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Summary. The factors controlling neurogenesis and 
differentiation of olfactory receptor cells in adults are 
poorly understood, although it is often stated that 
these cells undergo continual turnover after a pre- 
determined lifespan. An interesting model in which 
to study mechanisms which control olfactory receptor 
neurogenesis and cell turnover is the tiger salaman- 
der, since basal cell mitosis varies with epithelial 
thickness and location in the nasal cavity. This paper 
presents a quantitative light-microscopic study of the 
different cell types within the ventral olfactory 
epithelium of the tiger salamander using a computer- 
assisted morphometric analysis of 2 ~tm sections. The 
results show that the surface density of olfactory 
vesicles remained constant throughout most of the 
epithelium and was independent of nasal cavity 
location, epithelial thickness and the total number of 
nuclei per unit epithelial surface area. Histological 
classification of nuclei into different cell types indi- 
cated that the increase in total cell number with 
epithelial thickness was mainly due to an increase in 
the number of immature receptor cells since the 
number of supporting cells varied only slightly and 
the numbers of basal cells and mature receptor cells 
remained constant except in the thinnest, most 
caudally located epithelium. It is concluded that the 
rate of maturation of receptor cells may be limited by 
an optimal surface density of olfactory vesicles. That 
is, when this density reaches 4.5 x 104 vesicles per 
mm 2 there is a physical or chemical mechanism which 
prevents the final maturation of newly developing 
receptor cells, leading to their accumulation. This 
mechanism may also account for the variations in 
basal cell mitosis in this species. 
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Introduction 

Whilst the technique of 3H-thymidine autoradiogra- 
phy would seem to be well suited to observe the 
dynamic process of neurogenesis it is now apparent 
that there are some shortcomings in this method as 
applied to neurogenesis in the adult olfactory 
epithelium (Breipohl et al. 1985a, b). Certainly it is 
known that thymidine is incorporated into nuclei 
during division of neuronal progenitor cells in the 
basal cell layer of the olfactory epithelium and that 
the daughter cell nuclei, labelled with 3H-thymidine, 
migrate into the receptor cell layer (Moulton et al. 
1970; Graziadei and Metcalf 1971; Graziadei and 
Monti Graziadei 1979; Mackay-Sim and Patel 1984). 
A problem with these studies is in the assumption 
that migration of a nucleus into the receptor cell layer 
is followed by full maturation of the cell, with the 
growth of a dendrite to the epithelial surface and an 
axon to the olfactory bulb. As recently emphasised, 
current 3H-thymidine evidence for turnover of 
mature olfactory receptor cells can also be inter- 
preted as evidence for turnover of immature ele- 
ments, with mature cells remaining in place for many 
months (Hinds et al. 1984). This turnover of imma- 
ture receptor cells may be accelerated by hypothy- 
roidism (Mackay-Sim and Beard 1987). In hypothy- 
roid mice 75% of labelled nuclei were lost between 5 
and 15 days after 3H-thymidine injection. Paradoxi- 
cally, despite 50 days of anti-thyroid treatment, and 
the loss of immature receptor cells, the hypothyroid 
mice still had mature receptor cells as indicated by 
the size and number of glomeruli in the olfactory 
bulb, and the presence of marker protein in the 
epithelium, nerve and bulb (Mackay-Sim and Beard 
1987). 

A curious property of the tiger salamander olfac- 
tory epithelium has led us to re-examine the dynamic 
process of olfactory neurogenesis through the "sta- 



190 

t ic"  t e c h n i q u e  o f  m o r p h o m e t r y .  I n  this s tudy  t h e  

v a r i a b l e  is n o t  t i m e  bu t  e p i t h e l i a l  t h i c k n e s s  w h i c h ,  in 

this spec ies ,  i nc rea se s  l i nea r ly  f r o m  c a u d a l  to ro s t r a l  

in t he  nasa l  cav i ty  ( M a c k a y - S i r e  and  Pa t e l  1984). 

S ince  the  m a j o r  f a c t o r  in e p i t h e l i a l  t h i cknes s  is t he  

n u m b e r  of  cel ls ,  it is o f  i n t e r e s t  to  k n o w  t h e  i d e n t i t y  

of  t he  cel ls  w h i c h  c o n t r i b u t e  to  t h e  i n c r e a s i n g  e p i t h e -  

lial t h i ckness ,  p a r t i c u l a r l y  w h e n  it is r e a l i s e d  tha t  

a f t e r  3 H - t h y m i d i n e  i n j e c t i o n  t h e r e  is an  i n v e r s e  

r e l a t i on  b e t w e e n  ep i t he l i a l  t h i c k n e s s  and  t h e  n u m b e r  

of  l abe l l ed  nuc le i  ( M a c k a y - S i m  a n d  P a t e l  1984). Th is  

l a t t e r  o b s e r v a t i o n  i nd i ca t e s  t h a t  basa l  cel l  mi tos i s  

va r ies  wi th  ep i t he l i a l  t h i cknes s ,  a n d  ra ises  t he  poss i -  

b i l i ty  tha t  t h e  r a t e  o f  t u r n o v e r  o f  i m m a t u r e  o r  m a t u r e  

r e c e p t o r  cells  a lso var ies .  

T h e  a im  of  t h e  p r e s e n t  s t udy  is to i n v e s t i g a t e  t h e  

r e l a t i o n  b e t w e e n  r o s t r o - c a u d a l  v a r i a t i o n s  in e p i t h e -  

l ial  t h i ckness  and  t h e  n u m b e r s  o f  basa l ,  r e c e p t o r  and  

s u p p o r t i n g  cel ls  w i t h i n  s ec t i ons  tha t  r e p r e s e n t  a 

s t a n d a r d i s e d  a r e a  o f  e p i t h e l i a l  su r face .  O f  spec ia l  

i n t e re s t  in this s tudy  a re  t h e  n u m b e r s  o f  m a t u r e  and  

i m m a t u r e  r e c e p t o r  cel ls ,  t h e  f o r m e r  b e i n g  t h o s e  wi th  

an  o l f ac to ry  ves ic l e  at  t h e  e p i t h e l i a l  l u m e n .  

Methods 

Epithelial area 

Thirty four wild-caught, land-phase tiger salamanders (Ambys- 
toma tigrinum) were obtained from Amphibians of North America 
(Nashville, TN). The weight of these animals was 56.62 + 0.26 g 
(mean + SEM). They were anaesthetized by immersion in an ice 
bath, pithed, and the ventral surface of their nasal cavities was 
surgically exposed and photographed through the dissection 
microscope at 10 x magnification. The animals used here were 
used previously for electrophysiological studies of the olfactory 
epithelium (Mackay-Sire et al. 1982; Mackay-Sim and Shaman 
1984). 

The area of each epithelium was measured from the photo- 
graph using a computerised morphometry program run on an 
Apple lie computer with a video input (Halasz and Martin 1984). 

Counts of cell nuclei and olfactory vesicles 

Three animals were used for the morphometric histological study. 
These were killed by cervical decapitation and their olfactory 
chambers were perfused with 3.2% glutaraldehyde and 2.6% 
paraformaldehyde in cacodylate buffer (0.09 M; pH 7.3). The 
heads were kept in this solution for several hours to several days at 
4 ~ C. After saline washing a 5 mm rostro-caudal strip from the 
ventral surface of the olfactory epithelium was dissected and 
processed as described previously (Breipohl et al. 1973). 

Each piece of epithelium was sectioned transversally, in serial 
order, every 2 ~m over a total distance of about 4-5 mm. Six 
sections, each 72 p~m apart, were selected for analysis at every 
1 mm along the rostro-caudal length of the epithelium. This gave 
about 30 sections per animal. 

On each section, cell nuclei were counted in a field width of 
200 gm along the epithelial surface. All counts were made at a 
magnification of 600 x using a computerised morphometry pro- 
gram run on an Apple IIe computer (Halasz and Martin 1984). 

Briefly, a "mouse" attachment for the computer is used to input 
data and register counted cells on the computer monitor screen 
which is viewed through the camera lucida attachment of the 
microscope. Thus, the screen image of cells counted appears 
superimposed on the microscope image of the same cells. In this 
way about 6000 cell nuclei and about 600 olfactory vesicles were 
counted for each animal. Different cell types were identified as 
usual by their location within the epithelium, and by the different 
shapes and staining characteristics of their nuclei (Graziadei and 
Monti Graziadei 1976). 

Profile diameters 

Using the same computer program, the diameters of 450 nuclei 
and 75 olfactory vesicles were measured parallel to the lumenal 
surface at 1250 x magnification, under oil immersion. The aver- 
age diameter of the supporting cell cytoplasm at the lumenal 
surface was also measured at this magnification from sections of 
epithelium throughout thd nasal cavity. 

Since the section thickness was small (2 gin) compared to the 
average diameters of the nuclei and the supporting cell lumenal 
surface these were multiplied by 4/7~ to give the "true" average 
diameters (Hendry 1976). In contrast, for olfactory vesicles the 
section was thick compared to the profile diameter (1.6 ,am) and 
thus the "true" average diameter equals the average diameter of 
the profiles (Hendry 1976). 

The average diameter of the openings of the ducts of the 
Bowman's glands was calculated in the following way. Seven ducts 
were identified for which serial sections were made through the 
entire opening. The central section was identified and the distance 
across the duct was measured. Six measurements were made for 
each duct from sections on either side of the central section. 

Numbers of nuclei and olfactory vesicles' 

In estimating "true" cell numbers, the method of Abercrombie 
(1946) was applied: 

( f ) 
Nc = NA iT + D) 

where Nc is the corrected number of nuclei whose centres lie in the 
volume of the section, N A is the actual number of nuclear profiles 
counted in the area of the section, T is section thickness and D is 
the average diameter of cell nuclei. Calculation of Nc is subject to 
error due to overestimation of D because of the difficulty in 
discriminating the smallest nuclear segments within the underlying 
cytoplasm (Weibel 1980). In this case, errors in Nc were calculated 
to be less than 1%. In estimating the "true" number of olfactory 
vesicles, where T is about the same magnitude as D, small errors in 
estimating D could lead to relatively large errors in Nc. Therefore 
Nc was calculated using the iterative method of Hendry (1976) as it 
was devised specifically to overcome this problem. 

The corrected numbers of cell nuclei and olfactory vesicles are 
now directly comparable as each represents the numbers whose 
centres lie in the plane of section. That is, the numbers whose 
centres lie beneath an epithelial surface area of 400 ~*m 2. (The 
sections were 2 ~m thick and the field width was 200 p,m along the 
epithelial surface.) Thus all numbers of nuclei and vesicles in the 
analysis presented below are those within this "unit surface area". 

Epithelial thickness 

The locations and types of cell nuclei and the outline of the 
epithelial section were stored on disk and drawn on a Hewlett 
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Fig. 1. The thickness of the olfactory epithelium decreases from 
rostral to caudal in the nasal cavity. In each animal a longitudinal 
strip of epithelium was transversely sectioned from the rostral to 
the caudal end. "Rostro-caudal distance" is the distance of each 
sampled section from the most rostral section 

Packard 7470A plotter at 160 x magnification. On each plot the 
thickness of the epithelium from the lumenal surface to the 
basement membrane was measured in the centre of the section. 

Stastical analysis 

Relations between the numbers of cell nuclei and olfactory 
vesicles, the total number of nuclei per section and epithelial 
thickness were analysed using linear and derivative-free non-linear 
regression (Dixon and Brown 1979). Various non-linear equations 
were fitted to the data. The equations considered to be the best fit 
between the variables were those with the smallest mean square 
error. 

Results 

Epithelial area 

The mean area (_+ SEM) of the ventral surface of the 
nasal cavity was 26.01 + 0.13 mm 2. 

Regional variation in epithelial thickness 

In all animals the epithelium was more thick rostrally 
than caudally (Fig. 1). A linear regression indicates a 
significant negative correlation between the thickness 
of the epithelium and the rostro-caudal sampling 
distance (r = -0.90, p < 0.001, n = 81. The linear 
component of the regression accounts for 80% of the 
variance.) The thickness of the epithelium was 
directly proportional to the total number of nuclei in 
each section (Fig. 2) (r = 0.85, p < 0.001, n = 81. 
The linear component of the regression accounts for 
72.3% of the variance.) 
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Fig. 2. The total number of cell nuclei increases with epithelial 
thickness. Each point represents the number of nuclei whose 
centres lie within the 2 ~m section, from the epithelial surface to 
the basement membrane. Counts were made over a surface 
distance of 200 ~m, so each point represents the number of nuclei 
beneath a surface area of 400 ~tm 2 

Epithelial cell types 

Typical sections through thick and thin epithelium 
are shown in Fig. 3a, b. The three main cell types 
were identified according to the following criteria. 
Supporting cell nuclei were identified by their super- 
ficial location, their elongate shape and dark nuclear 
staining with relatively few, dark spots of hetero- 
chromatin. Receptor cell nuclei were located below 
the supporting cell nuclei, and were more lightly 
stained, less elongate, with a different, blotchy 
heterochromatin pattern. Globose basal cell nuclei 
were cuboidal, lightly stained, with a less distinct 
heterochromatin pattern. Some cells classified as 
basal, showed obvious mitotic figures. Others, not 
counted, were darkly staining, non-cuboidal in 
shape. 

It was usually easy to distinguish between the 
receptor and basal cell nuclei as the basal cell nuclei 
were more lightly staining. At times though, this 
distinction was difficult as there would be "transi- 
tional" nuclear types which had a light background 
stain typical of basal cells, combined with the dark, 
blotchy chromatin pattern of receptor cells. These 
cells were placed in either category depending on the 
dominance of one or other characteristic. There were 
various other cell nuclei in the epithelium which were 
not counted. Superficial to the supporting cell layer 
there were a few nuclei with a mixture of mor- 
phologies (Fig. 3a). Some of these looked pycnotic, 
some looked like receptor cell nuclei and others were 
probably nuclei from the ducts of Bowman's glands 
which penetrated the lumen out of the plane of 
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Fig. 3. A A section, stained with Toluidine blue, through rostrally located epithelium. Uppermost is the lumenal surface formed by the 
lightly stained olfactory vesicles (vertical arrow) and the darkly stained cytoplasm of supporting cells. The neuroepithelium is characterised 
by an obvious layering of nuclei of supporting cells (upper white arrow), receptor neurones (lower white arrow) and globose basal cells 
(lower black arrow) above the convoluted basement membrane. Other nuclei are also seen. Above the layer of supporting cell nuclei are 
nuclei which may be degenerating cells (upper black arrows). These were not included in the analysis and nor were the nuclei surrounding 
ducts (d) of Bowman's glands (bg). Bar = 40 ~tm. B A section through caudal epithelium. More obvious in this thin epithelium is the 
association between the dark cytoplasm at the surface and the supporting cell nucleus (double arrow). Flanking the supporting cells are the 
pale dendrites of receptor neurones which extend from the surface to the receptor cell nuclei (small arrows). Bar (in A) = 25 ~tm. C A 
section through the surface opening of a duct of a Bowman's gland showing the variety of nuclear types associated with this structure. None 
of these nuclei were included in the analysis. Bar (in A) = 50 ~tm 

section.  Per iod ica l ly  these  ducts  were  in the  p lane  of  
sect ion but  the i r  nucle i  were  not  coun ted .  Usua l ly  
these  nuclei  were  fus i form and  da rk  s ta ining bu t  
somet imes  they  h a d  o the r  a p p e a r a n c e s  (Fig.  3c). 
Gene ra l ly ,  if the  iden t i ty  of  a cell  was in doub t ,  it was 
not  counted .  O l f ac to ry  vesicles  were  iden t i f i ed  i n  
these  sect ions by  the i r  l ight  s ta ining,  in con t ras t  to 
the  cy top lasm of  the  suppor t ing  cells which was much  
da rke r .  This is seen  bes t  in sec t ions  of  thin ep i the l ium 
where  the  d a r k  suppor t ing  cell  cy top l a sm can be  

t raced  f rom the  nucleus  to the  l umena l  surface  
ad jacen t  to l ighter  s ta ining dendr i t i c  p rocesses  which 
can be  t r aced  f rom the d e e p e r  r e c e p t o r  cell  nuclei  
(Fig. 3b). 

Morphometric analysis 

Perhaps  the  mos t  s ignif icant  resul t  of  the  mor-  
p h o m e t r i c  analysis  was the  d i scovery  tha t  the  dens i ty  
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Fig. 4. The density of olfactory vesicles, representing mature  
receptor cells, is constant  over most  of the olfactory epithelium, 
regardless of epithelial thickness. Each point  shows the number  of 
vesicles in each section which represents  an epithelial surface area 
of 400 >m 2. A non-l inear regression fitted to the curve illustrated 
[Y = 17.79 (l-e-~176 had a mean  square error = 5.49. For 
comparison a linear regression (Y = 10.47 + 0.03X, r = 0.53, 
p < 0.001) had a mean  square error = 8.49 
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Fig. 6. The density of immature  receptor cells increases with 
epithelial thickness. Each point is the subtraction of the number  of 
olfactory vesicles per section (Fig. 4) from the total number  of 
receptor cell nuclei per section (Fig. 5). A non-l inear regression 
fitted to the curve illustrated [Y = 31.84 (1-e-~176176176 had a 
mean  square error of 17.05. A linear regression (Y = 9.62 + 
0.65X) fitted the data almost as well (mean square error = 17.08) 
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Fig. 5. The density of receptor cell nuclei increases with increasing 
epithelial thickness. Each point shows the number  of nuclei in the 
receptor cell layer benea th  an epithelial surface area of 400 ~tm 2, 
A non-linear regression fitted to the curve illustrated [Y = 33.67 
(1-e-~176176 had a mean  square error = 17.23. For compari- 
son, a linear regression (Y = 0.85 + 0.09X, r = 0.81, p < 0.001) 
had a mean  square error = 21.23 
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Fig. 7. The density of basal cells is constant  over most  of the 
olfactory epithelium, regardless of  epithelial thickness. Each point 
shows the number  of nuclei in the receptor celt layer beneath an 
epithelial surface area of 400 ~tm 2. A non-l inear regression fitted to 
the curve illustrated [Y = 8.43 (1-e-~176 had a mean  square 
error = 12.01. For comparison,  a linear regression (Y = 4.21 + 
0.01X, r = 0.28, p = 0.01) had a mean  square error = 12.46) 

of olfactory vesicles was constant over most of the 
epithelium (Fig. 4). Above a critical epithelial thick- 
ness of about 200 gm the olfactory vesicle density 
reached 18 vesicles within the "unit surface area" of 
400 ~m 2. This density can be expressed as 4.5 • 10 4 
per mm 2. In contrast, the total number of receptor 
cell nuclei in each section was not constant, but 
increased with epithelial thickness (Fig. 5). Thus, 

except in the thinnest epithelium, there was a non- 
linear relation between olfactory vesicles, which 
represent mature receptor cells, and those nuclei 
classified histologically as receptor nuclei, which 
must actually represent both mature and immature 
receptor cells. Therefore, the number of immature 
receptor cells was calculated by subtracting the 
number of olfactory vesicles per section from the 
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Fig. 8. The density of supporting cells increases slightly with 
increasing epithelial thickness. Each point shows the number of 
supporting cell nuclei beneath an epithelial surface area of 
400 ~tm 2. A non-linear regression fitted to the curve illustrated (Y 
= 4.77e ~176176 had a mean square error = 3.11. A linear regression 
(Y = 3.75 + 0.020X, r = 0.62,p < 0.001) fitted the data almost as 
well (mean square error = 3.13) 
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Fig. 9. A comparison of the densities of different cell types in 
olfactory epithelium of varying thickness. The curves are those in 
Figs. 4, 6-8. MRC = mature receptor cells. IRC = immature 
receptor cells. BC = basal cells. SC = supporting cells 

total number of receptor nuclei per section (Fig. 6). 
The number of basal cell nuclei in each section was 
quite variable but like the mature receptor cells, the 
number of basal cell nuclei per section reached a 
constant level in epithelium above about 200 ~,m 
thick (Fig. 7). 

In marked contrast to the other cell types, the 
numbers of supporting cells per section shows a very 
different trend with increasing epithelial thickness 
(Fig. 8). The density of supporting cell nuclei can be 
fitted almost equally well by a linear regression or an 
exponentially increasing function (see Fig. 8 cap- 
tion), neither of which intersects the abscissa near the 
intersection of the other cell types (Fig. 9). 

Table 1. Average diameters of profiles 

Profile type 
Mean diameter 

of profiles 
(gm _+ SEM) 

Corrected diameter 
of profiles 

(~m +_ SEN) 

Olfactory vesicle 1.64 + 0.05 (n = 75) 
Lumenal surface of 
supporting cell 4.78 + 0.65 (n = 870) 
Supporting cell nucleus 6.30 + 0.13 (n = 91) 
Receptor cell nucleus 6.87 + 0.07 (n = 305) 
Basal cell nucleus 7.67 _+ 0.27 (n = 54) 

1.64 + 0.05 

6.08 + 0.83 
8.01 _+ 0.16 
8.75 + 0.09 
9.76 + 0.34 

Table i presents the average profile diameters for 
the different nuclei, olfactory vesicles and the 
lumenal surface of supporting cells. The "corrected 
diameters" take into account the section thickness as 
described above. The average diameter of the open- 
ings to the ducts of the Bowman's glands was 147.28 
+ 7.78. From these diameters the areas of epithelial 
surface occupied by an olfactory vesicle, a supporting 
cell and a Bowman's gland duct were calculated to be 
respectively, 2.11 ~tm 2, 29.08 ~tm z and 17,043 b~m 2. 

Discussion 

By use of a morphometric analysis, this study has 
revealed major new insights into the organisation of 
the olfactory epithelium of the tiger salamander. 
Notably, the increase in epithelial thickness from 
caudal to rostral in the nasal cavity was not accom- 
panied by an increase in the number of mature 
receptor neurones: above a critical epithelial thick- 
ness of about 200 btm the surface density of olfactory 
vesicles was constant and independent of epithelial 
thickness. Indeed the increase in epithelial thickness 
beyond 200 btm was almost entirely due to the 
accumulation of immature receptor cells. These 
observations indicate that the rate of neuronal differ- 
entiation, like the rate of basal cell mitosis, is 
inversely related to epithelial thickness. 

It is concluded therefore that neurogenesis, the 
formation of mature olfactory receptor cells, must be 
a "regulated" rather than an "automatic" process. 
The present results indicate that one regulatory 
mechanism may act through the availability of space 
at the epithelial surface for newly developing 
dendrites. 

Methodological considerations 

As this study does not use electron microscopy, 
occasional errors may arise in the correct classifica- 
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tion of nuclei into particular cell classes. These errors 
have been reduced by the use of high resolution light 
microscopy and by a statistical treatment of the data. 
Our results are based on the observation of about 
18,000 nuclear profiles and 1,800 olfactory vesicles in 
80 epithelial sections. Such a study would be imprac- 
tical with electron microscopy since the number of 
nuclear profiles whose centres lie in the plane of 
section reduces rapidly with section thickness. (For 
example, the number of 8 gm diameter nuclei whose 
centres lie within a 2 ~m section is 8 times the 
number within a 0.2 ~tm section.) 

In the olfactory epithelium the errors involved in 
assigning a nucleus into the three cell classes revolve 
around two main sources of confusion: supporting 
cell vs receptor cell, and receptor cell vs basal cell. In 
the former distinction the morphology, staining 
characteristics and epithelial position of the two cell 
types are sufficiently different that errors are unlikely 
except where the nuclear fragments are small. As the 
decision is dichotomous, those nuclei whose identity 
are confused will be assigned the wrong category 
50% of the time so that over a large number of 
observations, false classifications of one cell type will 
equal false classifications of the other type. A similar 
process will occur at the epithelial interface between 
receptor cell and basal cell nuclei although the 
number of "confusing" nuclei is probably larger since 
there are transitional forms between "true" basal and 
"true" receptor cell nuclei. Therefore the basal/ 
receptor cell dichotomy involves confusion both of 
nuclear fragments and of nuclei lying directly in the 
plane of section. This means that the classification of 
transitional forms as "basal" or "receptor" cell nuclei 
could arbitrarily inflate the numbers of either group 
depending on the bias of the observer. As the 
observer was the same for all counts this bias may 
mean that the curves for basal cells and immature 
receptor cells have been displaced up and down (or 
vice versa) from their "true" values. This remains a 
problem, even under electron microscopy, whenever 
a continuum of cell types is forced into a dicho- 
tomous classification. However, this problem does 
not detract from the fundamental observation that 
whilst nuclear numbers increase with epithelial thick- 
ness, the number of mature receptor neurones (indi- 
cated by olfactory vesicles) remains constant thereby 
resulting in an accumulation of immature cell types. 

Morphology of the epithelial surface 

Olfactory vesicle density was constant over most of 
the salamander olfactory epithelium. This "optimal" 
surface density of 4.5 x 10 4 per mm 2 was reached in 

epithelium that was at least 200 ~tm thick (Fig. 4), 
which represents approximately the rostral 2/3 of the 
ventral epithelium in these animals. Previous esti- 
mates of surface densities of olfactory vesicles vary 
markedly (for a recent review see: Menco 1983). The 
following are estimates for various species expressed 
as the number (x 104) per ram2: frog, 4.5 (Menco 
1980), 8 (Getchell 1973); or 4.5-9.1 (Menco et al. 
1978; Menco 1983); pig, 6.2 (Gasser 1956); rabbit, 12 
(Allison and Warwick 1949), 15 (Clark and Warwick 
1946); and rat, 8.3 (Menco 1980), 5-10 (Hinds and 
McNelly 1981). Some authors report gender and age 
differences in surface densities (Hinds and McNelly 
1981; Menco 1980, 1983), differences in estimates 
according to histological procedure (Menco et al. 
1978; Menco 1983), as well as differences in estimates 
from different epithelial regions (Allison and War- 
wick 1949; Menco 1983). It is therefore difficult to 
make realistic conclusions about species differences. 
Furthermore, not all these studies account for section 
thickness and olfactory vesicle diameter in the calcu- 
lations of surface density. These factors greatly affect 
the estimates of "true" numbers of items counted 
(Hendry 1976; Weibel 1980). For example, if these 
factors were not considered in the present study the 
"optimum" surface density of olfactory receptors 
would be 10.2 x 104 per mm 2. 

It is now possible to construct a model of the 
surface of the olfactory epithelium of the tiger 
salamander. Obviously this surface is covered by 
olfactory vesicles, the lumenal surfaces of supporting 
cells and the openings of the ducts of Bowman's 
glands. Given their density (4.5 x 104 per mm 2) and 
the average area (2.11 9m2), the olfactory vesicles 
occupy 95,000 ~tm 2 in each mm z. The average area of 
lumenal surface occupied by a supporting cell is 
29.08 ~tm and from Fig. 9 the median density of these 
cells is 8 per 400 9m 2 or 2 x 104 per mm 2. Therefore 
the supporting cells occupy 581,600 ~m 2 in each mm 2. 
This leaves 323,400 ~tm 2 which is occupied by the 
duct openings. Each duct covered an average of 
17,043 gm 2, therefore the density of the duct open- 
ings is 19 per mm 2. This density can be achieved in a 
hexagonal array where each duct is equidistant 
(248 ~m) from six others. The supporting cells are 
distributed between the ducts, possibly also in a 
hexagonal array, with olfactory vesicles distributed in 
interconnecting rings surrounding the supporting 
cells (Graziadei and Monti Graziadei 1976) and 
sometimes even enclosed within the supporting cells 
(Breipohl et al. 1974). 

The ventral epithelium has an average area of 
26 mm 2. The olfactory vesicle density was 4.5 x 104 
per mm 2, giving the total number of mature olfactory 
receptor neurons of about 1.2 million. The dorsal 



196 

olfactory epithelium is slightly smaller than the 
ventral epithelium (Breipohl et al. 1982), and there- 
fore the total number of mature receptor neurons on 
each side of the nose would be in the range of 
2 million, in animals weighing only 50 g. For com- 
parison, the adult rabbit is estimated to have 50 mil- 
lion mature receptors in each side of the nose 
(Allison and Warwick 1949). 

Regional differences in neuronal maturation 

Although the number of mature receptor cells 
reaches a constant level in epithelium at least 200 ~tm 
thick, the number of immature receptor cells con- 
tinues to increase with epithelial thickness (Fig. 9). 
In the thinnest epithelium there are only basal and 
mature receptor cells whose numbers increase 
rapidly as epithelial thickness increases. When the 
epithelium reaches 150 ~m thick the numbers of 
mature receptor cells and basal cells have almost 
reached constant levels and the further increase in 
cell numbers is contributed almost entirely by imma- 
ture receptor cell nuclei. This leads us to suggest that 
the limit to maturation of receptor cells may be the 
availability of dendritic space at the surface of the 
epithelium. In other words, once the surface density 
of olfactory vesicles reaches 4.5 x 104 per mm 2 the 
final maturation of developing receptor cells is pre- 
vented. This would lead to an accumulation of 
"almost mature" receptor cells, waiting for a dendri- 
tic vacancy at the epithelial surface. This may not be 
unique to the tiger salamander as there is evidence 
from a freeze-fracture study of rat olfactory 
epithelium that the density of dendrites just below 
the surface was over twice the density of olfactory 
vesicles on the surface (Menco 1980). 

The accumulation of immature receptor cells can 
also be interpreted as evidence that the rate of 
development and differentiation from basal to 
mature receptor cells may be slower on average in 
the thick, rostral epithelium compared to the thinner, 
caudal epithelium. This parallels rostro-caudal differ- 
ences in the uptake of 3H-thymidine by the basal cells 
in this tissue. The rostral olfactory epithelium is up to 
3 times as thick as the caudal epithelium yet after an 
injection of 3H-thymidine the thinner, caudal 
epithelium may have 3 times the number of labelled 
basal cell nuclei (Mackay-Sim and Patel 1984). That 
is, the thinner epithelium may have 100 cells per 
field, 10 of which are labelled, whilst the same field- 
width of thicker epithelium may have only 3 labelled 
nuclei out of 300 cells. It follows, therefore that there 
must be a rostro-caudal difference in the rate of 
mitosis, expressed either as a difference in the 

duration of the cell generation cycle or a difference in 
the relative number of mitotically active cells. Esti- 
mates based on the number of mitoses per 1000 basal 
cells also indicate rostro-caudal differences in the 
olfactory epithelium of young and adult mice 
(Breipohl et al. 1985b). 

The regional differences in neuronal maturation 
observed in this study add further to previously 
reported rostro-caudal variations in olfactory recep- 
tor cell physiology in this species (Mackay-Sim and 
Kubie 1981). First, rostral epithelium was less 
responsive to odorants than caudal epithelium 
(Mackay-Sim et al. 1982; Mackay-Sim and Shaman 
1984). Second, rostral epithelium responded to indi- 
vidual odorants differently from caudal epithelium 
(Kubei et al. 1980; Nathan and Moulton 1981; 
Mackay-Sim et al. 1982; Mackay-Sim and Shaman 
1984). Finally, rostral epithelium projects to dorsal 
olfactory bulb whilst caudal epithelium projects ven- 
trally (Mackay-Sim and Nathan 1984). It is quite 
possible that the regional differences in neuronal 
development observed in the present study may 
contribute to the differences in physiology of the 
mature receptor cells. 

Supporting cells 

In each unit surface area of the epithelium the 
numbers of supporting cell nuclei increase only 
slightly with epithelial thickness and do not drop 
toward zero in the thinnest epithelium, contrary to 
the other cell types (Fig. 9). Presumably in the 
thinnest epithelium, some minimum number of sup- 
porting cells would be required to maintain the 
integrity of the epithelial surface, a function of 
supporting cells implied by the presence of tight 
junctions around their apical perimeters (Breipohl et 
al. 1974; Kerjaschki and H6randner 1976; Menco 
1980). The small rostral increase in supporting cell 
numbers probably reflects their function in providing 
a physical structure for the increasing numbers of 
other epithelial elements (Allison 1953; Breipohl et 
al. 1974; Graziadei and Monti Graziadei 1976). 

Like receptor cells, supporting cells also appear 
to be replaced. In studies using 3H-thymidine a few 
nuclei in the supporting cell layer are labelled soon 
after injection, simultaneous to labelling of nuclei 
along the basement membrane (Moulton et al. 1970; 
Graziadei and Metcalf 1971; Graziadei and Monti 
Graziadei 1979; Mackay-Sim and Patel 1984). Mito- 
tic figures have been observed among the supporting 
cell nuclei, though much more rarely than in the 
basal cell layer (Graziadei and Monti Graziadei 1979; 
Moulton 1975). The most parsimonious explanation 
for these observations is that supporting cells are 
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replaced through division of cells within the support-  
ing cell layer (Breipohl et al. 1973; Graziadei and 
Monti Graziadei 1978; Mackay-Sim and Patel 1984). 
Earlier suggestions were that mitosis in the support-  
ing cell layer is secondary to a supply of daughter  
cells from basal cell mitosis (Graziadei and Metcalf  
1971; Moulton et al. 1970; Moulton 1975). The 
present study indicates that this is unlikely because 
the numbers of supporting cells behave quite differ- 
ently f rom all the other cell types within the 
epithelium. Theoretically at least, basal cell and 
other cell numbers  drop to zero, leaving only sup- 
porting cells within the epithelium (Fig. 9). There-  
fore the numbers of supporting cells are quite inde- 
pendent  of the presence of basal cells, and so basal 
cell mitosis is unlikely to give rise to new supporting 
cells. 

Neurogenesis and receptor cell turnover 

With the present  results the process of neurogenesis 
and receptor cell turnover can be viewed from a new 
perspective. Since there are regional variations in the 
numbers of immature  receptor  cells and in the uptake 
of 3H-thymidine by basal cells (Mackay-Sim and 
Patel 1984), it follows that neurogenesis and receptor  
cell development  can vary throughout  the olfactory 
epithelium. Our  results thus support  a model  in 
which there may be multiple mechanisms of control 
over these processes (for a review see Breipohl et al. 
1986). One phenomenon  suggested by the constant 
surface density of olfactory vesicles is that a physical 
or chemical mechanism exists which prevents the 
final maturat ion of "almost  mature"  cells until 
dendritic space becomes available. This mechanism 
may act locally to control the development  and 
survival of "almost  mature"  cells which may die after 
some period if they cannot find dendritic space at the 
surface. Hinds and others (1984) have proposed that 
mature receptor cells may live for very long periods 
until disease or other external factors cause their 
death. They have suggested also that newly develop- 
ing receptor cells may die if they do not find synaptic 
space at the olfactory bulb. Therefore  the neurogenic 
process could be viewed as a mechanism to provide a 
continual supply of "almost  mature"  neurons should 
they be required. However ,  synaptic connections 
with the bulb and dendritic projections to the epithe- 
lial surface would remain intact indefinitely, until a 
mature receptor  cell died. At  this t ime it would be 
replaced very rapidly as there would be an "almost  
mature"  cell located locally, with its dendrite just 
below the epithelial surface and its axon perhaps 
already grown to the olfactory bulb. 
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