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Summary. The junctional belt around the sensory cells in the nasal olfactory mucosa of 
the frog and in the vomeronasal organ of the mouse appears as a network of interconnected 
ridges in freeze-fracture replicas. Numerous open-ended ridges were observed and, consequently, 
open routes from the region below the junctional belt to that above it. Lanthanum nitrate 
permeates the junctional belt when administered from the surface of the epithelium as well 
as from the vascular system. When applied at a concentration of 1-3 %, the tracer is deposited 
within the junctional belt forming facets which are visible in tangential sections. These facets 
correspond to the areas defined by the network or ridges seen in freeze-fracture replicas. 
Various aspects of these observations are discussed, such as the replacement of cells in the 
sensory epithelium, the stimulation of extrinsic fibers and the generation cf a transepithelial 
potential. 
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Introduction 

Zonulae occludentes  ( " t igh t  junc t ions")  were first  defined b y  F a r q u h a r  and  
Pa lade  (1963) to be bel ts  in which the outer  leaflets of the  membranes  of ad jo in ing  
cells fuse. These belts  lie close to  the  surface in epithel ia .  As a var ia t ion  cf this  
t y p e  of junc t ion  " foca l"  and  net- l ike fusions were observed in th in  sections 
(Fa rquha r  and  Palade ,  1963, 1965; Ka rnovsky ,  1967; Tre l s t ad  etal., 1967; 
Br igh tman  and  Reese, 1969; Mat te r  et al., 1969; Sanders,  1973). In  freeze-fracture 
replicas in the  region of t igh t  junct ions  inves t iga ted  so far  r idges or furrows appea r  
wi th in  the  membranes  (Staehelin etal., 1969; Goodenough and Revel,  1970; 
Chalcroft  and  Bul l ivant ,  1970; F r i end  and  Gilula,  1972; Lorber  and  Rayns ,  1972; 
Luciano et al., 1973; P i t e lka  et al., 1973; Staehelin,  1973; W a d e  and Karnovsky ,  
1974). Whi le  or ig inal ly  i t  was assumed tha t  t igh t  junct ions  seal off the  in tercel lu lar  
space from the surface ( F a r q u h a r  and  Palade ,  1963; Br igh tman  and Reese, 1969) 
i t  has been shown t h a t  t racer  molecules can pene t ra te  t igh t  junct ions  (Whi t tem-  
b u r y  and Rawlins ,  1971; Machen et al., 1972; Mar t inez-Pa lomo and  Erli j ,  1973; 
Tisher  and  Yarger ,  1973; Claude and Goodenough,  1973). Thus,  besides t rue t igh t  
junct ions  "leaky junc t ions"  have  been dis t inguished (FrSmter  and  Diamond,  
1972). I t  has been assumed t h a t  the  i n t r amembra nous  ridges and  depressions 
seen in f reeze-fracture  replicas might  correspond to the  meshwork  of membrane  
fusions seen in sections (Fr iend and  Gilula, 1972; P i t e lka  et al., 1973). The dia- 
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grams given by  Chalcroft  and  Bul l ivan t  (1970), Staehel in  (1973), and  W a d e  and 
K a r n o v s k y  (1974) reflect  this  in te rpre ta t ion .  The observat ions  of Claude and  
Goodenough (1973) suggest  t h a t  ve ry  t ight  epi thel ia  have deep zonulae wi th  a 
complex ne twork  of anas tomosing  ridges, while ve ry  leaky  epi thel ia  have shal lower 
junct ions  composed of fewer s t rands.  In  our s tudy  i t  is shown in ve r t eb ra t e  olfac- 
t o ry  epi thel ia :  (1) t ha t  l a n t h a n u m  pene t ra tes  a r a the r  deep bel t  of "focal  t igh t  
junc t ions"  from both  direct ions (2) t ha t  l an thanum is depos i ted  in facets,  which 
correspond to those facets  sur rounded  by  the r idges exposed by  freeze-fracturing,  
and  (3) t h a t  the  in tercel lu lar  facets are not  closed, thus  al lowing the t racer  to  
penet ra te .  

We  consider the  consequences which can be d rawn concerning the s t imula t ion  
of extr insic  fibers within the  o l fac tory  epi the l ium (Graziadei  and  Gagne,  1973), 
and  the  rep lacement  of cells which was recent ly  demons t r a t ed  by  Graziadei  and  
Metcalf  (1971) and Graziadei  (1973). 

Materials and Methods 
Nasal olfactory epithelium of the frog Rana temporaria and vomeronasal mucosae of young 

white mice were subjected to different tracer experiments and to freeze fracture investigation. 
Tissue was fixed by immersion or perfusion in 6 % glutaraldehyde in cacodylate buffer or in 
Karnovsky's fixative (Karnovsky, 1965). The tissues were washed, postfixed for 90 rain in 
acetate-Veronal-buffered 1% Os04 (pH 7.4) and embedded in Durcupan (Fluka, Buchs, 
Switzerland). 

Tracer Experiments with Lanthanum. Solutions with different concentrations of La (NO3) a 
were used: 1 mM, 1% or 3%lanthunum nitrate was added to frog Ringer solution or to 0.05 M 
Tris-HCl buffer with 4 % sucrose added. Drops of the solution (final osmolarity 200-300 milli- 
osmols, pH 7.4) were placed on the surface of the living epithelium or the solution was injected 
into the carotid vessels of anesthetized animals. After 10-60 minutes the tissue was fixed by 
local immersion or perfusion, removed, minced and immersed in fixative for 1 hour. In some 
experiments lanthanum nitrate was added only to the fixative (Revel and Karnovsky, 1967). 

Freeze-Fracturing. For freeze-fracturing small pieces of tissue were placed in Karnovsky's 
fixative (Karnovsky, 1965) for 30 min, then immersed in 20% glycerol in 0.1 M cacodylate 
buffer, rapidly frozen in liquid Freon, and fractured in a Balzers apparatus (Type BAF 301 
Balzers AG, Liechtenstein). In some experiments freeze-fracturing was performed with speci- 
mens which had been treated with lanthanum nitrate before fixation, in others unfixed material 
was used. 

Results 

The appearance  of the  junc t iona l  belts in the  o l fac tory  mucosa as seen in freeze- 
f rac ture  repl ica of pref ixed mate r ia l  closely resembles the  typ ica l  p a t t e r n  observed 
in zonulae occludentes in o ther  epi thel ia  {Fig. 1). A ne t  of in te rconnec ted  ridges 
is associated wi th  the  A-faces. Fur rows  appea r  on the  B-faces. I n  unf ixed prepara-  
t ions the  ne twork  of ridges appears  to consist of fused part icles .  Nasal  and  vomero-  
nasal  epi thel ia  do not  differ, local differences wi thin  single epi thel ia  were not  
observed either.  The junct ional  bel ts  are abou t  0.35 ~m deep and are made  up  
of 5-6  s t rands.  In te res t ing ly ,  the  ridges or furrows cons t i tu t ing  the  bel t  are not  
perfec t ly  connected  so as to form a closed net.  A number  of open ended r idges 
was seen. One can t race open routes  a round  the r idges f rom the region below the 
junc t iona l  bel t  to t h a t  above  i t  (Fig. 2). Freeze- f rac ture  replicas or p repa ra t ions  
t r ea t ed  with  l a n t h a n u m  before f ixat ion cannot  be d is t inguished from normal  un- 
t r e a t ed  specimens.  
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All experiments with lanthanum yielded essentially the same results. In 
olfactory mucosae incubated with lanthanum solutions containing 1-3 % La (NO3)3 
the tracer is deposited heavily within the junctional belt. In  preparations where 
lower concentrations had been used only smaller granular deposits were found. 
A similar effect of a variation of tracer concentration has been reported by Tisher 
and Yarger (1973). When tight junctions permeated with lanthanum were sec- 
tioned en/ace the tracer deposits appear in polygonal facets which are separated 
by light lines connected to a net (Fig. 3). Since the diameter of the dendrites is 
rather small (Kolnberger, 1971) these regions are of rather limited size and are 
often seen to turn and approach a plane which runs perpendicular to the plane of 
section. At these points it can be seen that  the light lines are lines ef membrane 
fusions. 

The correspondence of the areas defined by the network of ridges seen in freeze- 
fracture replicas to the facets formed by lanthanum deposits in tangential sections 
leads to the interpretation that  both are equivalent, in the sense that  the tracer 
facets represent a pat tern on the outer surface of the membrane which corresponds 
to the pat tern of ridges within the membrane. This conclusion is supported by 
comparing the size of the facets (Fig. 4). No significant differences can be found. 
On the contrary, the uniformity of the pat tern in different species and in both 
olfactory organs is revealed. 

Further confirmation is given by the fact that  in a mucosa which was incubated 
with lanthanum and then freeze-fractured, the tracer was found only in the sections 
but not in the freeze-fracture replica. This experiment shows moreover, that  the 
appearance of the junctional structures in freeze-cleave preparations is not in- 
fluenced by previous lanthanum incubation. 

The results cf experiments with lanthanum solutions injected into the vascular 
system were not uniform. Lanthanum was heavily deposited in the capillaries of 
the mucosa in all cases, but it was found outside these vessels only when used 
at a concentration of 3 % in the perfusion fluid and after at  least 35 minutes of 
perfusion. In these latter cases lanthanum was found in the intercellular clefts, 
within the junctional belt and on the membranes across this belt as well. 

Discussion 

In  longitudinal sections the membranes of sensory cells and supporting cells 
appear separated (Thornhill, 1967; Altner etal., 1970; Kolnberger and Altner, 
1972; Altner and Altner, 1974) or connected by "focal" tight junctions (Reese and 
Brightman, 1970; Theisen, 1972), which have been thought to form continuous 
belts around supporting and bipolar cells. The latter view has been proposed by 
Reese and Brightman (1970), since horseradish peroxidase injected into the circula- 
tion one hour before fixation did not reach the surface of the epithelium. Our 
experiments with lanthanum show clearly that  the tracer moves across the apical 
junctional complex into the intercellular clefts of the epithelium, as was observed 
in earlier experiments with horseradish peroxidase administered from the surface 
(Kolnberger, 1971; Kolnberger and Altner, 1972). Interestingly, lanthanum not 
only penetrates if dissolved in Ringer solution or a buffer placed on the epithelium 
before fixation (Machen et al., 1972; Luciano et al., 1973; Neaves, 1973). I t  is also 
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Fig. 1 a and b. Freeze-fracture replica of the apical portion of a sensory cell in the olfactory 
nasal mucosa of a frog (a) and in the vomeronasal mucosa of a mouse (b). A protrusion which 
bears cilia (C) or microvilli (M), respectively, projects into the overlying mucus. The network 
of ridges on the A-face of the membrane around the neck of the cell represents the junctional 
belt. Circled arrowhead indicates shadowing direction in this figure and figure 2. a•  75000, 

b • 120000 

found in the intercellular  spaces of the epi thel ium when i t  is added to the fixing 
fluid, as was observed in the kidney tubule  of the ra t  (Martinez-Palomo and  
Erlij ,  1973; Tisher and Yarger, 1973). Of special interest  is the pa t t e rn  of tracer 
deposition in  tangent ia l  sections. A similar pa t t e rn  has been observed only in 
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Sertoli cell tight junction following efferent ductule ligation {Ncaves, 1973), and 
in the bile canaliculus following t reatment  with acetone, by whose action the 
zonulae occludentes are said to become leaky (Goodenough and Revel, 1970}. 
Hiit tner et al. (1973) observed a similar pat tern in lanthanum-permeated coronary 
artery endothelium in the rat. 

Careful comparison of their location, arrangement and size shows close corres- 
pondence between the facets formed by tracer deposition and those exposed in 
the iunctional belt by freeze-fracturing (Fig. 4). Since many loose-ended ridges are 
seen in our freeze-fracture replicas and routes can be traced around them across 
the whole belt, it is suggested that  tracer particles can penetrate the junction on 
the assumption tha t  the ridges correspond to the fusion lines (Friend and Gilula, 
1972; Pitelka etal . ,  1973; Staehelin, 1973). A mechanism of this kind has been 
proposed by several authors (Matter et al., 1969; Friend and Gilula, 1972; Pitelka 
et al., 1973; Neaves, 1973). 

On the other hand, it has been stressed that  the ridges must be considered to 
consist of rows of closely spaced particles which can be seen in freeze-fracture 
replicas of unfixed material (Staehelin, 1969, 1973). Such rows of particles were 
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Fig.  2. P a r t  of a j unc t iona l  belt  f rom a replica of a sensory  cell in t he  o l fac tory  nasa l  mucosa  
of a frog. Several  f ree-ending  r idges are seen  (arrows). x 240000 
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A B C 
Fig. 4. Comparison of mean size of facets in the junctional belts in olfactory epithelia exposed 
by freeze-fracturing (stippled columns) and formed by lanthanum deposits in tangential sections 
(solid column): A, B frog nasal olfactory mucosa, C mouse vomeronasal olfactory mucosa. 
A total number of 188 facets was measured by planimetry. B~rs indicate one standard devia- 

tion above the mean 

also found in our material when submit ted to freeze-cleaving without  fixation. 
This finding suggests tha t  the leakiness of a junction might  be due to the passage 
of tracer in between the particles (Luciano et al., 1973). In  this case the arrange- 
ment  of ridges would seem to have no effect on diffusion. Then the open-ended 
ridge segments can be thought  of as places "where t ight  junction seals are being 
newly formed or extended" (Staehelin, 1973). According to Claude and Goodenough 
(1973) the leakiness could be related to the extent  of the junctional belt. A compa- 
rison of our measurements  with the data  collected by these authors shows, tha t  
the olfactory epithelia would then probably  belong to epithelia of intermediate 
permeability.  

I n  olfactory epithelia a turnover  of receptors and supporting cells has been 
shown by autoradiography (Graziadei and Metcalf, 1971; Graziadei, 1973). The 
regular replacement of cells should lead to a loosening and restoration of junctions. 
Since those cases in which morphological symptoms of degeneration have been 
found in thin sections seem to be exceptions (Andres, 1969; Kolnberger,  1971) we 
have no clear-cut criteria for identifying such cells in freeze-fracture replicas. 
Until  now we have not  found local differences in the appearance of the network 
of ridges in olfactory epithelia which could be thought  of as places of junctional 
development.  Changes in junctional structure however, need not  be accompanied 

Fig. 3. When lanthanum-filled junctions are exposed by en/ace-sectioning, the tracer deposits 
form electron-dense facets. On the left side an intercellular cleft turns from the sectioning 
plane to a plane perpendicular to it (arrowheads). Olfactory mucosa of the frog; S surface of 

the epithelium. • 200000 
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b y  changes in leakiness of the  junct ion.  The junct ions  in the  o l fac tory  ep i the l ium 
seem to be l eaky  under  the  exper imenta l  condit ions used in our exper iments .  Thus 
the  leakiness does no t  reflect  a special physiological  s ta te  such as was observed in 
the  m a m m a r y  g land (Linzell and  Peaker ,  1972; P i te lka  et al., 1973). The hypo-  
thesis  t h a t  the  pe rmeab i l i t y  of the  zonulae occludentes could be due to  a hyperergic  
react ion ef the  mucosa  (Themann et al., 1971) is no t  confirmed by  our results.  
The routes  of passage as revealed by  l a n t h a n u m  could well be channels for s t imuli  
to reach the membranes  of the  extr insic  innerva t ion  of the  o l fac tory  epi the l ium 
(Graziadei  and  Gagne, 1973). On the o ther  hand,  the  genera t ion  of a t rans-  
epi thel ia l  po ten t ia l  as proposed  by  Thurm (1970, 1972) pos tu la tes  a barr ier  be- 
tween the  in tercel lu lar  clefts and the  surface, a view which does not  agree wi th  our 
results.  In  th is  respect  i t  mus t  be borne in mind  t ha t  the  exper iments  with lan- 
t h a n u m  do not  necessar i ly  represent  the  diffusion of physiological ly  i m p o r t a n t  
ions (Mat ter  et al., 1969) and t ha t  leakiness and  t ightness  for ions are not  necessar i ly  
visible in the  electron microscope (Fr6mte r  and  Diamond,  1972). 
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