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Indirect  evidence suggests tha t  occluding 
zonules may also be impermeable  to small mole- 
cules and  possibly water. They  seal up  the inter- 
cellular spaces of the epi thel ium in organs which, 
as par t  of their function, ma in ta in  marked  chemi- 
cal and  electrical potential  gradients  between the 
lumen and  the subepithelial  spaces. Recent  work 
on amph ib i an  kidney (56, 57) and  ur inary  bladder  
(58), for instance, suggests tha t  such gradients  are 
created by the activity of the corresponding epi- 
thelia. ~ I t  should be added that  they are success- 
fully mainta ined,  notwi ths tanding the mul t i tude  
of intercel lular  spaces tha t  break the cont inui ty  of 
the epithelium. I t  is, therefore, reasonable to as- 
sume tha t  back diffusion along the intercellular 
spaces is minimized or prevented.  In  the inter- 
pre ta t ion of physiological data,  the spaces are 
ei ther  ignored or tacitly assumed to be closed at 
their  luminal  end by a cement  substance, an  
assumption which  follows old morphological  ideas 
abou t  the nature  and  topography of the terminal  
bars. Our  observations indicate tha t  the zonula 
occludens must  be the site of maximal  constraint  to 
diffusion along the intercellular spaces, for the 

6 A similar situation applies in the frog skin (59). 
In this situation, however, the geometry of the 
epithelium is complicated by stratification, and in- 
formation about intercellular junctions is still in- 
complete (@ 1, 60). 

la t ter  appear  to be obl i terated at  the level of this 
junc t ional  element, a t  least according to 
morphological  evidence. It  should be stressed, 
however, tha t  the intercellular spaces are closed 
off near  the lumen by the fusion of the adjoining 
cell membranes ,  and  not  by the interposit ion of a 
resolvable layer of cement,  as previously assumed 
in the l ight microscopical l i terature.  This finding 
is timely for, according to recent  work (2, 55), 
the basis for the whole intercel lular  cement  hy- 
pothesis seems to be topographically in error;  
the hematoxylin-stained or s i lver- impregnated 
mater ia l  of the terminal  bar  appears to be intra-,  
not  extracellular in location. 

Wi th in  the past few years a n u m b e r  of 
researchers have speculated on the possible in- 
fluence of intercellular junct ions,  character ized by 
m e m b r a n e  fusion and  obli terat ion of intercel lular  
spaces, upon  epithelial permeabil i ty.  Rober tson 
suggested tha t  such junct ions  may serve to regulate 
diffusion along the intercellular spaces (32). 
Peachey and  Rasmussen (12) postulated tha t  the 
zones of extreme narrowing found along the 
intercellular spaces in the epi thel ium of the toad 
b ladder  may  assure an  "a lmost  leakproof b ladder . "  
Gray  (46) suggested tha t  similar junct ions  ("close 
contacts")  among  the glial cells sur rounding cere- 

bral  capillaries serve to seal off the extracellular 

spaces and  route water  and  metaboli tes across 

FIGUnES !~5 TO !~7 

Higher magnifications of intercellular junctions between kidney tubule cells from 
rats with experimental hemoglobinuria. Figs. 25 and 26 are from the proximal con- 
volution, and Fig. 27 is from a distal tubule. In all the figures it can be clearly seen that  
the hemoglobin concentrated in the tubular lumen pcnctrates only down to the level 
of the occluding zonule and does not reach the adhering zonule or interccllular space 
(Is) beyond. The penctration of the tracer appears to be effectively stopped at the 
initial fusion point of the adjoining cell membranes that  marks the beginning of the 
occluding zonule (Fig. 27). Note that  in the case of the proximal tubule (Figs. 25 and 
26) the occluding zonule is very shallow and appears only as a focal ( ~ 3 0 0  A) stricture 
(between arrows 1 and 2) along the othcrwlsc open intcrccllular spaces, whereas the 
adhering zonule (between arrows 2 and 3) is quite deep (~2500 A) and is associated 
with a dense condensation of cytoplasmic material. In the distal convolution (Fig. 27) 
the situation is reversed, the occluding zonule (arrows 1 to 2) is deep (~3000 A) and is 
followed by a relatively shallow (~800  A) adhering zonule (arrows 2 to 3). Dense 
cytoplasmic material is associated with both the occluding and adhering zonules. In 
the case of the proximal convolution the outer leaflet of the cell membrane and the 
fusion line are rarely visible in this type of preparation, whereas in the distal segment 
both leaflets can be clearly seen and followed into the occluding zonule. 

Specimens in Figs. 25 and 26 fixed in 2 per cent OsO4 in acetate-Veronal buffer 
(pH 7.6) with sucrose and embedded in Araldite. Pb(OH)2-stained sections. The 
specimen preparation for Fig. 26 is the same as for Fig. 24. Fig. 25, X 135,000; Fig. 26, 
X 96,000; Fig. 27, X 150,000. 
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FIGURES 29 AND 30 

In these figures the dense mass of discharged zymogcn is stopped at the point of mergence of the 
membranes of two apposed cclls into an occluding zonule (arrow 1). The fusion line (fl) is visible 
in both cases. In Fig. 29 thc intercellular space beyond the occluding zonule (arrow 2) appears free 
of discharged zymogen. 

Specimens fixed in 1 per cent OsO4 in phosphate buffer (pH 7.6), dehydrated in acetone, stained 
in block with KMnO4, and embedded in Epon. Pb(OH)2-stained sections. X 200,000. 

FIGURE 28 

This figure together with the following ones (Figs. 29 and 30) illustrate the behavior 
of discharged zymogen in the acinar and duct lumina of guinea pig pancreas. 

In Fig. 28 discharged zymogen, which matches in density the content of zymogen 
granules (Z) completely fills a glandular lumen (L) bounded by an acinar and three 
centroacinar or duct cells. The material that  occupies the intercellular spaces beyond 
the junctional complexes marked Jel to Je4 is of noticeably lower density (arrows); 
the difference shows to better advantage in normally or nearly normally sectioned 
spaces (long arrows). A single junctional complex (Jel) is normally cut. At its level it 
is clear that  the mass of discharged zymogen stops at the occluding zonule. The situa- 
tion at the other junctional complex is obscured by the obliquity of their section. 

Specimen fixed in 1 per cent OsO4 in phosphate buffer (pH 7.6) and embedded in 
Epon. Section stained in uranyl acetate and Pb(OH)~. X 58,000. 
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glial cells. Finally, Muir  and Peters (13) recently 
found similar junctions in the endothelium of 
blood capillaries and predicted that comparable 
arrangements will be detected "wherever a sheet of 
cells separates two zones of different constitution in 
order to prevent intercellular diffusion of ions and 
small molecules." 

Our  studies, initiated and carried out inde- 
pendently of those of Muir  and Peters, confirm 
their hypothesis as far as morphological aspects are 
concerned, and provide preliminary evidence for 
the physiological speculations of the other authors 
(12, 32, 46, 47) previously mentioned. Moreover, 
our findings suggest that the elements described 
in the junctional complexes of epithelia are func- 
tionally specialized: the occluding zonule as a 
diffusion barrier or "seal," and the desmosomes 
(adhering maculae) as intercellular at tachment 
devices, with the adhering and probably the 
occluding zonules participating also in the latter 
function. 7 Further  work on the junctions found in 
simple and stratified squamous epithelia, especially 
in vascular endothelia s may further clarify this 
assumption. 

Finally, it should be mentioned that at least in 
one case there is evidence that one type of junction 
can he replaced by another in relation to certain 
changes in function. Our  previous studies (16, 
19) have shown that a special type of junction, 
i.e. the urinary slits of the renal glomerular epi- 
thelium, are progressively replaced by "t ight  
junctions" during the development of an experi- 
mental nephrosis in rats. In a reversed situation, 
Vernier and Birch-Andersen (61) have recently 
shown that the " t ight  junctions" present in the 
visceral epithelium of immature human glomeruli, 

7 Preliminary observations indicate that epithelial 
cells remain attached to one another at the level of 
the desmosomes, as well as at that of the adhering 
and occluding zonules, when the cell bodies retract 
and the intercellular spaces greatly enlarge, under 
the influence of hypertonic treatment prior to or 
during fixation. 

Our findings indicate the presence of tight junctions 
in the peritoneal mesothelium and, in confirmation 
and extension of references 39, 13, and 47, in the 
endothelium of all types of blood capillaries. In 
the latter case the occluding zonule frequently takes 
the form of a focal stricture or "pinch" similar to 
the situation described above in the proximal con- 
volution, the adhering zonule is missing or poorly 
developed, and desmosomes are generally absent, 
at least in mammalian material. 

are replaced during maturation by normal urinary 
slits. These findings are consistent with the as- 
sumption that these slits, whose partial resem- 
blance to desmosomes and adhering zonules has 
already been discussed, are permeable to the 
glomerular filtrate, whereas "t ight  junctions" 
are not. 

Comments on Structural Variations 

Encountered in Cell Membranes  

The current prevailing tendency is to regard all 
cell membranes (as well as those of most intra- 
cellular organelles) as similar if not identical in 
structure. This trend is due mainly to the extensive 
studies of Robertson (28, 31-33, 62) who has 
shown that all cellular membranes have a similar 
trilaminar appearance in KMnO4-fixed tissues, 
and hence postulated that they are all composed 
of a single bimolecular leaflet of polar lipids, 
sandwiched between two dissimilar layers of 
non-lipid material. His concept has derived addi- 
tional strength from its agreement with older, 
indirect evidence concerning the molecular archi- 
tecture of the cell membrane (cf. 63). So strong 
has been the concentration on Robertson's hy- 
pothesis of the "uni t  membrane"  that relatively 
little attention has been paid to variations in 
membrane structure visible after OsO~ fixation. 

Our  survey, carried out primarily on OsO4- 
fixed tissues, confirms that the cell membrane has 
the same trilaminar structure in all epithelial 
cells investigated, but in addition reveals that 
this basic pattern shows significant variations 
primarily in respect to the total thickness of the 
unit and the thickness and density of its outer 
leaflet. These differences seem to us of sufficient 
importance to warrant  separate discussion. 

Based on their appearance after OsO4 fixation, 
the cell membranes we have studied san be sepa- 
rated into two distinct types. The first is limited in 
distribution to the luminal (apical) aspects of 
some absorptive epithelia (intestine, stomach, 
colon, and gall bladder) and certain segments of 
the nephron (see below); it is relatively thick 
(~110  A), and its outer layer shows up clearly, 
especially after lead staining, wherever the mem- 
brane is normally sectioned. As a result, the mem- 
branes in this category appear nearly symmetrical, 
the outer leaflet being only slightly less dense than 
the inner one. The  other type of membrane occurs 
more widely: it is found along the lateral and 
basal surfaces of the absorptive epithelia just 
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mentioned, and along the entire perimeter of all 

other epithelial cells studied, i.e. gland and duct 
epithelia of the liver, pancreas, and thyroid, 
epithelia of the uterus and oviduct, mesothelia 
and capillary endothelia. In  these locations the 

total thickness of the plasmalemma, like that of 
Schwann cells (28, 31, 32), is significantly less 
(70 to 80 A);  furthermore, the membrane is 
highly asymmetrical: even after lead or uranyl 

staining, the outer leaflet is generally much finer 
and less dense than the inner one. In certain cases 

it is indeed hardly visible. The  same layer is 

readily visualized, however, in tissues that have 
been fixed in OsO,  and stained in block 
with K M n O ,  prior to embedding (24) or in 
sections which have been doubly stained, first 
with uranyl and then with lead. I t  should further 
be noted that within each of these groups there is a 
certain amount  of further variation according to 
cell type: in the first group, for instance, the 

luminal membrane of gastric and, in some cases, 
colonic epithelia has an outer leaflet which is 

thicker and denser than the inner one; hence in 
this situation the usual asymmetry of the cell mem- 

brane is reversed. In the second group, the cell 
membrane  of gland and duct cells is more asym- 
metrical than the membrane covering the lateral 
and basal aspects of absorptive epithelia; further- 
more, the luminal membrane  of many gland and 

duct epithelia (e.g. thyroid, liver, and parotid) is 
less asymmetrical than the lateral and basal 
membranes of the same cells (cf. Fig. 15.) 

It  will be noted that while membranes of the 
first type were found to occur, so far, mainly along 
the luminal surfaces of absorptive epithelia, not 

all absorptive epithelia possess this type of luminal 
membrane. In this respect, the most remarkable 
variation is encountered along the various seg- 
ments of the nephron where the luminal cell 
membrane of glomerular epithelia (cf. 19) and the 
luminal membrane of the cells of distal tubules 

and collecting ducts are of the first (thick, nearly 

symmetrical type) whereas the entire membrane of 

the cells lining the proximal tubule and the lateral 

and basal membrane of the cells lining the distal 

tubule and collecting duct are of the second, (thin, 

symmetrical) type. 

There are in the literature several comments on 

structural differences encountered in OsO4-fixed 

cell membranes: Sj6strand (34) has stressed the 
fact that the plasma membrane can appear rather 
different along various parts of the surface of the 
same cell. Wissig (64) has also called attention to 

differences between the apical and basal or lateral 
plasmalemmata in various types of nephron epi- 
thelia; moreover he has utilized these differences 
to classify pinocytic vesicles into different groups, 
based on their type of limiting membrane.  Mercer  

(65) has noted that a typical stratification is regu- 
larly seen in the surface membrane of amebae, 
but is less apparent in other membranes of the 

same cell. We have called attention to the fact that 
the cell membrane of one cell type, the glomerular 
epithelial cell, differs from that of other cell types 
in the same section (19). Several investigators 
(19, 66-69) have shown that the plasmalemmata 
of certain cell types (or of certain aspects of the 
same cell, 67, 69) respond selectively to staining 

with PTA. 
Although Robertson has attached little impor- 

tance to such differences and attributed them to 
deficiencies in OsO4 fixation, 9 it seems to us that 
they deserve closer scrutiny. The different patterns 

described are consistent and, as such, probably 
valid. Such findings do not challenge the unit 
membrane hypothesis; they suggest only that the 
composition of the membrane layers varies with 
the cell type and the environment the cell faces. 
It  is hoped that the morphological differences 
described will eventually be correlated with 
distinctive functional characteristics of the plas- 
malemma in different locations (and of the limiting 
membranes of various cellular organelles), but 
for the moment  such a correlation is not yet 

possible. 
Part of this work was presented at the First Annual 
Meeting of the American Society for Cell Biology, 
Chicago, November 2 to 4, 1961 (17). 

This investigation was supported by a research 
grant (H-5648) from the National Institutes of 
Health, United States Public Health Service. 

Received for publication, August 20, 1962. 

In the case of OsO4-fixed intestinal epithelium, 
Robertson agreed (cf. 32) that the differences in the 
appearance of the membranes lining the microvilli, 
on the one hand, and the remainder of the cell sur- 
face, on the other, "no doubt reflect underlying 
chemical differences in the components of the mem- 
branes." 
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