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ABBREVIATIONS

The present list only provides abbreviations which are regularly used throug-
out the whole text.

BSA: bovine serum albumine

EM: electron microscopy

EOG: electro-olfactogram

ESR: electron spin resonance

HVEM: high-voltage transmission electron microscope
K: 1,000 times magnified

Na*-K*-ATPase: sodium-potassium adenosing triphosphatase
SEM: scanning electron microscope

TEM: transmission electron microscope

9(2) + 2 axonemal structure: the inner ciliary structure which consists of nine
peripheral microtubular doublet subfibers and two single central microtubular
subfibers



GENERAL INTRCDUCTION

Many hypotheses have been developed to account for the process of olfac-
tion (for reviews see MOULTON and BEIDLER, 1967; Davies, 1971 and POYNDER,
1974), but at the present time none of them has been verified. The olfactory
organ demonstrates very interesting receptor properties. It interacts with a
great variety of compounds, called odorants (STaHL, 1973).

Appropriate biochemical and biophysical methods including the separa-
tion of sensory surfaces should be able to provide important evidence about
receptive mechanisms and attempts to use such techniques have begun in
recent years (e.g. KocH and NORRING, 1969; AsH and SKOGEN, 1970; KoyaMa
et al., 1971; KoroLsv and Frorov, 1973; MENco et al., 1974; MARGOLIS,
1975). Techniques for separating receptor structures have also been suggested
by OtrosoN (1970), but sofar none of these methods has yielded a pure fraction
of receptor endings (see¢ Dopn, 1974). The present account willt deal mainly
with the anatomy of the bovine olfactory epithelium emphasizing prospects
for isolating receptor moieties. The adjacent nasal respiratory epithelium has
also been investigated since, like the olfactory bipolar nervous cells such re-
spiratory cells bear cilha. In the latter case, however, they are motile, rather
than sensory, thus enabling a determination of features which are specific for
the olfactory cilia and a comparison between two adjacent epithelium types
allows such specific characterizations (Lucas and DouGLAs, 1934; SLEIGH,
1974).

The cow has been used as an experimental animal, since the size of its olfac-
tory organ and the availability of samples seemed most convenient for this
work. Some of the studies presented here were carried out on sheep. Indica-
tions for behaviour towards odorants in cows have been reviewed by ERNST
and PusHkarsku (1975).

In Chapter 1, the distal processes of both epithelium types are described,
using different microscopical methods, including light microscopy, scanning
electron microscopy, thin section transmission electron microscopy and thick
section high-voltage transmission electron microscopy. This latter method
was used in the hope that it would permit olfactory cilia to be followed over
their whole lengths. In this chapter some attention will also be devoted to
macroscopic observations.

Chapter 2 deals with the results of freeze-etch and electron spin resonance
studies on both epithelium types. Both techniques allow predictions of some
of the molecular properties of the receptive area through investigation of
intact tissue in vitro.

Chapter 3 deals with a quantitative analysis of the morphological data.
Statistical methods are used where it is possible. Several features of the olfac-
tory nerve endings are compared for different nasal areas and for adult as op-
posed to juvenile animals. Special emphasis is placed on the ciliary processes.

Meded. Landbouwhogeschool Wageringen 77-13 (1977 ) 1



Olfactory and respiratory cilia are also compared with each other. Further-
more, estimates for possible receptor concentrations based chiefly on freeze-
etch results are presented.

Such quantitative information is important for biochemical work, since it
indicates whether one can consider nerve ending preparations as homoge-
neous or if one has to take into account that biochemical preparations may
contain morphologically different nerve ending types. Furthermore, some
ideas about receptor quantities which might be isolated can be obtained.

Finally, Chapter 4 deals with attempts to isolate peripheral receptor mem-
branes. The conventional criteria used by others for assessing the purity of the
fractions have been shown to be inadequate (Dopp, 1974); this prompted us
to initiate anatomical studies on the bovine olfactory mucosa, so as to provide
ourselves with a more adequate basis for future biochemical studies,

2 Meded. Landbouwhogeschool Wageningen 77-13 (1977)



1. MACROSCOPIC AND MICROSCOPIC STUDIES ON
BOVINE NASAL EPITHELIUM USING LIGHT
MICROSCOPY, LOW- AND HIGH-VOLTAGE

TRANSMISSION AND SCANNING
ELECTRON MICROSCOPY

1.1. INTRODUCTION

The ultrastructure of the vertebrate olfactory epithelium has been explored
by many authors, both by transmisston and scanning electron microscopy.
Papers on transmission ¢iectron microscopy include reviews by DE LORENZO
(1970), REESE and BRIGHTMAN (1970), GRAZIADEI (1971b, 19734, 1974a, 1974b),
Vmnnikov (1974), ALTNER and KOLNBERGER (1973) and ANDRES (1975) and
extensive mnvestigations by HEIST et al. (1967), SEFFERT (1970}, Y AMAMOTO
(1976) and Loo (1977). Scanning electron microscopy has been carried out by
GRAZIADEI (1970, 1971b, 1973a, 1975) on turtle, frog, dog, catfish and gar-
fish; by GRAZIADE and GrazIADEI (1976) on mudpuppy and tiger salaman-
der; by ADaMs and McCFarLAND (1971) and Apawms (1972) on mouse; by
BERTMAR (1972) on sea trout; by CONTICELLO et al, (1973) on guinea pig: by
KANDA et al. (1973) on man and guinea pig; by BREIPOHL et al. (1973a, 1973b,
1974a, 1974b) on goldfish and chicken; by WATERMAN and MELLER (1973a,
1973b) on goldhamster embryo; by ANDREwS (1974} on rat; by SHIMAMURA
and ToH (1974) on rabbit; by ANDRES (1975) on caiman, goldfish and rhesus
monkey; by ZEISKE et al. (1976) on cyprinodontoid fish and by LENZ (1976) on
man, rabbit and sheep.

Neither transmission nor scanning electron microscopy has been applied
to the ox, an animal which is suitable for biochemical studies on the olfac-
tory system because of its size and availability (Dopp, 1970; Kovama et al.,
1971).

Although the general ultrastructure of the peripheral olfactory system in all
vertebrates investigated sofar, particularly in mammals, seems to be almost
identical (GRAZIADEI, 1973a, 1974a), a thorough anatomical investigation of
the olfactory surface of the species selected was considered essential for further
biochemical studies. Without such anatomical knowledge a proper identifi-
cation of sensory structures is virtually impossible. Ciliated nasal respiratory
epithelium (Lucas and DoucLAs, 1934; NEGUS, 1958; STOCKINGER, 1963
OkanO and SuGawa, 1965; MaTuLIONIs and PARKS, 1973) was selected as a
tissue for comparison with the olfactory tissue, which is also ciliated. The
presence of respiratory cilia has also been demonstrated with the scanning
electron microscope (BARBER and BoyDE, 1968; Apams, 1972; Linz, 1972,
GRAZIADEL, 1975). In the present study the structure of both epithelium types
and particularly of their cilia has been compared using several methods, in-
cluding macroscopic observations, light microscopy, scanning electron micro-
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scopy, and transmission clectron microscopy, with normal and high-voltage
instruments. Scanning and high-voltage techniques allow clarification of the
three dimensional organization of the tissue types under investigation.

1.2. MATERIALS AND METHODS

1.2.1. Methods identical for all microscopic investigations

Observations were made on olfactory and respiratory mucosae obtained
from the heads of five cows and ten calves (younger than two weeks) of both
sexes. Heads were obtained from local slaughterhouses between one and four
hours after the animals had been slaughtered. This delay is probably acceptable
in view of the fact that in frogs (though they are poikilothermic animals)
motility of respiratory and olfactory cilia in isolated epithelium patches has
been observed up to five hours after the amimal had been killed {own observa-
tions).

Heads were cut sagittally with a bandsaw or an axe. From this point on
methods were varied slightly during the course of the work. Most of these
variations did not seem to be detrimental to sample observations.

Cold KarnovskY’s (1965) fixative (37 ghitaraldehyde, 37 formaldehyde
prepared from paraformaldehyde, 0.01%] CaCl, -buffered with 0.075 M Na-
cacodylate/HCl to pH = 7.0) was pipetted gently on the epithelium surface in
situ. A neutral pH was chosen, since indicator paper (range 6-8), when applied
to the epithelium surface, showed a pH value of 7.0. Heads were transported
to the laboratory after this treatment and the tissue was further fixed (in situ)
at 4°C for a total of about two hours.

Subsequently, portions from the ar¢as under investigation were dissected
and left standing in fixative for a further two hours. Pieces of mucosa up to
0.5 cm? in area were selected and used for all the types of microscopic investiga-
tions employed here. These areas were not considered to be too large for an
adequate fixation for the transmission studies, since the zone under investi-
gation only forms the upper 100 um layer of the mucosa. One advantage of
this procedure is that damage caused to the surface during the preparation is
minimized. During the fixation tissue blocks were either very gently agitated
or left alone. Following aldehyde fixation blocks were rinsed in the same buffer
used in fixation, although the aldehyde was now replaced by 62 (w/v) sucrose.
The rinsing sequence was as follows: 30 seconds, 30 minutes, | hour, 6 hours
and once more 6 hours, respectively. Subsequently, blocks were fixed for one
hour in 1%, 0sOs made up in the same buffer as used for aldehyde fixation,
except that 4.5% sucrose was present. The blocks were then rinsed again.

Much of the tissue material, used in the present work, was fixed in non-
buffered OsO, instead of in a buffered solution. No investigations were done
on the effects of pH and variation in osmolarity.

Dehydration was usually carried out with ethanol with propylene oxide as
clearing agent, but occasionally acetone was used.

4 Meded. Landbouwhogeschool Wageningen 77-13 (1977)



1.2.2. Preparation of sections for high-voltage transmission observation

The procedures followed here were chiefly adapted from techniques de-
scribed in GLAUERT’s review (1974). For high voltage electron microscopy
block staining was applied during dehydration and clearing procedures. Tissue
blocks were left for 24 hours at 60°C in absolute ethanol containing 2%, (w/v)
uranyl acetate (LOCKE et al., 1971) and 1.5%/ (v/v) glacial acetic acid (LOCKE
and KRISHNAN, 1971). The blocks were subsequently cleared in propylene
oxide. The selected tissue blocks were then embedded in Araldite according
to standard techniques (GLAUERT and GLAUERT, 1958). Araldite blocks ap-
propriate for ¢lectron microscopic transmission observations were selected
under a light microscope by observing sections (2-5 um) stained at 60°C with
‘Paragon’ stain (Gurr).

These sections and sections for electron microscope observation were cut
with a Reichert ultramicrotome with glass knives made with a LKB knife
maker. Thick sections prepared for high-voltage electron microscopy were
not stretched with chloroform before taking them up with the grids from the
water. Before the next thick section was made ultrathin sections were cut until
thin sections again had a gold-silver appearance. This ensured adequate thick
section surfaces. Sections were attached to Formvarjcarbon coated 75 mesh
hexagonal grids.

In order to ensure maximal contact between staining solutions and the sec-
tions on the grids during staiming procedures, staining solutions were de-
acrated with a water pump before use, thus preventing the formation of air
bubbles on the sections. All staining was carried out by inserting rings made
from plastic tubing (Viton) of 1 cm diameter and 3 mm height, containing 3 to
4 grids in beakers with the staining or washing solutions. Sections were stained
with [ead citrate (VENABLE and COGGESHALL, 1965) for I hour. They were
then washed once in 0.02%, NaOH (w/v), twice in distilled water and restained
with alcoholic uranyl] acetate (see above) for 1 hour at 60°C. They were washed
once in 50%; ethyl alcohol and twice in distilled water. Subscquently, the sec-
tions were restained in a lead citrate solution for 1 hour and washed again as
above. In the case that lead carbonate precipitates were formed, grids were
quickly rinsed in 0.05%; (v/v) HNO3 (FARVARD and CARASS0, 1973) and then
rinsed with distilled water. Staining of thick sections up to 2 ym could readily
be evaluated at 125 kV in a Hitachi 125 E electron microscope. After staining the
grids were recoated with Formvar and carbon on both sides (sandwiched). With
this method no drift was observed in sections up to 10 ym thick at 1,000 kV.

Sections were examined in an AEI-EM7 High-Voltage Electron Microscope
at the Department of Material Sciences of Birmingham University. Generally,
they were observed at 1,000 kV with a 20 um aperture. Stercopair micrographs
were prepared by tilting the sample stage over adequate angles, selected from
a table prepared by BEEsTON (1972).

Meded. Landbouwhogeschool Wageningen 77-13 (1977) 5



[.2.3. Preparation of ultrathin sections for normal transmission electron micro-
scope observation

Samples selected for thin section transmission electron microscopy were

chiefly treated according to the procedures described for the HVEM. Devia-

tions will be described in the following section.

The ultrathin sections were stretched with chloroform vapour before at-
taching them to Formar/carbon coated 75 mesh hexagonal grids. They were
stained with the same staining solutions as used for the HVEM work, but in this
case they were exposed twice for only one minute to lead citrate (before and
after the uranyl acetate staining) and during 4 to 8 minutes to uranyl acetate.
The uranyl acetate solutions employed here consisted of a saturated solution
in 50%; aqueous ethyl alcohol containing 1.5%; (v/v} glacial acetic acid, or a
25%; uranyl acetate solution in absolute methanol (STEMPAK and WARD,
1964). With the latter method Formvar-coated grids had to be used. At the
beginning of the present study Parlodion-coated grids were used, but since
Parlodion dissolves in methanol this method had to be discontinued,

Sections were examined in a Hitachi 125E electron microscope at 125 kV
usually with a 20 ym aperture. Qccasionally they were examined in a JEM 7
or a JEM 200 clectron microscope at 100 kV.

1.2.4. Preparation of sections for light microscopic observation

The best ‘Paragon’ stained sections were mounted in Polymount (Staines)
and examined and photographed with a Vickers 55 light microscope. Koda-
color Il was used for the photography.

1.2.5. Preparations of tissue blocks for examination in a scanning electron micro-
scope

Except when block staining was applied, samples for scanning and transmis-
sion electron microscopy were treated together until ethyl alcohol dehydra-
tion. Scanning samples to be frecze-dried were also cleared with propylene
oxide. After dehydration and subsequent clearing, samples for transmission
and scanning studies were separated by dissecting small tissue pieces from the
0.5 cm? blocks to be used for transmission studies. The remainder was used
for scanning studics and processed further in various ways,

Since neither a critical drying point apparatus nor a sputter-coater were
available at the onset of this study, blocks selected for scanning electron micro-
scopy were also processed in different ways during this study.

Blocks to be freeze-dried were first processed through a graded series of
propylene oxide/benzene or acetone/benzene mixtures, depending on the
dehydration method used (modified after NQRREVANG and WINGSTRAND,
1970). Subsequently, samples were coated with gold/palladium (Polaron) by
evaporation, while revolving and tilting. In later experiments samples were
dried in a Polaron E 3000 Critical Drying Point Apparatus. After dehydration
with ethyl alcohol, blocks were processed through a graded series of amyl
acetate and critical point dried from liquid CO, (LEwis and NEMANIC, 1973).

6 Meded. Landbouwhogeschool Wageningen 77-13 (1977)



FiG. 1A and B. General survey of the posterior region of the respiratory and olfactory areas
in aone week old male calf (4) and a two year old steer (B). Insets show the upper jaws of both
animals; the nasal regions of interest are indicated by an ellipse. The ethmoturbinates (E and
Ec) show yellow pigmented olfactory {OIf) and pale respiratory (Resp) epithelium. The
cribriforum plate (Cp) contains only olfactory epithelium. The olfactory area of the adult
animal (B} is more elongated and more darkly pigmented than the olfactory area of the calf
(A). Cc: cerebral cavity; E1-6: six endoturbinates; Ec: ectoturbinate appeating behind
endoturbinates; N: nasopharynx.




As soon as possible after drying, samples were coated in a Polaron Diode
Sputtering Device Type E 5000 with a 20 nm—40 nm gold layer (ECHLIN, 1975).

Tissue blocks were examined in a Cambridge Mk 2A Stereoscan microscope,
usually at 30 kV. Stereopair micrographs were prepared by tilting the sample
stage over 5° to 7°.

1.2.6. Account of the amount of tissue material used

Out of a total of 72 blocks of Araldite embedded tissue 42 proved to contain
the required epithelium surface. Fewer usable blocks were obtained from
cows than from calves.

Out of a total of 35 samples prepared, twenty-five containing the required
olfactory or respiratory surface were used for study in the scanning electron
microscope. This does not mean that the specimens seilected contained only
ciliated surfaces, but at least some ciliated surface was present.

In the transmission studies three to four grids, each containing 5 to 10 sec-
tions, were prepared from each usable block. Thus about 800 thin sections
were studied in total.

High-voltage transmission studies on thick sections were carried out on
eight of the best blocks. About 40 grids, each bearing 5 to 10 sections varying
in thickness from 0.5-10 ym, were prepared. Thus, in total about 300 sections
were made, and thicknesses between 2.5-5 um appeared to be most suitable for
this type of study.

1.2.7. Materials .
All chemicals employed were obtained from British Drug Houses and were
of analytical grade unless otherwise stated.

1.3. RESULTS

1.3.1. Macroscopic appearance

A general macroscopic view of bovine juvenile and adult nasal cavities in
relation to the rest of the head is presented in the insets of Fig. 1A and B
respectively, while the rest of these figures depict a closer view upon the an-
terior respiratory (white area) and posterior olfactory (vellow area) epithelia
of the ethmoturbinates in both age groups. The nasal septum has been dissected
away. This dissection slightly damaged the adult turbinate surface.

The olfactory region is pale yellow in juvenile animals and turns brownish-
yellow with age. Transition areas between the respiratory and olfactory epi-
thelium are clearly visible. The olfactory area is separated from the brain
cavity by the cribriform plate which is also covered with olfactory epithelium;
in the calf this epithelium part is relatively larger than in the adult animal. The
whole olfactory area seems to change shape with age.

In the sagittal plane the olfactory area increased approximately by identical
factors as the rest of the snout, thus suggesting postnatal development of the
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oifactory area. However, exact olfactory surface areas were not determined.
Whether or not growth of the olfactory area reflects an increase in the total
number of nerve endings is the subject of microscopical investigations de-
scribed in the discussion of this chapter and in Chapter 3.

1.3.2. General histology of the bovine nasal mucosa

Fig. 2 presents light micrographs of the ox respiratory (Fig. 2A) and oifac-
tory (Fig. 2B} epithelium at approximately identical magnifications. Figs. 3
and 4 compare these types of epithelium by scanning and thick section, but
not high-voltage, electron microscopy. The two epithelium types appear quite
different with these microscopic methods in spite of the fact that both contain
ciliated surfaces. Freeze-etch techniques have revealed additional ultrastruc-
tural differences which cannot be detected with any of the other microscopical
techniques {see Chapter 2}.

In the respiratory epithelium cilia are implanted on non-sensory columnar
cells (Fig. 4A) and form a metachronal surface pattern caused by their beating
action (Fig. 3A in particular). Proximally, basal cells are visible and under
this basal cell layer the inconspicuous basal membrane is found, followed by
the lamina propria which contains collagen fibers. The ultrastructure of this
epithelium type is described in detail by STOCKINGER (1963), OkaNO and Su-
GAWA (1965) and MaTULIONIS and PARrKS (1973).

fied olfactory epithelium {B). (4) is taken from the nasal turbinates of a male calf, (8) is from
the cribriform plate of an adult steer. Cilia (C) of the nervous epithelium otiginate from knob
shaped nerve endings (Ne); the cilia of the respiratory epithelium are parallel to each other.
The height of the respiratory epithelium is here about half that of the olfactory epithelium.
Bc: basal cells; Bm: basal membrane (not visible here); Co: columnar cells; Lp: lamina
propria; Ne: nerve cell perikaryon layer; Sc: supporting cell perikaryon layer. Micrographs
were made after colour negatives, taken from Araldite embedded, Paragon stained thick
sections.
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FIG. 3A and B. SEM views of (4) respiratory epithelium from calf septum and {B) olfactory
epithelium from calf ethmoturbinate. Cilia (C) arc present in both photographs. In the
respiratory epithelium they are fixed during their effective siroke. In the olfactory epithe-
lium they consist of two parts, a short initial part and a long ciliary taper (Ct). Here they
originate from dendritic nerve endings (Ne) and alternate with supporting cell microvilli
(Mv). The olfactory epithelium has a more fuzzy appearance than the respiratory epithe-
lium which is due to mucus remnants. Both preparations were freeze-dried, Au/Pd-rotary
evaporated and viewed under 45°. The olfactory preparation was gently scraped between
drying and coating.

FiG. 4A and B. Thick section transmission clectron micrographs of (4) respiratory epithe-
lium from the septum of an adult steer and (B} olfactory epithelium from the cribriform plate.
In (4) narrow, dark, vacuolaied cells and lighter, non-vacuolated cells are scen. The lamina
propria (Lp) contains collagen (Col) fibers. Olfactory ciliary tapers can be followed for about
13 pm. They run parallel to the epithelium surface. Note the heterogeinity of the olfactory
surface. D: dendrite. For other legends see Figs. 2 and 3.
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The bipolar olfactory sensory cells possess knob-shaped nerve endings
{(frequently called terminal swellings or olfactory vesicles) which usually expand
somewhat above the epithelium surface. These knobs also bear cilia. At their
base these cilia resemble respiratory cilia, but after 1 to 2 pm they taper to a
smaller diameter (Frisch, 1967) which is then maintained over a length which
has yet to be determinded, although estimates for three macrosmatic species
are elegantly calculated by SEIFERT (1970). Using morphometric methods he
estimated their length to be about 50 um in cat, dog and rabbit.

Apart from these cilia projecting from the nerve endings, the surface of the
olfactory area is also covered with microvilli which originate form supporting
(sustentacular) cells. These two cell types, the nervous and the supporting
cells, form the major population of the upper cell layers of the olfactory epi-
thelium (Figs. 2B, 3B and 4B). In Fig. 4B ciliary tapers are seen to run parallel
to the epithelium surface and perpendicular to the microvilli. These microvilli
frequently form bush-shaped structures.

Three zones of nuclei can be seen in Fig. 2B. The upper zone contains the
nuclei of the supporting cells. The nuclei of the nerve cells are found in the
central zone and the nuclei of the basal cells in the lower zone (GRAZIADEI,
1973a).

The respiratory epithelium is thinner than the olfactory epithelium (see also
Chapter 3) and the cilia are probably embedded in a different mucus environ-
ment since scanning micrographs {e.g. Figs. 3A and 3B) more often reveal un-
removed mucus in the olfactory than in the respiratory samples.

The rest of this chapter will be devoted to a more detailed description of the
two types of epithelium,

1.3.3. Structure of the bovine respiratory epithelium

1.3.3.1. Scanning electron microscopy of the bovine respiratory
gpithelium

Figures 3A and 5 represent the surfaces of the ox nasal respiratory mucosa.
The cilia are clearly arranged in a wave-like pattern, suggesting that they were
beating at the moment of fixation. This has also been shown in SEM studies of
this type of epithelium in several other species (BARBER and BoypDEe, 1968;
ADAMS, 1972; INOUE, 1974; GRAZIADFI, 1975).

Recently, the scanning technique has also frequently been applied io
human nasal respiratory epithelium (AMENDOLEA et al., 1972; MyGIND and
BRETLAU, 1973; OKUDA and KANDA, 1973; SvEIDA and SAFAR, 1974) because
this technique may have useful prospects for diagnostic purposes.

In Fig. 3A cilia are shown fixed in their effective stroke, while in Fig. 5 they
are fixed in their recovery stroke (LENz, 1972). In the posterior nasal area
from which our preparations originate, the cilia usually form a thick un-
interrupted carpet. This contrasts with the situation in the anterior area (LENZ,
1972; MyGIND and BReTLAU, 1973) where large areas are covered with a
squamous epithelium type.
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F1G. 5. Scanning electron micrograph of septal respiratory epithelium (adult, female), The
cilia are probably fixed during their recovery stroke. Compare this figure with Fig. 3A. The
preparation was freeze-dried and Au/Pd-rotary evaporated. (° tilt.

Fig. 6. depicts a stereo view of a portion of respiratery epithelium. Some
secretory products (probably from goblet cells) or ceilular debris are present
on and between the cilia. Distally these cilia taper slightly,

1.3.3.2. Transmission ¢lectron microscopy of the bovine respira-
tory epithelium

Figs. 4A and 7 show the main features of the respiratory epithelium as seen
by TEM methods. Dark cells represent old degenerating cells. They are in-
tensely vacuolated and usually of a smaller diameter than the lighter and
presumably younger cells. Mitochondria in the dark cells are round while in
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F1G. 6. Stereopair of ethmoturbinal respiratory epithelium (calf). Many cilia taper at their
tips. Some agglutinated mucus or cellular debris is present on the surface. Stereopair figures
may be viewed without any additional aid. They should be held at a distance of about 30 cm
before the eyes on a still surface. Staring for about one minute at the photographs should
reveal the stereo image. In case no satisfactory stereo representation can be obtained, a
pocket stereo viewer may be of help. The preparation was critical point dried and Au-sputter-
coated. Tilting angle: 6° {0°-6°).

the lighter celis they are elongated. Cilia of the two cell types do not differ
markedly, Ciliary basal bodies contain short striated rootlets at their base,
and at their central region they contain internal dots and basal feet (Figs. 7 and
8), which is the case in many other types of basal bodies (WOLFE, 1972). The
axoneme doublets possess arms (Fig. 9) which contain dynein, a Mg ' -acti-
vated ATPase, thought to be responsibie for ciliary motion (Gmeons, 1965;
StepHENS and EpDs, 1976).

The axonemal structure is embedded in a matrix which is less dense than
that matrix of olfactory cilia (Figs. 25 and 34). A more extensive comparison
between the two cilia types will be presented in later sections (Chapter 3,
Table VI and Summary, Table XVII and Fig. 56). Respiratory cilia are very
similar to other motile cilia in their ultrastructural design (WARNER, 1972,
16974},

Multivesicular bodies are present in the apical cell part (Fig. 7). These or-
ganelles are also present in the olfactory supporting cells (Fig. 24). Sometimes
respiratory cilia contain small vesicles (Fig. 7). Also other structures, such as
microvilli sometimes form vesicles (Fig. 8).

Goblet cells, secreting granular mucogen droplets of varying ¢lectron den-
sities are presented in Fig. 10. Here again, darker and lighter cells can be
distinguished. Some mucogen droplets contain dense spherical bodies, rather
similar to those encountered in bovine nasal respiratory submucosal glands
as described by BozarTH and STRAFUSS (1974). Y AamaMoTO (1976) noticed the
presence of such bodies in the olfactory secretion droplets of rabbit and bat.
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Fi1G. 8. Respiratory cilia {adult septal). Basal bodies
(Bb) contain two rootlet types (R1 and R2). R2 is
the basal foot. Bars formed by doublet arms and
radial links are clearly visible between the central
and peripheral microtubuli. A granulated area is
present on the membrane near the base of the
cilia : the ciliary necklace (IN1}. For other legends
see Fig, 7.

9 T

F1G. 9. Cross-section of a respiratory cilium (adult, septal). A: doublet subfiber A; B: doublet
subfiber B; Cmt: central microtubular subfibers; Cs: central sheath; I: inner dynein con-
taining arms; 1l: inter doublet link; Lh: link head; M: membrane; Mr: matrix region; O:
outer dynein containing arms; Rl: radial link; 1-9: nine microtubular doublets. Nomen-
clature as used by WARNER (1972, 1974).
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F1G. 10. Two secretory goblet cells sur-
rounded by cilia bearing columnar cells
(adult, nasal ethmoturbinal epithelinm).
The two cells are in different stages of the
secretory process. They contain mucogen
(Mu) droplets of various densities. These
droplets occasionally contain dense sphe-
rical dots (thin arrow). Some cilia (C) show
tapering tips (heavy arrow; compare with
Fig. 6).

An atypical brush cell, also found in the olfactory epithehum (Fig. 27,
HVEM stercopair), was occasionally observed in the nasal respiratory epi-
thelium.

Ciliary axonemes lacking individual membranes were encountered at num-
bers sometimes up to about 120 within one microvillous membrane (Fig. 11).
These aggregates are of respiratory origin, as is indicated by the arm-bearing
doublets in the inset of Fig. I1, and also by the fact that these structures are
implanted on columnar cells as we have observed in unpublished photographs.
Moreover the absence of supporting cells and the mutual linking of these
axonemal sacs by tight junctions are indicative of the non-sensory nature. At
places where microvilli originate from these sacs, these aggregates are sur-
rounded by an internal cell coat which is less dense here than for the rest of the
ciliary aggregate.

1.3.4. Structure of the bovine olfactory epithelium

1.3.4.1. Scanning electron microscopy of the bovine olfactory
epithelium

1.3.4.1.1. General anatomy
Most SEM studies on the mammalian oifactory mucosa show only the long
tapering distal parts of the olfactory cilia. The present study also shows the
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FiG. 11. Ciliary aggregates within microvillous membranes (adult, septal respiratory epithe-
linm). The same tissuc sample at higher magnification (inset) shows that the layer abutting the
aggregate membrane is darker than the rest of the aggregate matrix. Microvillar membranes
are less dense than the membranes surrounding the rest of the aggregate. Aggregates are
connected by tight junction (Tj) containing membranes. The inset shows further that the
microtubular doublets do contain dynein arms.

nerve endings from which the cilia originate, including the more proximal parts
of the cilia. In some cases this appearance was obtained without any special
treatment. In other cases the tissue blocks were gently scraped with a razor blade
after freeze-drying but before gold/palladium coating, thus permitting the
outline of intact nerve endings to be seen (diagram of Fig. 12}.

Cilia originating from nerve endings are shown in Figs. 13, 14, 15, 17 and
19B. Generally, the surface of the olfactory cilia appears to be of a more com-
plex structure than the membrane surface of respiratory cilia. However, this
difference is less pronounced in the ox than, e.g. in amphibians (GRAZIADEI
and GRAZIADEI, 1976). The granulated appearance might be caused by mucus
remnants, but could also indicate some functional specialization of the recep-
tor membrane itself. In the latter case, the granulated appearance is perhaps
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FIG. 12. Some outlines of olfactory nerve endings with the proximal, parts of their cilia, as
observed by SEM.

associated with the particles seen within the olfactory nerve membranes when
using freeze-etch techniques {Chapter 2).

The nerve endings in Fig. 14 bear cilia, which end in club-shaped knobs.
These knobs could be formed by breaking of the distal ciliary parts, but on
the other hand could also represent real ciliary tips since club-shaped tips are
also seen in sectioned (Figs. 35 and 39) and freeze-etch (Fig. 49) preparations.

One cilium of a nerve ending in Fig. 14 clearly reveals a ciliary necklace
(GiLuLa and SaTIR, 1972), a feature which, as far as we know, has not been
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FiG. 13. Olfactory epithelium surface (calf, cribriform plate). One very regular nerve ending
(heavy arrow) is seen amidst several other nerve endings. Another nerve ending shows a
tapering cilium (thin arrow). Nerve endings and cilia show light dots on their surface (open
arrows). For legends see Fig. 3. The preparation was freeze-dried, Au-sputter-coated and
viewed under 45°.

observed with this technique before. These necklaces, consisting of about 6
strands, were scen regularly (Table VI in Chapter 3). The fact that they are
made visible with this technique suggests that they contain a rather rigid sur-
face structure which is neither obscured by the metal coating nor by the rel-
atively poor resolving capacity (about 10 nm) of the scanning electron micro-
scope, Since the necklace features may be correlated with characteristics
revealed by the freeze-etch technique (Chapters 2 and 3, Tables I and VI), it
is possible that the presence of membrane particles may aiso affect the SEM
appearance of receptive membranes in general, as is seen in Fig. 15 (inset).
However, granule diameters are about 40 nm - four times as big as those of
freeze-etch particles (Table I in Chapter 2). With regard to the question whether
they are really membrane surface structures, deep etching could possibly
provide an answer. Generally, this granulation is obscured by excess coating.
In addition this nerve ending contains some pore like structures, which could
represent the openings of endocytotic vesicles as seen e.g. in Figs. 24 and 31A.

The main part of Fig. 15 shows a transition area between the olfactory and
respiratory epithelium surface. In this figure a patch containing nerve endings
with cilia which are broken or not fully developed, as well as the microvilli
of supporting cells is abutted by a zone of respiratory cilia. A clear spatial ar-
rangement of supporting cells and nerve endings as observed by GRAZIADEI
(1975) in some lower vertebrates was not found. Stereopairs of these transition
areas are shown in Fig. 16. Respiratory cilia seem to beat over the olfactory
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FiG. 14. Olfactory nerve endings (calf, ethmoturbinal). One nerve ending shows a cilium
with a visible ciliary necklace (arrow). Ciliary tips are club shaped (double arrow). Com-
pare this figure with Figs. 26, 35, 39 and 49. For legends see Fig. 3. The preparation was
frecze-dried, Au/Pd-rotary evaporated and viewed under 45°.
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epithelium although the extent of a possible mucus flow caused by this beating
over the offactory epithelium is presumably of little significance.

Nerve endings often have a regular structure (Figs. 12 and 13) which is also
discernable in transmission electron micrographs, ¢.g. in Fig. 43 (OkaNo, 1965;
OkaNo et al., 1967; Frisch, 1967 ; SEIFERT, 1970). The apical surface of the
olfactory knob is usually devoid of cilia. Scanning micrographs, like those
presented here, allow counting of the total number of cilia per nerve ending,

F1G. 15. Transition zone between olfactory and respiratory epithelium {calf, ethmoturbinal).
Long respiratory cilia (Resp) are fixed while waving over the olfactory epithetium (OIf). The
inset (encircled area at higher magnification) shows a nerve ending with a very granulated
appearance and some pore like structures (arrow). Nerve ending density here is about 4.10°
nerve endings/cm®. For other legends sce Fig. 3. The preparation was freeze-dried, Au-
sputter-coated and viewed under 0°.
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FiG. 16. Stereopairs of transition zone between olfactory and respiratory epithelium (calf,
cthmoturbinal). The structured upper areas represent respiratory areas while the lowsr parts
depict olfactory epithelium. (4) Tilting angle: 6° (0°-6°); (B) Tilting angle: 6 (0°—6°). Prepa-
rations were critical point dried and Au-sputter-coated.

although approximately 1/4-2/5 of the cilia remains obscured behind the nerve
ending and parts of other (visible) cilia. The results of these measurements
will be presented in Chapter 3. .
Figs. 17A and B show the complex construction of the surface of the olfac-
tory epithelium in the cow. A similar photograph of frog olfactory epithelium
has been presented previously (F. JOURDAN in: HoLLEY, 1975), but the nerve
endings themselves can be distinguished more easily in the present figure. The
scanning beam was focussed on a canyon-shaped crack in the epithelium, thus
allowing an oblique view of the mucus layer. On the mucus surface the narrow
distal portions of olfactory cilia (Fig. 17A, left) show indications of alignment
(ANDREWS, 1974). The surface is not visibly covered by a terminal film, as has
been described by ANDRES (1975). The mucus layer itself has a very fluffy ap-
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Fi1G. 17. (4) Oblique view of the mucus layer of olfactory epithelium {calf, septal); (B}:
detail. The edge of a crack which developed during the sample preparation is shown. The
ciliary tapers (Ct) on the surface are locally aligned in parallel (compare with Fig. 43). The
cilia contain a fuzzy surface coat (see B). For other legends see Fig. 3. The preparation was
freeze-dried, Au/Pd-rotary evaporated and viewed under 45°.
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pearance and contains nerve endings, broken proximal parts of cilia, ciliary
tapers, microvilli of supporting cells, mucus remnants and cavities. Again, the
surfaces of the cilia appear structured. Details of cellular structures beneath
the mucus layer are not revealed. This mucus face clearly itlustrates the com-
plex situation which is met in attempting to isolate pure receptor site fractions.

Fig. 18 shows the surface of an epithelium in which the nerve endings are
obscured by ciliary processes and mucus. One distal cilium segment can be
followed over approximately 18 um. Such distal structures often show spheres,
probably corresponding to the ciliary vesicles which are frequently observed
in sectioned material (Figs. 24, 31A, 40A and B, 41 and 43) and in freeze-etch
material (Fig. 50). Part of a terminal film (ANDRES, 1975) may be observed in
this presentation. Once more the complexity of the surface is obvious.

(open arrow), which are possibly identical to the vesicles seen in transmission micrographs
(Figs. 24, 40, 41 and 43) and freeze-etch micrographs (Fig. 50). One taper {heavy arrow) can
be followed over about 18 #m. At the top right hand corner part of a terminal film is shown
(thin arrow} and at the bottom left hand corner an area with the tapers aligned parallel is
seen (two thin arrows). The preparation was critical point dried, Au-sputter-coated and
viewed under 30°.
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Frc. 19, Regenerated or newly formed area of olfactory epithelium on the ethmoturbinate
of an adult cow at low (4) and higher (B) magnifications. Recently formed nerve endings
(Ne) bearing cilia (C), are surrounded by rounded projections (Rp). These rounded projec-
tions have a larger diameter than fully developed nerve endings (compare with Fig. 28). B
shows that the rounded projections bear a surface structure. The inset of B shows that in
some instances these rounded projections are surrounded by microvilli of supporting cells,
The preparation was freeze-dried, Au/Pd-rotary evaporated and viewed under 45°.

24 Meded. Landbouwhogeschool Wageningen 77-13 (1977)



1.3.4.1.2. Temporal and spatial differences in the surface of the bovine olfac-
tory epithelium as shown by the scanning electron microscope

Fig. 19, obtained from samples of an adult animal, shows upon increasing
magnification nerve endings surrounded by rounded projections. These
rounded projections are similar to those observed in hamster embryo nasal
pits by WaTERMAN and MELLER (1973a). Comparing our observations with
those on the hamster leads to the conclusion that the rounded projections in
Fig. 19 represent nerve endings, containing centrioles which are about to form
cilia. The idea that we are dealing with a relatively young area agrees with
the observation that the nerve endings in Fig. 19B bear cilia which may yet
form tapers. However, breaking of the distal parts cannot be excluded a
priori. Apically at this presumably newly formed nerve ending a developing
cilium can be seen. The inset of Fig. 19B demonstrates that the rounded pro-
jections probably do not represent expanded supporting cells. Moreover,
smooth young nerve endings have a larger diameter than cilium-bearing nerve
endings, as has been demonstrated with transmission studies (Fig. 28, HVEM-
stereopair and several photographs which are not presented; WATERMAN and
MELLER, 1973a; CuscHiErI and BANNISTER, 1975; KERJIASCHKI and HOGRAND-
NER, 1976).

In Fig. 20 epithelia from the septum, cribriform plate and nasal turbinates
obtained from three calves are compared. At neither magnification presented
do these patches resemble each other, although they underwent exactly the
same treatment. Some of the samples show glands (Fig. 20; IC: septum calf 3,
and IE: cribriform plate calf 3), while others do not.

At higher magnification some areas (Figs. 20; IIC, IIE, IIF and 1IG) show
mainly tapers, while others (Fig. 20; IIA and 1IB) show nerve endings and
the more proximal parts of cilia. Some patches have plaques, probably of a
mucous nature (Fig. 20; C, D and F), whereas other areas hardly seem to show
any mucus (Fig. 20; E and G). There is no clear system in these differences.
They are probably due to local momentary activitics at the time of fixation.
These variations may also be caused by local variations in the mucus compo-
sition. It is impossible to establish if these local differences are caused by
iemporal or spatial alterations. It cannot be excluded that these differences
represent artefacts,

1.34.2, High-voltage and normal transmission electron micro-
scopy of the bovine olfactory mucosa

1.3.4.2.1. General description of the mucosa

The ultrastructural organization of bovine olfactory epithelium is generally
identical to that of other mammals. In the present section a general descrip-
tion of this tissue will be presented, while following sections will trace the ner-
vous processes from the axonal parts to the tips of cilia in greater detail. At-
tention will be devoted mainly to ciliary structures since they are thought to
possess the receptor sites (OTTOSON and SHEPHERD, 1967). Relevant informa-
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tion about the supporting cells, Bowman glandular cells and some other cell
types will also be included.

The collage of Fig. 21 (taken from the same block as Fig. 4B) traverses the
mucosa from the lamina propria to the terminal film of the mucosa. The lamina
propria and basal membrane located proximally, are just visible on the right.
Above these structures one observes dark basal cells and light processes which
are the subnuclear feet of supporting cells. These contain dense inclusions,
probably pigment granules.

The three to four central layers of more rounded nuclei are neural while the
threetofourtop layers of moreirregular shaped nuclei belong to supporting cells.
However, a proper separation between the cell types remains difficult since the
section might be oblique. Supporting cells are heavily vacuolated. The neural
cell bodies have peri-nuclear cytoplasm which contains swollen cisternae of
endoplasmatic reticulum. Some axonal processes can be followed for several
microns. Apically, pale dendrites and dense supporting cells are visible. Some-
times dendrites appear to be adjacent to one another (see also GRAZIADEL,
1971a). Enclosing of dendrites by supporting cells as has been described by
BrerroHL et al. (1974c) for mouse cannot be excluded either.

One cell, probably a supporting cell, is undergoing lysis. The mucus layer
contains olfactory cilia and microvilli. Top right of Fig. 21 shows part of a
terminal film.

1.3.4.2.2. A description of the non-ciliary part of the olfactory mucosa

Some details of apical and proximal regions are presented in Fig. 22. Both
micrographs in this figure show glands of Bowman sectioned axially and hori-
zontally, respectively. Theciliary-microvillar region contains many membranous
vesicles (see page 42). Supporting cells shown in Fig. 22A are heavily vacuo-
lated. Fig. 22B depicts axonal processes surrounded by Schwann sheaths.
Moreover some glandular cells, which appear to be secreting, may be seen.
These glands probably belong to the mucous type (Y AMAMOTG, 1976). Further-
more, supporting cell feet, basal cells and the lamina propria can be observed
in this figure. Axonal and dendritic processes have a similar appearance as
those in other animals (see the references in the INTRODUCTION to this chapter
and Figs. 23 and 51). Both cell compartments as well as the nerve endings them-
selves (Figs. 23-20) contain numerous microtubuli.

FiG. 20. Series of SEM pictures of olfactory epithelium obtained from different areas of
several bovines, prepared at the same time under identical conditions. All samples are shown
at two magnifications. This series demonstrates the apparent heterogeneity of the epithe-
lum surface. A. Calf I, septum (viewed under 0°); B. Calf 2, septum (viewed under 6°, re-
spectively 0°); C. Calf'3; septum (viewed under 0°); D. Calf I, cribriform plate (viewed under
0°, respectively 6°); E. Calf' 3; cribriform plate {viewed under 0°); F. and G. Calf 3; transition
area between cribriform plate and ethmoturbinares (viewed under 0°). For further explanation
see text page 25. The preparations were critical point dried and Au-sputter-coated.
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Fi1G. 21. Compound picture representing a complete survey of bovine olfactory epithelium
in an oblique plane of section (steer, cribriform plate). The epithelium is about 90 pm thick
and consists of one basal (Bc), about four neural (Nc) and about three supporting (Sc) cell
layers, as indicated by their nuclei. The perikaryon cytoplasm of the olfactory neurons is
alternately vacuolated and condensed. One supporting cell (arrow) undergoes degeneration.
Microvilli form bush-shaped formations (Mv). A: axons; Bm: basal membrane; C: olfactory
cilia, including their tapering processes; D: dendrites of the olfactory neurons; Lp: lamina
propria; Ne: olfactory dendritic nerve endings; Scr: sccretion or pigment droplets; Sf:
supporting cell feet; Tf: terminal film.
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Fic. 22. Olfactory epithelium (calf, ethmoturbinal). (4) Sectioned perpendicular and (B)
parallel to the epithelium surface, at basal cell (Bc) level. The supporting cells (Sc) in (4) are
very vacuolated. Their microvilli (Mv) are positioned perpendicular to the epithelium sur-
face, while the olfactory cilia (C} run parallel to this surface. They bear vesicles (Cv). Both
sections contain Bowman glands (Bg). The cells of these glands bear short microvilli (Mv).
The axon bundle (A) in B is abutted on both sides by such glands. The lumen of these glands
contains a slightly granulated mass. The light processes in B are supporting cell feet (Sf).
These surround a basal cell. On the left side of these fest some collagen fibers (Col) of the
lamina propria can be seen.
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Fi1G. 23, Distal region of bovine olfactory epithelium (calf, cribriform plate). Dendrites (D)
are separated by supporting cells (Sc). Dendrites and nerve endings (Ne) contain centrioles
{Ce) over their whole observed lengths. Mitochondria {Mi) are most frequently observed at the
level where the nerve endings leave the epithelium surface. The nerve endings and dendrites
are stacked with microtubuli, apparently chiefly orientated in a direction perpendicular to
the epithelium surface. Tight junctions {Tj) connect supporting cells and nervous cells at this
level. Both supporting cells and nervous cells bear microvilli {(Mv). Cilia (C) formation only
occurs at some distance from the surface.

In the nerve endings, microtubuli sometimes seem to be surrounded by an
electron-lucent halo (Fig. 25). The nerve endings also frequently contain en-
docytotic vesicles (Figs. 24, 25, 31A and 32A). These vesicles often occur close
to the outer surface of the nerve endings (Figs. 24 and 31 A) and contain in many
cases smaller vesicles (Fig. 32A). The nerve ending coat is fairly often of a
microvillous nature (Figs. 25 and 26).

Fig. 27 shows stercopair micrographs (HVEM) of the apical part of an
atypical brush cell which is positioned close to a nerve ending. These brush
cells are similar to the ones seen in the respiratory epithelium (page 15).

1.3.4.2.3. Temporal and spatial differences in the bovine olfactory epithelium
as seen by transmission methods

In addition to a part of a normal nerve ending and a microvillous bush, the

stereopair of Fig. 28 shows part of a rounded projection. This structure is

probably comparable to the ones seen in Fig. 19 and by WaATERMAN and MEL-

LER (1973a) in hamster embryo. The dark spots inside this projection represent
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Fi1G. 24. Olfactory nerve endings and their mucous environment from ethmoturbinal and
(inset) septal areas (calf). Endocytotic vesicles (Ev) are present within the nerve endings.
They sometimes accumulate near the nerve ending surface (main photograph). One vesicle
might be formed newly (arrow). Their openings could be the pits seen in the nerve ending
of the inset of Fig. 15. The nerve ending is probably young, since it contains a fibrogranular
microtubuli pool (Fg; see text page 47). A supporting cefl shows a multivesicular body (Mb).
These are also present in the respiratory epithelium (Fig. 7). The inset shows a granular mass
(G) present in the mucus (Mu). Ciliary matrices (C) are much denser here than matrices of
respiratory cilia (Fig. 8). Several types of ciliary proximal and taper (Ct) cross-sections are
observed: 9(2) + 2 (single arrow); 4 microtubular subfibers {double arrow); 2 subfibers
(heavy arrow); 1 subfiber (open arrow). Large numbers of ciliary vesicles (Cv) are present.
My microvilli; Tj: tight junction.
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FiG. 25. Nerve ending from the same arca, but more distally, as Fig. 23. Nerve ending (Ne)
microtubuli are electron dense and surrounded by an clectron-lucent halo. The lettering
(small capital letters) of the ciliary sections corresponds to that of Fig. 34, For further ex-
planation of these sections see also legends of Fig. 34. The nerve endings contain short
microvilli (Mv). Supporting cell microvilli (also Mv) are much more electron-lucent than’
nervous structures.

Fra. 26. HVEM picture of a thicker section (about 1 um) of the same area as Fig. 25. Note that
virtually the whole nerve ending lumen (Ne) consists of microtubuli and basal bodies (Bb).
Cilia (C) very clearly contain necklaces (N1}. Ct: ciliary tapers; Mv: microvitii.
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Fi1G. 27. High voliage stereopair of the brushes of an atypical brush cell and of olfactory cilia
(adult, cribriform plate). Brushes of this appearance may be seen in olfactory as well as in
respiratory samples. The section diameter was about 3 gm. Tilting angle: 2°,

Fi16. 28. High voltage stercopair of two nerve endings, one butted and one not (calf, ethmo-
turbinal). The latter nerve ending contains centricles but no cilia and probably represents
the rounded projections of Fig. 19. The nerve endings are separated by a bush-shaped sup-
porting cell microvillous structure. The ciliated nerve ending contains numerous small micro-
villi. The diameter of this section was about 3 ym. Tilting angle: 3.5°.

centrioles which will give rise to cilia at a later stage. The presence of such
projections suggests the existence of temporal differences in the epithelium
surface. Fig. 29 shows a type of nerve ending which may represent an immature
stage since all its cilia are approximately of the same length and lack tapers.
The cilia end in club-shaped knobs. This seems typical of ciliary tips at all
stages (Figs. 35 and 39) and is seen irrespective of the technique used (Figs. 14
and 49). Further indications of temporal differences between nerve endings are
the presence of fibrogranular microtubular pools (Fig. 30). These pools and
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F1G. 29, Newly formed olfactory cilia (calf,
ethmoturbinal). The citia here have all the
same length (about 2.3 um) and end in
club-shaped tips (compare with Fig. 39).
The nerve ending is filled with centrioles,
which are just discernable.

the centriole replication figure in the inset of Fig. 32C suggest that centriole
replication leading to ciliogenesis (ROTER DIRKSEN, 1971) may occur inside
the nerve ending.

Besides these temporal differences, olfactory epithelia also often show
spatial differences (as seen in Fig. 20 in scanning observations). Figs. 31 and
32 show some of the diverse appearances of this epithelium and its nerve
endings. In these cases samples were not prepared at the same time. In adult
animals the epithelium seems to be more heterogeneous than in the calf.
This might be related to age differences of the nerve ending, but it seems also
likely that older animals more frequently contain pathological features.

Nerve endings are sometimes devoid of cilia while centrioles are present
(Figs. 31B and 32B). Such nerve ending structures have a smaller diameter than
rounded projections seen in recently formed areas (Figs. 19 and 28). Also
ciliary axonemes are present within the cytoplasm of the terminal knob of
dendrites (Fig. 31C), although not as conspicuously as in the respiratory cells
(Fig. 11).

The structure of mitochondria, nuclei, endoplasmatic reticulum as well as
the overall appearance of the epithelium differs much as a comparison of the
three areas of Fig. 31 reveals. A closer view on the nerve ending (Fig. 32) sup-
ports this conclusion.
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FiG. 30. High voltage stereopair of an olfactory nerve ending containing a bag-shaped fibro-
granular centriole precursor mass (calf, septal). The necklace of the cilium in the upper part
of the photographs, surrounds the whole cilium, Basal bodies are shown with their basal feet
and some other rootlets (see Fig. 34). The section diameter was about 1 pm. Tilting engle:
1.5°

1.3.4.2.4, Ciliary and microvillous structures

Ciliary structures are usually comprised of an intracellular part, the basal
body, and an extracellular part, the cilium itself. Olfactory cilia form no ex-
ception. The main difference between olfactory cilia and other types of cilia
is that the former possess in addition to proximal axonemal structures of nor-
mal appearance, long distal parts (FRISCH, 1967) of a small diameter which
contain a reduced number of microtubuli. Basal bodies which have not yet
formed cilia, are usually called centrioles. Fig. 33 shows these olfactory cilia
with respect to the nerve ending from which they originate in a stereo-micro-
graph.

Cross-sections of basal bodies and cilia are presented in Fig. 34. Places from
where cross-sections were taken are marked in Fig. 25. The following de-
scription will follow the cilium from basal body to the ciliary tip. Basal body
triplets, consisting of A, B and C subfibers are shown in Fig. 34A, followed
by a section of the basal body part which contains centrally an clectron-
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Fi16. 31. Some examples of the apical region of bovine olfactory epithelium. A. Calf, septal:
The mucus layer contains many ciliary vesicles (Cv). Nerve endings contain endocytotic
vesicles (Ev}. A granulated area (G) as in Fig. 24, is present in the mucus layer. Supporting
cells (Sc) are vesiculated. Cilia (C) are normally developed. B. Cow, cribriform plate: The
nervous dendrites (D) contain swollen mitochondria (Mi). The supporting cells here are
vesiculated as well and contain ¢longated mitochondria. The nerve endings have few cilia,
but contain many centrioles (Ce). Dendritic structures might make mutual contact here. C.
Cow, ethmoturbinate: Supporting cells here are dark and contain dark nuclei. Their peri-
nuclear cytoplasm contains vesiculated regions. Nerve endings contain several ciliary axo-
nemes within their lumen (compare with Fig. 11). Centrioles can be seen in the dendrites.
Fully developed cilia are not present.
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F1G. 32. Some examples of olfactory nerve endings. A. Calf, ethmoturbinal: The nerve ending
contains many endocytotic vesicles (Ev), Several of them contain a second vesicle within
their lumen. The latter vesicles have a darker lumen than the surrounding vesicle. Cilia (C)
show necklaces (NI). A tight junction (Tj) can be seen. B. Cow, cribriform plate: This nerve
ending contains several centrioles (Ce) and/or basal bodies, but no cilia. Mitochondria (M)
are big and round. C. Calf, cribriform plate: The centriole (arrow) in this nerve ending
depicts a replication figure.

dense dot (Fig. 34B) and a section of the basal foot (Fig. 34C). The basal foot,
consisting of one or two rootlets, is one of the two rootlet types present on the
olfactory basal bodies.

The more distal rootlet type (Fig. 34D) exhibits unstriated filaments which
are attached to every microtubular triplet or doublet and which end in a dense
dot. These rootlets display a pin-wheel pattern (OkANO, 1965; YAMAMOTO,
1976} and form an angle of about 60° with the tangent through the doublet.
They frequently appear aitached to the nerve ending membrane (Figs. 25 and
35). The C-microtubule subfiber, the outermost subfiber (PITELKA, 1974)
disappears at this level, as can be seen better in OKano’s (1965) paper. In Fig.
34A and C the inner core of the basal body and the surrounding nerve ending
mass have identical electron densities, while the triplet and doublet-containing
ring is more ¢lectron-lucent.
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FiG. 33. A high-voltage stercopair of an olfactory nerve ending (calf, ethmoturbinal). Parts
of most cilia belonging to this nerve ending are shown but the connection with the epithelium
surface cannot be seen. The section diameter was about 2.5 um. Tilting angle: [°.

FiG. 34. Cross-sections of olfactory cilia at various distances between basal bodies and
tapering distal ciliary segments. A. Basal body triplets (calf, septal): A (innermost), B and C
(outermost) microtubualar subfibers are present. The A and B subfibers are maintained in
the cilia. B, Basal body with central dot (calf, septal). C. Basal body with basal foot (calf,
septal): B and C are both sectioned near the central region of the basal body. In this case no
clear triplets can be seen at this level, though C-subfibers usually disappear somewhat more
distally in the basal body (see text page 37). The microtubular subfibers are contained within
an clectron-lucent ring. They are linked by dense bars, D. Basal body rootlets displaying a
pinwheel pattern (calf, septal): These rootlets are present distally of the basal feet. They are
frequently seen attached to the ceil membrane (Figs. 25 and 35). They form an angle of about
60° with the tangent through the microtubular doublets or triplets from which they originate.
Their cytoplasmic endings contain a dense dot. E. Basal plate (calf, septal): The basal plate
is electron-denser than the rest of the ciliary matrix and contains an even denser membranous
edge. This basal plate appears at a level where the cilium leaves the nerve ending. Doublets
here ar¢ linked together, probably by nexin, and contain small arms in their centers. These
arms make Y-shaped connections with the ciliary membrane. F. Cilign, still lacking central
subfibers (calf, septal). G. Complete cilium {calf, septal): The 9 outer doublets and two inner
subfibers are all present here. Note the absence of dynein containing arms on the doublets,
although some kind of structure might be attached (compare with Fig. 9). H and 1. Distal
deviations of the 9(2) + 2 structure (calf, sepial): Note the absence of dynein arms and the
relative density of the ciliary matrix. J. Ciliary fransition zone (calf, septal): This transition
zone is intermediate between complete axonemal structures and the tapers, with just one or
two subfibers (see Fig. 37).
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Fia. 35. Olfactory nerve endings, depicting many of their structures (calf, cribriform plate).
This section is from the same area as Figs. 23 and 25. Ciliary tapers (Ct) show ciliary vesicles
(Cv) and ciliary tips (Cti). They make frequently contact, both mutual and with supporting
cell microvilli. A basal plate (arrow) is clearly visible here.

13

FiG. 36. Olfactory cilium (calf, septal). The cilium stands on a base, containing the basal
body. The membrane of the necklace (NI) area contains big particles (double arrows). The
membrane area of the initial citium part is very rippled. The ciliary taper also contains par-
ticles (inset, single arrow} which are smaller than in the necklace area. On places where
mucus fibers adhere to the ciliary membrane, membrane areas are less dense than elsewhere
(heavy arrow). The ciliary matrix does not reveal any clear structure also not in the tapering
region. Therefore it is not possible to indicate from which subfibers of the original 9(2) + 2
axonemal figure the taper microtubular subfibers originate. The matrix is very dense as
compared to the respiratory ciliary matrix (Figs. 8§ and 9). A taper cross-section confaining
four microtubular subfibers is present (thin arrow).



F1G. 37. Ciliary taper cross-sections (calf,
septal). The cross-sections contain 24
microtubular subfibers, each containing
13 subunits (inset). Where two subfibers
remain, they are connected by eiectron-
dense material. The inner membrane lami-
na is more electron dense than the cuter
membrane lamina. Mucus fibers are at-
tached to the ciliary cross-sections,

FIG. 38. Ciliary tapers and microvilli (calf,
cribriform plate). The diameter of the main
taper in this figure changes from top to
bottom from ¢.09 pm, via 0.16 g to 0.03
p#m, witha varying number of microtubules.
The taper membrane is particulated (ar-
rows) as may also be seen in Fig. 36.
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Fig. 34E shows a cilium (probably sectioned at basal plate level) which just
emerged from the nerve ending. The central pair of microtubuli is still not
present here. The doublets are linked by a protein called nexin {STEPHENS and
Epps, 1976} and at their center they are connected to the ciliary membrane.
The basal plate is darker than the rest of the axonemal matrix and possesses
an even denser edge. In Fig. 34F the central pair of subfibers 1s not yet present.
This section is cut just above the basal plate. The inner membrane Jamina is
more dense than the outer lamina. The other sections in Fig. 34 follow the
cilium through its initial course until just beyond the region where it starts
tapering and where the microtubular structure is reduced from the 9(2)+ 2
axonemal structure (see Fig. 9), via the various kinds of intermediate structures
to finally just one or two fibers (Figs. 35-38). It could not be established
whether the remaining microtubuli in the ciliary tapers are the imner singlet
fibers or remnants of outer doublets (Fig. 36). In contrast to respiratory cilia
(Figs. 9 and 11) microtubular doublets in bovine olfactory cilia do not appear
to possess arms {Fig. 34E-J). The axonemal matrix appears to be less ordered
than respiratory axonemal matrices {compare for example Figs. 25 and 34 to
Figs. 8 and 9). The microtubuli within the tapers are connected by a fibrillar
structure. The outer ciliary membrane lamina (depicted in Fig. 37) is less dense
than the inner membranous lamina, For details on dimensions of microtubules
and membranes of the cilia, see Chapter 3 (Table V).

Some ciliary tips are shown in Fig. 35 and, at a higher magnification, in the
thick section of Fig. 39. They are club-shaped (OkaNo, 1965; DE LoRENZO,
1970) and have a cap of material, which is more electron-lucent than the rest
of the ciliary tip.

Cilia often stand on a base (Fig. 36), which encloses the major part of the
basal body. Ciliary necklace particles are also shown in Fig. 36. In the tapering
area the membrane shows particles, which are smaller than the necklace par-
ticles and which might correspond to the particles as seen by freeze-etch methods
(Chapter 2). In addition to these particles the ciliary membrane appears to be
characteristically rippled. Some microvilli and strands of mucus seem to be at-
tached to the ciliary membrane. At places where such attachment occurs the
membrane is less dense. )

Besides cilia and microvilli the mucus [ayer contains several other structures,
such as granulated areas (Fig. 24, inset, and 31A) and various types of vesicles
(Figs. 40A, B and 41, inset). Some of these vesicles contain axonemal remnants
(Fig. 40B}, whilst others do not (Fig. 40A). In the latter figure tapers, bearing
pale vesicles instead of denser club-shaped structures at their tips, make mutual
contact. The vesicles here contain many different types of inclusions. In other
figures which are not presented here, club-shaped tips could be seen which
may alse make contact with such vesiculated tips. Fig. 40A shows inside the
vesicles and adjacent to their membranes relatively dense layers. The photo-
graphs presented here indicate that most of these vesicles are of ciliary origin.
Fig. 41 {inset) shows that they often occur on the ciliary tapers, most of which
run parallel to each other and to the epithelium surface (Figs. 41 and 43).
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FrG. 39. Thick section of club-shaped ciliary tips (adult, cribriform plate). The tips appear to
be covered with an clectron-lucent cap {arrows).

The olfactory mucus layer includes microvilli originating from supporting
cells (Fig. 42). They appear to look rather similar to the microvilli of the re-
spiratory mucosa (Fig. 11, inset). In contrast to NAESSEN’s (1971) observations
on guinea pig no clear inner structure is discernable here. On the outside of
these microvilli strands of mucus are found to adhere. The topography of these
microvilli between ciliary structures is shown in the lower right hand corner
of Fig. 41A, which is sectioned just under the level where cilia sprouting oc-

F1G. 40. Olfactory ciliary tapers and vesicles (calf, septal). 4. The majority of the vesicles
probably represent ciliary tips. Their membranes have different appearances. They also
contain different inclusions. Two of the vesicles, with adhering taper parts, make mutual
contact. Several other forms of ciliary contacts can be seen. 8. A ciliary vesicle on a taper.
This vesicle contains microtubuli.

F1G. 41. Olfactory mucus layer (caif, septal). The main figure is a high-voltage micrograph.
Inset is taken by a TEM. Section thickness was about 1 yum. The photograph shows nerve
endings (Ne) from the region where they just emerge from the epithelium surface (the dense
part of the photograph) until their most distal ciliary taper ends (see also inset). These ciliary
tapers (Ct) frequently bear vesicles (Cv). Vesicles here often have an internal structure,
Several nerve endings contain fibrogranular microtubuli pools (Fg) and centrioles (small
dark spots inside the nerve endings). Some arcas show only cross-sections of microvilli (Mv):
this is the case close to the epithelium surface (compare with Fig. 23). Note the electron-lucent
pockets (arrow) in the mucus layer, which show no structure.
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FiG. 42. Microvilli of supporting cells {calf, septal). They do not show a clear internal struc-
ture. A mucus coat adheres to their outer membrane surfaces. Compare these cross-sections
with those of Fig. 11 (insct).

curs. Nerve endings can be followed traversing this picture all the way until
only tapers remain. In the center of the picture cilia and microvilli are found
together, while the inset shows a part depicting mainly ciliary tapers and ves-
icles.

Inside the nerve endings the presence of fibrogranular microtubular pools is
noticeable.

In addition to the structures described above, some figures (Figs. 41 and 43)
demonstrate areas which are optically empty. These ‘bubbles’ are surrounded
by ciliary tapers and microvilli (Fig. 43). Furthermore, Fig. 43 shows clearly
the complexity of the epithelium surface and should be compared with the
scanning micrographs of Fig. 17. Ciliary tapers appear to form rather complex
structures in which surrounding, crossing-over and traversing occurs. They
usually run in groups.

1.4. DiscussioN

1.4.1. General

The results presented in this chapter confirm and extend the observations
made by several other authors on the epithelium types described here (for re-
ferences see INTRODUCTION). In the present discussion the main attention will be
devoted to the ciliary structures and to growth and turnover of the olfactory
arca. Some other relevant observations will be discussed too.
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1.4.2. Expansion and turn-over of the olfactory epithelium

Whether or not growth of the olfactory epithelium arca (Fig. 1), reflects an
increase in the number of nerve endings or a fragmentation of the original area
could not be assessed indisputably. However, as will be shown in Chapter 3,
nerve ending densities in young and adult animals are fairly similar, which may
indicate that during growth of the animal the total number of nerve endings
increases proportionally with the rest of the head. KoLp’s (1971) results on the
olfactory area of several bat species indicate also such a proportional relation-
ship between the total number of nerve endings and the size of the olfactory
area.

Some evidence for a proportional post-natal development is provided by
the scanning micrographs of Fig. 19, which illustrate the situation in an adult
animal, and by the HVEM stereopair of Fig. 28. The nerve ending structures
in these figures have similar appearances as those observed in embryonal (Wa-
TERMAN and MELLER, 1973a: CuScHIERI and BANNISTER, 1975; KERJASCHKI
and HORANDNER, 1976) and juvenile (OKANO et al., 1973, 1976; FURUTA et al.,
1975) tissues of several other mammalian species. Only in kittens such cilium
deprived nerve ending structures could not be detected (FUrUTA et al., 1974).
Furthermore, the centriole replication figures of Figs. 24, 30, 32B (inset) and
41A indicate ciliary renewal (ROTER DIRKSEN, 1971). This means that centriole
supply occurs both by centriole transport (HeisT et al., 1967; HEisT and MuL-
VANEY 1968 ; MULVANEY and HEIST, 1971a) from elsewhere to the nerve ending
and by centriole replication inside the nerve ending. In the vomeronasal crgan
cilia development does not continue beyond this centriole multiplication stage
(KOLNBERGER and ALTNER, 1971). All these features indicate postnatal renewal
or addition of nervous material in the olfactory epithelium, although patho-
logical features cannot be excluded.

These findings seem to confirm recent publications concerning cellular turn-
over (MoULTON et al., 1970; MouLToN, 1974, 1975) and regeneration processes
in the olfactory area (MULVANEY and HeisT, 1971b; GRAZIADEL 1973b; MaATU-
LIONIS, 1975, 1976; YamamoTo et al., 1976). The reappearance of the olfactory
nerve (OLEY et al., 1975) and of the olfactory epithelium (BEDIn et al., 1976)
after transection of the olfactory nerve in pigeons accompanied the reap-
pearance of an electrical response. Previous experiments (Takai, 1971) in
frog could not show this effect. The olfactory epithelium appears to be transient.
Most likely postnatal expansion does occur.

1.4.3. Nasal epithelium surface structures

1.4.3.1. Endocytotic vesicles within the olfactory nerve ending

BakHTIN (1975) suggests that the endocytotic vesicles, as seen in Figs. 24,
31 A and 32A, have an autolytic role, whereas DE LORENZO (1970) suggests that
they are pinocytotic. The fact that they are so frequently found near the nerve
ending surface suggests the latter role. The existence of several types of vesicles
cannot be excluded. Fig. 15 (inset) probably shows openings of such vesicles.
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F1G. 43B.

1.4.3.2, Brush cell

The brush cell, occasionally found in both nasal respiratory epithelium and
olfactory epithelium (Fig. 27; HEIsT et al., 1967; ANDRES, 1969; JOURDAN,
1975), is also found in other types of ciliated epithelium, e.g. tracheal epithe-
lium {(ANDREWS, 1974; JEFFERY and REID, 1975). Y AMaMOTO (1976) devotes an
extensive discussion to the presence of this cell type. ANDRES (1969) considered
this cell to be of nervous origin. Recently it has been found, that microvilli of
apparently similar brush cells in intestinal epithelium contain actin {MOOSEKER
and TILNEY, 1975).

Meded. Landbouwhogeschool Wageningen 77-13 (1977 49



1.4.3.4. Ciliary structures

1.4.3.4.1. General

Olfactory cilia are a specialized cil.um type like the receptive structures of
most other sensory organs in virtually all eukaryotes (THURM, 1969; ATEMA,
1973, 1975; BAREER, 1974; VINNIKOV, 1974). Most mammalian olfactory cilia
contain the normal nine doublets plus the two central microtubule axonemal
structure over a distance of 1-3 um seyond the necklace. Distally from this
proximal segment with its complete axonemal structure the cilia form tapers
characterized by a smaller diameter 4nd containing fewer microtubules. The
major parts only contain one or two microtubular subfibers in mammals. This
prolonged tapering represents a ciliary modification typically encountered in
olfactory epithelium of several vertetratle taxa, ¢.g. mammals (FRISCH, 1967,
SEIFERT, 1970) and amphibians (REEsE, 1965). It may be compared to the char-
acteristic ciliary modifications observed in the outer segments of vertebrate
visual cells and insect antennal hairs.

1.4.3.4.2. Axonemal aggregates

The ciliary aggregates found in ths respiratory (Fig. 11) as well as in the
olfactory epithelium (Fig. 31C) are not a unique feature. Similar aggregates
have been found in the olfactory epithelium of several lower vertebrates,
expecially in fishes (BRONSHTEIN and PyaTKINa (1966) as quoted by VINNIKOV,
1969, 1974; ScuuLTe, 1972; GrAZIADEL, 1973a; Lowe, 1974; Lowk and
MacLeop, 1975) and in mammals (Qkano, 1965; YaMaMoTO, 1976). In the
latter study the ciliary membrane is present around axonemal structures within
the olfactory nerve ending knob. Since these structures were only found ir-
regutarly it is possible that these aggregates in both mammalian epithelium
types represent a pathological feature.

1.4.3.4.3. Basal bodies

Basal bodies in both epithelium types, the respiratory as well as the olfac-
tory, apparentty belong to the Type I basal bodies of PITELKA (1974), since
their basal plates approximately level with the nerve ending membrane region
where the latter is deflected upward to become the ciliary membrane. Also
only one plate is present per cilium. The major difference between the basal
bodies of the two kinds of cilia is the -aresence of short striated rootlets on the
basal bodies of respiratory cilia (Fig. 8), while such rootlets are absent on ol-
factory nervous basal bodies (Figs. 25 and 34). Big striated rootlets on olfac-
tory basal bodies as seen by, for example, OxaNO (1965), SEIFERT (1970) and
Y AaMAMOTO (1976) in several mammals, were never observed in the bovine. The
latter author devotes an extensive discussion to the presence of such rootlets on
olfactory cilia. At basal foot level the basal bodies of both cilium types contain
a dense dot (Figs. 7, 25 and 34). These dots are probably associated with the
presence of RNA in basal bodies (HarTMAN, 1975).
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1.4.3.4.4. Ciliary axonemal and membrane structures

Cross-sections of bovine olfactory cilia as seen in Fig. 34 are similar to those
seen in a variety of other vertebrates (Okano, 1965; DE LORENZO, 1970; SEI-
FERT, 1970; KRATZING, 1972; YAaMAaMOTO, 1976). The major difference when
compared with similar cross-sections of respiratory cilia (Fig. 9) is the absence
in the olfactory cilia of arms on the axonemal doublets. This feature corre-
sponds to the situation in most other veriebrates (BANNISTER, 1965; Oxano,
1965 HEIST et al., 1967 ; SEIFERT, 1970; KRATZING, 1972, 1975; THEISEN, 1973).
In bovines and some other mammals no motility of olfactory cilia has been
observed, in contrast to ciliary movements seen in the respiratory area (LUcCAS
and DoucGLas, [934). In some other animals, however, olfactory cilia do con-
tain arms or armlike structures, for example in the frog (BRONSHTEIN, 1964 as
quoted by VINNIKOV, 1969, 1974 ; REESE, 1965) and most noticeably in lamprey
(THORNHILL, 1967). Thus it appears that the absence of these arms is a com-
mon, but not universal feature of olfactory cilia. In frog, motility of the olfac-
tory cilia may easily be observed and has been reported by several authors
(BRONSHTEIN, 1964 as quoted by VINNIKOV, 1974; REESE, 1965). The present
author filmed such movement (MENCO, 1976; film available from the founda-
tion TELEAC). Respiratory cilia are known to be motile in virtually all cases
studied (NeGuUS, 1958). In instances of motile olfactory cilia (frog) their beatings
show lower frequencies than in the case of respiratory cilia (MENCO, unpub-
lished).

Motile cilia contain a protein, called dynein (GiBBoNs, 1965), whereas in
immaeotile cilia, such as abnormal human spermatozoa (AFZELIUS, et al., 1975;
BACCETT! et al., 1975) this protein is lacking. Concomitant with this lack is
the absence of the doublet arms. These arms are also missing in abnormal and
immotile cilia of the human respiratory tract (AFZELIUS, 1976; PEDERSEN and
MyGIND, 1976) which may be the cause of other pathological conditions
encountered in these patients. The abnormal respiratory cilia described by
AFZELIUS (1976) show a dense ciliary matrix just as olfactory cilia. Possibly
there exists a relationship between the absence of arms and the density of the
ciliary matrix.

Dynein is located in the arms (AFZELIUS, 1939; GIBBONS, 1965, STEPHENS
and LeviNg, 1970; SuMMERS, 1975; STEPHENS and Epps, 1976). This protein
is a Mg+ +-ATPase, which is apparently responsible for motility of the cilia.

The absence of arms and the probably corresponding absence of dynein in
olfactory cilia may indicate that the main function of the axonemes in the
olfactory cilia 15 not related to the propagation of motility, in contrast to the
situation in respiratory cilia. KERIASCHKI (1976) recently came to a similar
conclusion on the basis of observations on ciliary tapers, using tannic acid
fixation.

ATEMA (1973) has proposed that the axonemes contain the receptive moiety,
though later (ATEMA, 1975) he restricts their possible function to a participa-
tion in the transduction process. In agreement with the opinion expressed by
several other authors (see DopD, 1974) he now suggests, that this moiety is
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located in the ciliary membrane, rather than in the axoneme. OLSEN (1975) links
the microtubules with the cyclic AMP system which i1s most likely partially in-
corporated in the cell membrane. Some evidence for the presence of such a
cAMP system in olfactory mucosal preparations is presented by BITENSKY
(1972), KuriHara and Koyama (1972) and MENEVSE et al. (1974). MINOR
and SAkNA (1973) and MENEVSE et al. (1976) indicate the involvement of
cyclic nucleotides in the olfactory receptive process using electrophysiological
methods.

Cyclic nucleotides were found to be involved in the visual system (MIki et
al., 1974; GoriDis et al., 1975), in the audiosensory system (AHLSTROM et al.,
1975), in chemotaxis (KonuN, 1974), in vertebrate taste (KURIHARA, 1972;
MENEVSE et al., 1974; CaGaN, 1976) and in insect chemoreception (DALEY and
VANDE BERG, 1976; VANDE BERG, 1975) and thus to be as common in sensory
processes as the presence of microtubular structures.

Regarding the function of microtubules in chemoreception, it is interesting
to note that substances which depolymerize tubulins inhibit proper function-
ing of chemotactic behaviour (BANDMAN et al., 1973 ; EDELSON and FUDENBERG,
1973; LEvaNDOVSKY et al., 1975) and responses to sex pheromones in insect
olfaction (BLock and BeLL, 1974). JAcKsoN and Lek (1965) observed degenera-
tion of vertebrate olfactory receptors after treatment with colchicine, a micro-
tubule depolymerizing agent. The relevance of the microtubular system to the
electrical properties of the cell is indicated by the finding that a disorganized
microtubular structure in a cockroach mechanoreceptor was accompanied by
the loss of electrophysiological responses (MoranN and VareLa, 1971). In
ciliary axonemal structures binding sites for colchicine and other vinca-alka-
loids are blocked (MARGULIS, 1973) and can only be exposed after solubiliza-
tion of the axoneme (STEPHENS and LEVINE, 1970). Since up till now it has been
impossible to isolate olfactory cilia (see Chapter 4), nothing is known about the
binding of such agents to the microtubular singlet fibers in the ciliary tapers.
The cases mentioned above could concern both cytoplasmic and membrane-
attached microtubules. They may indicate that non-axonemal microtubules
are in some way involved in the transduction process.

A possible model for this signal-transduction can be constructed. After inter-
action of odorants with receptor sites, cyclase systems are activated to form
cyclic nucleotides. Regulated by cyclic nucleotide phosphodiesterases these
nucleotides activate one or more protein kinase types, which are directly linked
to the microtubular system. The extended length of these microtubules could
serve as a system which transmits signals over ciliary distances as great as 200
um in the frog (REESE, 1965) and 50-60 ym in some macrosmatic mammalian
species (SEIFERT, 1970) to the nerve ending knob. Here the signal is further
processed together with signals obtained from other cilia belonging to the same
cell. This hypothesis is derived from ATEMA’s (1973, 1975) and OLSEN’s (1975)
hypotheses. The presence of lateral contacts between nerves of the peripheral
olfactory system, at virtually all levels (at ciliary, dendritic as well as at axonal
levels) suggests the existence of lateral interactions between the olfactory
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nerves, as has been dicussed by DE Lorenzo (1970). This author actually
claimed to observe synaptic contacts between dendrites. A signal perceived by
one cell may be evaluated by a number of cells. However, our freeze-cich
studies (Chapter 2} did not yield further evidence for the presence of such
contacts.

If the ciliary and nerve ending knob membrane contains the receptive moiety
as well as the stimulus transmitting moiety (which may also be located in the
microtubules) then the axonemal microtubules would probably have a different
role, although the possibility of a combined function of the ciliary membrane
and the axonemal structures in stimuius transmission cannot be excluded. If
the membrane plays the major role in stimulus transmission, then the most
important function of the axonemal structures could be those of a cyto-skeleton
to hold that membrane (BANNISTER, 1963). This could be envisaged in view of
the fact that the tapers grow in a sticky mucus (of unknown viscosity) and
seem nevertheless well stretched along their observed lengths (Figs. 18, 41
and 43),

The ratio of length to diameter of the tapers can be 1,000 to 2,000 (for tapers
of 100 to 200 pm long with a diameter of 0.1 um). Without a cytoskeleton it
scems unlikely that the receptive membrane could bridge such distances.
Therefore it is suggested that microtubuli have this function anyway. In ad-
dition they could have any of the other functions.

Another remaining question concerns the formation of the cilia and their
tapers. Are they formed at their proximal ends, so that growth occurs from the
basal body region, or are packages of microtubular protein added to their distal
ends? Some of the ciliary vesicles could be involved in ciliary growth. They do
contain microtubular structures in some instances (Fig. 40B). SErFerT (1970)
and NassseN (1971) think that these vesicles are degenerative structures. It
might just as well be that at least part of them has a functional role (Okano,
1965), e.g. participation in growth processes. They could also represent
ariefacts. Biochemical and physiological work is necessary in assessing pos-
sible roles for these vesicles. They are observed here in virtually all olfactory
samples with section (Figs. 22A, 24, 31 A, 32A, 35, 40A, B, 41 and 43) as well as
with freeze-etch techniques (Figs. 50A and B). In the latter the freshest possible
samples were obtained. Current freeze-etch work indicates the possibility of
different types of such vesicles (MENCO, unpublished). Vesicle formation is also
observed in the respiratory epithelium (Figs. 7 and 8).

Ciliary tips may be involved in the growth of the cilia as well. The caps on
the ciliary tips (Fig. 39) may contain enzymes, similar to the acrosomal caps
in spermatozoa (see e.g. review FAwCETT, 1975). These enzymes could be
mucus digesting, which serves to make the mucus less viscous, thus facilitating
ciliary outgrowth. In this context it is worth noting that Oxano (1965) noticed
in dog several different types of tips, nearly all of them vesiculated. Respiratory
cilia might not need such caps, since they can move the mucus actively and they
are much shorter (length/diameter ratio & 50). Moreover, there is a difference
in character of the mucus between the two types of epithelium as is indicated
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by our scanning experiments (Fig. 3A, B). Mucus remains were more distinctly
observed on the olfactory than on the respiratory epithelium surface, which
confirms a report by GRAZIADEI and GRAZIADEI (1976). Histochemical studies
showed that the mucus types differ in composition (CuscuiEr: and BANNISTER,
1974), though definite information about the mucus composition is still lacking.
The mucus is probably of a heterogeneous nature as is indicated by the presence
of different inclusion types (Figs. 24 inset, 31A and 43). These inclusions could
also be foreign material, which has intruded the mucus from the surface.

The high-voltage electron microscope technique has been applied with the
aim of establishing total lengths of cilia. This objective has not been realized,
although cilia could be followed over longer distances than with other tech-
niques (Fig. 43), Therefore, the estimates of SEIFERT (1970) for some macro-
smatic species (rabbit, cat and dog) remain the most accurate values available.
He estimated, using morphometric methods, that the cilia in these species are
about 50-60 um long. The high-voltage technique allows a better observation
of the mutual relationship between individual cilia as well as their relationship
to supporting cell microvilli. Moreover, as with SEM observations, it appeared
possible to make a more accurate assessment of the total number of cilia per
nerve ending than had been possible sofar. Consequently, it secems to us that
the use of thick sections. enhanced by the stereo representation, yields informa-
tion which would have been difficult to obtain by other techniques.

1.4.3.5. Electron-lucent mucus inclusions

The electron-lucent mucus inclusions are the most interesting features
revealed by the HVEM technique (Figs. 41 and 43). They are surrounded by
ciliary tapers and microvilli and might represent small gas pockets. Photo-
graphs, however, cannot prove such a suggestion and leave their nature open
to speculation. In our opinion these inclusions could represent gaseous bub-
bles passing the mucus surface in the time span between slaughter and fixation,
thus reflecting tissuc deterioration. Alternatively they might represent air
pockets taken up from the outside. Whatever their origin, they influence the
spatial organization of both cilia and microvilli. The occurrence of these bub-
bles could conceivably indicate that odorant-receptor interaction occurs, at
least partially, in the gaseous phase. The bubbles then would function as odorant
carriers. This hypothesis would facilitate explanations of odorant transport.
Odorants may have to pass the probably aqueous mucus before they are in a
position to interact with membrane receptor sites. Most odorants are fairly
hydrophobic, though they usually do contain a polar group. The receptlor
sites could be proteins as well as phospholipids. The phospholipid molecules
contain polar headgroups orientated to the periphery of the bilayers (SINGER
and Nicorson, 1972). As a consequence, odorants, when interacting with this
phospholipid moiety of the bilayers, first meet these headgroups. The polar
ends of the odorants could then interact with the headgroups, while the non-
polar parts interact with the fatty acid parts of the phospholipids (CHERRY et al.,
1970). In the case of proteinaceous receptor sites the situation is different since
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conceivably the protein molecules expose hydrophobic as well as hydrophilic
parts at the membrane-mucus interface. The interaction between odorants and
phospholiptds could also occur via pore formation (Davies, 1971). Pores
could just as well be present in the proteins (SINGER, 1975), for example as
hydrophobic cores.

Alternatively, the electron-lucent pockets could also represent an accumula-
tion of etectron-lucent material, which is not penetrated by cilia, or holes which
remained after certain materials disappeared during fixation. They then reflect
artefacts.
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2. AFREEZE-ETCH AND ELECTRON SPIN RESONANCE
STUDY ON NASAL EPITHELIUM OF COW AND SHEEP

2.1. INTRODUCTION

There are indications that olfactory receptor sites are at least partially of
proteinaceous nature (GETCHELL and (GESTELAND, 1972 ; GENNINGS et al., 1976,
1977, MENEVSE ct al., 1977). These proteins are most likely embedded in the
ciliary membrane which can be envisaged as a fluid mosaic bilamellar structure
(SinGER and NicorLson, 1972). In view of the fact that most odorants are am-
phiphilic molecules containing relative large hydrophobic moieties, the phos-
pholipid parts of the membrane may also play a role in the odour perception
process (Dopb, 1974).

Since it is well established that intramembranous particles, seen with freeze-
etch or freeze-fracture techniques as developed by MooR et al., (1961) are
in most instances proteinacecus (BRANTON, 1971; GrRANT and MCCONNELL,
1974 ; SEGREST et al., 1974; VERKLEN and VERVERGAERT, 1975; ZINGSHEIM and
PLATTNER, 1976), the presence of such particles in the nerve ending membranes
of the peripheral olfactory organ might provide evidence for the existence of
proteins in those olfactory neuronal membranes. These proteins may have a
function in odour reception processes.

Characteristics of the olfactory epithelium have been compared with those
of the nasal respiratory epithelium, because the columnar cells in the latter
tissue type are also covered with cilia (MATULIONIS and PARKs, 1973; Chapter
1). Olfactory cilia are of nervous origin (GRAZIADEL, 1973a; Chapter 1), while
the cilia in the respiratory epithelium lack a sensory function, but are instead
responsible for moving mucus as indicated by their active motion (Chapter 1).

In addition to the freeze-etch studies both epithelium types have been studied
using the electron spin resonance technique. This technique provides informa-
tion about the molecular environment of a nitroxide labeied molecule after
its incorporation into the tissue. Unfortunately the information obtained is af-
fected by the fact that nitroxide spin labels, as initially synthesized by STONE et
al. (1965), probably bind to many other cellular components in addition 1o the
receptive membranes. Another disadvantage is that the spin labels are rather
bulky, and might therefore distort their environment. In spite of its limitations
this technique has been applied to many other biological tissues and has pro-
vided a considerable amount of information about label environments (see
reviews by Jost et al., 1971; HovLMEs, 1973; KEITH et al., 1973 and BERLINER,
1976).
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2.2. MATERIALS AND METHODS

2.2.1. Freeze-etch studies

Bull heads were obtained from local slaughterhouses. They became avail-
able within two hours after killing. The heads were split sagittally and cold
KARNOVSKY's (1965) fixative (pH = 7.0) was gently applied to the exposed
nasal area.

Subsequently, portions from the areas under investigation were dissected
and left to fix for another hour at 4°C. After fixation, tissue blocks were washed
in the same buffer as used for fixation, the fixative being replaced by 6%, sucrose.
Washing solutions were renewed after intervals of one minute, one hour, one
hour and two hours respectively. The fixed tissue samples then were impregn-
ated for 24-36 hours with 209 glycerol, made up in the same buffer as above
(0.075 M Na-cacodylate containing 0.1%, CaCl,). This solution was renewed
after two hours.

The tissue blocks were attached to gold stubs (3 mm diameter) in such a way
that the razor blade would fracture perpendicularly to the ciliated epithelium
surface. Blocks were fractured, etched and replicated by platinum and carbon
evaporation in a Balzer’s GA-6 Freeze-Etching Device according to standard
techniques (FISHER and BRANTON, 1973).

Replicas were transferred to distilled H,O which was replaced by a cleaning
solution (109, commercial bleach). They were left to clean for 3 hours. The
bleach was then replaced by H,O through 5 washings. In turn water was re-
placed by 25%, H,80, and the replicas were left to be cleaned for another three
hours. Through five washings the sulfuric acid was again replaced by distilled
water, The replicas were collected on Formvar/carbon coated grids and ex-
amined in a Hitachi-125E electron microscope at 125 kV, usually with a 20 um
objective aperture.

The nomenclature of BRaNTON et al. (1975) is used throughout this study, -
the P-face (PF) being the A-face in former studies and the E-face (EF) being
the former B-face. Shadows appear white in the photographs.

2.2.2. Electron spin resonance studies

Sheep heads were obtained from local slaughterhouses. The heads were cut
sagitally and the nasal area of interest was dissected. All preparative treatments
were carried out at 4°C. Nasal mucosa from the septum was used for spin
label incorporation.

The labels used were 12- and 16-doxylstearic acid (Synvar Chemicals, Palo
Alto, California). The absolute ethanol, in which the labels were dissolved,
was evaporated with nitrogen and the remaining label was emulsified either in
an ice-cold Krebs-C physiological salt solution (Kreps, 1950) or in 0.05 M
Tris-HCl (Sigma), pH = 7.0 made up to an approximately equiosmotic medium
with 0.9%; NaCl.

Label incorporation was started within five hours after slaughter. Incorpora-
tion periods lasted from one to three days. Most experiments were carried out
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FiGg. 4. Goniometer device used in electron spin resonance
1 experiments. 1. Goniometer; 2. Adjustable Teflon rod; the
direction of movement is indicated by the arrows; 3. Rubber
bung with slit to hold sample containing microscope cover slide.
The bung is attached to the Teflon rod with a pin; 4. Sample
containing cover slide; 5. Quartz ESR loading tube. The arrows
indicate the direction of the magnetic ficld (H), with the glass
slide perpendicular to the magnetic field in the llustration.
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on tissue siices, attached to a microscope cover slide. These stides were stuck
in a closed quartz loading tube, which was attached to a goniometer (Fig. 44).
ESR specira were recorded parallel and perpendicular to the magnetic field
(LmerTing et al., 1969). Excess label was removed by dipping the incubated
tissue slices ten times in Krebs-C or buffer solutions. During this procedure the
washing solutions were three times renewed. It was difficult to assess incorpo-
ration, since most of the label was removed after rinsing, even after the long
mcubation times used. The signal to noise ratio became very poor then.

In some experiments the mucosa was gently scraped with a spatula (Koch
and NORRING, 1969; DopD, 1970). The obtained material should contain most
of the receptive fractions, although this receptive fraction represents only a
very small amount of the scraped material (Chapter 4).

In this case label incorporation was carried out for 30 minutes only. Tissug
concentrations used were 100 mg wet weight/ml. Tissue suspensions were col-
lected in Pasteur pipettes from which the spectra were recorded. Usually in
both types of experiments a label concentration of 5 x 10~ * M wa$s maintained.
Label incubation with exchange from bovine serum albumine {BSA, Fraction
V; HUBgeLL and McCONNELL, 1968) and without spin label exchange from
BSA did not make any difference.

In some instances, after recording of spectra, tissue samples were incubated
crudely with odorous compounds and the spectra were recorded once more.
The odorants used were: (+ )-citronellol (International Flavors and Fragances,
Naarden), 1-butyric acid and CCl,. Only 1-butyric acid, which is water soluble,
could be mixed with buffer or physiological salt solutions. CCl, stimulation
was carried out by adding a droplet of this compound in the sample containing
loading tube (Fig. 44). (+)-Citronellol was in some instances emulsified with
the sample containing dispersions (in 1/50 or 1/150 v/v ratios). The spectra
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were recorded shortly after this addition, In the slide experiments, (4 )-citronel-
lol was vaporized over the epithelium surface. This was done by adding droplets
of this compound to solid CO, in a wash bottle. Adding water to this mixture
resulted in an odorous flow which was led through a piece of silicone tubing
over the epithelium slices. In ali these instances it would have been much better
to link an olfactometer to the ESR apparatus, but such facilities were not avail-
able.

As a standard, 5.10"* M 16-doxylstearic acid dissolved in dodecane was
used. Spectra were recorded with a Decca Radar X-1 ESR Spectrometer, using
100 Kc/second, with a klystron frequency of 9.3 MHz. The magnet used was a
Newport Instruments 7 In. Magnet. All spectra were obtained at room tem-
perature. Odour stimulations were also carried out at room temperature.

2.2.3. Materials
Unless specifically mentioned, all chemicals were obtained either from
British Drug Houses or from Sigma Inc. and were of analytical grade.

2.3. RESULTS

2.3.1. Freeze-etching

Figures 45 and 46 show freeze-etch replicas of bovine olfactory epithelium
while Fig. 47 shows a replica of the respiratory surface. The anatomical out-
lines of the freeze-etch features do not differ significantly from those of sec-
tion transmission and scanning studies (Chapter 1) and tend to show similar
differences between the two epithelium types as the two other methods (Chapter
3; Table VI}.

The replicas of Figs. 45 and 46 show cilia protruding in various directions,
while the replica of Fig. 47, showing the apical region of respiratory columnar
cells, contains cilia perpendicular to the epithelium surface.

Observations in Figs. 45 and 46 which seem to indicate the olfactory nature
of the cilia in these figures are: /. The cilia taper, as is indicated by the sudden
change in diameter (Figs. 45C, 46B and C). The cilium shown in Fig. 46C ex-
hibits a fracture face of a cross-section in the transition area where the cilium
starts tapering, as is indicated by the two cross-section diameters present within
this ciliary segment. 2. The diameters of these cross-sections are in agreement
with measurements of both cilia segments performed on the photographs
obtained with other observation methods (Table VI). Olfactory cilia always
taper in this animal whereas respiratory cilia usually do not as described in
Chapter 1.

The nerve ending of Fig. 45C shows, juxtaluminally, part of a zonula oc-
cludens region which can be recognized by its typical ridges. In Fig. 45A on the
right and in Fig. 48 similar ridges can be seen on fracture faces of supporting
cells. These ridges consist of six to eight strands of rather large particles which
often aggregate. Fig. 45C shows that these tight junction particles protrude
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FIG. 45. Freeze-ctch replicas of some olfactory nerve endings (calf). B and Care details of A.
One of the nerve endings (Ne) of (4) shows at high magnification (43C) two ciliary (C) frag-
ments. One of them shows the fracture face of the inner membranous lamina (PF = proto-
plasmic face), while the other one depicts the fracture face of the outer membranous lJamina
(EF= exo- or endoplasmic face). Another nerve ending (magnified in B) shows only cilia,
which broke approximately at necklace (NI) level. About 12 of them are present (B: 1-12).
Tight junctions (Tj) are present both on nerve endings and on supporting cells (Sc). The ar-
row in 45C points to a region where two other cells joined the nervous cell. Note the way this
junctional line continues in 4. Several desmosomes are present (arrows). P-faces of nervous
cells, supporting cells, supporting cell microvilli {(Mv) and olfactory cilia contain many par-
ticies, while E-faces arc virtually devoid of particics. Note that the ciliary vesicles (Cv)
contain particles as well. Mi: mitochondria; Mu: mucus.

For Figs. 458 and C see pages 61, respectively 62.

deeply into the nerve ending plasmatic region and might be continuous with
some structures close to the plasma membrane,

The fracture surface of the supporting cell of Fig. 48 contains round patches,
suggesting the presence of pinocytotic vesicles under the surface or other sur-
face irregularities.

Both olfactory and respiratory types of cilia contain necklaces in the region
where the ciliary membrane joins the plasma membrane of the cell surface
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(Figs. 45, 46 and 47). The strand spacing of these necklaces in the respiratory
mucosa is about twice that of similar structures within the olfactory mucosa
(Table I). Table I gives also the diameters of these necklace particles.

Microvilli in both epithelium types have P-faces containing many intra-
membranous particles (Table I, Figs. 43, 46, 47 and 48).

It is interesting to see that the P-faces of the respiratory cilia beyond the
ciliary necklaces are virtually devoid of particles (Fig. 47), whereas correspond-
ing olfactory fracture faces contain many — apparently randomly distributed —
particles along their whole lengths observed, thus including ciliary tapers and
vesicles (Figs. 435, 46, 49 and 50}. The highest particle density is observed in the
ciliary tapers (Table I), while nerve-ending body, proximal cilium part and
ciliary vesicle show lower particle densities (Table I). E-faces of all structures
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studied are virtually deveid of particles (Table I and clearly demonstrated by
Fig. 45C). A vesiculated ciliary tip (Fig. 49) also seems to be devoid of particles.
The ratio of the particle density on the olfactory P-face as compared to its
density on the respiratory P-face is about 19. This value, based on data presen-
ted in the Tables I and XIII, clearly indicates the difference between the two
cilium types with respect to particle densities.

Figure 51 shows fracture faces of the unmyelinated olfactory axon bundles
which are embedded in Schwann sheaths. The axonal fracture faces also con-
tain particles. Particle counts here gave 2,800 + 1,700 particles per pm? (aver-
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F1G. 46. Nerve ending with olfactory cilia (calf, cribriform plate). The insets depict the en-
circled parts of the main photograph. Cilia (C), including their tapering region (Ct), are
fractured. The upper inset shows a cilium fractured perpendicular to the region where taper-
ing starts; both diameters can be seen in this cross-section. The lower inset shows very dis-
tinctly the presence of a large number of particles.

It is also shown that some regions are devoid of particles (arrow). Another area seems to
secrete something into the mucus (two arrows). NI: ciliary necklace.

age of countings in four areas and based on only two photographs). Comparing
Figs. 45 and 36 with 51 shows that the particle dimensions in the axonal mem-
brane have a more heterogeneous appearance than those in the nerve ending
ciliary membrane. The axons are separated from each other by a small layer of
Schwann cell material, although their membranes may in some instances also
lie close together. In spite ‘of this, no evidence was obtained for the existence
of specific junction or pore formations between axons. The fracture faces of
the surrounding Schwann cells (Fig. 51, arrow) also appear to contain par-
ticles.

2.3.2. Electron spin resonance studies on sheep olfactory and respiratory nasal
mucosa

2.3.2.1. Order parameters

12- and 16-doxylstearic acid spin labels were incorporated in sheep olfactory
and respiratory mucosal samples. It was hoped that these reporter probes
would provide information about the molecular environment of the odour
receptor area. Since there is no methodology for this type of work, various
procedures were tried during the evolution of the experiments.

Meded. Landbouwhogeschool Wageningen 77-13 (1977) 63



ON "$a[o1pied Ule)ynos Op ‘puEy IO AY) UO ‘S208J- (AN Teqiaototy “saponsed Aue £[p1
o puodaq yderdojoyd urew o) Jo seare papolous juasssdos spsul af ¥, “([eulqInyowna gy

AQBYSINSULISIP aFe 811D 9Y) UIYIM SIINIDNS [BIUSUGXE
BY UIRJU0D 53] aIn1aei)-d ATl (JN) savepseu Lrero
&3) wngpaiida £10)endsas jo eorpda yme-azaard ‘£ o1 e

Landbouwhogeschool Wageningen 77-13 {1977

Meded.

64



FiG. 48. Freeze-etch replica of 2 supporting cell {calf). Supporting cell (Sc¢) microvilli (Mv}
contain high particle densities on their P-faces. The cell body density seers to be somewhat
lower. Typical tight junction (Tj) ridges of the zonula occludens are clearly present here.
The arrow indicates a region where two other cells joined this cell. The inset shows that the
tight junction ridges consist of large particles. rather than being continuous. The surface of
the cells possesses round patches, suggesting the presence of pinocytotic vesicles or other
surface irregularities.

A summary of differences in hyperfine splittings is presented in Table I1. This
Table presents values for S, which is an order parameter (SEELIG, 1970; SEELIG
and HasseLBAcH, 1971). When S approaches 0, the probe environment is very
isotropic (mobile), while when § approaches 1, this environment is anisotropic
(rigid). S is expressed in terms of spectral parameters arising out of the aniso-
tropic averaging of the nitroxide’s principal axes:

LTy gesci T -7, =267 G(SERLIG, 1970) (1)

S =
Tzz T xx

T is expressed in Gauss (G); T, and T, are obtained from the nitroxide para-
meter and 27, and 2T correspond to the separation of the two outer hyperfine
extrema and the two inner hyperfine lines in the recorded first derivative spectra
respectively.
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TabLE 1. Freeze-etch observations on surface structures of bovine olfactory and respiratory
nasal epithelia.

Structure Particlesjum® x 10-3 K," Particle Other
diameter observations
P-face E-face nm
a. Olfactory
nerve ending 3.4 - - - -
swelling

b. Ofifactory 2
cilium, proxi- 4.3 4 2.6* - - - -
mal segment

¢. Olfactory
cilium, distal 6.0 +2.0° - — _ _
segment

d. Olfactory
cilium, vesi- 31+ 1143 - - - _
cle

Olfactory Strand number :

cilium, neck- - - - 12 £ 2¢ 7 + 28

lace Strand spacing
84 + 23°nm

Average
(a-d) on nerve 5.7 0.5 + 0.3% 10.4 11 + 2*2 -
ending?

Supporting
cell micro- 1.8 +1.0° 0.2 9.0 9 + 0% -
villi

Respiratory 0.3 5+ 0.37 0.02 15.0 10 4. 23 -
cilium

Respiratory Strand number:

cilium, neck- - - - 10 + 2° 5+1°

lace Strand spacing:
173 + &°

Respiratory 28 4217 Not clearly - 10 + 14 -
microvilli observed

! : Particle density on P-face/particle density on E-face (SATIR, 1974).

K
3 Means are presented with their standard deviations; superscripts indicate the number of
samples.
3) The density value on the P-faces is the average particle density over the total nerve ending
surface. This surface is calculated in Table XIII.
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F1G. 49. Two ciliary tapers, one of them with a tip, which is apparently devoid of particles.
This tip contains a rim, which might be part of the cap structure seen in Fig. 39. The other
¢ilium (arrow) contains a small vesicle with a few particles.

Most high field dips of the first derivative spectra caused by label immobili-
zation did not appear clearly. Thercfore we estimated these dips (essential
for the calculation of 2T} by visual extrapolation (See Fig. 52). This proce-
dure diminishes accuracy and gives a lower T;-value and thus lower S-values
than would be the case if the hyperfine splittings were calculated properly.
Since this error is made consistently we assume that the relative values of
Table II may permit a tentative interpretation.

Table II shows order parameters, caiculated on spectra recorded from label
incorporated tissue slices, orientated perpendicular, respectively parallel to
the direction of the magnetic field. Order parameters are calculated for the
two label environments present, the nonagqueous (a) and the aqueous (b). The
difference in S between these two environments is evident (see also Fig. 52).
Table 1! furthermore presents S-values, calculated on tissue dispersions in
Pasteur pipettes. Here S-values are intermediate to those for g and b. In these
experiments we used both spin label types, 12- and 16-doxylstearic acid, while
in the slide experiments only the, label 12-doxylstearic acid has been used.
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F16. 51. Olfactory axon bundles at the base of the epithelium. P-faces contain slightty more

particles than E-faces. The fracture face of the Schwann sheath (arrow) contains particles
too.

2 TJ.t:nJ

o Resp

Fia. 52. ESR spectra of 12-doxylstearic acid (5.10~4 M) labeled sheep olfactory (OIf) and
respiratory (Resp) nasal mucosa. The incubation was carried out in a Krebs-C physiological
salt solution for about 20 hours at 4°C. The solid lines represent spectra recorded perpen-
dicular with respect to the magnetic Field, while the dashed lines are the spectra recorded paral-
lel to this field, Peak hights @ and b represent the relative label incorporation in more hydro-
phobic, respectively more aqueons mucosal environments. The separation of the outer hyper-
fine extrema is 27, while the separation of the two inner hyperfine extrema is 27" . Both
extrema are presented for both label environments (@ and b). Note that the a/b ratio is higher
in the oMfactory, than in the respiratory mucosa.
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Although especially on the respiratory side, not enough data are presented
to provide definite answers, Table II does indicate a slightly greater aniso-
tropicity for probe environments in the olfactory mucosa than in the respiratory
mucosa (see also Fig. 52).

In the slide experiments, odorants applied under very unphysiological con-
ditions (see MATERIALS AND METHODS) alter the probe environments so that these
become slightly more isotropic. These preliminary results certainly need con-
firmation. A distinct pattern for the effects of odorants on the order para-
meters of the dispersed samples cannot be seen in Table IE A specific behaviour
towards odorous compounds for cither of the two epithelium types under
investigation could not be found. This is in agreement with the results of other
authors (DobpD, 1974 ; BANNISTER et al., 1975). The more anisotropic behaviour
of the olfactory mucosa as compared to the respiratory mucosa means that the
olfactory mucosa provides a more anisotropic environment for the nitroxide
spin label. Suspensions surrounding the mucosal samples during label incuba-
tion are very isotropic (see the remark at the bottom of Table II}.

The orientation of the tissues slices within the magnetic field did not seem
to influence the spectra very much. Likewise it appears that the S-values for
both label environments (a and b) do not differ for both tissue types. Further-
more, no differences could be detected between the environments of the two
label types used in the dispersion experiments (Table II).

2.3.22. Label incorporation ratios

Both mucosa types (Fig. 52) consist of an aqueous and a hydrophobic en-
vironment for the stearic acid spin probe. In the first environment the label
tumbles relatively more freely than in the latter. Relative values for these
tumbling ratios can be calculated (HueBerL and McConNELL, 1968) and
compared. According to HusBeLL and McConNnELL (1968) the sharp signal
— b —is due to an equilibrium of the label in the solution surrounding the mem-
brane fraction with the membrane incorporated label, which gives peak «.
This equilibrium could also exist between hydrophilic membrane fractions
(surface proteins, polysaccharides e.g.) or the surrounding mucus and hydro-
phobic membrane moieties (phospholipids, hydrophobic proteins). The present
results should be interpreted with care, since actual ratios are better described
by peak surfaces than by peak heights. However, these surfaces are difficult to
calculate because they overlap (HOLMES, 1973).

Fig. 52 shows spectra of the Cl2-label in olfactory and respiratory mucosa
and shows that relatively more label is incorporated in the aqueous moiety of
the respiratory mucosa than in that moiety of the olfactory mucosa. This
behaviour is very consistent (Table IIT) and seems to be independent of odorous
stimulation. The differences of Table 111 are more explicit and consistent than
those of Table IL. The ratio (Q) of the relative incorporation in both mucosa
types is higher for the olfactory mucosa than for the respiratory mucosa. Q has
been calculated as follows:
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o/ bo
ar/be

a, = height of the high field peak, caused by label incorporation in hydro-
phobic environments (probably membranous) of restricted label mobility,
within the olfactory mucosa;

a, = the same, but for respiratory mucosa;

b, = height of the high field peak, caused by label incorporation in more
aqueous environments — in which the label can tumble more freely -
within the olfactory mucosa;

b, = the same, bur for respiratory mucosa.

For odour stimulated olfactory mucosa a similar parameter (Q,) has been
used:

Q = 2

_ /b,
aafby,

Q, 3)

@, = incorporation ratio for unstimulated versus odour stimulated olfactory
Mucosa;

a, and &, are described above;

a, and b, are the same, but for odour stimulated olfactory mucosa.

‘Since we do not have data on odour-stimulated respiratory mucosa in these
slide experiments, this ratio could not be calculated for this type of mucosa.

A parameter, t,, the rotational correlation time inversely related to the
tumbling rate of the nitroxide molecule, can be calculated for both mucosal
types suspended in Pasteur pipettes, with and without odorous stimulation.
A low correlation time corresponds to a fast tumbling rate. Correlation times
may vary between 107 !% and 1077 seconds respectively (SNipes and KEiTH,
1970; review by HoiMEs, 1973). In order to calculate these correlation times
we used the formula employed by Snires and KeitH (1970):

Te=65 x 10°1° x Wy x {(ho/h,i)”z—(ho/h+1)”2} 4)

W, = line width of the central line of the first derivative ESR spectrum in
Gauss (G);

hy, = peak height of the central line of the first derivative ESR spectrum ;

h_,and h_, = peak heights of the high and low field lines respectively;

T, is expressed in seconds.

The ratio of added label per quantity wet tissue was kept constant for both
epithelium types: 5.10™* M label and 100 mg wet tissue/ml incubation medium,
Due to the aqueous environment, spin labels tumble more freely and conse-
quently the spectra arc narrower and less well resolved. Therefore separate
areas of label incorporation cannot be distinguished any more. The values of
these correlation times are probably dominated by the same mucosal fractions,
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TanLE HI. Relative intensities of the high field spectral lines of tissue, incorporated spin label and cor-
relation times of label in tissue suspensions for both sheep olfactory and respiratory mucosa, without and
with odorous stimulation.

Label Parameter ajb") Q¥ QY
Epithelium type Olfactory Respiratory
mucosa mucosa
Treatment
Krebs-C physicological 4)
solution 0.684-0.11°  0.28+0.022 2.4 -
Krebs-C plus 1075 M 3
butyric acid 0.37 - 1.8
Krebs-C plus droplet
CCl, in loading tube 0.62 - 1.1
12-doxyl-  Krebs-C plus
stearic (+)-citronetlol®) 1.98+0.31* - 0.34
acid
Parameter Correlation times P PY %
7, % 10710 (secs)
Epitheiium type Gifactory Respiratory
mucosa mucosa
Treatment
Krebs-C physiological
solution 7.042.0% 1.8+0.1* 3.9 - -
Krebs-C plus
(+)-citronellol'® 13.2+1.3% 774072 1.7 0.53 0.23
Krebs-C physiological
solution 2.62 1.8 1.4 - -
Krebs-C plus
(-+)-citronellol'*? 26.0 44 5.9 0.10 0.41
Krebs-Cplus 10 * M
butyric acid 1.7 0.8 2.1 1.5 2.2
16-doxyl- . Krebs-Cplus 10 * M
stearic butyric acid 2.5 - 1.0 -
acid
Tris-HCL pH = 7.6 24 14 1.7 - -
Tris-HC1 plus
{+)-citronellol 37 2.5 1.5 0.65 0.56
Tris-HCI plus 1073 M
butyric acid 1.8 1.1 1.6 1.3 1.3

1y a/b: Ratio, which represents the relative label incorporation in more hydrophobic {2) and more
aqueous (b) mucosal environments. All values are calculated for a perpendicular sample orientation
with regard to the magnetic ficld.

2y : Ratio representing the a/b ratio for olfactory mucosa, as compared to the ratio for respiratory
mucosa (see page 73).

3y Qgp: A ratio representing the a/b ratio for unstimulated olfactory mucosa as compared to the ratio
for odour stimulated olfactory mucosa.

4} Mleans are presented with their standard deviations; superscripts indicate the number of samples.

%) Where no superscript is presented, the sample consisted of one observation only.

&) (+)-Citronellol added by means of CO,.

") P: A ratio representing the t_-value for olfactory mucosa, versus the z_-value for respiratory mucosa
(see page 75).

#) Py A ratio representing the t-value for unstimulated oifactory mucosa, versus the t.-value for
odour stimulated olfactory mucosa.

?) Pp: A ratio representing the t-value for unstimulated respiratory mucosa, versus the r,-value for
odour stimulated respiratory mucosa.

All these ratios are calcnlated for the most obvious combinations; for example 16-doxylstearic acid
incubated mucosa in Tris-HC| without and with butyric acid stimulation.

19) (+).Citronellol added in a 1/50 (v/v) ratio.

) (+)-Citronellol added in a 1/150 (v/v) ratio.



which dominate the spectra in the slide experiments. Therefore we devised the
following ratio:

P:‘l‘f‘tr (5)

in which 7, is the correlation time for unstimulated olfactory mucosa and
7., the same . for respiratory mucosa. This P factor is probably affected by the
same mucosal moieties as factor 0 of formula (2). This mcans that when the
olfactory mucosa contains more hydrophobic than aqueous label environ-
ments as compared to the respiratory mucosa, both, 0 and P ratios have a value
which is larger than one. Only the relative values of these ratios with respect to
one can be compared and not their abselute values.

Similar ratios may be obtained for unstimulated versus odour-stimulated
olfactory (P,), or respiratory (Pg) mucosa:

P, = tcoh: ‘ (6)

Ca

Py =17, (M

7., = correlation time in odour-stimulated olfactory mucosa;

1., = correlation time in odour-stimulated respiratory mucosa.

Table III shows that both ( and P have positive values, whether the mucosae
are odour-stimulated or not. The t-values support conclusions based on
calculations of the order parameter S (Table II), thus indicating that the label
environment in the olfactory mucosa is more anisotropic than in the respiratory
mucosa. The slide experiments suggest that this effect might be caused by the
presence of a more hydrophobic mucosal fraction within the olfactory mucosa
than in the respiratory mucosa. The mucosal area attached to the glass slide
probably does not play a major role in evoking these differences. In both
mucosal types the lamina propria consists mainly of collagen, Also, the scraped
samples in the Pasteur pipette experiments should contain much less collagen,
than the tissue slices and they still have similar relative values with respect to
one as the Q-values in the slide experiments.

That areas in between both surfaces did not contribute much to the spectra,
was shown by scraping label incorporated respiratory epithelium, in which case
most of the signal disappeared.

0y, Py and Py ratios show that the equilibrium of label partition between
hydrophobic and hydrophilic mucosal moieties, shifts to the hydrophobic
side when hydrophobic odorous compounds are used {({+ )-citronellol; Fig. 53)
and to the hydrophilic side, when a hydrophilic odorant (butyric acid: Fig.
54; Table 111) is used. This was found for both labels {12- and 16-doxylstearic
acid) and both mucosa types (olfactory and respiratory) used (Table IIT). It
cannot be excluded, however, that the effects found are simply due to the fact
that the odorants acted as solvents for the spin labels, since the odour concen-
trations used are much higher than would be the case under physiological con-
ditions. On the other hand such a solvent mechanism (which occurs here at an
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exaggerated scale) could also be involved in the actual perception mechanism.

The effect of odorous stimulation could be partially reversed by soaking
butyric acid (10! M)-stimulated olfactory mucosa for two hours in Krebs-C.
Stimulation was carried out by dipping the mucosal sample for a short time
(about one second) in the odorous solution. The reversing of the /b ratio is
shown in Fig. 54. The odour concentrations applied were extremely high, but
since the tissue sample was only exposed 10 this concentration for such a short
moment the results may nevertheless be valid. The tissue sample used in this
experiment was about four days old (it was kept at 4°C). Storage does not
necessarily interfere with or obstruct physiological processes of the olfactory

F1G. 53. ESR spectra representing the influence of the odorous compound (= )-citronellol
on the partition of 12-doxylstearic acid spin label between non-aqueous (2) and aqueous (5}
environments within sheep olfactory tissue. The solid lines represent spectra recorded per-
pendicular with regard to the magnetic field, while the dashed lines are the spectra recorded
parallel to this field. Spectra of the non-stimulated olfactory mucosa (I) are compared with
spectra of the odour-stimulated olfactory mucosa (II). The mucosal sample was label in-
cubated for 20 hours at 4°C in Krebs-C, After recording of the unstimulated spectrum,
odorant was applied as a vapour by means of carbon dioxide. Note the shift of spin label
towards the hydrophobic environment after odour stimulation, by the relative increase of
peak a.
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epithelivm. This is indicated by the observation that concentration dependent
clectro-olfactogram (EQG) experiments can be conducted on frogs for four
to five days (P. DuYVESTEYN, Pers. Comm.). AsH et al. (1966) noted that rabbit

J
.

10G

ol

A
:
4

FiG. 54. ESR specira of the influence of
the water soluble odorous compound
1-butyric acid upon sheep olfactory muco-
sa. The mucosal sample was four days old.
The spin label used was 12-doxylstearic
acid (10~3 M). Incubation occurred in the
presence of 59, bovine serum albumine
(Fraction V) at 4°C and lasted 20 hours.
The incubation medivm was Krebs-C
physiological solution.

The final 1-butyric acid concentration in
the solution surrounding the tissue sample
was 107 M which is very high. The spec-
tra, however, were recorded in the load-
ing tube, containing air (Fig. 44). The
sample was exposed to odorant by dip-
ping it in the odorous solution. In I-1V it
was left in the loading tube between re-
cordings. The partition of the label be-
twgen non-aqueous and aqueous label
environments is represented by the peak
heights of a, respectively 4.

I. Spectrum of unstimulated olfactory mu-
cosa;

II. Spectrum recorded two minutes after
exposing the sample to the odorous solu-
tion;

HI. Spectrum recorded five minutes after
exposure ;

IV. Spectrum recorded ten minutes after
exposure;

V. Spectrum recorded two hours after ex-
posure to the odorous solution. Here the
sample was soaked in Krebs-C during this
period, which also resulted in label loss,
giving a poorer resolution of the spectrum,
Note the pradual peak reversal from I to
I'V; it takes some time for the label to shift
to the aqueous environment. The effect is
partially reversed by the two hours soaking
procedure (V). It should be noted that
butyric acid changed the pH of the physio-
logical solution markedly (from about 7
to 4); such an effect, however, might also
be involved in the actual stimulation mech-
anism. Comparing this figure with Fig. 53
learns that the effect of the water soluble
odorous compound 1-butyric acid, is the
opposite of that of the water insoluble
odorant (+ )-citronellol.
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bipolar olfactory cells remained intact for at least 14 days at temperatures of
0-4°C.

2.3.3. ESR studies on odorant interacted model membranes

Pilot studies, using phospholipid multibilayers (LIBERTINI et al., 1969;
SmiTH, 1971), did not show any shift in the order parameters h_,/ho or i, /h,
(SMrTH, 1971 ; ELETR ¢t al., 1973) under the influence of added odorants, neither
in dry nor in wet multibilayers. The used phospholipids were phosphatidylcho-
line {Lipid Products, Redhill, Surrey) and a mixture of bovine brain phospho-
lipids prepared according to KATEs (1972). The odorants were musk ambrette,
phenyl acetic acid and vanillin (International Flavors and Fragances, Naarden).
16-Doxyl stearic acid was the spin probe. Probe/phospholipid ratios were
1/200 and odorant/phospholipid ratios were between 1/10* and 1/10™ 2, These
ratios were based on molecular weights (Mol/Mol), presuming an average
phospholipid molecular weight of 750. Antioxidant (0.004%, BHT = butyrated
hydroxy-tolueng) was added in all experiments. The findings that odorous
compounds did not alter label environments within model membranes and
that such compounds did not differentiate between olfactory and respiratory
mucosal samples with respect to label emvironments for spin probes in these
mucosae show that it is diffecult to find specific effects of such odorous com-
pounds, using the ESR technique with stearic acid spin labels. Other labets,
however, might be more profitable.

Recently BANNISTER ¢t al, (1975) using odorous spin labels, have confirmed
our conclusion: they also could not differentiate between odour treatments of
olfactory and respiratory mucosa.

2.4. DISCUSSION

241, Junctional complexes as seen by the freeze-etch technique

The existence of typical ridges. which form tight junction complexes have
been extensively described and reviewed by several authors (STAERELIN et al.,
1969; STAEHELIN, 1974; CLAUDE and (GOODENOUGH, 1973; WaDE and KAR-
NOVSKY, 1974; Orci and PERRELET, 1975). They have also been found in mouse
respiratory (SLEYTR et al., 1972) and mouse and frog olfactory mucosa (KEr-
JASCHKI et al., 1972; STOCKINGER et al., 1974; ALTNER and ALTNER, 1974a, b:
KERJASCHKI and HORANDNER, 1976). Recently we also observed such ridges
in rat olfactory mucosa. Frequently these tight junctions are found in combina-
tion with gap junctions (OrRcI and PERRELET, 1975). In the bovine olfactory
epithelium this combination could not be found sofar, though in both mouse
(KERJASCHKI and HORANDNER, 1976) and in rat, according to our own obser-
vations, such a joint occurrence has been found. CLAUDE and GOODENOUGH
(1973) have shown that there might be a relation between the number of strands
and epithelium leakiness. Following their system the olfactory epithelium
could belong to an epithelium type depicting intermediary leakiness (ALTNER
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and ALTNER, 1974b) or, alternatively, the junctional belts could be very tight
(KEerJascHKI and HORANDNER, 1976). The latter authors argue in their critical
evaluation of the work of ALTNER and ALTNER (1974b) that conclusions con-
cerning leakiness by ALTNER and ALTNER are based on insufficient observa-
tions. The number of strands, six to eight, which has been found in the tight
junctions of the olfactory epithelium of the mouse by KERJIASCHKI and HOR-
ANDNER (1976) agrees with the number of strands we have found both in bovine
and in rat (unpublished observations). Therefore, according to CLAUDE and
GooDENQUGH (1973), the junctions pertaining to the zonula occludens of the
olfactory epithelium could be classified as ‘very tight’ (KErsascHk! and HOR-
ANDNER, 1976). However, recently MARTINEZ-ParLoMo and ErpLu (1975) and
MoLLGARD ¢t al. (1976) provided evidence against a direct relationship be-
tween the number of strands and the leakiness of such junctions. Conclusions
concerning such relationships should be considered with great care and should
always be supported by electrophysiological evidence.

2.4.2, Axons

Unmyelinated axons, as present in the peripheral olfactory system, arc rare
in vertebrates, although they do occur in some other nervous tissues such as
in human bladder (Orc1 and PERRELET, 1975). These unmyelinated axons al-
low direct observation of the axonal membrane, while in myelinated axons
generally the membranous fracture face of the surrounding Schwann cells is
seen. The fracture faces of both cell types contain a heterogeneous particle
population, with an appearance which is rather similar in fracture faces of the
axons and the Schwann cell axonal sheaths. Freeze-etch particles in several
myelin sheath types have recently been described extensively by PINTO Da
Siva and MiLLER (1975), thus solving a long standing dispute about the
presence of particles in these sheaths. The particle heterogeneity probably re-
flects the variety of processes occurring on and in the axonal membranes, such
as involvement in action potential generation and conduction (Na*- and K -
ion channels). Most evident is that the particle distribution at this level is very
different from that at the ciliary level. Similarly KerjascHKI and HORANDNER
(1976) showed that the nerve ending membrane contains a much higher particle
density than the membranes of the dendrite fracture faces deeper in the epithe-
lium. Once more we can confirm their observation in mice by our observations
in rat. Both findings reflect different functions at different levels of the peri-
pheral olfactory nerve.

Specialized junctional structures could not be detected at the axonal level.
Our recent work in the rat confirms the findings in the bovine system mention-
¢d carlier. Gap junctions at olfactory dendrites have not been found (ALTNER
and ALTNER, 1974b; KERIASCHKI and HORANDNER, 1976). The latter authors
did find gap junctions between supporting cells, suggesiing electrical contact
between these cells. Sensory cells, however, are considered as electrically
insulated from adjacent cells, as no gap junctions can be found. Qur observa-
tions at the axonal level support this hypothesis.
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2.4.3. Microvilli

Supporting cells in the olfactory epithelium and respiratory columnar cells
both possess microvilli. The latter cell type thus contains microvilli as well as
cilia, The microvilli from these two cells contain intramembranous particles as
do many other types of microvilli (STAEHELIN et al., 1969; SLEYTR et al., 1972;
Orcr and PerRELET, 1975). HORANDNER et al. (1974) indicated the presence
of rod shaped particles on the apical surfaces of the supporting cells. We ob-
served a similar particle type in microvillar and apical membrane fracture
faces of supporting cells in rat olfactory epithelium, though in the bovine
these particles appear to be globular instead of rod shaped. In rat, microvilli of
the respiratory epithelium also appear to contain a globular particle type.
HORANDNER et al. (1974) only found rod shaped particles in the apical surface
of the supporting cells but not on microvillous intramembranous fracture faces.
In the latter structures they only found globular structures. The difference in
particle shape could reflect a functional difference between the plasma mem-
branes of nerve cell, supporting cell and respiratory cell. The rod shaped par-
ticles could represent a metabolic condition as well as a species linked phenom-
enon. Such rod shaped particles have also been found in microvillous cells in
the toad urinary bladder which are rich in mitochondria (WADE, 1976). WADE
ascribes this particle shape to a possible effect of aldosterone stimulation.

2.4.4, Ciliary necklaces

Necklace like structures have been found in basal regions of all types of
cilia (GiLurLa and SaTir, 1972; BerGsSTROM €t al., 1973), for instance in
mouse nasal respiratory (SLEYTR et al., 1972; KERJASCHKI and HORANDNER,
1976) and olfactory cilia (KERJASCHKI ¢t al., 1972; STOCKINGER et al., 1974;
KEeriascHKI and HORANDNER, 1976). Even retinal rods contain analogous
structures (ROHLICH, 1975). The present work shows that bovine olfactory
and nasal respiratory cilia also exhibit these necklace structures. Strand num-
bers and spacing may differ for both types of cilia (Table I); in rat, however,
only strand numbers differ. The structure of the ciliary necklaces is described
in detail, as observed in SEM and TEM studies, in Chapter 1.

2.4.5. Ciliary fracture faces above the necklace

Motile cilia, in general, contain only a few particles within the fracture faces
belonging to the membranes of these cilia (FLOWER, 1971 ; GiLuLA and SATIR,
1972; BerGSTROM et al., 1973; Orcr and PErRRELET, 1965). Mouse nasal re-
spiratory cilia, for instance, have been found to contain a low particle density
within their intramembranous fracture faces (SLEYTR et al., 1972; KERJASCHKI
and HORANDNER, 1976). The same scems to be the case for bovine (MENCO et
al., 1976 and the present study) and rat respiratory cilia (unpublished). It is
therefore concluded, that the feature of particle densities, which are much
higher in the olfactory membranes than in respiratory cilia (a factor 19 dif-
ference), cannot be considered as characteristic for motility of cilia. Indepen-
dently, KErsascHKI and HORANDNER (1976) observed similarly a density dif-
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ference in mouse nasal epithelia. Our preliminary studies show that the situa-
tion in rat appears to be identical. It seems likely that most mammalian species
contain olfactory cilia with high particle densities in comparison with re-
spiratory cilia.

Some earlier freeze-cteh studies of olfactory epithelium have not revealed the
existence of such particles (KERTASCHKI et al., 1972; STOCKINGER ¢t al., 1974;
ALTNER and ALTNER, 19744, b).

Since oifactory cilia form part of the olfactory sensory system (see Chapter
1), it seems reasonable to assume that these particles have a function in the
sensory process. However, that olfactory cilia may play a2 major role in the
odour reception process has been challenged by Tucker (1967), although re-
cently evidence is accumulating that the role which these cilia play might be
most important. BRONSHTEIN and MmNor (1977} showed that upon removal
of ciliary membranes with Triton X-100 the electro-olfactogram (EOG) also
disappears, and that this response reappears with the reappearance of the cilia.
Furthermore, Dr. C. Masson (Pers Comm.), using freeze-fracture methods in
the frog, provided evidence that the density of the ciliary intramembranous
particle population may be related to the EOG and that both are altered by
changes in the physiological condition of the frog. Discrepancies in correlation
between ciliary lengths and EOG-response as found for the newt transferred
from water to land (SHiBUYA and TAKAGI, 1963) may be explained by a change
in particle concentrations. These particles provide evidence for the existence
of receptor proteins in the olfactory nerve ending plasma membranes. Such
cvidence is supported by recent electrophysiological studies, using chemical
modification techniques on frog electro-olfactograms (EQG’s) (GETCHELL and
GESTELAND, 1972 ; MENEVSE et al., 1977). Furthermore, recent work by HOLLEY
et al. (1976), using single unit responses in frog, does indicate the presence of
a ligand-binding like receptor mechanism. Their data indicate the presence of
a common receptor for several odorous compounds used. P. DUYVESTEYN
(Pers. Comm.) assumes a similar mechanism on the basis of electro-olfacto-
grams. The possibility of such mechanisms being involved in chemoreception,
has been considered previously with reference to taste (MENCO et al., 1974b;
JAKINOVICH, 1976; JAKINOVICH and (GOLDSTEIN, 1976; JAKINOVICH and QAK1LEY,
1976).

(GENNINGS et al. (1976, 1977) provide some direct biochemical evidence for
the presence of a possible olfactory receptor protein. These workers conducted
binding studics on sex specific steroids in pig nasal tissues. In the olfactory
mucosa they found a protein fraction, which appeared to be absent in the re-
spiratory mucosa. This fraction showed a specific binding behaviour towards
sex specific androstenones.

Particle densities in the P-faces of ox olfactory cilia appear to be four to six
times higher than such densities in mouse (KERIASCHKI and HORANDNER, 1976;
MEenco et al., 1976). Densities found by KErJIASCHKI and HORANDNER were
in the region of 840 particles/um?. Their estimation is based on a much larger
sample than the one we used. Our current studies in the rat indicate a situation
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rather similar to that in mouse. Particle densities might reflect species specific
differences.

Countings on respiratory cilia and particle diameters performed by KERr-
3ascHKI and HORANDNER show results similar to the ones in Table 1. The low
particle density in the ciliary vesicles might indicate that these vesicles are
made after particle insertion. The expanding membrane surface causes a
dilution of the particles. In rat we frequently observed vesicles, which are
totally devoid of particles, though the adjacent cilium fragment contains many
particles. Origin and function of these vesicles are disputed (OkaNoO, 1965;
REESE, 1965 ; SEIFERT, 1970 ; NAESSEN, 1971 ; see also Chapter 1),

E-faces of both cilia and microvilli are practically devoid of particles (Table
I) in both epithelium types. This is the case in most other membrane types
(BRANTON, 1971).

2.4.6. Results of freeze-etch and spin label experiments in relation to other re-
ceptor systems

It is conceivable that proteinaceous particles in the olfactory cilia have a
receptor function analogous to rhodopsin, the receptor protein in the visual
system. HoNG and HUBBELL {1972), CHEN and HuBBELL (1973), JAN and REVEL
(1974), Mason et al. (1974) and OLIvE and RECOUVREUR (1974) conducted
various types of experiments from which could be concluded that freeze-
etch particles within the rod outer segment receptor membrane (CLARK and
BRANTON, 1968; LEEsSON, 1970, 1971; RozENKRANZ, 1971) contain rhodopsin.
Rod outer segments are also of ciliary origin (Chapter 1). JAHNKE (1975) found
that taste buds from the papillae foliatae of the rabbit contain in the taste pore
microvilli which possess extremely high intramembranous particle densities
and suggests that these particles are associated with the tastant receptor.

Similarly the cholinergic receptor of the electrical organ of Torpedo marmo-
mata is probably associated with specific intramembranous particles (CARTAUD
and BENEDETTIL, 1973; CARTAUD, 1974; CHANGEUX et al., 1975). Very recently
changes in particle densities in white adipose plasma membrapes induced by
lipogenic hormones were demonstrated by means of freeze-fracture techniques
(CARPENTIER et al., 1976).

The kinocilium of the guinea pig vestibular organ hardly contains any par-
ticles above its necklace (JAHNKE, 1976). Stereocilia, both in guinea pig (JAHN-
KE, 1976) and in lizard (BAGGOR-S1OBACK and FLOCK, 1977} do contain a high
intra-membranous particle density, but in contrast to the kinocilium, they
cannot be considered to be real cilia. Stereocilia do not contain the axonemal
9(2) + 2 structure or any of its derivatives. Since equilibrium receptors and
hearing are considered to be a type of mechanoreception (VINNIKGV, 1974),
a receplor protein is not necessarily involved in this system. This contrasts
with chemo- and photoscnses.

Electron spin resonance studics of excitable tissues have been conducted
first by HueBELL and McConNELL (1968). With this technique again, the visual
systern is the sensory system which has been investigated most extensively.
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VERMA et al. (1973) and PoNTUS and DELMELLE (1975a) provided evidence for
a relation between bleaching of vertebrate visual pigments and changes in the
environment of spin probes in rod outer segments; light appears to increase
the fluidity of the disk membrane. MasoN et al. (1974), using freeze-ctch tech-
niques, found that, upon illumination, rod outer segment particles were
translocated from the internal hydrophilic disk area to hydrophobic disk
regions. The relation between photobleaching and particle translocation is
directly proportional. NICKEL and MENZEL (1976) applying the same methods
to insect photoreceptors, could not detect such a relationship.

Rhodopsin incorporated within phosphatidylcheline bilayers markedly
inhibits hydrocarbon motion as phosphatidyicholine spin labels indicated
(HONG and HUBBELL, 1972). Using frecze-fracture techniques, these workers
showed that this anisotropicity could be explained by the presence of incorpo-
rated rhodopsin. PoNTUs and DeLMELLE (1975b) employing lipid deletion
methods from rod outer segments, came to similar conclusions. These studies
on vision, though still controversial, indicate that the freeze-etch and the
electron spin resonance technique allow some predictions on the presence of
receptor proteins and the physiological function at the molecular level of this
sensory organ.

The protozoan Tetrahymena pyriformis contains in some cases somatic cilia
with high particle densities (SATTLER and STAEHELIN, 1974 ; SEK1vA et al., 1975).
In addition to a propagation function, these cilia in a unicellular organism
may also have sensory functions. Nozawa et al. (1974), using stearic acid spin
labels, found that the cilia in this organism were the most anisotropic organel-
les out of a variety of organelles investigated, Here too membrane aniso-
tropicity could be caused by intramembranous particles. Alternatively, lipid
compositions could be responsible.

In the olfactory system no specific correlates have been detected between
spin probe motility and odorous stimulation (DoDD, 1974; BANNISTER et al.,
1975). Neither the present study, nor similar work by Dr. L. H. BANNISTER
and collaborators at Guy’s Hospital Medical School, London (Pers. Comm.)
could provide such information. However, odorants did affect label environ-
ments, but the effects found were similar for both epithelium types (Table I11).
Odorants applied in unphysiologically high concentrations shifted label
moieties to more hydrophobic (in. the case of hydrophobic odorants), or more
aqueous (when applying hydrophilic odorous compounds) mucosal environ-
ments in both tissue types.

It is interesting to note, however, that both tissues did seem to provide dif-
ferent environments for the stearic acid spin probes. These environments are
mote hydrophobic and anisotropic in the olfactory than in the respiratory
nasal mucosa. These effects, as in the visual system and in Tetrahymena cilia,
could be ascribed to an abundance of intramembranous particles within the
ciliary membranes of the olfactory cells. Particles present in the microvilli of
adjacent supporting cells may also be involved. Cilia of respiratory cells con-
tain few particles in comparison to those of olfactory cells (Table I). Therefore,
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these particles are presumably responsible for the anisolropic and hydro-
phobic environments provided for the spin label in the olfactory mucosa. Al-
ternatively the lipid composition could be very different for the two epithelium
types. Furthermore, various other structural aspects of the mucosa, in par-
ticular structures present in the mucus layer, could be responsible for the dif-
ferences found. Conclusions concerning this matter can only be very tentative,
since our data are very crude. Isolation of the structures involved is necessary
in order to provide more definite answers. Anyhow, electron spin resonance in-
formation and freeze-etch data do not seem to contradict each other. In agree-
ment with KERIASCHKI and HORANDNER (1976) we suppose that the nerve
ending intramembranous particles play an important role in the receptive
and/or transductive system.
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3. QUANTITATIVE ANALYSES OF CILIATED AND
MICROVILLI BEARING SURFACE STRUCTURES
OF THE BOVINE OLFACTORY AND NASAL
RESPIRATORY EPITHELIUM

3.1. INTRODUCTION

Several sensory systems, for example the visnal system of vertebrates (PTREN-
NE, 1962; VINNIKov, 1974), show morphological variations which parallel
functional diversity. It is possible that olfactory receptors too show structural
variations, which are important in odour quality recognition (LE GrRos CLARK,
1957; MozeLL, 1971; MouLTON, 1976), but apart from data on fishes (BAN-
NISTER, 1965; BRrEPOHL, 1973a; see also review by Hara, 1975) no proper
evidence has been provided to support this hypothesis. However, there are
some indications that the olfactory epithelium, at least in rabbit, contains a
gradient of nerve ending densities (AiLLiSON and WARWICK, 1949).

Current observation techniques, such as scanning, high-voltage transmission
and freeze-etch electron microscopy, make a comprehensive survey of various
parameters of the olfactory area possible.

In this chapter quantitative features of nerve endings will be analyzed in
order to determine whether or not heterogeneous nerve ending type popula-
tions occur in mammals. Moreover, we wish to compare nerve ending densities
in different olfactory areas. If differences do exist, they are probably difficult
to assess by superficial observations only. Statistical treatments have to be
applied in order to discover small differences. If different types of nerve endings
are present, the question arises whether or not they show a uniform distribu-
tion over the olfactory area. Furthermore, ciliary and microviilar structures will
be compared in respiratory and olfactory mucosae,

The possibility that certain areas of the olfactory epithelium are connected to
corresponding areas within the olfactory bulb should not be excluded (MouL-
TON, 1976), although this problem is beyond the scope of the present investiga-
tion.

Furthermore, intramembranous particles as seen by the freeze-etch tech-
nique (Chapter 2) allow a presentation of a possibie receptor population.

3.2. MATERIALS AND METHODS

The quantitative observations are based on 61 light, 228 thin and thick
section transmission electron, 235 scanning electron and 49 freeze-etch replica
transmission electron microscopic micrographs. The preparation of the samples
is described in Chapters 1 and 2. Micrographs were taken at different magnifica-
tions. Only the light microscope was properly calibrated. The electron micro-
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scopes were assumed to be reliable in this respect. Most statistical evaluations

arec based on the SPSS (Statistical Package for the Social Sciences) programs

of NIE et al. (1975). The freeze-etch micrographs are not included in the statis-

tical evaluations of Tables IV-XII, but rather treated as a separate item.

The parameters included in the statistical analyses are:

. Nerve ending density per cm? divided by 10°;

. Nerve ending diameter in ym;

. Olfactory cilia; diameter of the proximal segments in gm;

. Olfactory cilia; diameter of the distal segments (tapers) in gm;

. The length of the proximal segments of the olfactory cilia in uym;

. The maximum observed length of the distal segments (tapers) of the olfac-
tory cilia in pm;

. Ciliary vesicle; diameter in pm;

. Supporting cell microvilli; diameter in ym;

. Ciliary necklace; the number of strands;

. The number of olfactory cilia per nerve ending;

. The number of fibrogranular microtubuli particles per pool diameter in

nerve ending cross-sections (Fig. 30);

12. The height of the olfactory epithelium in xm;

13. The height of the olfactory mucus layer containing nerve ending struc-
tures in um;

14. The height of the respiratory mucus layer containing respiratory cilia and
microvilli in ym;

15. The height of the respiratory epithelium in ym;

16. The diameter of the respiratory cilia in ym;

17. The length of the respiratory cilia in um;

18. The diameter of the respiratory microvilli in um.

These parameters are used throughout Tables VI-X. All measurements wete
done with the aid of a ruler, graded in millimeters, on photographic prints. To
ascertain that most of the structure of interest in a particular photograph was
included in the observation, sectioned structures, such as nerve endings, were
measured so as to incorporate the whole diameter; therefore the largest dia-
meters in the photographs were taken. Likewise, cilium lengths are maximum
lengths observed. No corrections have been made for the plane of sectioning;
scanning micrographs do not need such corrections anyway. The number of
cilia per nerve ending was only counted in scanning micrographs, and in trans-
mission micrographs of sections equal or thicker than the nerve ending dia-
meter. Therefore, micrographs made with the aid of a high-voltage electron
microscope were most suitable for such counts on transmission observations,
This procedure ensures that the majority of the cilia are observed, as is the case
for micrographs obtained with the scanning electron microscope.

Nerve ending densitics were calculated with the following formulas:

1. Transmission electron microscopy: Density calculations are based on one
dimensional observations, using:

= W T N P S

— D ND 02 =]

[ pp—
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(@ x M)/(10* x X) nerve endings/um 8)
which gives:
D = (@ x M)*/X* nerve endings/cm? epithelium )]

a = number of nerve endings counted over a certain distance, X, on the photo-
graph;

M = total magnification on photograph;;

D = nerve ending density.

2. Scanning electron microscopy and transmission electron microscopy on sec-

tions paraliel to the epithelium surface: Density calculations are based on
two dimensional observations. When the sample was not tilted in the micro-
scope the following formula was used:

D = (@ X M})(X x Y)nerve endings/cm? epithelium, (10

whereas when the sample was tilted over an angle of o° this formula was
modified as follows:

D = (a x M? < cosw)/(X X Y)nerve ending/cm? epithelium (1)

X = width of the area on the photograph on which the density is calculated:
Y = height of this arca;
o = tilting angle.

It is assumed that in this way a correction has been made for irregularities in
the observed surface. No corrections have been made for tissue shrinking
during the preparations, since the necessary measurements are very difficult
to perform. Besides, shrinking supposedly does not affect the relative dimen-
sions of the structures of interest.

3.3. REsSuULTS

3.3.1. Evaluation of measurements on some nasal siructures

Various anatomical parameters have been determined in tissuec samples of
different areas of the bovine nose. The areas which will be compared with each
other include:

1. Different types of epithelium surface such as the olfactory and respiratory
epithelium as well as the epithelium in between these tissues: the transitional
epithetium (Table VIIQ).

2. Different areas within the olfactory epithelium, such as the nasal septum,
the cribriform plate and the nasal turbinates will be compared (Table IX).

3. In addition comparisons will be made between the nasal epithelia of very
young calves and adult animals (Table VII).

Student’s t-test was applied to the results of the various comparisons. The
degree of correlation between certain parameters indicates whether or not
these parameters represent related structures. These relationships will be
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presented in a separate table (Table X).

At the end of this chapter the quantitative information collected with sec-
tion and scanning studies will be combined with information from freeze-etch
studies in order to provide estimates for possible receptor populations (Tables
XIIT and XV}.

3.3.2. Some parameters not included in the comparative evaluations

3.3.2.1. General celiular appearances of bovine respiratory and
olfactory epithelia

Table IV presents some dimensions of cells and cell layers of the two epithe-
lium types. Data are given on respiratory columnar cells, olfactory supporting
and nervous cells, atypical brush cells and glandular structures occurring in
both epithelium types. The observations on glandular structures are based
on a limited number of observations only, and should therefore not be con-
sidered to be very accurate. The dimensional differences between the several
hair types are obvious, especially for cilia as compared to microvilli and brush
cell hairs. The brush cell hairs, however, are morphologically very different
from microvilli (see Chapter 1). The figures referring to this cell type are based
on observations of brush cells in both epithelium types including their transi-
tional area. The diameter of olfactory nerve axons appears to be the same in
freeze-etch and thin section studies. Counts in thin sections of five axons gave
a mean microtubular subfiber number of 6 4 1 subfibers per axon.

Apices of nervous and brush cells are considerably smaller in diameter than
the apices of respiratory columnar and olfactory supporting cells.

3.3.2.2. Ciliary microtubule (axoneme) and membrane dimen-
sions

Cilia of both epithelium types do not seem to differ much in their micro-
tubular doublet dimensions {Table V). The diameter of the olfactory taper
singlets is approximately identical to those of the other olfactory and respira-
tory singlet fibers. Their subfibers also contain the same number (13) of micro-
tubular subunits as the central fibers of the 9(2)+ 2 configuration (Fig. 37,
inset; KERJASCHKI and HORANDNER, 1976; KERJASCHKI, 1976).

The inner limiting membrane lamina is thicker than the outer one in olfac-
tory cilia (as measured in Fig. 37, inset). These dimensions could not be mea-
sured in the respiratory epithelium.

3.3.3. Effect of the observation method on some dimensions and frequencies of
epithelium structures of bovine olfactory and respiratory mucosae

Table VI gives the means, including their standard deviations, and the num-
ber of observations of all anatomical features, which have been measured in
both epithelium types with the various microscopic methods.

It was found that all dimensions (except the diameter of the nerve endings)
appear larger in the scanning electron microscope, than in transmission micro-
graphs. This may be due to the fact that the samples prepared for the SEM
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TabLe IV. Some densities and dimensions of structure within the bovine nasal respiratory and
olfactory epithelium.
1. Cellular dimensions (pm}

Respiratory Olfactory Olfactory Atypical
columnar supporting receptor cell brush cell
cell cell
Nerve ending Diameter: 1.3 yum
size (terminal - - (from 326 measure- -
swelling) ments); height:
2.8 ym {maximum
height observed)
Diameter of 38+08" 2641.0° 144047 1.42
cellular (light cell) {dendrites)
apices 224083
{dark cell)
Cell body,
diameter - - 4.7 4+ 0.6% -
Axon, - - Thin section: -
diameter 0.154+0.017;
freeze-ctch:
0.19 +0.10"°
Cilia and Cilia Microvilli Cilia, proximal parts Hairs
hairs?):
Diameter: 0.10+0.06'3" 0.0810.042°7 0.20 4 0.05°** 0.10+0.03°
Length: 64 +£23 2 1.8 0.7 178 24 4127

2. Glandular densities and dimensions (um)

Olfactory Respiratory
Density:
glandsfem? x 213 3.94+2.38°
104
Diameters glan-
dular openings 34 432 16 +9°

1) Dimensions and densities are presented with their standard deviations. The superscripts
indicate the number of observations on which counting was carried out.

%) For more information concerning cilia and microvilli, see Tables VI-X, XVI and XVII.

%) No superscript indicates just one observation. This convention will be maintained for
following tables.

have a metal coating. The average difference between the various diameters is
about 30 nm, or one-sided 15 nm, which is in the order of magnitude of the
metal coating. With respect to the diameter of the nerve ending itself the thick-
ness of the layer of metal added to that diameter because of sample coating is
negligible. Consequently, pooling of data obtained with both methods may
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TaBLE V. Dimensions of microtubular and some membranous structures of bovine nasal re-
spiratory and olfactory cilia (nm).

Structure Olfactory Respiratory
Outer diameter doublet 307 + 461" 33.4 4 42°
Inner diameter doublet subfiber 8.8 + 0.712 8.7 + 2.07
Outer diameter singlet 165+ 354 25.8 + 3.4*
Inner diameter singlet 954153 12.2 + 2.8%
Quter diameter taper singlet 216 £ 523 not present
Inner diameter taper singlet 103 4+ 20¢ not present
Length dynein arms not present 15.9 + 3.28
Taper membrane:

Quter limiting lamina 1.5 -
Space between inner and outer

limiting laminae 2.0 -
Inner limiting lamina 4.0 -
Total membrane diameter 7.5 -

) Dimenstons are presented with their standard deviations. The superscripts indicate the
number of observations on which counting was carried out.

introduce a considerable source of error for almost all dimensions smaller
than the nerve ending diameter. When correlation coefficients (Byrkit, 1975),
calculated according to Pearson (parametric) and Spearman (non-parametric),
are compared {Table X) it is concluded that it is allowed to pool these results,
since both testing methods gave approximately identical results. Therefore,
the rest of this chapter will mainly consider the pooled results, although the
separate items are also presented and will be considered where necessary. Al-
though this pooling may introduce errors in the presentation, these errors are
amply compensated by the improvement in the clarity of the presentation. Due
to the lack of sufficient data we decided not to include the freeze-etch results
in the tests. Some parameters, such as epithelium and mucus heights, can be
determined better by light microscopy than with electron microscopical tech-
niques.

3.3.4. Olfactory versus respiratory cilia

Another observation to be noticed from Table VI is that the diameter of the
proximal part of the olfactory cilium is slightly larger than the diameter of the
respiratory cilium. This feature has been observed with SEM, TEM as well as
when using freeze-etch methods. Ciliary diameters determined on freeze-etch
micrographs are intermediate to the values found with the other two techniques.
Although being consistent, this difference in diameter between the two cilia
types 1s not statistically significant within reasonable himits (P < 0.05). This
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is the case for all the three microscopical methods mentioned. The number of
necklace strands at the basal regions of the cilia might be slightly lower for
respiratory cilia than for olfactory cilia (a difference of about one strand).

3.3.5. Effect of age on olfactory and respiratory epithelium structures

Various structural dimensions and frequencies in juvenile and adult nasal
tissues are compared in this section. From the data presented in Table VII
it appears that the dimensions of most olfactory nerve ending structures are
significantly smaller (P < 0.05) in the adult than in the young animal ; the same
applies to supporting cell microvilli. Frequency parameters, such as the nerve
ending density and the number of cilia per nerve ending, do not seem to differ
significantly within these limits. Dimensions, such as the height of the epithe-
lium and the mucus layer, also do not differ between the two age groups within
the limits set. The various parameters pertaining to the respiratory epithelium
too, do not differ with age. Therefore, it may be concluded that the nerve
ending shrinks slightly with age or, alternatively or additionally, that in older
animals smaller nerve endings are formed. The basic morphology remains
identical.

3.3.6. Comparison between olfactory and respiratory epithelia

Table VIII presents comparisons of some anatomical features of olfactory,
respiratory and transitional epithelia. No significant differences (P < 0.035)
between nerve endings belonging to the olfactory epithelium and those in the
transitional zone (between olfactory and respiratory cpithelium) can be de-
tected. Moreover, there is no evidence for the existence of a gradient of nerve
ending densities in the transition zone. The only detectable difference between
the olfactory and the transition areas concerns the height of the oifactory
mucus. It may be concluded that the transition area is apparently not char-
acterized by gradual changes; there exists a fairly abrupt transition from ol-
factory into respiratory epithelium. This region may be better described as an
irregular border line than as a zone (see Figs. 15 and 16 in Chapter 1).

3.3.7. Comparison of various olfactory regions

There was no good reason to assume a priori that the olfactory epithelium is
completely identical in its microstructure throughout its whole surface. There-
fore we have made quantitative comparisons with regard to various parameters
of the nasal septum, the cribriform plate and the nasal turbinates. This crude
selection includes three fairly distinct areas.

Dimensions and frequencies of the various parameters w1thm those areas
are tabulated in Table IX. Several pronounced differences between the selected
areas are observed. They are concerned with nerve ending density, epithelium
height and mucus height. These three features all possess maximal values in the
septum as compared to the other areas. Moreover, the diameter of the nerve
endings is greater in the septum than in the remaining two nasal areas. The
respiratory mucus layer is thicker on the ethmoturbinates than on the nasal
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septum, Respiratory cilia are also somewhat longer on the ethmoturbinates.
Other features of the nerve endings or the supporting cell apical regions, such
as the diameter of supporting cell microvilli, do not show significant differences
between the three nasal areas.

Ciliary taper and vesicle diameters show different values in the three nasal
regions, with maximum values in the turbinates and minima in the septum. The
cribriform plate shows intermediate values for these dimensions. Proximal
ciliary segments, on the other hand, have an intermediate length on the ethmo-
tubinates, while maximum lengths for these segments are observed on the
nasal septum. The diameters of the proximal ciliary segments do not show signif-
icant differences between the three regions observed. It is difficult to say if
all these slight, though significant (P < 0.05) differences have a physioclogical
meaning (sce page 106).

3.3.8. Number of cilia per nerve ending

Nerve endings appear to contain between none and 25 cilia. However, it is
rather interesting that the average number of cilia observed per nerve ending
shows a remarkable constancy. This number is 12-13 (12.5 + 3.4 in Table VI})
and is independent of the age of the animal (Table VII) and the nasal area
studied (Tables VIII and IX). Due to obscureness of part of the ciliary popula-
tion, the real figure is somewhat higher. We assume that about 1/4-2/5 of the
cilia remains hidden behind other cilia and the nerve endings themselves, and
escape observation in the scanning and the high-voltage electron microscope.
After correction for these unobserved cilia we obtain as the actual average
number of cilia per nerve ending a figure of about 17. Since the number of cilia
per nerve ending determines the actual shape of that nerve ending, there seems
no reason to assume the presence of morphological different types of nerve
endings. However, this does not exclude the possibility that locally, within a
particular region as e.g. the nasal septum, different nerve ending types might
exist. Cur observations were too crude to allow the detection of systematic
differences within the different areas of the peripheral olfactory organ.

3.3.9. Relationship between the observed structural parameters

In the preceding sections we have presented quantitative data on several
microstructural features of the two epithelium types in animals of two dif-
ferent age groups and of different areas in the nose. It is to be expected that
several of the characteristic microanatomical parameters do not vary indepen-
dently of each other.

In order to determine the relationships between the various parameters
selected, we have calculated the correlation coefficients between all parameters.
The parameters were compared with each other and all significant correlations
(P < 0.05) are presented in Table X.

These correlation coefficients were determined according to Pearson (para-
metric) and according to Spearman (non-parametric; ByYrkIT, 1975). Since
the correlation coefficients, calculated in both ways, lead to similar results for
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the individual microscopic methods and for the pooled observations and since
the correlation coefficients calculated in both ways seem rather similar, Table X
shows only the results for the pooled data. Furthermore, the fact that both
testing methods lead to similar results shows that the t-test, a parametric testing
method which has been used in the previous sections, may be regarded as
suitable for this work.

Table X shows that significant, though low positive correlations exist be-
tween the height of the olfactory epithelium and the nerve ending density, and
also between the height of the olfactory epithelium and the height of the sur-
face covering mucus layer of the olfactory epithelium. Furthermore the height
of this mucus layer is positively correlated with the nerve ending diameter.
However, the nerve ending diameter, in turn, shows a negative corrclation
with the nerve ending density. There are no other significant correlations be-
tween these four parameters. The first three correlations and the last correla-
tion seem to contradict each other. This contradiction might be explained by
the weights of the opposing relationships between the nerve ending diameter
and the nerve ending density of Table VII (temporal differences: cow versus
calf) and of Table IX (spatial differences: three different areas covered with
olfactory epithelium are compared). Comparing temporal distributions shows
that the nerve ending diameter shrinks with age, while the nerve ending density
and the height of the olfactory epithelium and the mucus layer covering that
epithelium remain unaffected. Comparing spatial distributions on the other
hand, shows that the nasal septum contains a higher density of the nerve
endings of olfactory bipolar cells than the cribriform plate or the ethmoturbi-
nates. This higher nerve ending density is accompanied by a greater width of
these nerve endings. Furthermore, they are packed in a thicker mucus layer
present on a higher epithelium layer in the nasal septum.

Most correlations presented in Table X are found between the various
dimensions of olfactory structures. These correlations reach highest values
when various ciliary dimensions are compared. The correlations between the
dimensions of these olfactory structures vary from approximately 0.2 when
nerve ending diameter and diameters of the proximal ciliary segments and sup-
porting cell microvilli are compared, to 0.7 when the length of the proximal
cilium segment and the diameter of the ciliary vesicle or the height of the ol-
factory epithelium and the height of the olfactory mucus are compared, All
correlations between these dimensions are positive. Therefore, the correlations
may indicate that when the nerve ending grows all other dimensions of the
olfactory epithelium increase, while on the other hand all these structures also
shrink simultaneously. This situation is partially met in Table VII, in which
four out of six dimensions of the nerve ending substructures and the supporting
cell microvilli are smaller in cow than in calf. Some of the correlations might
also be explained by the presence of spatial differences {Table IX). Two of the
dimensions which do not show significant differences between cow and calf
(the diameter of the distal segment of the cilium and the ciliary vesicle diameter)
arc smaller in the nasal septum than in the other two areas. Some other dimen-
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TasLs VIIL. Comparison of the means of some micro-anatomical measurements on nasal olfactory, respiratory and transitior

Olfactory area; 62% of the observed photographs Transitional

Features
Light TEM SEM Pooled Light

Nerve ending density/
em? x 10-6 50 406" 00 407 * 48 +04 ° 63 +03 * 42 +05*
Nerve ending diameter?) L7 10.07* 1.39 4004 * 117 4003 * 131 +002* 1.55 10.07*
Olfactory cilium, proximal »
segment, diameter - 0.17940.004* 0.22140.004°* 0.20010.003° -
Olfactory cilium distal
segment, diameter B 0.060+0.002  0.107+0.004*  0.082+0.003* -
Olfactory cilium, proximal
segment, length. - 154 £0.08* 193 +008* 177 +0.06* -
Olfactory cilium, distal segment,
maximal length observed - - - 28 -
Olfactory cilium, vesicle,
diameter - - - - -
Supporting cell microvillus,
diameter - 0.064£0.003*  0.09410.004" 0.07710.003° -
WNumber of ciliary necklace
strands - 7.3 402 ¢ - 72 +02 ° -
Olfactory cilia/nerve ending - 13.1 407 * 124 +03 * 126 +03 * -
Granules microtubuli pool/
nerve ending cross-section - - - - -
Olfactory epithelium, height g +7 92 - 106 +7 @ 95 +7
Olfactory mucus, height 76 +09° 49 +04 * 35 +03 * 55 +04 * 38 +0.3°
Respiratory mucus, height - - - - 64 0.8
Respiratory epithelium, height - - - - 635 +8 *
Respiratory cilium, diameter - 0.130-+0.010° - 0.130+0.010* -
Respiratory cilium, length - 6.2 B 6.2 75 +0.6*

Respiratory microvillus,
diameter

1) Since Table VI gives an impression of the number of samples, the sample means in this table are presented with their stan
the three areas under observation, within one microscopic method, and for the pooled results; a represents a significant higher n
2} Dimensions are presented in micrometers (um).

) Not encugh observations or abservations totally lacking, thus preventing a proper comparison of the means.
¥

sions, however, are smaller in one of the other two areas, thus opposing the
effects of the temporal differences. The positive correlations may indicate that
the temporal differences in that case are more important.

High positive correlations also exist between the diameter of the respiratory
cilia and most dimensions of the olfactory cilia and between both mucus heights:
the respiratory and the olfactory. Consequently we think that most correla-
tions presented here reflect processes which are concerned with ciliary, and
therefore, nerve ending growth or degeneration. These processes might reflect
the condition of the nasal epithelia, such as expansion or a pathological pheno-
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gion between the two other epithelium types) epithelia, employing three microscopic methods.

area; 207 of the observed photographs Respiratory area; 189 of the observed photographs

TEM SEM Pooled Light TEM SEM Pooled

68 +12 * 59 406 * 56 105 ° - - - -
117 1006 ° 106 £0.06* 1.23 1004 * - - - -

0.167+0.007  0.244-+-0.012*  0.20340.008* - - - -

0.064+0.006* 0.122+0.009"  0.090+0.007* - - - -

155 £0.14 * 209 £0.17 *  1.67 +0.12* - - - -

- - 27 - - - -

2.052+0.006>  0.09940.008*  0.078 +£0.005 - - - -

- - - - 68 +05 ° - 68 +05 *
3 410 ®= 119 408 * 121 406 * - - - -
2 - % 18 * - - - -
14 406 °* 32 04 * 39 403 ° - - - -
36 +£02 *° - 59 104 ° 45 04" 58 04 °* - 54 +03 *
- - 65 48 ° 69 +5 ° - - 67 x5 *
214440.007°  0.233+0.016*  0.188+-0.012* - 0.177+£0.008" 0.21840.007  0.260-£0.005*
56 +06 * 80 06 * 71 +04 ° 6.6 £0.8" 46 +07 * 70 06 * 61 04 *

ors. Differing superscripts indicate differences with Student’s t-test (P < 0.05) between the sample means within the lines of
nbh.

menon. We have no reason to assume that the correlations are related to some
specific olfactory feature, such as nerve endings of a different shape. This
conclusion is supported by the fact that the number of cilia per nerve ending
generally does not show significant correlations with any of the dimensional
parameters, thus indicating that smaller or larger nerve endings have the same
average number of cilia, and therefore the same contours. Likewise, it has al-
ready been shown in Tables VII, VIII and IX that these contours do not vary
with age or with the area of the olfactory epithelium. Thus, with respect to the
observed number of cilia per nerve ending the results of the t-tests and the cor-
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TaBLE IX. Comparison of the

means of some micro-anatomical measurements on three different areas within the ol

Features Nasal septurn: 42% of the observed photographs Cribrifc
Light TEM SEM Pooled Lig}

Nerve ending density/ .

em? x 107° 64 =+ 107 98 +09 * 67 1l * 83 406 °© 42 +

Nerve ending diameter®) 1.73+ 0.10* 1.52 4005 * 102 +004 ® 139 +004 * 1.59 +

Olfactory cilium, proximal
segment, diameter
Olfactory cilium, distal
segment, diameter

Olfactory cilium proximal
segment, length

- ¥ 0.19240.005%  0.209+0.010°  0.197+0.005F -

- 0.0631+0.003*  0.10040.009"  0.07310.004" -

- 178 £0.11 % 195 £015* L85 4£0.09°* -

Olfactory cilium, distal segtnent,

maximal length observed

Olfactory cilium, vesicle,
diameter

Supporting cell microvillus,
diameter

Number of ciliary necklace
strands

Olfactory cilia/nerve ending

Granutes microtubuli pooi/
nerve ending cross-section

Olfactory epithelium, height
Olfactory mucus, height

Respiratory mucus, height

Respiratory epitheliumn, height

Respitatory cilium, diameter
Respiratory cilium, length

Respiratory microvitlus,
diameter

- - 2 -
- 0.51 £0.06 * - 051 £0.06° -
- 0.07440.005"  0.082+£0010° 00760004 -

- 73 £02 * - 73 102 * -
- 144 +10 * 119 +05 * 129 106 ° -

- 263 +2.5 * - 263 25 * -
[30 +14* - - 13¢ 14 * CANES
11.2 4207 64 +08 * 37 404 * 68 408 ° 53 &
43 0.5 52 404 ® - 49 +03 ° -
oot - - [t -
- 0.19440.009°  0.2205:0.007°  0.21220.006* -
62 L1.5° 46 08 * 64 12 * 55 06 ° -
- 0.083.:0.008° - 0.083£0.009° -

1) Since Table VI gives an impression of the number of samples, the sample means in this table are presented with their <
lines of the three areas under observation, within one microscopic method, and for the pooled resulis; a represenis a sig

%) Dimensions are presented in micrometers (um).

3) Not enough observations ar observations totally lacking, thus preventing a proper comparison of the means.

relation matrix support each other. Also other frequency values, such as the
number of particles in the microtubular pool and the number of necklace
strands do not show significant correlations with most of the other parameters.

The respiratory epithelium too shows several significant correlations be-
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lium : the nasal septurm, the cribriform plate and the ethmoturbinates, employing three microscopic methods.

17%; of the observed photographs Ezhmotuerbinates; 415, of the observed photographs

TEM SEM Pooled Light TEM SEM Pooled
+1,1 *® 39 404 > 57 405 * 39 404° 64 409 ®° 48 104 ° 50 103 P

L 4006° 120 £005° 121 +0.04 * 1.62 £0.07* 1.24 +£005° 118 +003* 127 4+0.03°

184£0.004°  0.2304-0.007*" 0.193+£0.007* - 0.171£0.005°  0.230+0.006*  0.207-+0.005

4+0,003"  0.120+0.007  0.08710.006 - 0.06340.005*  0.£09+£0.004*° 0.094£0.004°

)y 004 203 £0.19° 155 4012° - 1.62 £0.13* 19t +0.10* 178 £0.08 *®
- - 20 - - - 27

3 4055 ° - 073 +0.55 ** - 0.77 +0.30 * - 0.95 +0.20 *

1240.003°  0.100+0.006*  0.072+0.005" - 0.059+0.006° 009740005 D.082+0.004
+0.5 *® - 65 +05 * - 7.3 405 ° - 6% 406 *®
+06 * 123 405 * 122 404 * - 119 +10 * 125 +03 * 124 +04 °
- - - - 19.0 +1.0 *® - 190 +10 *

- 95 2 °® 9% 46 ° 82 - 91 7 °

106 ° 46 49 +04 ® 45 04" 40 104 * 30 403 * 40 +02 *°
- - - 60 +05* 62 103 ° - 6.1 +03 °
- - - 62 45 ° - - 62  £5 *

0o - 0.100 - 0.148-+0.006"  0.22240.011*  ©.186+0.008°

- 6.2 73 +04°* 60 407 * 76 x05 * 70 403 °

- - - - 0.0601-0.008° - 0.111+0.021*

. Differing superscripts indicate significant differences with Student’s t-test (P < 0.05) between the sample means within the
*mean than £ which on its turn represents a significantly higher mean than ¢.

tween the dimensions of its anatomical clements. Some of the correlations are
difficult to understand, e.g. the number of cilia per nerve ending (olfactory
phenomenon) is correlated with the diameter of the respiratory cilia. All cor-
relations presented in Table X are low and most of the variance remains un-

Meded. Landbouwhogeschool Wageningen 77-13 {1977) 99



TaBLE X. Pearson and Spearman correlation coefficients of several olfactory and respiratory epithelium surface featur

Features Nerve ending (Nerve ending [Olfactory ci- (Olfactoryci- | Olfactory ci- | Olfactory ci- | Sup
densityfem? | diameter | lium, proxi- | lium, distal | lium, proxi- |lium, vesicle, | cell
x 10-¢ mal segment, [segment, dia-{ mal segment, | diameter villi
diameter meter length n
R 221 2 1 2 1 2 1 2 1 2 1
Nerve ending diameter -3 -
Olfactory cilium, -0.33% -0.32| 022 0.20
proximal segment, 212 212 275 [275
diameter <0.01%[ £0.01 [£0.01]<0.01
Olfactory cilium, -0.32 | -031 0.59] 0.63
distal segment, 131 131 - — [I85 |185
diameter <0.01 [<0.01 £0.01|<0.01
OMfactory cilium, -0.16 0.26] 026] 042 046] 0.33 0.38
proximal segment, 127 165 (165 174 [174 [132 |132
length <0.05 - |=0.01{<0.01<0.01]<0.01|<£0.01{ £0.01
Olfactory cilium, -0.44 0.39] 0.35 0.671 0.65
vesicle, diameter - 21 - - 130 30 - - 13 .]13
£0.05 £0.05/<0.05 £0.01)<0.01
Supporting cell -0.20 | -0.21; 0.18] 0.i2| 0.51] 0.50| 0.43( 045 0.28] 036| 042
microvillus, diameter 161 161 [206 (206 [235 (235 [151 |151 (123 123 32 -
<005 |<0.0t|<0.01{<0.05/<0.01(<0.01 {<0.01(<0.01|<0.01 |£0.01 <0.0]
Number of ciliary
necklace strands - - - _ - - - - _ - - _ _
Olfactory cilia/ 0.16
nerve ending - — g2 - _ _ _ - - - - - _
«0.05
Granules microtubuli
pool/nerve ending ~ - - - - - - - - - - - -
cross-section
Olfactory epithelium, 0.50
height 18 -l - -1 - - lo 0 - -t o]0 0
<0.05
Olfactory mucus, 0.28( 0.28 0.28
height - - |too |too - - - - |37 - - - -
<0.01|<0.01 <0.05
Respiratory mucus,
height - - _ - - - - _ _ _ 0 o _
Rgsl:niratory epithelium,
height - - - - 0|0 0 0o | o 0 0 0 0
Respiratory cilium, 0.75| 0.69 0.40 0.65 0.6
diameter - - - - 128 28 - 119 - |14 0 0 |28
£0.01|<0.01 <0.05 <0.01 £0.0
Respiratory cilium, 0.61
length - - - - - 9 - - - - 0 0 -
<£0.05
Respiratory microvillus,
diameter 0 0 0 0 0 0 0 0 0 0 0 0 0

!} Pearson correlation coefficients, relating actual values.

%) Spearman correlation coefficients, relating rank numbers.
%) —: Correlation not significant.
*) Values of correlation coefficients of significant correlations.



bservations of three microscope techniques.

of | Olfactory Granules Olfactory | Oifactory |Respiratory |Respiratory | Respiratory | Respiratory

ciliafnerve | microtubuli | epithelium, mucus, mucus, epithelium, cilivm, cilium,
[ ending pool/nerve height height height height diameter length
5 ending cross-
section

2 i 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2

0700 057
-t -l -l olo |11 17
<0.01]<0.01
0.66
o | -l - oo | -1 -2 -
£0.01
0.51
oo |ofofloe o] of-~1|-1]-1 16
<0.05
0.53] 0.71 0.87| 0.62
-~ |14 |14 o | 0o |o {0 |12 |12 -l - |loe|o
<0.05|<0.01 <0.01|<0.05
ol - | -0 ]|o |- S I T D D i D
0.37] 0.45
- e lotlolojo|o o |o|-|-10]60/|2 |2 - -
<£0.05|<0.01

1ple number used for the computation of the significant correlations.
sificance level (iwo levels: P €£0.01 or P <0.05).
“orrelation could not be computed.



explained. An important part of this unexplained variance is probably caused
by variations in preparation and observation methods.

3.3.10. Revised determinations of nerve ending densities

Since Table IX shows pronounced differences in nerve ending densities over
the three observed areas with respect to the microscopic method used, we
thought it important to try to eliminate as much as possible the effects of the
observation method on these determinations, in order to obtain a proper idea
of the importance of the ‘area effect” on the nerve ending density. Especially
the discrepancy between density counts executed on micrographs made with
the TEM and the HVEM and micrographs made with the SEM and the light
microscope made a closer investigation essential. The recalculated results are
presented in Tables XI and XII.

The results obtained with three different observation methods and presented
in Table IX show significant higher densities in the nasal septum than in the
other two areas of the olfactory epithelium. We thought that the discrepancy
between the three methods might be caused by the range of microscope magnifi-
cations used for the density determinations. Especially at high magnifications
the picture might be distorted. High magnifications were used more frequently
in the TEM than in the SEM studies. Therefore Table XI presents densities,
determined with the three methods, but now employing final magnifications
(on the photographs) smaller than 10,000 (10 K}. Furthermore, medians and
modes, as determined from curves of density values versus frequency of oc-
currence of the densities in question, are presented. Table XI shows that after
these transformation procedures density values obtained from TEM photo-
graphs approach much better the values obtained with the other two micro-
scopic methods than in Table 1X. Standard errors, although based on a smaller
number of observations at microscopic magnifications smaller than 10 K re-
mained identical or became slightly smaller after this transformation when
compared to the original data. Since these differences occur only in the first
decimal, these standard errors are not presented in Table X1 for the sake of
clarity.

The modified mean, the median and the mode all show that the septum
contains the highest nerve ending density, at least in the calf, and probably also
in the adult. The results on seplal densities in the cow in the TEM observa-
tions are only based on a small sample. SEM results, however, show the same
tendency in this respect as in calf. Furthermore, the nerve ending density ap-
pears to increase slightly when approaching the olfactory-respiratory border-
line. This gradient is determined for the ethmoturbinates only.

Table X1! summarizes the results of Table XI. The same trends can be seen
as in the previous table. This table also shows that, with the three transformed
determination methods, the nerve ending density in the adult animal is only
809 of that of the juvenile, which contrasts with the results presented in Table
VIIL.
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TarLe XII. Nerve ending densities (per cm? x 10-%) of four olfactory areas of cow and calf
calculated by averaging the density values obtained by the three microscopic methods of
Table XI.

Statistic Age Septum Cribriform Turbinate Turbinate, Total average
plate transition
zone

< 10K, Mean! Cow 32" T 3 - 4s”

Calf 6* 5% 43 5% 512

Cow 47 43 41 - 45
Median

Calf 6® 4 43 5% 512

Cow 52 53 41 - 45
Mode

Calf 73 43 43 53 512
Pooled N 651 (cow)
means of Tables 887 63 584 65!
VIII and IX 6210 (calfy

!y Means calculated for all magnifications smaller than 10,000 x on the photographic
prints.

%) The superscripts indicate the number of variables (nasal areas) in Table XI from which
the pooted mean, medians and modes are calculated.

%) This column serves to indicate possible nerve ending density differences between cow
and calf, Superscripts in this column are the summated superscripts within the observed line,

4) Superscripts in this line indicate the pumber of samples.

3.3.11. Volumes and surface areas of nerve ending structures and particle fre-
gquencies

In Table XIII estimations of volume and surface area of the various sub-
structures of the olfactory nerve endings arc presented. The nerve ending
swellings themselves and the ciliary vesicles are considered to be spherical,
while the other ciliary structures are considered to be cylindrical. Since exact
ciliary lengths could not be determined in this study we took as a minimum
length of the ciliary taper 30 um, a figure which was met in Fig. 43. As a maxi-
mum length 100 um may be considered. This value is based on estimations of
SEIFerT (1970} and observations of REESE (1965). For both values the various
entities are calculated. All calculations are based on dimensions presented in
Table VI and particle counts in Table I (Chapter 2). As the total number of
cilia per nerve ending we took 17 (page 94).

Table XIII clearly shows the enormous surface area represented by the
ciliary tapers in comparison to the other nerve ending structures. The contribu-
tion of these tapers to the particle population (present in the nerve ending
fracture faces, as seen by freeze-etch techniques) is therefore much higher than
the contribution of the other nerve ending structures. This uneven relation
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TaBLE XIII. Volume, surface area and particle concentration, based on freeze-etch data of
olfactory nerve ending structures.

Volume!') Surface?!) Particles x 10~ 3/
pm> um? structure?)
- nerve e nerve e nerve
Structures 1 cilium ending®) 1 cilium ending 1 ciliurn ending
Nerve ending
swelling - 1.2 - '8 - 18
Cilium, proximal
segment 0.05 09 1.1 18 5 78
Ciltum, distal
segment : 30um*) 0.15 2.6 1.5 128 45 769
100 ym 0.50 8.5 25.1 427 151 2564
Cilium, vesicle®) 0.04 0.6 0.3 6 1 18
Cilium, total: 30 gm
distal scgments 0.24 4.1 9.0 152 51 865
Cilium, total: 100 um
distal segments 0.59 10,0 26.5 451 156 2660
Nerve ending
total: 30 um - 5.3 - 157 - 8836)
distal segments
Nerve ending
total: 100 um - 11.2 - 457 - 26897}

distal scgments

1) Volume and surface values are calculated from data presented in Table VI (the pooled
column).

2) Particle quantities are based on data presented in Tables I and V1.

) Dimension and particle concentrations for the nerve endings are based on a total of 17
cilia per nerve ending.

4) Distal ciliary segments of 30 um are a minimum estimate, based on own observations
{Fig. 43); 100 ym is a maximum estimate based on literature (REESE, 1965; SEIFERT, 1970).

%) Values for the ciliary vesicles are based on the presence of 5 such vesicles per nerve ending.

) Assuming an 11 nm particle diameter, these particles occupy 53% of the total nerve
ending surface.

) Assuming an 11 nm particle diameter, these particles occupy 567 of the total nerve
ending surface.

is even enhanced by the presence of higher particle densities in the tapers
(Table I). When the particle diameter measures 11 nm, it follows that the
particles occupy between 53°% (for the 30 pm tapers) and 56% (for the 100 um
tapers) of the total nerve ending surface. Cilia possess between 50,000 (for a
30 um taper) and 160,000 (for a 100 pym taper) particles.
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3.4. DiscussioNn
3.4.1. Nerve ending density

3.4.1.1. Nerve ending density gradients within the nasal olfactory
area

The present chapter is concerned with the problem whether or not different
receptor cell types can be recognized in the olfactory mucosa, and with distribu-
tions of nerve endings in different olfactory regions. It turns out that nerve
ending densities in septal areas are 1.5-2 times higher than in the cribriform
plate and the nasal turbinates (Tables IX, XI and XII).

Presumably the higher nerve ending density in the septal epithelium is re-
lated to the fact that the septum is the nasal region which makes contact with
the incoming air stream first. The higher nerve ending density may increase the
sensitivity of the tissue in this region towards odours.

Tables X1 and XII also show that, at least in the nasal turbinates, the nerve
ending density in the transitional region clos¢ to the respiratory area is some-
what higher than the density elsewhere in the turbinates. These regions,
located more anterior, are also better exposed to incoming air streams. In this
case too the well exposed situation could explain the higher nerve ending
density. In this respect the possibility that a high nerve ending density com-
pensates for a decrease of ciliary segments in areas close to the respiratory
area is worth to be considered. The highest densities, however, have been found
in septal areas.

ALLisoN and WARWICK (1949) described in the nasal septum of the rabbit a
gradient from anterior to posterior regions, amounting from 8.1 < 10° nerve
endingsjcm?, via 11.5 X 10° nerve endingsfem? to 14.0 x 10° nerve endings/
cm?. In bovine turbinates, we found a gradient in the opposite direction. AL-
LIsoN and WarwiIcK’s data are based on a total of 21 observations, while our
calculations are based on a total of 125 observations on the turbinates, made
with three different microscopic methods.

3.41.2. Relation between age and nerve ending density

Table XII shows that nerve ending densities in calf are probably somewhat
higher than in the adult animal. MULVANEY and HEIST (1971a), in rabbit,
observed the same tendency. These authors report a decrease i nerve ending
density of about 30%/ during growth of the animal. In the bovine we observed
a maximal decrease with age of about 20%,. MuLvaNEY and HEIsT (1971a)
based their conclusions on 9 observations: our figures are derived from 156
observations (Tables XI and XII; << 10 K lines). The fact that the nerve ending
density does not seem to alter very much during growth of the animal has im-
portant implications (see also Chapter 1: pages 25, 30-34 and 47). It means that
expansion of the tissue as seen in Fig. 1 is due either to an increase in the total
number of nerve endings or to a differentiation into patches with nerve endings.
The latter hypothesis leads to a situation in adult animals, where nasal areas
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which contain nerve endings alternate with areas characterized by ciliated re-
spiratory or squamous cells. Both processes increase of the olfactory surface
area and splitting up of this area into patches may even occur concurrently.
Evidence for the occurrence of the second process is indicated by the fact thai,
especially in adult animals, whole areas could not be identified as olfactory
tissue. KOLB (1975) encountered the same problem in the roe, another ungilate.
We also found respiratory cells within the olfactory regions in adult animals.
Because of these experiences the majority of our observations were made on
calf tissue. In addition to these facts, a density decrease seems to occur with
age. This decrease may be caused by a shrinking of the nervous cell apical part,
coupled with an increase of the apical part of the supporting cells. Alternatively
or additionally the changes observed may be due to the disappearance of some
nerve cells which die and which are not replaced.

3.4.1.3. Density differences within a limited region

In agreement with KoLB (1975) we noticed a great variation spread in nerve
ending densities, as can be deducted from the large standard deviations in
Table VI. In some samples densities of up to 30 < 10° nerve endings/cm? were
found, while other areas coniained densities of less than 10° nerve endings/em?.
Therefore local variations might be of greater importance than the overall
regional differences analyzed here. It is difficult to assess these local differences
quantitatively with a reasonable degree of accuracy.

34.1.4. A literature survey of olfactory nerve ending densities

Table XIV presents a survey of densities for olfactory nerve endings for
various animals through all classes of vertebrates, These values do not show
a ¢lear evolutional or any other kind of pattern. Densities for the dog, for ex-
ample, are the lowest of all values presented in Table XIV. However, dogs are
known to possess an excellent olfactory acquity (MoULTON and MARSHALL,
1976a, b). KoLs (1971) suggests that the size of the nervous cell may compen-
sate for low densities. Diogs do have more cilia per nerve ending (OkANo et al.,
1967) than the other animals tabulated in Table X1V, but this value is only a
very crude estimate. Taking into account that the dog is a very useful animal
for olfactory research, we think that both values, density and the number of
cilia per nerve ending, need to be reinvestigated for this animal.

It should be kept in mind that, in view of the very different results obtained
in the rabbit by different investigators, the variation of these values may be at-
tributed to a great extent to the investigator rather than to the animal.

3.4.2. The number of cilia per olfactory nerve ending and ciliary dimensions

34.21. A literature survey

Table XTIV also presents a survey of the numbers of cilia per nerve ending
found for various animals, through all classes of vertebrates. Most authors
report ranges instead of average values for this number. It appears from Table
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XIV that these values are generally higher in higher vertebrates, especially
mammals, than in lower vertebrates. There is no obvious relationship between
the number of cilia per nerve ending and the nerve ending density. It may be
that most values have been determined too crudely. It may also be that the
nerve ending surface and nerve ending density show some kind of a propor-
tional relationship. In that case not only the number of cilia per nerve ending
has to be considered, but also the total lengths of the cilia. These lengths are
difficult to determine.

3.42.2. The number of cilia per nerve ending in the bovine

Ranges of the number of cilia per nerve ending in the bovine were rather
similar to those for other macrosmatic animals: 0-25 cilia per nerve ending.
However, in our case (as is shown in Tables VI-IX) the average number of
cilia per nerve ending that could be observed is constant (about 12) giving a
real average of about 17 cilia per nerve ending (page 94). The present data are
the first, to our knowledge, to show this consistency in nerve ending outline.

Other structural parameters presented in this chapter are chiefly related to
development and degeneration of nerve ending structures. No evidence could
be found for the existence of different nerve ending types. This leads to the
conclusion that odour discrimination probably occurs at a submicroscopical
level.

3423 The relation between ciliary outgrowth and age

With increasing age of the animal, there is a decrease in the ciliary diameter
(Table VII), but due to difficulties in determining the total length of the cilium,
it is not allowed to conclude that this decrease in girth is accompanied by an
increase in length of the cilium. We thought that this difference, as a function
of the age of the animal, might reflect differing rates of transport of ciliary
structure precursors. In fact it accounted for approximately 6 gum out of about
100 pm ciliary taper outgrowth.

34.24. The number of ctlia per unity of surface

Assuming that outgoing cilia compensate for incoming cilia in length and
surface area, it can be calculated that a circular area, with a radius of 5 um
contains about 5,000 pgm of ciliary segments. This calculation is based on the
following formula:

ciliary length within an area equals length of one cilium, times number of cilia
per nerve ending, times number of nerve endings within the observed area (12)

The ciliary length used was 60 um, a value which is intermediate between
minimum and maximum values used elsewhere in this paper; the number of
cilia per nerve ending is 17 and the number of nerve endings within the ob-
served area is about 5 (based on 6.2 X 10° nerve endings/cm? in Table VI).
A ciliary lenth of 60 um allows cilia from nerve endings within a radius of 65 um
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(including the radius of the observed area) to cross or touch the observation
area. In the surrounding area we find about 825 nerve endings. It does not seem
unlikely that about 500-600 of those cach send on an average 2 to 3 cilia to
and/or through the observation area, which measures 80 um?. This means that
about 3 x 500 = 1,500 ‘foreign’ cilium segments cross the boundary. Further-
more, we can calculate that the number of autochtonic ciliary segments present
in the observation area is about 5 (number of nerve endings in this area) x 17
(number of cilia per nerve ending) = 85. Thus only about 5% (85 out of 1,500)
of the ciliary segments is autochtonic (for a two dimensional representation
see the summary: Fig. 56C).

When we assume, furthermore, that the cilia of the 5 autochtonic nerve
endings have about 5 um of their length per cilium within the observation area,
it follows that about 5 x 5 X 17 = 425 um of ciliary length originates from
autochtonic nerve endings. This is only about 10%; (425 out of 5,000 um) of
the total ciliary length within the observation area, whereas the remainder
belongs to cilia from elsewhere. These calculations indicate that mutual con-
tacts at ciliary levels are probably not casual, but might even be a necessity for
an adequate functioning of the system. Real junctional structures between
cilia have not been found sofar, also not in our recent freeze-etch work in rat,
in spite of the fact that we have looked very carefully for such structures.

3.4.3. Nerve ending surfaces with respect to epithelium surface

Calculations have learned that nerve endings at a density of 6.2 x 10® nerve
endings/em?® and with ciliary tapers of cither 30 ym, 60 gm or 100 ym cor-
respond to nerve ending surfaces of respectively 10, 18 and 28 cm?/cm? epi-
thelium surface, assuming the presence of 17 cilia per nerve ending (see also
Table XII). Minimum surface areas, when we assume that nerve endings bear
cilia which remain just within the reach of the cilia of adjacent nerve endings,
would be 0.06, 0.03 and 0.02 cm?/cm® epithelium surface respectively, at nerve
ending densities of 3.5 x 10%, 8.8 x 10% and 3.2 x 10° nerve endings/cm? re-
spectively. The actual nerve ending density is 200-2,000 times greater, which
means that the actual nerve ending densities are much higher than would be
necessary to span the whole olfactory area. The vast nerve ending surface area
above the epithelium surface offers the possibility for the existence of some
kind of interaction at ciliary levels, although the ciliary membrane may be
electrically isolated from ciliary membranes nearby.

3.4.4. Estimations of receptor populations

34.4.1. Particle densities at cilium surface

Table XIII shows that, depending on its length, one may ¢xpect the presence
of 50,000-155,000 particles per cilium. OTTOosoN and SHEPHERD (1967) pre-
dicted binding site quantities of 160,000 per 100 pgm cilium in frog. This value
shows a striking agreement with the number of particles we have calculated:
156,000 per 100 pm cilium surface. Furthermore, the number of binding sites
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for the odorous compound p-dimethyl-amine-benzaldehyde (DMBA) on frog
olfactory cilia is about 400,000 (GuseL'NIKOV et al., 1974). Frog cilia have a
length of about 200 pum (REESE, 1965), which means that a 100 gm cilium seg-
ment contains 200,000 binding sites for this compound. From OTTosoN’s and
GUSEL'NIKOV'S observations, and combined with our own calculations, we
might conclude that one particle corresponds to one binding site. However,
one must be very careful when drawing this important conclusion, since
GuseL'NIkov and coworkers did not carry out adequate controls on other
cilium types. These workers prepared their cilia according to KoroLEv and
Frorov (1973). The poor quality of the electron micrographs provided by the
latter authors raises some doubt with respect to the preparation methods
employed. The morphological evidence presented, furthermore, does not seem
to prove conclusively that GUSEL’NIKoOV et al. (1974) were dealing with olfac-
tory cilia and mucus fluid alone. Moreover, it is probably not permitted to make
direct comparisons between frog and bovine olfactory cilia. However, the
evidence presented in this section indicates that the particles seen by freeze-
etch methods may very well represent odour binding sites.

The text under Table XIII shows that about 55° of the nerve ending sur-
face in this animal is occupied by particles. The remaining intra-membranous
area most likely consists of phospholipids.

3.44.2. Particle concentrations

In Chapter 2 (page 82) evidence is provided that the particles in the olfactory
nerve ending membranes, could have receptor functions anailogous to that of
rhodopsin in the visual system (DAEMEN, 1973; EBREY and Honig, 1975).
If this is the case, it would be interesting to calculate the particle concentration
in the mucus layer which covers the olfactory epithelium. A major assumption
we have to make is that all particles consist of the same protfein species.
Table XV presents such calculations. These calculations were possible be-
cause we have data from freeze-etch methods, combined with a quantitative
analyses of morphological data obtained by other microscopic methods, all
on the same animal, Line A in Table XV is derived from Table XIII. For the
calculation of the particle concentration in the mucus the following formula
was used:

D X {4 X (para + mpard) + 20 X nlperohy+ perche)}
C =

x 10° mMol
Naw x (H-1 (13)

C = particle concentration in mMolar in the mucus:
D = nerve ending density in nerve endingsicm?: 6.2 x 10%;
P = particle density in particles/um?® (Table I);
r = structure radius in gm (Table VI);

m == number of ciliary vesicles per nerve ending: 5;

n average number of cilia per nerve ending: 17;

# = length of ciliary segment (Table VI);
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N = Avogadro s number: 6.023 x 10?3;

H = mucus volume (ml) including volumes of nerve ending and supportmg
cell distal structures above 1 cm?® epithelium surface: 4.9 x 10-* ml;
V= volume of nerve ending structures above 1 cm? epithelium surface area:

0.6 x 10~* ml for 30 um distal ciliary segments and 1.4 x 10~* ml for
100 um distal ciliary segments, assuming that microvillous structures
have the same volume as nerve ending structures;

a, b, ¢ and d are the nerve ending swelling, the proximal ciliary segment, the
distal ciliary segment and the ciliary vesicle respectively.

The factor within the outer parentheses gives the number of particles per
nerve ending (Table XIII and page 104). The comments in Table XV indicatc
that a high proportion of the mucus volume is occupied by olfactory mem-
brane particles.

In the case of photoreceptors, freeze-ctch investigations by CHEN and Hus-
BELL (1973) indicated that the particle concentration as determined by this
method is about 19 times lower than the rhodopsin concentration as deter-
mined by X-ray analyses (BLAISE et al., 1969).

From combination of microspectrophotometric data on rhodopsin concen-
trations in rod outer segments {DAEMEN, 1973) with observations of particle den-
sities in frog outer segments (ROZENKRANZ, 1970) one may infer that the par-
ticle concentration is about 13 times lower than the rhodopsin concentration.
Both calculations indicate that the particles in the visual system most likely
consist of a number of rhodopsin subunits. Similar findings have been reported
for MN-glycoprotein in phospholipid bilayers. Here each intra-membranous
particte contains 10-20 monomers (SEGREST et al., 1974). The same situation
might be the case in the olfactory system. In that case receptor protein popula-
tions could be a factor 10 or more higher than the particle concentrations given
in Table XV.

In Section 3.4.4.1. it was suggested that the particles each might represent
one binding site. The present discussion, however, leads to the idea, that each
particle represents a multireceptor complex. It is hoped that biochemists will
settle this point in the near future.

3.4.43. Odour sensitivity with respect to particle
concentrations

Odour concentrations in Line F (Table XV) are based on STUIVER’s (1958)
work who calculated that at threshold about 9 x 10% mercaptan molecules
were present in one human nasal cavity with an olfactory surface area of 5 cm?.
If one assumes that nerve ending and supporting cell microvillous structures
have the same volume in the cow as in man and that the height of the mucus
layer is also identical one obtains (using Avogadro’s number) the molar values
of Line F.

Approaching the odour reception mechanism from the viewpoint of receptor
availabilities, and using threshold data of various authors, we come to a similar
conclusion as STUIVER (1958) and MoULTON and MARSHALL (1976b): a single
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receptor cell may detect one odorous molecule. However, the number of bind-
ing sites can exceed odour concentrations at threshold by a factor 108-10% or
possibly even more (previous section), which implies a high efficiency for the
olfactory organ!

3.4.5. Implications of the present findings for the peripheral olfactory process

Our studies did not provide evidence for the presence of morphological dif-
ferent receptor cells, therefore any odour discrimination may occur at sub-
microscopical levels,

Particles which could be part of receptor proteins or protein complexes are
present in high concentrations within the ciliary membranes and in the rest of
the nerve ending. With the surrounding phospholipids they form a fluid mosaic
membrane structure (SINGER and NicorsoN, 1972; SINGER, 1975). The long
distal ciliary segments, which contain the great majority of these particles
float in a probably aqueous mucus layer. They form a fluid phase with an
enormous surface area packed with particles, thus optimizing the receptor
process (Table XV). -

Many layers of receptor containing membranes are present, comparable to
the situation in visual cells which consist of many layers of rhodopsin con-
taining membranes within each outer segment (JAN and REVEL, 1974; references
Chapter 2). In the olfactory system, however, these membranes belong to dif-
ferent cells. In both cases the membranes surround structures of axonemal
origin (THURM, 1969; BARBER, 1974; VINNIKOV, 1974),

It is conceivable that interactions occur between adjacent olfactory cilia
through contacts, thus activating the conductive system of a number of sur-
rounding nervous cells. However, this would tend to reduce, rather than in-
crease discrimination of odours, unless odour reception is based on a non-
specific receptor which acts with different affinities towards odorants. Sofar,
our freeze-etch results did not indicate the presence of specialized junctions
between adjacent cilia, although ultrathin sections did show close interaction
and even fusion between ciliary segments (Fig. 40). If ciliary communication
exists, a messenger should be present. This messenger should be non-specific.
Carnosine, which is found in high quantities in the olfactory pathway (MAR-
GoLIs, 1974, 1975), might be considered as a possible candidate. Ciliary com-
munication or not, the message could anyhow be translated and transferred
according to mechanisms involving cyclic nucleotides and microtubular
proteins (ATEMA, 1975; OLSEN, 1975; Chapter 1 of this paper).

Furthermore, the quantitative observations have indicated that odour re-
ceptors may interact with high affinity towards odours. The binding process
is probably best described by a low substrate versus high receptor interaction.
This would mean that edour receptors can be beiter compared with hormone
receptors than with enzymes (KAHN, 1976).

We have tried to provide some quantitative data concerning odour receptor
structures. Although these data are indispensable (GRAZIADEL 1974a), their
interpretation seems to stress the need for biochemical analysis once more.
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4. ATTEMPTS TO ISOLATE OLFACTORY NERVE ENDING
PROCESSES FROM BOVINE OLFACTORY MUCOSA

4,]1. INTRODUCTION

In order to conduct biochemical studies, it is necessary to obtain relatively
pure fractions of olfactory nerve ending structures. This means that other cel-
lular and subcellular structures should be removed as good as possible. Since
no specific markers for the olfactory receptor cell nerve ending membranes
are known at present, such isolation procedures are difficuli,

An adequate plasma membrane marker for metazoan sensory receptors is
only known for the visual system : the protein thodopsin (IDAEMEN, 1973 ; EBREY
and Honig, 1975). Furthermore, the receptive structures, the outer segments,
are easily obtained here (MIKI et al., 1974). In other systems the receptors can
be isolated by using their specific binding properties. This procedure allows
the isolation of e.g. cholinergic receptors (CHANGEUX et al., 1975) and receptors
for hormones (KaHN, 1976).

Recent biochemical work on taste showed competition for sweet com-
pounds in taste bud plasma membranes, while such competition could not be
found in the epithelium surrounding the buds (Lum and HENKIN, 1976). In the
latter report, dissociation-constant rank orders are consistent with electro-
physiological work. Sofar, this study is to our knowledge the most convincing
biochemical work carried out on any of the vertebrate peripheral chemical
senses. For the olfactory organ no such studies are available at present.

When we started our investigations, a method for obtaining plasma mem-
brane fractions from olfactory nerve endings had been developed (KocH and
NORRING, 1969). This method was based on procedures developed by WHIT-
TAKER {1965) for obtaining synaptosomes. As main biochemical marker, the
presence of Na™-K -ATPase in plasma membranes was used. KocH and
NORRING (1969) also supplied some electron microscopical evidence for the
presence of plasma membranes with ciliary fragments attached in their frac-
tions.

The main purpose of the present investigation was to develop better methods
for obtaining olfactory receptor processes. The presence of ciliary fragments
was used as a morphological marker.

To date this objective has not been achieved. We think, however, that a
description of our attempts might be of some help to future workers, and
prevent them from falling in the same traps we encountered.
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4.2, MATERIALS AND METHODS

4.2.1. Obtaining samples of olfactory tissue

Bovine heads were obtained from local slaughterhouses. The heads were cut
sagittally and the required mucosal area was sampled. This dissection and all
isolation procedures were done at a temperature of 4°C. After dissection, the
samples were subjected to a variety of treatments in order to obtain a sub-
cellular fraction enriched specifically in plasma membrane vesicles and ciliary
fragments originating from the olfactory nerve endings. All isolation attempts,
except those described in Sections 4.2.3.6. and 4.2.3.8., were done on adult
bovine material. In 4.2.3.6. sheep mucosal samples were used, while in Section
4.2.3.8. juvenile bovines were used.

This 1solation process consists of two major steps: /. the preparation of the
required organelles and 2. the relative enrichment of these receptor-bearing
organelles. Although the first objective could not be attained to a satisfactory
degree, purification procedures — following the preparation — were begun on
our crude cellular suspensions.

4.2.2. Preparation of samples for morphological characterization

Since no specific biochemical marker for the peripheral olfactory receptor
structures is known, a morphological marker was selected. We used the rela-
tive enrichment in ciliary fragments as observed by electron microscopy. The
characterization procedurc was very time consuming. Therefore the number
of experiments on which our observations are based is necessarily limited. The
preparation of the samples used for characterization in the electron microscope
was carried out as described in Chapter 1. The only difference was that the
samples were routinely spun down in a Coleman centrifuge (about 15,000 x g:
2 to 3 minutes) after each step of the sample preparation. The Araldite blocks
were sectioned at different levels (BREESE and ZACHARIA, 1974).

Occasionally negative staining methods were used, which entailed staining
of the samples with 1% phospho-tungstic acid brought to pH = 7.0 with KOH.
Bovine serum albumine (Fraction V; 0.01%,) was also added.

The- tissue remaining after this preparation procedure was usually examined,
both by transmission and by scanning electron microscopy.

4.2.3. Isolation procedures
The various isolation steps described in this chapter, are labeled with letters
A through P.

4.23.1. Scraping the mucosa

After removal of the mucosal samples from the nasal turbinates and the
nasal septum their surfaces were scraped (KocH and NORRING, 1969). The
scraped material was homogenized in an isotonic solution (0.32 M sucrose in
0.05 M Trizma base-TIICI, pH = 7.6). The samples were further treated ac-
cording to KocH and NorrING (1969). The same fractions that contained
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ciliary fragments in their preparation were subjected to electron microscopy
in our procedure (4).

4.2.32 Variations in ionic strength and pH of sampling solutions

An isotonic physiological solution, Krebs-D (Krees, 1950), pH = 6.8, was
used to rinse gently the olfactory mucosal tissue samples (B). The remaining
tissuc samples were vigorously shaken with a wrist-action shaker in the same
Krebs-D solution (C). Tissue samples were then vigorously shaken for three
minutes in a hypotonic phosphate buffer (0.05 M, pH = 7.4) supplemented
with 0.05 M CaCls. After this shaking, the suspension was made isotonic with
0.03 M sucrose (D). Suspensions B, C and D were filiered through cheese cloth
with a pore diameter of 450 pym. The filtrates were then centrifuged at 15,000
% g {4°C; 20 minutes) in a Sorvall 85-34 centrifuge. The pellets consisted of
a red bottom layer and a yellowish top layer. The two layers were separated
with a spatula, thus giving a total of six samples.

Supernatants were centrifuged at 65,000 x g for 90 minutes in the same
solutions as used previously. The 9 pellets, as well as the remaining tissue
samples, were subjected to electron microscopy.

4.2.33. Ficoll density gradients as function of the sampling
method

Mucosal samples of the bovine olfactory area were soaked in 2.5mM Hepes
buffer, pH = 7.0. The buffer was made isotonic with mammalian Ringer (E).
AsH and SkoGeN (1970) employed such a soaking method, except they used
sucrose instead of Ringer to make the sampling medium isotonic.

Instead of soaking, mucosal samples were vigorously shaken with the same
sampling solution (F).

Mucosal samples were again vigorously shaken in the same sampling buffer/
Ringer solution. This time the solution was made viscous with 30%, Ficoll,
which we thought might result in a more gentle shaking action while hardly af-
fecting the osmolarity of the medium (G).

Suspensions £, F and & were filtered through cheese cloth (pore diameter:
450 um). The filtrate G was then diluted by a factor five with Hepes;/Ringer
and spun at 60,000 < g for | hour {(4°C). This action was thought to remove
most of the Ficoll.

Suspensions £, F and G were then supplemented with Hepes/Ringer to 50 m!
and dehydrated in dialyzing tubing with Aquaside (Calbiochem). We thought
this to be a more gentle action to concentrate the sample than differential cen-
trifugation and we hoped to isolate intact structures by this procedure. A dis-
advantage of this method was that the buffered medium was also concentrated,
which increased the ionic strength of the fluid medium surrounding the sus-
pended samples.

Hepes/Ringer was added to the concentrates in order to bring them to a
level of 5 ml and, subsequently, these suspensions were gently homogenized
with a loose pestle Potter homogenizer (5 strokes). The samples obtained
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were then layered upon a 5.7%,-45.5% (w/w) continuous Ficoll gradient,
made up in the same buffered Ringer solution in 30 ml centrifuge tubes. Cen-
trifugation at 30,000 x g lasted for 135 minutes and was carried out in a
Beckman 50-2L ultracentritfuge.

The centrifugation resulted in two bands for the suspensions Fand & (shaken
suspensions), and in one band for the soak suspension (F). However, the soak
suspension was lost while trying to punch the tube. All three tubes contained
sediments.

The two remaining tubes were frozen in liguid nitrogen and the bands and
intermediate layers were sliced with an electrically heated metal wire along
with the tubes. The obtained samples were washed in Hepes/Ringer at 35,000

X g. The supernatants were washed once more at 60,000 x g. Both centrifuga-
tions lasted 60 minutes. The main objective for these washings was to remove
the Ficoll, which might otherwise have interfered with the microscopic ob-
servations. The pellets resulting from both washings were pooled. The wash-
ings may have nullified initial beneficial effects of the Aquaside dehydration.

Along with the four bands obtained, the pellets, the dialysates and the

initial suspensions were all subjected to eleciron microscopy.

4234 Differential centrifugation

Tissue samples were left to stand (soaked) for | hour in 0.02 M Hepes/Ringer,
pH = 7.0. Subsequently, they were shaken on a wrist-action shaker for 30
minutes and then sonicated for 30 seconds at setting 2 with 2 MSE sonicator.
This sequence was chosen in order to collect as much of the required sample
{(ciliary structures) as could be hoped for.

After filtration through cheese cloth, the resulting suspension was subjected
to differential centrifugation. The following sequence of g-values was used:
480 x g, (twice, with peliets pooled), 3,050 x g, 9,750 X gand 25,000 x g.
The supernatant obtained from the previous centrifugation was spun at the
next g-value. All spins lasted 20 minutes, and samples for electron microscopic
observation were taken from all stages (H).

The method used is similar to the one developed by KoroLEv and FroLov
(1973), who also employed sonication and subsequent differential centrifuga-
tion in order to obtain olfactory cilia from frog olfactory mucosa.

A Sorvall 88-34 and a Beckman 50-2L cenirifuge were used in the experi-
ments described above.

4.2.3.5. Differential and density gradient centrifugations

At this stage the possibility of contamination of the olfactory samples with
respiratory tissue was realized, therefore the sample dissection was restricted
to nasal areas which were selected more carefully than had been done pre-
viously. The preparation steps were the same as under H (4.2.3.4.). After the
cheese cloth filtration the resultant suspension was subjected to differential
centrifugation. Now the following sequence of g-values was employed for 20
minutes each 1,000 X g, 5,500 x g and 60,000 < g, using the same centrifuges
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as employed above.

The 5,500 x g pellet was subjected to a continuous Ficoll gradient (11.5%5—
31.5%, wiw). Densities were measured by the refractive indices once the cen-
trifugation was finished (PRICE, 1974).

Centrifugation was carried out in 30 ml centrifuge tubes at 30,000 x g and
lasted two hours. Two bands were obtained which were washed at 60,000 x g
in order to remove the Ficoll. The samples were then suspended with a whirl-
mixer and loosely homogenized with a Potter homogenizer (5 strokes).

The suspensions of the two bands thus obtained were subjected to a second
gradient (13%,-34°%/ Ficoll, w/w). Both gradients were prepared in the dis-
secting medium, This centrifugation was carried out at 55,000 x g and lasted
12 hours. No clear bands could be distinguished. The samples were obtained
by aspiration with a Pasteur pipette. Isodense fractions obtained after the
second centrifugation on the two bands of the first gradient were combined.

After washing the samples at 60,000 x g for 30 minutes, eight final frac-
tions together with 13 samples obtained in previous stages were subjected to
electron microscopical examination (/).

4.2.3.6. Methods adapted from isolation procedures for motile
cilia and rod outer segments

A. MENEVSE (Pers. Comm.) developed isolation methods for olfactory cilia
which were adapted from methods for isolating motile cilia types (see review
GOLDSTEIN, 1974) (J). He also attempted to isolate the material of interest using
methods which were developed for the isolation of rod outer segments (MIKI
et al., 1974) (K). Samples obtained in this way by MENEVSE were also subjected
to an clectron microscopical investigation. This work was done on sheep tis-
sue.

4237 Millipore adhesion of the epithelium surface and zinc
sulfate disruption

The epithelium surface was adhered to a millipore filter (pore width 0.45 um,
2.5 cm filter diameter; D¢vING in: OTTOSON, 1970). The material which ad-
hered to the filter was scraped off and subjected to a differential centrifuga-
tion (L).

Tissue samples were gently shaken in a buffered solution (2.5 mM Hepes/
Ringer, pH = 7.0) supplemented with 5%, ZnS0,. The shaking lasted two
hours (M). The substance collecied from the millipore filters and the ZnSO,
suspension were each subjected to differential centrifugation. The following
sequence of g-values was employed: 1,500 x gand 9,750 x g. Each centrifuga-
tion lasted 20 minutes.

The peliets obtained were examined by clectron microscopy. Ultrathin
sectioning and negative staining methods were used in this case. Millipore
filters, before and after scraping of the sample, were examined both by trans-
mission and scanning electron microscopy.
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4.2.3.8. Adhesion of the epithelium surface to a china tile with
and without freezing

Tissue samples were with their nerve ending sides attached to a china tile.
The material remaining on the tile after removal of the mucosal leaflet was
collected and examined (N).

The same removal and collection procedure was carried out after liquid
nitrogen had been poured over the tissue sample (), and also the epithe-
liurn surface had been scraped with a scalpel blade while the mucosal sample
was in frozen condition due to liquid nitrogen treatment (P).

4.2.4. Determination of the degree of purification of olfactory processes using
morphological methods

The degree of purification was calculated by means of an estimation of the
surface area occupied by ciliary segments of olfactory origin as a function of
the total arca covered by tissue fragments and occupying one hole of a 400
mesh electron microscope copper grid.

The area (S) of such a grid hole occupied with tissue material can be de-
scribed as follows:

S—bx4 (14)

in which A4 is the surface area of the grid hole and 6 the fraction of that area,
which is occupied with material of tissue origin. 4 equals about 2,000 yum?
and » was roughly estimated to be 1/4, The area occupied by sectioned material
is thus about 500 um?.

Furthermore we assume, in order to facilitate calculations, that the number
of ciliary cross-sections roughly equals the total number of obligue and
longitudinal sections within a certain area and that the surface covered by the
oblique and longitudinal sections occupies five times the area covered by
cross-sections. Designating the arca occupied by a cross-section by « leads to:

@t say2 (15)

as the average area occupied by one ciliary section. Table VI (TEM column)
gives 0.17 um as the average diameter of a cilium. This value lays in between
the diameters of cilia of olfactory and respiratory origin, and it gives as average
area occupied by one ciliary segment 0.068 pm?.

We estimate that about | out of 10 ciliary sections is of olfactory origin (0),
while the other 9 segments are of respiratory (R) origin. The fraction of ciliary
segments of olfactory origin, as compared to all ciliary segments present can
now be represented by the following equation:

OO0+ R) (16)

This equation provides a correction for contamination with other ciliary
segments. We obtain for this equation 0.1. Respiratory columnar cells have
many more cilia than olfactory nerve endings, as may be seen in the photo-
graphs of Chapter 1. In addition, in respiratory cilia, the 9(2) + 2 axonemal
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structure is maintained over distances which are about 4 times longer than the
proximal segments of the olfactory cilia as concluded from TEM observations
(Table VI). Consequently, contamination of our preparations with a few re-
spiratory cells may result in great difficulties to recover ciliary fragments of ol-
factory origin.

When we find a total of #n ciliary fragments per hole area of a 400 mesh grid,
it can be calculated that these » fragments occupy a certain fraction (in %} of
the total amount of tissue, present within an open grid area:

1 a + Sa O

X % xn x 100%,
b x A4 2 O+ R a7

The three factors at the left of # are constants and have been discussed above.
If N is the number of hole areas used for one observation, we obtain factor P
for the degree of relative enrichment of sectioned material of olfactory ciliary
origin:

i=N .
P—=1iNY 00014 xn%, with N = 10-90 (18)
i=1 (usuaily about 20)

This factor does not include fragments of ciliary taper origin, since we were
not able to recognize such structures in our preparations. Furthermore, this
formula assumes the presence of an equal fraction of non-recognizable ciliary
fragments in all samples observed.

This enrichment factor is a crude approximation of the degree of purifica-
tion, but, as will be shown in the section on results, even a factor 100 difference
would not change our results drastically. In view of the many approximations,
no statistics were applied in this chapter, but large standard deviations would
certainly be found. The main purpose of defining an enrichment factor P was
to provide a means to select fractions which scemed most promising for future
work.

4.2.5. Materials
Unless specifically mentioned all chemicals were obtained either from
British Drug Houses or from Sigma Inc. and were of analytical grade.

4.3. RESULTS

4.3.1. Account of the presentation of the results

The number of methods described in the previous section (MATERIALS AND
METHODS) indicates that the aim of this study, the isolation and proper identifi-
cation of olfactory receptor processes, was not reached. In view of the negative
results, they will not be described in detail. Some implications will be mentioned
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which may be of relevance for similar studies.
The same heading and lettering system (4 through P) as used in the MATE-
RIALS AND METHODS section will be followed.

4.3.2. Isolation procedures

4.3.2.1, Scraping the mucosa

We consistently followed the isolation method developed by KocH and
NORRING (1969) for obtaining plasma membrane fractions from rabbit olfac-
tory nerve endings, yet hardly any fraction gave ciliary fragments in the case
of bovines and sheep. This situation is similar to the situation described by the
authors cited above for rabbit.

Adenyl cyclase and Na*-K-ATPase were used as enzymatic markers for
the presence of plasma membranes (DoDD, 1974; MENEVSE et al., 1974). The
results show that these enzymes are present in the olfactory mucosa. However,
since we cannot separate between different plasma membrane fractions it is
not possible to specify in which type and region of cells specific activities occur
(MENco et al., 1974a) (A4).

4.3.2.2. Variations in ionic strength and pH of sampling solutions

Cilia and nerve ending vesicles were collected mainly by employing cen-
trifugal forces of 15,000 X g. Yields of ciliary fragments were extremely low.
The red pellets obtained with 15,000 x g centrifugation contained more nerve
ending and respiratory cell fragments than the yellow pellets on top of the red
ones. No significant difference in ciliary yield was observed between the three
sampiing methods used, to know rinsing with isotonic Krebs-D (B), shaking
with isotonic Krebs-D physiological solution (C) or shaking with a hypotonic
buffer solution (D).

The yellow pellets contained about 12 ciliary fragments per 400 mesh grid
hole area, which gives (Formula 18) a relative enrichment of about 0.016%,
which 1s negligible.

4.3.2.3. Ficell density gradients as function of the sampling
method

The band obtained from the soaked sample (F) was lost, while trying to
punch the tube.

Mucosal samples shaken with Hepes/Ringer gave a band containing 26
ciliary sections per 400 mesh grid hole area, which gives a purification factor,
P, of about 0.035% (F). Material obtained from mucosal samples which were
shaken in the same solutions as above but made more viscous with Ficoll gave,
after gradient centrifugation, bands which hardly contained any recognizable
ciliary sections (G).

4324. Differential centrifugation
We wanted to get a better approximation of the most efficient g-value for
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sedimenting ciliary fragments, which would allow to subject the sediment (H)
more profitably to a density gradient centrifugation.

From the range of g-forces applied, the greatest quantity of ciliary fragments
was obtained at 3,050 x g {15, with P = 0.020%,), while the 9,750 x g pellet
contained about 13 ciliary sections (P = 0.018%;). The fractions obtained in
this experiment contained fewer nerve ending and columnar cell fragments
than the methods employed previously. This is probably due to the sonication,
which may also have destroyed many cilia.

4325, Differential and density gradient centrifugations

From the resuits of experiment A we concluded that the most efficient g-
value for sedimenting ciliary fragments is between 3,030 X g and 9,750 x g
and therefore we used 5,500 x g in the present experiment (/). The greatest
enrichment that could be obtained now was located in the pellet which went
through the second gradient. About 50 ciliary sections were found per 400
mesh grid hole area, giving an enrichment of P = 0.068%;. A representative
sample is shown in Fig. 55. Most ciliary fragments here are probably of re-
spiratory origin, as is concluded from the presence of dynein containing arms
on the microtubular doublet subfibers (Chapter 1). Much of the remaining
material in this section appears to be of mitochondrial origin.

FiG. 55. Gradient fraction, containing ciliary fragments. This fraction comprised the pellet of
a continuous Ficoll density gradient (55,000 x g for 12 hours). The medium surrounding
this pellet contained about 34°%; Ficoll, which was dissolved in 0.02 M Hepes supplemented
with Ringer (mammalian), pH = 7.0. This was one of the better fractions. Note the variety
in cell organelles other than cilia (C)-mitochondria (Mi) in particular. Most cilia seem to have
sedimented with the same g-forces as mitochondria.
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4.3.2.6. Methods adapted from isolation procedures for motile
cilia and rod outer segments

Neither isolation attempts based on methods for the isolation of motile cilia
(GoLpsTEIN, 1974) by A. MENEVSE (J), nor attempts adapted from methods for
the 1solation of vertebrate rod outer segments (MIKI ¢t al., 1974) were very
promising. However, the latter method yielded many columnar respiratory
cells bearing cilia, which showed that the initial dissection method also raises
important problems. Therefore it was tried to improve our dissection methods
as described in the next paragraphs.

4.3.2.7. Millipore adhesion of the epithelium surface and zinc
sulfate disruption

D@VING (in OTTOS0N, 1970) adhered epithelium surfaces to filter paper and
showed, without quantitative assessment, ‘that the filter paper did contain
many ciliary sections, presumably of olfactory origin. However, they might
also be of respiratory origin. We have used millipore filters since much of the
material is absorbed within the filter material in case of paper filters. Millipore
filters would perhaps absorb more of the material at the filter surface than in-
side. It is easier to recover the absorbed material from the surface, e.g. by
scraping with a spatula.

The filters were gently pressed on the epithelium surface. Even though the
material adhering to the filters was subjected to two differential gradient steps
after removal by means of scraping, no significant enrichment was obtained
(L}). When the filters, before and after scraping, were examined by scanning
and transmission electron microscopy only a few ciliary fragments were seen.

Preliminary experiments were carried out in order to investigate if the milli-
pore filter adhered samples contained reasonable amounts of microtubular pro-
teins. Microtubular proteins might be a suitable biochemical marker for receptor
fractions. The experiments involved subjection of the samples to SDS-(sodium
dodecyl sulfate) polyacrylamide gel electrophoresis (WEBER and OSBORN,
1969) and a colchicine binding assay (LAGNADO et al., 1971). However, sofar
no microtubular proteins were detected in reasonable amounts, indicating that
these protecins were either not present in detectable amounts in our prepara-
tions or lost or denatured during the separation procedure,

Shaking mucoesal samples in a buffered solution with 5% ZnSO, did not
prove to be successful (M). The ZnSO.4 treatment was conducted in view of
the fact that animals become anosmic after irrigation of the olfactory area
with this compound. Nerve endings and other structures are lost because of
such treatments (MULVANEY and HEIsT, 1971b; MATULIONIS, 1975, 1976),

4.3.2.8. Adhesion of the epithelium surface to a china tile with
and without freezing
The epithelium surface adhered to a china tile before (N) and after freezing
with liquid nitrogen (). Collection of the material lett on the tile after removal
of tissue leaflets did not give reasonable amounts of the required structures.
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Freezing the mucosal sample with liquid nitrogen and subsequent gentle
scraping of the sample surface also proved to be inefficient (P).

4.3.2.9. Examination of remains of tissue samples

It proved to be difficult, using both scanning and transmission electron
microscopy, to draw conclusions concerning the success of isolation proce-
dures from observations on remaining mucosal surfaces after the preparation.
Usually no differences could be scen between treated and untreated samples.
This may have been due to damage which occurred to the epithelium layer
during sample preparation. Alternatively, mucus could, at least in scanning
microscope observations, obscure the epithelium surface. Pathological features
cannot be excluded either, especially in adult animals.

Many apparently glandular openings were revealed in scanning microscope
observations after vigorous shaking of the samples. The shaking might have
ruptured the mucosal structures drastically, so thal the epithelium layer and
perhaps also layers underncath were removed, thus leading to exposure of
mucosal features of the lamina propria.

4.4, DISCUSSION

4.4.1. Evaluation of possible disadvantages of the observation methods

The negative results presented indicate that the isolation of peripheral ol-
factory processes is difficuit. The most gentle methods applied, ¢.g. adhesion
of the epithelium surface to a china tile, hardly produced any ciliary processes.

Part of the failures might be ascribed to inadequate sample preparation
metheds for electron microscopic observations, The use of the minifuge
during fixation and embedding procedures may have led to a loss of isolated
material. On the other hand Araldite blocks containing samples were sectioned
at several levels. Perhaps the uptake of fixed material in agar-agar would have
led to a reduced loss of material.

If considerable enrichment was obtained we should have noticed this despite
the arguments mentioned here.

4.4.2. Critical analysis of various methods used

4.4.2.1. Scraping mucosal surfaces

The application of KocH and NorrING’s (1969) method yielded few ciliary
sections. Scraping the mucosa presumably gives a great variety of plasma
membrane elements, containing only small amounts of nerve ending processes.
The mucus layer, which houses the receptor structures, occupies only 67/ of the
total epithelium height. Probably, scraping not only removes epithelium ma-
terial, but also large amounts of underlaying tissue.

Plasma membrane markers, such as Na *-K ~-ATPase, cannot be considered
as typical for nerve ending membranes only. Consequently KocuH’s later re-
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sults (KocH, 1972, 1973; KocH and DEsalaH, 1974; KocH and GILLILAND,
1977), showing different response-patterns of this ATPase as a result of odorous
interaction with plasma membrane preparations of various arcas of the ol-
factory organ, probably cannot be interpreted to reflect only reactions of nerve
endings, but represent activities common to mucosal structures. Unless it is
shown that various enzymatic activities of nerve ending plasma membranes
are specifically stimulated or inhibited by odorous compounds, no conclu-
sions can be drawn about the relation between the presence of these enzymes
and the receptor process.

Similar considerations may be made with reference to the work of Dobpp
(1970, 1971) and Kovama et al., (1971). The former author used KocH’s isola-
tion procedure and showed that different animals have difterent activities of
the enzyme Na*-K+-ATPase in crude fractions of peripheral olfactory origin
(Dobb, 1970). It was also shown that odorous compounds affect the fluores-
cence of the membrane probe 1-anilino-8-naphthalene sulphonate (ANS)
(Dopp, 1971), which was incorperated in such plasma membrane prepara-
tions. The two latter publications contain no micrographs. Kovama et al,,
(1971) devised a method rather similar to the one developed by KocH and Nor-
RING (1969). They sampled bovine peripheral olfactory structures by scraping.
No ciliary structures are present in their electron micrographs. Consequently,
adenyl cyclase activities in samples collected by scraping (BITENSKY et al.,
1972: KuriHARA and Kovama, 1972 ; MENEVSE et al., 1974) are also concerned
with plasma membrane fractions of the total mucosa and not of the nerve
endings alone.

4.4.2.2. Isolation procedures involving soaking of mucosal
samples

Soaking the olfactory mucosa in an isotonic medium (AsH, 1968, 1969; AsH
and SKOGEN, 1970) seemned more promising than sampling techniques involving
scraping according to light micrographs (AsH and SKOGEN, 1970). The light
micrographs revealed that only the layer containing nerve endings had been
removed by the soaking technique. Sofar no electron micrographs of the tis-
sucs treated in this way have been published but publication of such photo-
graphs has been announced (ASH and SKOGEN, 1970). The primary aim of AsH
and SKOGEN’s work was not to obtain fractions enriched in nerve endings.
They showed ascorbic acid to be a cofactor of a protein which in some way 1s
involved in odour reception. Drs. D. J. SAATHOFF and W. D. ELLIS in the lab-
oratories of the Honeywell Corporation, Minnesota (Pers. Comm.) showed
that the response involving ascorbic acid was non-specific and that this re-
sponse could be obtained equally well and sometimes even better in a number
of other tissues, including brain, liver and kidney. DopD and Casn (1974) sug-
gest that the primary function of the ascorbic acid in the olfactory mucosa is
to act as an antioxidant, and that it does not play a direct role in the trans-
duction mechanism, but that it may inhibit lipofuscin formation.
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4423 Sampling techniques involving sonication of mucosal
tissue

KoroLEv and FroLov (1973) used sampling techniques which involved
sonication and subsequent differential centrifugation. They claim to have ob-
tained fractions enriched in ciliary structures from frog olfactory mucosa.
The morphological evidence provided for the presence of such cilia in their frac-
tions seems to be based on one electron micrograph of one cilium. GUSEL'NIKOV
et al. (1974) showed by differential spectropholometry that mucus fractions
and ciliary samples obtained by the method of KoroLEv and FroLov (1973)
contain proteins with different sensitivities towards odorants.

4.4.3. Implications of the present critiques for previous studies on the biochem-
istry of olfaction

Since, as has been described above, most previous studies on the biochem-
istry of peripheral olfactory processes were based on tissue material obtained
by similar methods as the ones we have employed, it seems doubtful whether
these studies were dealing indeed with material adequately enriched with nerve
ending structures. Therefore some reservations have to be made when inter-
preting the results of these biochemical investigations, designed to elucidate the
nature of primary receptor processes.

4.4.4. Relevance of anatomical information for biochemical studies

Results on anatomical details of the olfactory mucosa as described in the
previous three chapters have some relevance for biochemical studies on olfac-
tion. Mapping studies (HEIST et al., 1967; MuULVANEY and Heist, 1970) have
shown that the epithelium is present on extremely complex nasal turbinates, and
that even within these restricted areas olfactory areas alternate with respiratory
arcas. Nasal turbinates are very convoluted, which makes it difficult to remove
undamaged epithelium from this region. Morcover, the attachment of the
olfactory mucosa to the underlying bone of the turbinates seems to be tighter
than in the case of respiratory epithelium. When the olfactory mucosal layer
is removed a ribbed bony surface remains. This surface is less ribbed in the re-
spiratory area.

Once mucosal samples from olfactory origin have been dissected, it will
probably not be an easy task to isolate the receptive processes. Scanning elec-
tron micrographs, like Fig. 17, and high-voltage transmission electron micro-
graphs (Figs. 41 and 43) clearly illustrate the complexity of the surface layer
containing the nerve endings. Distal processes of cilia and microvilli of sup-
porting cells form an intensively dense carpet, in which all kinds of other
structures such as granular masses (Fig. 24) and a variety of vesicles (Figs. 40
and 41) seem to be entangled. Furthermore, distal ciliary segments and micro-
villi have an identical diameter (Table VI), It seems most unlikely that, without
the aid of substances with specific binding properties, microvillous structures
can be easily separated from the distal segments of olfactory cilia. The isola-
tion of complete ciliary structures seems even more unfeasible, since it is virtual-
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ly impossible to disentangle such a complex morphological structure, without
damaging the required structures. We were unable to identify in our prepara-
tions the ciliary tapers, which probably possess most of the receptive surface
area. This is indicated by our results (Chapter 3) and the conclusions of Ker-
JasCHKI and HORANDNER (1976): particles embedded in the ciliary mem-
branes are supposed to represent receptor proteins. These proteins could con-
ceivably be used as a marker. Therefore we think that, despite the practical
objections mentioned above, it seems promising to aim for the isolation of
ciliary tapers in future biochemical work. It seems also advisable to use juvenile
instead of adult animals in this research, since unwanted pathological and
other morphological aberrations are less likely to occur in juveniles (Chap-
ters 1 and 3).

Biochemical studies on olfaction should also involve a study of the sup-
porting cells. In Chapter 2 we have shown that bovine microvilli contain
globular particles in their membranous fracture faces, while the analogous
fracture faces in rat contain rod shaped particles. In mouse (KERJIASCHKI and
HORANDNER, 1976) the rod shaped particles are limited to the membranous
fracture faces above the tight junctions and do not involve the microvilli.
These differences could be species specific, but they could just as well represent
different metabolic conditions. Recently evidence is accumulating that the
shape of the supporting cells and their microvilli might be sex dependent. SAINI
and BrerpouL (1976) showed that supporting cells have a different appearance
in male and female Rhesus monkeys. Furthermore, the shape of these cells in
the female changes during the menstrual cycle. This work provides morpho-
logical evidence for differing olfactory sensitivities in males and females (see
also KOELEGA and KOSTER, 1974).

Moreover, TAKAGI and OxkaANO (1974) and OxanO and TaGaki (1974)
present evidence that in the bullfrog supporting cell apical parts detach from
those supporting cells upon stimulation with odorants (such as chloroform}
which elicit & positive electro-olfactogram.

These apical parts contain secretory granules which disintegrate in the
mucus. In all these studies the effects on the bipolar sensory cells were less
pronounced. Although the role of the supporting cells remains uncertain
these studies show that they are sensitive to changing circumstances. Therefore
a study of the biochemistry of olfaction should involve these cells as well.

Future isolation attempts should probably involve cellular separation
methods. Digestive enzymes such as hyaluronidase and collagenase might be
used to dissolve the mucus and to loosen cellular connections. These enzymes
have been successfully applied to disperse ciliated cells of the frog pharyngeal
epithelium (WiILsON et al., 1975). After these digesting procedures the several
cell types, such as olfactory bipolar and supporting cells and respiratory
columnar cells, have to be separated. Centrifugal clutriation (FLANGAS, 1974)
might provide a means to obtain this objective. Elutriation uses cell size, rather
than cellular densities as means of separation. Once a reasonable pure fraction
of olfactory bipolar cells has been obtained, methods can be applied to snap
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off the ciliary structures (BLUM, 1971; GoOLDSTEIN, 1974). Like other types of
cilia (BLum, 1971), olfactory cilia probably possess a basal breaking point.

Dispersion methods have been applied to rabbit olfactory epithelium (AsH
et al., 1966), but to our knowledge this work has not been continued. These
authors showed that the medium containing the dispersed cells consisted of
approximately equal amounts of respiratory columnar cells and supporting
cells and bipolar receptor cells together.

Tissue cultures (HEIST et al., 1967; FARBMAN, 1973; FARBMAN and (GESTE-
LAND, 1974b, 1975) could also serve as a starting point for separation proce-
dures. Sofar they have only been used in electrophysiological work.

4.4.5. Alternative approaches

MarcoLss (1972) identified a soluble protein, which occurs at high con-
centrations in olfactory pathways. He found that this protein, which seems to
be involved in the carnosine metabolism (MARGOLIS, 1974), is most likely mainly
synthesized in the olfactory epithelium (MARGOLIS and TARNOFF, 1973; MAR-
GOLIS, 1975). However, the occurrence of this protein is not limited to olfactory
epithelium, because it is also found in the bulbus, This protein, together with
microtubular proteins, could serve as a biochemical marker when isolating
structures from the peripheral olfactory system.

GENNINGS et al. (1974, 1976, 1977) have used sex-specific pheromones in
pig and found that the olfactory mucosa contained a fraction with specific
binding behaviour towards these pheromones. Affinity-labeling could be used
when isolating structures, in which this protein is present.

MENEVSE et al. (1977) used protection and photoaffinity techniques in an
electrophysiological approach and found evidence for selective labeling of ol-
factory receptors. Similar techniques could be applied in future isolation at-
tempts. Techniques to isolate specific plasma membrane regions of one cell,
as is desirable in studies of this type, have only recently been initiated (see re-
view NEVILLE, 1975), and are currently used in simpler systems than the olfac-
tory organ.

However elegant some of the above approaches are, without a thorough
morphological characterization of remaining tissue material and obtained
fractions, such as the one devised for the isolation of taste buds by Lum et al.
{1976), no convincing biochemical work can be performed on the olfactory
system.
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SUMMARY

Nervous extensions, belonging to bipolar sensory celis and directed towards
the nasal lumen, contain receptors for odorous molecules. Little is known
concerning the nature of these receptors. No biological receptor system is
known which interacts with such a great variety of compounds as the odour
receptor system. Unfortunately, at the present stage biochemical studies of
this interesting organ are limited due to various technical problems. These
biochemical studies require sufficient amounts of tissue at a suitable level of
purity. Lack of sufficient quantities of tissue combined with laborious prepara-
tion procedures have caused great difficulties in studying the biochemistry of

TaBLE XVI. Some morphological features of the bovine olfactory epithelium compared
within three different groupings’).

Height olfac- Nerve ending Observed number
tory epithclium  density per of cilia per
pJm cm? ¥ 10-¢ nerve ending
1. Age groups:
a) adult 97 + 2% 6.1 + 0.6* 12.6 + 0.3°
b) juvenile 100+ 7 6.2 4+ 0.3 124 + 0.3
II. Transition from
olfactory to respiratory
epithelnmm .
a) olfactory normal 06 + 7 6.3 + 0.3 12,6 - 0.3°
b) olfactory transition 90 + 8 5.6 + 0.6 12.1 &+ 0.6°
III. Different areas
within the olfactory
epithelium
a) septum 130 + 14* 8.3 -+ 0.6 129 + 0.6
b) cribriform 95 + 2% 5.7 + 0.5° 12.1 4 0.4°
¢) ethmoturbinates 91 4 7 50 4 0.3® 12.4 + 0.4°
IV. All data®y %) 99 1 5(23'%) 6.2 + 0.3(4.8271y 12,5 4 0.3(3.4!%%)

1) The presented values are pooled from observations on 524 micrographs, obtained by
light microscopy, and by thin and thick section transmission and scanning electron micro-
SCOpY.

2) The means are presented with their standard errors. Differing superscripts indicate
significant differences between the values within the column of one grouping (I, If and IIT)
with P < 0,05 as calculated with Student’s t-test.

%) The numbers between the brackets represent the standard deviations of the means
depicted. The superscripts indicate the number of observations.

*) A significant, although low correlation (0.5 with P < 0.05) exists between the epithe-
lium height and the nerve ending density. Significant correlations between epithelium height
or nerve ending density, and the number of observed cilia per nerve ending could not be de-
tected.
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FiG. 56, Diagrammatic representations of an olfactory cilium (A) and a respiratory cilium
(B), and of nerve ending densities, and lengths and number of olfactory cilia (C). The three
diagrams are drawn to scale. In (C) nerve ending densities are presented according to the
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mean density of Table XV1. Cilia are drawn according to average (proximal segments) and
estimated (distal scgments) length (Table XVII). The circular diagram shows about 85
ciliary sections {5 nerve endings, each containing 17 cilia} from autochtonic nerve endings.
Woe estimated that these form only 5%, -10°% of the total amount of ciliary segments in such
an area. The linear diagram in 56C shows that the cilia of one nerve ending may extend
over approximately 15 other nerve endings. Cilia are drawn over 60 um. (Chapter 3.) All
features drawn in Figs. 56A and B are present in the photographs of Chapters 1 and 2. 4-E:
basal body cross-sections; F-H: cross-sections through proximal ciliary scgments and
analogous respiratory ciliary regions; J-L: cross-sections through distal ciliary segments
G, and G0 a most common cross-section through an olfactory and respiratory cilium.
Note the absence of arm-shaped structures on the doublet subfibers in the olfactory cilium.
R: rootlet of the basal body of the respiratory cilium.

I: fibrogranular microtubuli pool; 2: nerve ending microtubuli; 3: nerve ending microvilli;
4. endocytotic vesicles; 5: ciliary necklaces; 6: P-membranous fracture faces depicting intra-
membranous particles. Many particles are present in these faces of the olfactory cilia, while
only few are present in the respiratory cilia. The P-face represents the inner membranous
lamina. 7: adhering mucus; 8¢ and #: some formations of the distal ciliary segments as ob-
served by high-voltage electron microscopy; 9: vesicle formations of the distal segments;
10: ciliary tips; /1: vesiculated tip, which is in contact with a tip of another cilium.

the peripheral olfactory system (Chapter 4). The present study deals with
bovines and occasionally sheep since their olfactory area is large and samples
were readily available.

However, no morphological data on this tissue, essential to support bio-
chemical analyses, were available for these animals when we started this study.
Therefore morphological studies were begun. Olfactory tissue was compared
consistently with ciliated nasal respiratory mucosal tissue. The following ob-
servation methods were used: light microscopy, thin and thick section trans-
mission and scanning electron microscopy. Thick sections were examined at
1,000 kV in an AEI-EM7 high-voltage electron microscope. We hoped, in vain
however, that this technique would enable us to see olfactory cilia over their
whole length. High-voltage techniques had not been applied previously to this
tissue. Some photographs prepared with this technique and with the scanning
clectron microscope are presented as stereopairs (Chapter 1). In addition
freeze-ctch techniques have been applied (Chapter 2) to both epithelium types.

The olfactory epithelium is a pseudostratified epithelium covered with a
mucus layer of about 5 um which contains nerve endings from olfactory den-
drites. The bipolar receptor cells themselves possess a more or less constant
number of cilia (Table XVI) along with some short microvilli (Fig. 56). The
dendrites are embedded in an epithelium layer which also contains supporting
cells bearing microvilli, some atypical brush cells (which are also found in the
respiratory epithelium), and apical parts of the Bowman glands. Most atten-
tion is paid to the mucous surface of this epithelium which contains the cilia
and microvilli.

Olfactory cilia in the cow are thought to be immotile in contrast to the cilia
of the respiratory epithelium. In other cilium types immotility corresponds with
the absence of dynein containing arms on the microtubular doubiet subfibers.
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Therefore dynein, a Mg ™ ~-activated ATPase, and the arms which contain this
enzyme, are thought to be responsible for ciliary motion. The arms were ob-
served in respiratory cilia, but not in the axonemal structures of olfactory cilia
{Fig. 56, Table XVII and Chapter 1).

In Fig. 56 and Table XVII several other differences between the two cilia
types are presented. These tabulations may help to properly identify olfactory
cilia during isolation procedures (Chapter 4). At the moment no identification
techniques other than microscopy are available. Despite these tabulations
proper identification, especially on cross-sections, remains difficult. This is
due to the fact that respiratory cilia are present in a vast abundance on the
columnar cells while the dendritic nerve endings contain much less olfactory
cilia. Apart from that, respiratory cilia contain the normal 9{2) + 2 axonemal
structure over distances which are about four times greater than the proximal
segments of the olfactory cilia. We calculated that our isolation did not ex-
ceed an enrichment of 0.07%; in proximal segments of olfactory cilia as per-
centage of the rest of the cellular material present in the sections on the micro-
scope grids (Chapter 4).

Scanning c¢lectron microscopic observation of the nerve endings with
proximal cilium segments is frequently accompanied by a loss of the distal
ciliary segments. This might be caused by the sample preparation method used.
However, the nerve endings themselves can be clearly observed by this tech-
nique (Chapter 1). Although often tapers too could be seen clearly with this
method, they were observed optimally with high-voltage transmission tech-
niques (Chapter 1). This technique also revealed many empty areas surrounded
by ciliary tapers (Fig. 56). These areas might represent expanded air-membrane
interfaces. The air might have contained odorous compounds. Concetvably
these areas could facilitate odorous interaction since the odorant molecule,
which is usually amphiphilic with a large hydrophobic moicty, might pass the
watery mucus in such airsacks. Alternatively, these bubbles could have been
caused by passing secretion or tissue degradation products. Furthermore the
high-voltage technique as well as the scanning technique showed clearly the
complexity of the mucus layer which contains ciliary tapers and supporting cell
microvilli.

Cilia often contain vesicles (Fig. 56), at least in the olfactory cells. These
vesicles might be a feature of ciliary degradation, but they might also represent
a functional stage. Sometimes vesicles belonging to different tapers seem to
fuse (Chapter 1). Fracture faces of the membranes of such vesicles contain
particles like the rest of the cilium (Chapter 2). Recently, however, we ob-
served in rat that these vesicles are frequently devoid of particles in contrast
with the rest of the cilium. Therefore different types of vesicles may exist.

Ciliary necklaces have been observed with all techniques applied, including
scanning electron microscopy.

Table XVI summarizes the most interesting results of a thorough statistical
analysis of a number of photographs (524) from samples prepared with various
methods with the exception of freeze-ctching (Chapter 3). The purpose of this
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analysis was to establish the presence of morphological differences in nerve
ending types and to investigate on a quantitative basis the possibility of varia-
tions in nerve ending density.

Three ditferent groupings were investigated : (¢}adult as compared to juvenile
tissues; (h) olfactory as compared to respiratory epithelium and (c) three mor-
phological different areas of the olfactory epithelium were compared to each
other. The number of observed cilia per nerve ending (12-13) is remarkably
constant in the olfactory tissues and seems to be independent of the groupings
examined. In fact, there are probably about 17 of them present per nerve ending,
since part of the cilia remains obscured behind the visible part of the nerve
ending.

The nerve density in the nasal septum shows the greatest deviation from the
average (34%,). The density is correlated with epithelium height, which is also
highest in the septum. The density seems to decrease by about 209 with in-
creasing age, from 5 x 10° nerve endings/em? in calves of a few weeks old till
4 x 10% perve endings/cm? in adults. These figures were obtained by recalcu-
lation of densities obtained at microscope magnifications lower than 10K.
These calculations gave probably more accurate mean densities than the
values of Table XVI1. The reduction of the density of nerve endings appears to
be too small to be inversely proportional to the expansion of the olfactory
areas during growth. Therefore, our findings indicate that new nerve endings
are formed postnatally in the olfactory area (Chapters 1 and 3). Occasionally,
whole areas of apparently recently formed nerve endings have been obscrved
in adult animals with the scanning method (Chapter 1). Several authors, using
radioactive labeling techniques, have shown that formation and regeneration
of peripheral olfactory nervous tissue occurs in mature animals.

The statistical analysis also indicates that there is a slight decrease in the
size of nerve ending structures with age. Fig. 56C gives a diagrammatic re-
presentation of nerve ending densities and the number of cilia per nerve ending
and per surface area.

The major conclusion to be drawn from this part of this study is the presence
of a rather homogeneous type of nerve ending. If different types do exist, then
they must occur in aggregations smaller than the ones studied. If, at that level
too, no different types can be found (apart from the normal variation of course),
then odorous discrimination can solely be attributed to differences at a sub-
microscopical, probably molecular level (Chapter 3).

Freeze-etch studies indicate the presence of a dense intramembranous par-
ticle population in the P-faces (inner faces) of olfactory cilia. In our experi-
mental animals this density is about a factor of 19 higher than the particle
density on the same faces in respiratory ¢ilia (Table XVII; Fig. 56; Chapter 2).
As mentioned before, olfactory cilia are probably immotile in contrast with
respiratory cilia. From this we conclude that these particles are probably not
involved in motility. Rather, it seems attractive to assume that they have a
sensory function. The presence of particles in membranes has frequently been
associated with the presence of specific proteins. Assuming that the particles
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in the olfactory nerve endings contain a single protein species which is involved
in odour reception allows an estimation of receptor concentrations present in
the mucus layer covering the epithelium. Using the data of Tables XVI and
XVH and knowing that the height of the mucus layer is about 5 um, permits
us to calculate particle concentrations. These may vary between 2 < 10~ ?mMol
(for 30 um distal ciliary segments) 1o 8 x 10~ 2 mMol (for 100 um distal ciliary
segments). We have also calculated that the maximum particle concentration
present in a similar mucous volume does not exceed the actual particle con-
centration by more than a factor 100 when compared to the particle concen-
trations for 30 um distal ciliary segments or more than a factor 30 when com-
pared to particle concentrations when only 100 um distal ciliary segments are
present. This indicates that the particle concentrations which are really present
are fairly high. Using STutveRr’s (1958) threshold data, we calculated that the
particle concentration is about 107 times higher than the odour concentration
at threshold, while the odour molecule/nerve ending density ratio showed, as
has been found previously, that a one to one ratio might exist. If the particles
contain a multi-unit proteinaceous receptor as seems to be the case for rho-
dopsin in the visual system, receptor concentrations might even be higher. The
great majority of these particles are located in the ciliary tapers (Chapters 2
and 3). The latter provide a fluid membranous environment containing a
mosaic of proteins embedded in the phospholipid bilayers. These tapers are
connected to the nerve endings themselves, which of course, is essential for
transmitting the neural message corresponding to the odorous stimulus.
They provide the olfactory organ with an elaborate system which is able to
pack a high receptor concentration in such a way that a transmitting function
which involves coding and eventually decoding of a message, can be properly
fulfilled (Chapter 3).

Microtubuli, present in both cilia, have several possible functions. They
provide the necessary support for the receptive membrane and might play a
role in ciliary growth and signal transmission. They could play a role in com-
bination with cyclic nucleotides (Chapter 1).

Very preliminary spin label studies, using stearic acid nitroxide spin labels
incorporated in the olfactory and respiratory mucosae of sheep indicated that
the olfactory mucosa provides environments for label incorporation which are
more hydrophobic and anisotropic than similar environments are in the re-
spiratory mucosa. These effects could be caused by the presence of proteina-
ceous particles which are visible by freeze-etch techniques (Chapter 2). Sofar
no differences in behaviour towards odoranis could be detecied between the
two mucosal types. although in both types, the olfactory as well as the re-
spiratory mucosa, water soluble odorants shifted spin label moieties to more
aqueous mucosal environments, while more hydrophobic odorous compounds
shifted those label moieties to more hydrophobic mucosal environments. The
odour concentrations used, however, were very high, as compared to natural
conditions.
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SAMENVATTING

KWALITATIEVE EN KWANTITATIEVE ONDERZOEKINGEN AAN DE
OPPERVLAKKEN VAN HET NASALE REUK- EN
ADEMHALINGSSLIDMVLIES VAN RUND EN SCHAAP
GEBASEERD OP VERSCHILLENDE ULTRASTRUKTURELE
EN BIOCHEMISCHE METHODEN

De olfaktorische- of reukzenuwcel behoort tot het bipolaire celtype waarvan
de dendrieten eindigen met knopjes waarop een aantal haarvormige uitlopers
zijn geimplanteerd. Deze haartjes, cilia, bevinden zich in de slijmlaag die het
reukepithelium bedekt. Vrij algemeen wordt aangenomen dat deze cilia het
merendeel van de geurreceptoren bevatten. Er is geen ander biologisch recep-
torsysteem bekend, dat op een dergelijke verscheidenheid aan stoffen reageert
als het geurreceptorsysteem. Over de aard van de geurreceptor is echter weinig
bekend doordat men dit systeem tengevolge van gebrekkige isolatiemethoden,
nog niet biochemisch heeft kunnen analyseren.

Het reukepithelium is moeilijk uit de nasale holte te verwijderen. Daardoor
is het vrijwel onmogelijk een redelijke hoeveelheid materiaal, benodigd voor
biochemische analyses aan dit weefsel, te verkrijgen. Bovendien moeten dan
nog strukturen die geen receptorfunctie hebben uit het ruwe materiaal verwij-
derd worden, om een preparaat te verkrijgen dat nagenoeg alleen uit olfakto-
rische cilia bestaat. Daar we niet beschikken over biochemische merkers die
specifiek voor deze cilia zijn, kunnen we voor een karakterisering alleen hun
morfologische verschijning gebruiken. Een dergelijke karakterisering aan de
hand van submicroscopische kenmerken werd bercikt met behulp van elektro-
nenmicroscopische technieken. (Hoofdstuk 4). In de onderhavige studie zijn
voornamelijk koeien en soms schapen gebruikt. Deze keuze werd bepaald
door de gunstige grootte van het geurrcceptor gebied, dat in de neus van deze
dieren gevonden wordt. Een bijkomend voordeel was dat dit materiaal via het
slachthuis verkregen kon worden.

Morfologische details, nodig ter ondersteuning van biochemisch werk aan
dit type epithelium zijn voor deze dierscorten niet beschikbaar. Wij waren
daardoor genoodzaakt alvorens aan een biochemische benadering te beginnen
eerst een morfologisch onderzoek uit te voeren, Eigenschappen van het reuk-
epithelium werden vergeleken met het aangrenzend nasale ademhalings- (res-
piratorisch} epithelium. Beide typen van epithelium dragen cilia.

De morfologische onderzoekingen werden uitgevoerd met behulp van de
volgende observatiemethoden : makroskopische observatie, lichtmikroskopie,
dunne- en dikke coupe transmissie- en raster-elektronenmikroskopie. De dikke
coupes werden bestudeerd in een AEI-EM 7 hoogspannings-clektronenmikro-
skoop bij 1000 kilovolt. Wij hoopten, zi} het tevergeefs, dat deze techniek ons
de mogelijkheid zou bieden olfaktorische cilia over hun hele lengte te voigen.
Deze technick werd nog niet eerder op dit weefsel toegepast. Sommige foto’s
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die met deze mikroskoop en met de raster-elektronenmikroskoop werden ver-
vaardigd zijn stereoskopisch weergegeven (Hoofdstuk 1). Tevens is op beide
soorten epithelium de vries-ets replika techniek toegepast (Hoofdstuk 2).

Het olfaktorische epithelium bestaat uit verschillende naast en boven elkaar
liggende celsoorten. Het epitheliumoppervlak is bedekt met een slijmlaag van
ongeveer 5 um dik. De knopvormige uiteinden van de dendrieten van de reuk-
zenuw bevatten een betrekkelijk konstant aantal cilia (Tabel XVI) en cnige
korte eveneens haarvormige microvilli (Fig. 56 en Hoofdstuk 1). De dendrieten
worden omgeven door de toppen van omringende steuncellen. De steuncellen
dragen eveneens microvilli. Het epithelium bevat verder basale cellen en enige
atypische cellen, die door borstelvormige haarbundeltjes zijn gekenmerkt.
Dit celtype komt ook in het respiratorische epithelium voor. Voorts worden
in het epithelium de toppen van kliertjes van Bowman aangetroffen. Waar-
schijnlijk kunnen er nog andere celtypes worden onderscheiden, die als voor-
lopers van sommige van de bovenstaande cellypes kunnen worden opgevat.
Onze studie betreft voornamelijk de mucus opperviakte, met de daarin opge-
nomen cilia en microvilli (Hoofdstuk 1).

De cilia van het reukepithelium kunnen zich, althans bij de koe, waarschijn-
lijk niet bewegen, in tegenstelling tot de overeenkomstige cilia van het respira-
torische epithelium. In andere typen van cilia gaat een onbewegelijkheid ge-
paard met de afwezigheid van armpjes dic aan de doubletstrukturen van de
mikrotubuli in de cilia zitten. Deze armpjes bevatten het enzym dyneine (een
magnesium geaktiveerd adenosine-trifosfatase). Dit enzym is verantwoorde-
lik voor de eigen beweging van dergelijke cilia. Deze armpjes hebben wij waar-
genomen in respiratorische cilia, maar niet in de olfaktorische cilia (Fig. 56 en
Tabel XVII; Hoofdstuk 1).

Fig. 56 en Tabel XVII laten, behalve bovengenoemd verschil, een aantal an-
dere verschillen tussen beide typen van cilia zien. Dergelijke morfologische
verschillen zouden kunnen worden gebruikt bij het identificeren van olfak-
torische cilia tijdens isolatieprocedures (Hoofdstuk 4). Ondanks de aange-
geven verschillen tussen beide ciliumtypes blijft, in het bijzonder wanneer
dwarsdoorsneden worden gebruikt, een goede identifikatie van de olfakto-
rische cilia moeilijk. Een verontreiniging van een olfaktorisch preparaat met
slechts een paar respiratorische cellen leidt tot een zeer moeilijk terugvinden
van de olfaktorische cilia. Respiratorische cellen bevatien veel meer cilia per
cel dan de bipolaire reukcellen. Verder zijn in de respiratorische cilia de negen
doublet- en twee singlet subvezels van de interné mikrotubulaire struktuur
aanwezig over een afstand die ongeveer vier maal zo lang is als in de cilia van de
reukcellen. Deze laatste cilia verdunnen zich na ongeveer 1,7 ym tot segmen-
ten met een doorsnede van ongeveer 0.08 um (Tabel XVII). Deze dunne seg-
menten kunnen een lengte hebben van ongeveer 0,1 mm. Deze segmenten blij-
ken moeilijk terug te vinden te zijn bij zuiveringsprocedures. Daarom ge-
bruikten we voor een karakterisering van fraktiies alleen de dikkere begin-
stukjes. De genoemde kenmerken van de respiratorische en olfaktorische cilia
hebben tot gevolg dat een respiratorische verontreiniging tijdens een olfakto-
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rische zuivering zeer hinderlijk is. Een dergelijke verontreiniging blijkt echter
niet of nauwelijks te voorkomen te zijn. Wij hebben berekend dat onze pogin-
gen om cilia van de reukzenuwcellen te isoleren slechts een verrijking oplever-
den van 0,077 ten opzichte van ander cellulair materiaal (Hoofdstuk 4).

Raster-elektronenmikroskopische waarnemingen aan de zenuwuiteinden
van de reukcel, welke nog de dikke beginstukjes van de cilia dragen, toonden
aan dat dikwijls de dunne ciliumuitlopers verloren waren gegaan . In andere
gevallen werden de reukceluiteinden zelf en de dikke beginstukjes van de cilia
door de ciliumuitlopers aan het oog onttrokken. In opnames gemaakt met de
hoogspannings-transmissie-elekironenmikroskoop werden de drie substruk-
turen van de zenuwceluiteinden tezamen goed waargenomen (Hoofdstuk 1).
Deze technick liet verder lege gebiedjes zien, omgeven door ciliumuitlopers
(Fig. 56 en Hoofdstuk 1). Deze gebiedjes zouden kunnen dienen voor een ver-
groting van het grensvlak tussen lucht en receptormembraan. Omdat geurmole-
kulen veelal een wateroplosbaar en een waterafstotend molekuuldeel bevatten
1s het denkbaar dat via dergelijke luchtzakjes de geurmolekulen gemakkelijker
de waterige mucus passeren alvorens met de membraan een interaktie aan te
gaan. Ook de membraanmoleculen bestaan uit polaire en apolaire segmenten.
De waargenomen ‘holtes’ zouden overigens ook het gevolg kunnen zijn van
¢en aantal andere verschijnselen, zoals klierafscheiding, weefselafbraak of
een pathologische conditie. In ieder geval laten de hoogspannings-transmissic-
en de raster-elektronenmikroskoop duidelijk de complexiteit van de mucus-
laag met zijn ciliumuitlopers en microvilli zien.

Cilia bevatten veelal blaasjes (Fig. 56), zowel in het olfaktorische als in het
respiratorische epitheel. Mogelijk hebben deze blaasjes een funktie bij de af-
braak van de cilia. In het olfaktorische systeem zouden ze echter ook betrok-
ken kunnen zijn bij de zintuigfunktie. Soms lijken deze blaasjes, ofschoon
deeluitmakend van verschillende cilia (Fig. 56 en Hoofdstuk 1), met elkaar te
versmelten. Foto’s gemaakt met de vries-ets techniek laten zien dat, evenals
de rest van het cilium, de breukvlakken door het membraan van deze blaasjes
talrijke partikels bevatten. Bij de rat blijken er naast deze blaasjes met partikels
ook blaasjes voor te komen met vrijwel geen partikels, ofschoon de rest van het
cilium daar wel mee voorzien is (Hoofdstuk 2). Dit zou kunnen wijzen op het
bestaan van meerdere typen blaasjes.

Halssnoerachtige strukturen, die aan de basis van alle bekende typen van
cilia worden gevonden komen ook voor in de beide ciliumtypen die wij heb-
ben onderzocht. Soms was deze struktuur zelfs zichtbaar met de raster-elek-
tronenmikroscoop, althans bij olfaktorische cilia. Het beste zijn ze echter zicht-
baar te maken met behulp van de vries-ets techniek (Hoofdstuk 2).

Tabel XVI laat de meest interessante resultaten zien van een statistische ana-
lyse van metingen aan de hand van 524 mikroskopische opnames gemaakt met
alle toegepaste technieken, met uitzondering van de vries-ets techniek (Hoofd-
stuk 3). Het doel van deze analyse was om de aan- of afwezigheid van hetero-
gene receptorceltypen vast te stellen en voorts om de verdeling van zenuw-
uiteinden te bepalen in verschillende gebieden van het reukepithelium.
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Drie verschillende groeperingen werden onderzocht: I. Volwassen tegenover
jonge dieren; II. De gradient van het reukepithelium naar het respiratorische
epithelium; TT1. Drie verschillende gebieden welke zich morfologisch duidelijk
onderscheiden zijn met elkaar vergeleken aan de hand van hun olfaktorisch
en respiratorisch epithelium,. :

Gemiddeld blijkt het aantal waarneembare c1l1a per zenuwuiteinde onge-
veer 12 4 13 te zijn. Dit aantal is onafhankelijk van de wijze van groepering.
Correctie voor het deel van de cilia dat zich door ligging achter de rest van het
zenuwuiteinde aan de waarneming onttrekt, brengt dit aantal gemiddeld op 17.

De dichtheid van de zenuwuiteinden vertoont de grootste afwijking van het
gemiddelde op het nasale septum. Deze afwijking bedraagt ongeveer 349,
{laatste rij Tabel XVI). Deze dichtheid is gekorreleerd met de hoogte van het
epithelium, Deze hoogte, zowel als de mucushoogte zijn beiden het grootst op
het nasale septum. De dichtheid van de zenuwuiteinden neemt wellicht enigs-
zins (ongeveer 20%7) af met toenemende leeftijd. Deze dichtheidsafname is ech-
ter niet voldoende om de groei van het reukgebied met een omgekeerd even-
redige zenuwuiteinde verdunning te verklaren. Hoogstwaarschijnlijk wordt het
aantal reukcellen postnataal uitgebreid. Deze gedachte vindt steun door de
bevinding dat met de raster-elektronenmikroskoop soms gebieden werden
waargenomen waarin de zenuwuiteinden een embryonaal uiterlijk vertonen
{(Hoofdstukken ! en 3).

Fig. 56C geeft het aantal zenuwuiteinden per oppervlakte-eenheid met het
aantal cilia per zenuwuiteinde schematisch weer. De statistische analyse geeft
geen aanleiding om het bestaan te veronderstellen van verschillende typen ze-
nuwuiteinden. Dientengevolge is er ook geen aanleiding het bestaan aan te ne-
men van morfologisch verschillende typen receptorcellen, die verantwoorde-
Iijk zijn voor de geurperceptie. Indien er dus al verschillende typen receptor-
cellen zouden bestaan, dan zouden zij tengevolge van een niet-homogene ver-
spreiding aan waarneming zijn ontsnapt en/of (wanneer zij niet buiten de nor-
male variatie vielen) andere morfologische karakteristicken moeten bezitten,
die niet door ons zijn gebruikt. Indien dergelijke verschillen ook niet op an-
dere morfologische niveaus gevonden kunnen worden moet geurdiskri-
minatie hoogstwaarschijnlijk worden toegeschreven aan variaties in sub-
mikroskopische cellulaire eigenschappen. Wellicht is dit niveaw molekulair
(Hoofdstuk 3).

Breukvlakken in replicas die met de vries-ets techniek werden vervaar-
digd, licten zien dat de olfaktorische cilia een hoge partikeldichtheid in hun
intra-membraan oppervlakien bezitten. Deze partikelpopulatie is naar het
celplasma en dus niet extracellulair gericht. De partikel-dichtheid in overeen-
komstige breukvlakken door de membranen van respiratorische cilia is onge-
veer 19 maal lager (Tabel XVII en Fig. 56; Hoofdstuk 2). Omdat de cilia van
de reukcellen, in tegenstelling tot respiratorische cilia, waarschijnlijk geen
cigen beweging hebben, bevatten deze partikels waarschijnlijk geen materiaal
dat nodig is om de cilia te laten bewegen. Het is heel wel mogelijk dat zij een rol
vervullen bij de zintuigfunktie van het systeem. In de literatuur kon in verschil-
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lende gevallen een verband tussen de aanwezigheid van specifieke eiwitten en
een bepaalde partikelpopulatie worden aangetoond. Indien we aannemen dat
de partikels, welke hier zijn waargenomen, inderdaad een receptor-funktie
hebben en dat deze receptor bestaat uit slechts één type eiwit, dan kunnen we
een schatting maken van de hoeveelheid receptor welke in de mucus aanwezig
is. We maken daarvoor gebruik van de gegevens van de Tabellen XVI en XVII.
We hebben berekend dat, uitgaande van een mucushoogte van ongeveer 5 yum,
de mucus een partikelconcentratie bevat die varieert tussen 2 < 10” Mol (voor
30 pm lange ciliumuitiopers) en 8 X 10~ * Mol (voor 100 pm lange ciliumuii-
lopers). Verder berekenden we dat de maximale partikelconcentratie, die in
een gelijkblijvend mucusvolume mogelijk is, bovenstaande concentraties, af-
hankelijk van de ciliumuitloper lengte met niet meer dan een factor 100, respek-
tievelijk 30 zal overtreffen. Er zijn dus redenen om de aanwezigheid van hoge
concentraties geurreceptor-moleculen in de shymlaag te veronderstellen.

Met behulp van STUIVER’s (1958) berekeningen over de hoeveelheid geur-
molekulen die in de olfaktorische ruimte bij een prikkel op drempel-niveau aan-
wezig zijn, hebben wi) berekend dat de partikelconcentratie de geurmolekuul-
concentratie met een factor 107 overtreft bij deze drempelwaarde. De geur-
molekuul/zenuwuiteinde verhouding daarentegen bedraagt ongeveer 1, het-
geen ook door anderen is gevonden. leder partikel zou meerdere receptor-
molekulen kunnen bevatten, zoals bijvoorbeeld het geval is voor overeenkom-
stige partikels in de membranen van het visuele receptor systeem. Voor het
visuele systeem bestaan er duidelijke aanwijzingen dat per partikel meer dan
een molekuul rhodopsine, het visuele receptor eiwit, aanwezig is. Als dit ook
hier het geval is wordt bovenstaande factor nog groter dan 107. De overmaat
aan receptor ten opzichte van geurmolekulen (substraat) wijst op een receptor-
interaktie die vergelijkbaar is met hormoon-receptor interactie en dus niet op
een systeem dan analoog is aan een enzymatische reaktie, waar in het algemeen
het substraat in overmaat aanwezig is (Hoofdstuk 3).

Verreweg het grootste deel van de partikels is gelokaliseerd in de cilium-
vitlopers (Hoofdstukken 2 en 3). Onder de partikelbevattende membranen
bevinden zich de axonemale microtubulaire strukturen, In de respiratorische
cilia hebben deze laatste strukturen een funktic bij de beweging van deze cilia;
in de olfaktorische cilia voorzien ze misschien in een manier om de geurmem-
braan te bevestigen. Verder zouden ze een rol kunnen spelen bij de groei van
de cilia en zouden ze samen met cyclische nucleotiden betrokken kunnen zijn
bij de verwerking van de geurboodschap (Hoofdstuk ). De cilia zijn verbon-
den met de zenuwceluiteinden waardoor het door de geurstof opgewekte signaal
naar de rest van de zenuwcel wordt doorgegeven., De ciliumuitlopers vormen
een efficiénte structuur (in plaats van het alternatief van vrij zwemmende re-
ceptoren) om de mucus van een zo hoog mogelifke receptorconcentratie te
vVOooTzien.

Verkennend onderzoek waarbij gebruik werd gemaakt van de elektron-
spin-resonantie methode en waarbij stearinezuur spin-labels werden toegepast,
liet zien, dat de olfaktorische mucosa labelomgevingen bevat, welke meer
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hydrofoob en anisotroop (star) zijn dan overeenkomstige labelomgevingen
in de respiratorische mucosa. In deze experimenten werd het schaap als proef-
dier gebruikt, Met deze techniek konden, tot nu toe, ten aanzien van geurstoffen
geen verschillen tussen beide mucosatypen worden aangetoond. Wel verschoof
in beide typen mucosa, onder invloed van water-oplosbare geurstoffen, spin-
label naar een meer waterige mucosa omgeving, terwill hydrofobe geurstof-
fen het omgekeerde deden. Het verschil in label-incorporeringsgedrag tussen
de beide epithelium typen zou een gevolg kunnen zijn van de aanwezigheid van
partikels, die met behulp van de vries-ets techniek zijn waargenomen.

De hoop wordt uitgesproken dat het voorgaande onderzoek een aantal
morfologische karakteristieken heeft opgeleverd die de isolatie van geur-
receptoren kunnen vergemakkelijken waardoor daadwerkelijk tot een degelijk
biochemisch onderzoek naar de aard van de werking van dit interessante zin-
tuig kan worden overgegaan.
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