bladders  were 
embedded  in methacrylate ,  sectioned at  2 #, and  
examined by phase microscopy. The  results are 
shown in Figs. 18 and  19. The  times at  which 
fixative was appl ied to the bladders are indicated 
in Fig. 18. I t  can be seen from the graphs tha t  the 
b ladder  which was fixed while more permeable  
because of the presence of hormone  became 
slightly less permeable  after fixation, and  tha t  the 
b ladder  which was fixed after hormone  wi thdrawal  
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I~GUHE 19 

Showing the surface coat ing (so) and  the cortical g ranu la r  layer (cg) found at the  free 
surfaces of epithelial  cells border ing  on the  b ladder  l u m e n  (bl) but  not  found at the 
distal surfaces of  epithelial  cells not  bound ing  the  lumen,  such as the  lower cell in this 
figure. These  extra layers show par t icular ly  well in sections, such  as this one, tha t  have  
" s ta ined"  heavily with lead salts, a l though  they can  also be seen in uns ta ined  sections. 
n, nucleus. EMU-2B.  X 42,000. 

FIGURB 18 

Higher  magnif ica t ion  view of the  frce surface of an  epithelial cell showing tha t  the  
f i lamentous surface coat ing (sc) lies outside the  p l a sma  m e m b r a n e  (pro), while the  
cortical g ranu la r  layer (cg) lies inside. EMU-2B.  X 55,000. 
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FIGURE 14 

Port ion of a epithelial  cell showing the enlarged rough  surfaced endoplasmic  re t icu lum 
(er), and  a secretion g ranu le  (sg) opening at the  mucosa l  surface and  d ischarging its 
contents.  T h e  subepithel ial  m e m b r a n e  is indicated (ms). E M U - 3 F .  M 42,000. 

FIGURE 15 

View showing the content  of  a secretion g ranu le  (sg) in cont inui ty  with the  surface 
coat ing (sc) of an  epithelial cell. Also shown is cont inui ty  between the nuclear  m e m b r a n e  
(nm) and  a port ion of the rough  surfaced endoplasmlc  re t i cu lum (er) at the  arrow, n, 
nucleus.  EMU-2B.  X 53,000. 
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FmURE 16 

Enlarged elements of the rough surfaced endoplasmic rcticulum, some of which arc in close asso- 
ciation with one or possibly two mitochondria (arrows). The upper arrow points at what is probably a 
mitochondrion cut so that none of its membranes appears clearly. EMU-3F. X 59,000. 

became slightly more permeable following fixation, 
but that there was a well preserved difference in 
their states of permeability. As illustrated in the 
phase micrographs (Fig. 19), the cytological ap- 
pearance of the epithelial cells varies with the 
physiological state of the bladders at the time of 
fixation. The control bladder has the same mor- 
phology as a b ladder  fixed in vivo. The epithelial 
cells of the bladder fixed following hormone with- 
drawal have the same appearance as those of 
the control bladder, while the cells of the bladder 
fixed in the permeable state show considerable 

swelling involving both the cytoplasm and the 
nuclei. 

In a further experiment,  three bladders were 
mounted as before with diluted Ringer 's  solution 
inside and were suspended in Ringer 's  solution. 
The first served as a control. After weight changes 
were measured for each bladder for a control 
period, 1.25 #g of AVP was added to the outside 
solution of the second bladder. The solutions were 
reversed on the third bladder,  i.e., it was filled 
(mucosal surface) with Ringer 's  solution and 
immersed (serosal surface) in the diluted Ringer 's  
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solution, without hormone on either side. Weight 
changes were then determined after an additional 
period of about 20 minutes. The results, shown in 
Fig. 20, indicate that the bladder treated with 
hormone showed the expected increase in rate of 
water loss, while the control bladder showed no 
significant change, and the bladder bathed in 
diluted Ringer's without hormone showed a small 
gain in weight. 

At the end of the experimental period, each 
bladder was fixed in osmium tetroxide, embedded, 
sectioned, and examined with the phase micro- 
scope (Fig. 21). The control bladder looked essen- 
tially the same as before. There was considerable 
swelling of the cytoplasm and nuclei of the 
epithelial cells of the hormone treated bladder. 
This swelling was even more pronounced in the 
epithelial cells of the third bladder. 

The bladder which was fixed while in the 
permeable state induced by hormone (Fig. 18 b) 
was examined by electron microscopy to see 
whether vesiculation of the free mucosal surfaces 
of the epithelial cells was involved in the swelling 
of the cells and the transfer of water. No evidence 
of vesicle formation at the free surface was found, 

and the number of vesicles present in the cytoplasm 
did not appear to be significantly changed (Fig. 
22). The cytoplasm appeared considerably diluted 
and the nuclei swollen, as had been observed in 
the phase micrographs. 

In another experiment, isolated cells scraped 
from the mucosal surface were placed in two 
groups. One group was washed in several changes 
of distilled water and the other was treated simi- 
larly in Ringer's solution. A sample from each 
group was then mounted under a coverslip for 
phase microscopy in its respective medium. The 
results, shown in Fig. 23, indicate that although 
these cells swell greatly when exposed to distilled 
water, most of them do not rupture. 

D I S C U S S I O N  

The results of our in vitro experiments indicate 
that there is a difference in permeabili ty to water 
between the mucosal and serosal surfaces of the 
epithelium of the isolated amphibian urinary 
bladder. The plasma membranes on the serosal 
surface of this epithelium are normally relatively 
permeable to water, as indicated by the gain in 

FIGURE 17 

Diagram summarizing the observations on the fine structure of the epithelial cells of the toad's urinary 
bladder. Approx. X 20,000. 
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FmUHE 18 

Weight changes of bladders from an in vitro experi- 
ment in which cytological differences between 
bladders fixed in different physiological states were 
investigated. Graph a is from a control bladder, 
graph b is from a bladder fixed after treatment 
with AVP on the serosal side of the bladder, and 
graph r is from a bladder fixed after withdrawal of 
A V E  Each bladder in this experiment had diluted 
Ringer's solution on its mucosal side and Ringer's 
solution on its serosal side. 

weight  of the b ladder  (Fig. 20) and the marked  
swelling of the cells (Fig. 21, c) when  this surface 
is exposed to a hypotonic  medium.  O n  the other  
hand ,  the mucosal surface of this tissue is normal ly  
relatively impermeable  to water  (Figs. 20 and 21, a), 

but  becomes permeable  following the action of 
neurohypophyseal  hormones  (Figs. 20 and  21, b). 

These results confirm the supposition of Leaf  
(9) tha t  the permeabi l i ty  barr ier  of the a m p h i b i a n  
ur inary  bladder  is at  or near  its mucosal surface. 
They  also emphasize tha t  one of the most striking 
properties of epithelial  cells is their  polarity, a fact 
generally recognized by cytologists (27) but  often 
forgotten by workers in other  disciplines. 

On  the basis of our cytological observations, it 
is possible to state unequivocal ly tha t  the osmotic 
transfer of water  f rom the mucosal to the serosal 
solution occurs th rough the epithelial  cells and  not  
between them. An estimate of the rate of water  
passage through these cells (during in vitro experi- 
ments) can be made  by considering a typical half- 
b ladder  as a sphere 2 cm in d iameter  and using 30 
m g / m i n  as a representat ive rate of water  loss 
after hormone adminis trat ion.  The  calculated 
rate of water  movement  is then 24 /~3 per  ~2 of 
b ladder  surface per  minute.  Since the epithelial  
cells are, on the average, 3 # thick, and  since, in 
all likelihood, only par t  of the volume of the cell 
represents diffusible water,  it can be estimated 
roughly tha t  a complete change in cell water  
takes place every 6 seconds or less. 

If  water  were to traverse these cells a t  this rate 
in vesicles by a process named  "cytopempsis"  
by Moore  and  Ruska (28) and thought  by Palade 
(29) to be involved in the t ranspor t  of ferrit in and  
presumably  other  mater ia l  across the endothel ia l  
cells l ining blood capillaries, then one would 
expect to find a t remendous increase in the n u m b e r  
or size of vesicles present in the epithelial  cells of 
the bladder  after hormone  administrat ion.  I t  is 
clear from our results tha t  no such increase occurs. 
This  fact, together wi th  the observation tha t  the 
cytoplasmic mat r ix  of these cells is considerably 
di luted in hormone  t reated bladders,  indicates 
tha t  water  traversing the b ladder  passes th rough  
the cells. 

In  a t t empt ing  to fur ther  correlate cytological 
appearance  with physiological behavior ,  a t tent ion 
is immediately d rawn to the difference in appear -  
ance between the serosal (permeable)  and the 
mucosal ( impermeable)  surfaces of these cells. At  
the former surface, a typical p lasma m e m b r a n e  is 
seen with the electron microscope, whereas at  the 
mucosal surface there are two components  in 
addi t ion to the p lasma m e m b r a n e :  one is the 
fi lamentous layer external  to the p lasma mem-  
brane,  and  the other  is the cortical layer of moder-  
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Phase micrographs of the bladders from the experiment shown in Fig. 18. The epithelial cells (ec) of 
the control bladder (a) show what can be called "normal" cytological structure, comparable to that of 
a bladder fixed in vivo, while those of the bladder fixed in a permeable state (b) are swollen. The third 
bladder (c), fixed after hormone withdrawal, looks similar to the control. Zeiss X 90 phase objective. 
X 900. 
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Weight changes of bladders from an in vitro experi- 
ment testing the effects of dilute solutions when 
placed on the mucosal surface without hormone 
present (left graph), on the mucosal surface with 
hormone on the serosal side (center graph), and 
on the serosal surface without hormone present 
(right graph). 

ately dense, granular material lying immediately 
inside the plasma membrane.  It has not been 
established whether  one or the other of these layers 
is responsible for the unusual permeabili ty char- 
acteristics of this cell surface. 

Following application of neurohypophyseal 
hormones to a bladder in vitro, there is no apparent  
change in the appearance  of either of these special 
components of the mucosal cell surface. 

There  is cytological evidence that  the filamen- 
tous layer outside the plasma membrane  is pro- 
duced and maintained by a secretory process. 
However, the observation that  the secretory proc- 
ess is halted when bladders are removed from the 
animal, although the bladders still respond reversi- 
bly to the application of neurohypophyseal h o p  
mones, indicates that  the secretory process is not 
the means by which the hormones exert their 
characteristic effects. 
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FIGURE ~1 

Phase micrographs of the bladders from the experiment shown in Fig. 20. Epithelial 
cells are indicated (ec). The control bladder (a), with a hypotonic solution on its mu-  
cosal side, shows normal  appearance. The  bladder with the same solutions but with 
hormone added to the serosal solution (b) shows swollen cytoplasm and nuclei. The 
bladder with solutions reversed, i.e. isotonic on the mucosal side and hypotonic on the 
serosal side, but with no hormone (c) shows even more pronounced swelling. Zeiss M 90 
phase objective. X 990. 

FIGURE ~ 

Electron micrograph of the free surface of an epithelial cell from the bladder shown in 
the phase mierograph in Fig. 19 b. The plasma membrane  (pro), the cortical granules 
(cg), and the fibrous surface coating (so) are indicated, as are secretion granules (sg), 
a mitochondrion (m), and some rough surfaced endoplasmic reticulum (er). No evidence 
of vesiculation on the free surface of the cell is ever observed in these cells, even when 
the rate of passage of water through the cell was high (approximately 24 u3 per ~2 of 
free surface per minute in this bladder) at the time of fixation. EMU-3F.  >( 36,000. 
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FIGURE 23 

Phase micrographs of living epithelal cells isolated from the bladder by scraping. Cells washed 
three times and mounted in Ringer's solution, (a). Cells washed three times and mounted in distilled 
water, (b). Zeiss X 90 phase objective. )< 990. 

The  fine s t ructure  of the epithelial  cells of the 
b ladder  can be related to their  physiological 
characterist ics in several other  ways. The  t ight  
lateral  a t t a chmen t  of the cells near  the mucosal 
surface assures an almost leak-proof bladder ,  
allowing the toad to carry dilute ur ine for long 
periods of t ime without  danger  of overhydrat ion 
or the necessity of refiltering the same water  re- 
peatedly th rough  the kidneys. On  the other  hand ,  
the numerous ,  loosely interlocking folds of the 
lateral  membranes  of the cell proximal  to the 
te rminal  bars p robably  help to keep these cells in 
osmotic equi l ibr ium wi th  the serosal fluid, and 
allow a considerable increase in cell volume unde r  
condit ions where the cells are subjected to low 
osmotic pressure, as dur ing  water  resorption. In  
fact, our results show that  these cells will not  
rup ture  even when  when placed in distilled water,  
in spite of a considerable increase in cell volume. 
Odland  has related a similar function to convolu- 
t ion of the plasma membranes  of h u m a n  epidermal  
cells (26), a l though this may  not  be the only 

function of such folding, as evidenced by other  
types of cells which  exhibit  folded plasma mem-  
branes  but  which presumably  are not  called on to 

swell under  normal  physiological conditions. 

I t  is not  clear how hormone  applied to the 
serosal surface of the b ladder  is able to al ter  the 

permeabi l i ty  of a barr ier  located at  the opposite 

surface of the bladder.  As is well known, hormone  

appl ied directly to the mucosal surface has no 

effect. I t  is not  surprising, however, tha t  this is the 

case, since in the living animal  the hormone  

normal ly  reaches the b ladder  via the circulatory 
system, which is on the serosal side of the epithelial  

sheet. Fur thermore ,  since the mucosal surface of 
the b ladder  is normal ly  impermeable  to water,  it 

does not  seem likely tha t  molecules as large as the 
neurohypophyseal  hormones could penet ra te  this 

barr ier  to express their  activity. One  is led to the 
conclusion that  the hormones  ei ther  enter  the cell 

th rough their  basal surfaces or act at these surfaces 
by causing the product ion,  activation,  or release 
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of one or more intermediates which then lead to 

the permeability changes observed. 

One question that has not been answered by 

the present study is whether or not the neurohy- 

pophyseal hormones change the size of specific 

pores in the permeability barrier, as proposed by 

Leaf (9). According to our results, the surface 

complex at the mucosal surfaces of the epithelial 

cells would be the location of any pores involved 

in the regulation of water flow into the cells. This 

surface complex appears unchanged in electron 

micrographs of bladders treated with hormones. 

I t  must be kept in mind, however, that, in all 

likelihood, if the pores were less than 50 A in 
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