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Summary. The olfactory epithelium of the Sprague-Dawley
rat showed structures which indicate that freeze-substitu-
tion after ultra-rapid cryo-fixation is a better method for
its preservation than conventional fixation techniques. A
new feature is that matrices of the distal parts of olfactory
cilia range in their staining intensity from very dense to
electron-lucent. Outlines of structures are smooth and mem-
brane features can be clearly seen.

The textures of mucus from olfactory and respiratory
epithelia are distinctly different after freeze-fracturing and
deep-etching following cryo-fixation. Olfactory cilia show
no microtubule-attached axonemal structures. Cross-sec-
tional diameters are smaller after freeze-substitution than
after freeze-fracturing.

Intramembranous particle densities are lower in nine
regions of three cell types in cryo-fixed olfactory and respi-
ratory epithelia than in those chemically fixed and cryo-
protected. The fracture faces of membranes from etched,
cryo-fixed cells have holes, a result which probably accounts
for differences in particle density between cryo-fixed and
chemically-fixed, cryo-protected cells. Particle diameters are
usuaily the same using both methods. Densities of intra-
membranous particles and particles plus holes are highest
in supporting cell processes, followed by endings and cilia
of olfactory receptor cells, and are lowest in respiratory
cilia. Particle densities at outer and inner surfaces are higher
than those in either fracture face. Outer surfaces show a
good correlation from region to region with densities sum-
mated over both fracture faces.

Key words: Cryo-techniques — Olfactory and respiratory
epithelia — Cilia — Microvilli — Sprague-Dawley rat

Proteins have been implicated as receptor molecules in ol-
factory cells (Ma 1981). These molecules may be localized
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on olfactory cilia (Rhein and Cagan 1981). Phospholipids
may also play a major role in olfactory receptor processes
(Punter et al. 1981). As yet there is no conclusive evidence
for these suggestions; freeze-etch studies may, however,
help to resolve this question, as this technique allows the
comparison of membrane regions that presumably contain
chemosensory receptor sites, with other areas.

In vertebrates, cilia of olfactory receptor cells have been
compared with those in non-sensory epithelial cells (Ker-
jaschki and Horandner 1976; Menco et al. 1976; Menco
1977, 1980a, b, 1983a; Usukura and Yamada 1978; Brei-
pohl et al. 1982). These authors have found that intramem-
branous particle densities are higher in olfactory than in
respiratory cilia. Similarly, in insects, olfactory cilia have
higher densities in regions underneath the pores of exoskele-
tal hairs than in more proximal regions (Steinbrecht 1980;
Menco and Van der Wolk 1982).

All of these studies have dealt with intramembranous
features only, whereas chemostimulants probably interact
initially with the outer membrane surface (ES; Branton
et al. 1975). Since samples used for freeze-fracturing are
routinely protected against ice crystal damage, real mem-
brane surfaces have not been observed (Pinto da Silva and
Branton 1970; Fisher and Branton 1975). Rapid freezing
markedly reduces the formation of ice crystals in the ab-
sence of cryo-protection (Plattner and Bachmann 1982;
Rash 1983). Following etching, real membrane surfaces,
and also cytoplasmic and mucous features, are visualized.
Structures can also be studied in a condition approximating
the in vivo situation; this has the additional advantage that
chemosensory systems need not be exposed to chemostimu-
latory fixatives.

Rapidly frozen specimens may also be processed by
freeze-substitution techniques (Pease 1973; Steinbrecht
1980). Since cryo-fixation and subsequent freeze-substitu-
tion of insect olfactory sensilla give superior results to those
obtained with conventional technigues (Steinbrecht 1980),
it seems desirable to apply this technique to vertebrate ol-
factory tissue for comparison.

The principal aim of this study has been to compare
the freeze-etch appearance of ultra-rapidly frozen olfactory
and respiratory epithelium samples (cryo-fixed samples) to
that of chemically fixed, cryo-protected samples (protected
samples). This comparison has been used in part as a means
for the elucidation of artifacts obtained with rapid-freezing
techniques. As yet, little attention has been devoted to this
matter (Plattner and Bachmann 1982). Three preliminary
reports have appeared (Menco 1982a, b, 1983b).
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Table 1. Miscellaneous data related to various structures of cells of olfactory and nasal respiratory epithelium of the rat based on
ultra-rapidly frozen, freeze-substituted, and freeze-fractured and deep-etched tissue samples (numbers of animals within brackets)

Freeze-substitution Freeze-fracturing with deep-etching

Olfactory (one)

Structural parameters

Olfactory (six) Respiratory (two)

Diameter, olfactory supporting cells (pum) —= 54 +2.3°D

Diameter, dendrites (um) 1.3 +0.58 1.3 +£0.6%

Diameter, dendritic endings (um) 1.3 +0.316% 1.6 +0.517

Height, dendritic endings (um) 2.7 +£1.2° 3.2 +0.6°

Diameter, proximal segments, cilia (um) 0.2140.023t* 0.28 +0.0432¢ 0.28 +0.03188
Length, proximal segments, cilia (um) 0.9 021 1.2 403112 6.1 +2.7°
Diameter, distal segments, cilia (um) 0.08+0.0248 = 0.114+0.034%8¢ 0.16+0.0334
Length, distal segments, cilia (um) - - 0.50+0.25%7
Diameter, olfactory ciliary expansions along shaft (um) 0.114+0.0414* 0.20+0.092°7

Diameter, olfactory ciliary expansions at tip (um) 0.11! 0.30+0.1473

Thickness, olfactory mucus layer (um) 2.8 +1.41 -

Vacuole density within dendritic endings (per pm?) - 8.6 +6.213

Diameter, microvilli (um) 0.09+0.0343*d 0.11+0.04°789 0.1040.021°54
Diameter, mucus fibers (nm) - 14 6% 12 +517%

9 Could not be determined

® Means are presented with their standard deviations; superscripts indicate the number of structures analyzed

9 For the first two columns significant differences are indicated by *, and for the latter two by #; lowest values bear the sign
Refers to supporting cells

Freon and frost were removed at —105° C (Miiller and
Pscheid 1981). At 1.3 x 10~ % mbar and —150° C, the elec-
tron guns were degassed with the cooled knife above the
sample surface. Fracturing was carried out at —150° C and
1.0 x 10~ ® mbar. The tissue was grazed and then the knife
was advanced over 10 pm. Etched (5 to 7 min at —105° C)
sample surfaces were rotary-replicated at 120 rpm, with
platinum/carbon from an electron gun positioned at 45°
to the sample, followed by carbon from overhead. Though
smaller angles give more detail (Roof and Heuser 1982),
45° was maintained for reasons of comparison (Menco
1980a, b). The samples were immersed in liquid N, after
removal from the freeze-fracture machine. To minimize
sample expansion, a mixture of saturated aqueous NaCl
and methanol (about 1:5), solidified in liquid N,, was pre-
pared. The sample was placed on this mixture. The replica
was trimmed and left on its fracture plane through the tissue
in the mixture until the tissue became soft. Replicas were
cleaned in 40% chromic acid (12 h) and distilled water.
They were then transferred by suction using a platinum
loop to 400 mesh, hexagonal grids (Gilder, Grantham,
U.K.), which were placed on moist filter paper.

Materials and methods

Twelve male, ten-week-old, Sprague-Dawley rats were used.
Tissue from the nasal septum of six of them was subjected
to ultra-rapid cryo-fixation only; that of the other six was
“chemically fixed and cryo-protected before freezing (Menco
1980a; Menco et al. 1980). For ultra-rapid cryo-fixation,
tissue samples of about 0.5 cm? were placed on holders
fitting the freezing head of the fast freezing apparatus and
the cooled sample table of the Balzer’s freeze-fracture ma-
chine. The samples were slam-frozen (Heuser et al. 1979;
Heuser 1981) with the epithelium surfaces down. Gelatin
(2 mm thick) served as a cushion. Gelatin and tissue were
moistened with modified Earles solution (0.1 g CaCl,, 0.2 g
KCl, 0.1 g MgSO,-7H,0, 3.4g NaCl, 0.5g glucose,
10 mM HEPES/NaOH (Sigma) in distilled H,O, pH 7.0).
The time between killing (decapitation) and cryo-fixation
was less than S min.

Freeze-fracturing and deep-etching

The samples were put in a Balzer’s 360 freeze-fracture appa-
ratus at —150° C, while covered with solidified Freon 22.

Fig. 1. Light micrograph of a section of freeze-substituted, plastic-embedded rat olfactory mucosa, stained with toluidine blue. Compression
of the mucus covering the epithelium is obvious when comparing left and right. The surface shows several endings of dendrites of
olfactory receptor cells (E). Nuclei are those of supporting cells. x 2000

Fig. 2. Stereo-pair of a freeze-substituted dendritic ending of an olfactory receptor cell. The ending contains basal bodies (B), sectioned
at various levels, electron-lucent vacuoles (}7), (the indicated one is probably a coated vesicle), proximal parts of two cilia (C) and
a short microvillus (M). Distal parts of the cilia usually have two microtubular fibers and display electron-opaque matrices (arrows).
Supporting cell microvilli (S) surround the sensory ending. x 60000

Fig. 3. Freeze-substituted olfactory cilia (C) and supporting cell microvilli (S). Except for the microtubules, the cilia do not display
much substructure. Their matrices are electron-opaque. Matrices of distal parts of the cilia are even more opaque (arrow). One cilium
is sectioned longitudinally. Membranes of supporting cell microvilli are less dense than those of the cilia. The mucus has a granular
appearance. x 85000

Fig. 4. Freeze-substituted distal parts of olfactory cilia (C) and supporting cell microvilli (S). The longitudinally sectioned cilium displays
lenticular expansions, with microtubules running uninterrupted through them. Cross-sectioned cilia have dense (one thin arrow) or
electron-lucent (two thin arrows) matrices; a microtubular subfiber of the latter cilium displays a small projection. A mucous inclusion
surrounded by an electron-lucent halo (thick arrow) is present. x 85000






Freeze-substitution

Olfactory tissue only was prepared by the frecze-substitu-
tion method. Rapidly frozen samples were placed on top
of 4% Os0, in acetone, solidified in liquid N, in a Styro-
foam container. The liquid N, was allowed to evaporate
{(as this happens the substitution fluid melts at —95° C).
The evaporation took about 6 h, and the samples were left
an additional 6 h in the container. They were block-stained
with 1% uranylacetate in methanol and subsequently
treated according to standard procedures (Pease 1973;
Steinbrecht 1980; Ornberg and Reese 1981).

Microscopic observations, photographic procedures
and evaluation of results

For light microscopy, thick sections of freeze-substituted
samples were stained with toluidine-blue. Ultrathin sections
and most of the replicas were examined with a Philips 400
and with JEOL 100C and 200CX electron microscopes, all
aquipped with eucentric goniometer stages. Stereo-pairs
were prepared by tilting over 6°. Prints were prepared from
inverted negatives.

Most quantitative evaluations were carried out at a
170000 x final magnification (for methods of calculation
see Menco 1980a, b). Numerical comparisons were per-
formed using Student’s ¢ test (P <0.05, two sided). For pur-
poses of clarity, main effects rather than detailed individual
comparisons have been presented. In Tables 5a, b coeffi-
cients of product moment correlation and single factor AN-
OVA'’s have been used for a statistical analysis of average
densities. The coefficients of product moment correlations
have been corrected with the formula

1-r2
2(n-2) 1)

since the number of values, n, is rather low (n<20). The
corrected correlation coefficient is r*, the original one r.

r* =r{1 + } (Olkin and Pratt 1958),

Results

1. The surface of the olfactory epithelium
after cryo-fixation and freeze-substitution

Slam-freezing, as used here for freeze-substitution and
freeze-fracturing, gives a considerable compression of the
slammed surfaces of the mucus layer covering the surface
of the olfactory epithelium (Fig. 1). Ice crystal damage is
not conspicuous in that layer. Outlines of structures are
smooth, despite the compression (Figs. 2-4). Distal parts
of the olfactory cilia show both heavily stained and elec-
tron-lucent matrices (Figs. 2-4). Those of the proximal seg-
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ments are also dense, but less so than those of electron-
opaque distal parts (Fig. 3). The typical trilaminar mem-
brane structure can be discerned in supporting cell microvil-
li, but not in olfactory receptor cell endings and their cilia,
where the membranes are rather dense (Figs. 3, 4). The
mucus has a fibrous or granular appearance (Figs. 2-4) and
has inclusions (Fig. 4). Diameters of cilia and microvilli
are significantly smaller than after freeze-fracturing (Table 1).

2. The appearance of olfactory and respiratory epithelial
surfaces after cryo-fixation, freeze-fracturing
and deep-etching

After etching, the appearance of the cytoplasm within olfac-
tory receptor and supporting cells is that of a compact gran-
ular mass (Figs. 5, 6) in which structures such as basal bod-
ies (Fig. 10) can be seen. The mucus has a loose fibrous
structure (Figs. 5-10, 12, 13). The mucus covering the respi-
ratory epithelium (Fig. 24) is generally more condensed
than that covering the olfactory epithelium. Dimensions
of mucus fibers and of other structures of both epithelial
types are given in Table 1. For the olfactory epithelium,
mucus environments with cilia and microvilli and mucus
regions devoid of structures may differ in texture (Fig. 12).
Dendritic endings of the olfactory receptor cells have clear
tight-junctional belts (Fig. 5) and contain a number of va-
cuoles (Figs. 2, 5, 6; Table 1); some of these may be coated
vesicles (Fig. 2). Whereas respiratory cilia contain microtu-
bule-associated structures in their axonemes (Figs. 25, 26),
olfactory cilia have only the microtubules of axonemes in
their proximal segments (Figs. 3, 7, 10). The central sheath
of respiratory cilia has short projections about 16 nm apart
and seems to be twisted. Radial spokes, linked to these
projections, repeat at about 30 nm (Fig. 26); arm-like pro-
jections are attached to the microtubular doublets (Fig. 25).
Tips (Fig. 18) and shafts (Figs. 12, 13, 17, 19) of olfactory
cilia have expansions, often giving the shafts the appearance
of a beaded string (Fig. 12). In both regions expansions
are frequently much wider than the rest of the distal parts
of the cilia (Fig. 19). These distal parts of olfactory cilia
sometimes branch (Fig. 14). Occasionally the microtubule
lattice within the cilia can be seen (Fig. 16).

Ciliary necklaces have been seen in P-faces (Figs. 6, 8,
11, 23), E-faces (Figs. 6, 9) and E-surfaces (Figs. 6, 7).
Strand particles stand out less than other ciliary particles
in P-faces (Fig. 11). Except for necklaces, E-faces are vir-
tually devoid of particles {Figs. 6, 9). Necklace strands are
sometimes present outside the proper necklace region
(Fig. 9). Dendritic endings often have necklaces but no
other ciliary features (Fig. 9). Ciliary and microvillous E-
faces easily collapse (Figs. 13, 22). Apices of the olfactory

Fig. 5. Stereo-pair of a cross-fracture through a dendritic ending of an olfactory receptor cell after freeze-fracturing and deep-etching.
Its E-face depicts a tight-junctional belt (7). The vacuole (}) containing cytoplasm (Cy) is denser in appearance than the mucus (Mu).
The latter is fibrous after etching. P-faces of supporting cell apices have rod-shaped particles (small arrow), their E-surfaces display
only rounded particles (/arge arrow). The structure indicated with the latter arrow is a microplica of the supporting cell apex. x 40000

Fig. 6. Stereo-pair of a dendritic ending of an olfactory receptor cell, displaying cilia (C) and membrane-bounded vacuoles (arrows).
P-faces of cilia have small holes in addition to particles. Their E-faces are, except for the necklaces (N), virtually devoid of particles.
ES particles in necklaces and elsewhere are associated with mucus fibers. This is also the case in most of the subsequent micrographs.

Supporting cell microvilli (S) surround the ending. x 60000

Fig. 7. Stereo-pair of two olfactory cilia, one seen in a proximal region (to the right), the other in a region where the cilium begins
to taper. Cilia display PF, EF, ES and PS features. The P-face of the proximal region has more holes than the tapering one. The
former shows an ES in the necklace region (N) and a PS leaflet displaying a high particle density. This cilium shows a complete
axoneme, the other one has a reduced number of microtubules. Dynein-arms are absent. The perforated appearance of supporting
cell microvilli (S) differs from that of the cilia in that the microvilli tend to have larger holes. x 100000






supporting cells have rather deep invaginations, which are
virtually devoid of particles. In non-invaginated parts of
these apices, P-faces have rod-shaped and globular particles
(Fig. 20; Table 2). In addition to microvilli, these apices
display microplicae (Fig. 5). Though fewer than in the
apices themselves, both structures also have rod-shaped
particles in their P-faces. These particles are neither re-
flected as pits in E-faces nor as particles at external surfaces
(Figs. 5, 20; Table 2). Comparison of Figs. 6-10 with
Fig. 21 shows that supporting cell microvilli can be quite
diverse in shape, a feature also often seen with scanning
electron microscopy (unpublished).

In addition to particles, fracture faces in deep-etched
samples have small holes in virtually all micrographs. Such
holes have not been seen at outer and inner membrane
surfaces. The perforated appearance of supporting cell pro-
cesses differs distinctly from that of receptor cell processes
(Figs. 6, 7, 13).

Apart from regions of respiratory cells, intramembran-
ous particle densities are significantly lower in E- than in
P-faces. The latter densities are in turn lower than those
in E-surfaces (Table 2; Figs. 6, 7, 8, 13, 24, 25), except for
those in supporting cell apices. Rod-shaped and globular
particles of supporting cell structures have been pooled.
PS particle densities are generally higher than fracture face
and ES densities; numbers of observations in these surfaces
are small, however (Table 2, Figs. 7, 10, and 15).

Particles are distributed similarly over both fracture
faces in regions of olfactory receptor endings, whereas holes
are not (first four items in Table 3). In respiratory cell pro-
cesses, particles and holes have a similar distribution; in
olfactory supporting cells both entities are distributed dif-
ferently over apices and microvilli (Table 3). Also, the abso-
lute densities of fracture face particles from the four regions
of the olfactory receptor cells are rather similar (Table 2;
Figs. 6, 7, 13). This similarity includes poorly developed
cilia and short microvilli (Fig. 8). The same is the case for
ES particles but not for fracture face holes. EF hole densi-
ties are considerably higher than EF particle densities. This
contrasts with regions of supporting and respiratory cells
where EF particle and hole densities are similar (Table 2).
Supporting cell apices have higher PF particle densities than
do microvilli. Otherwise both regions show no consistent
differences with respect to the distribution of particles and
holes. Cilia of respiratory cells have lower P-face particle
densities than apices and microvilli (Table 2).

Individual animals show no significant differences in
densities of features in fracture faces as the high (0.90-0.99
for the particles and 0.73-0.96 for the holes) and significant
(P £0.05) correlation coefficients indicate.
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In all planes, except for the PS, particles and holes tend
to have highest densities in supporting cell structures (Ta-
ble 2). This can be seen especially well when densities over
both fracture faces are pooled (Table 4). For the fracture
faces, supporting cell structures have the highest values and
are followed by olfactory receptor cell endings and cilia.
Lowest densities are found in the fracture faces of the respi-
ratory cell processes, in particular in the respiratory cilia.
ES particle densities of olfactory receptor cell and respirato-
ry cell processes are similar.

Except for the rod-shaped particles of the P-faces of
the olfactory supporting cells, ES particles have larger di-
ameters than fracture face particles and holes. ES particles
are often associated with mucus fibers (e.g. Figs. 7, 10, 12,
22-24). Both features also have matching diameters, which
are smaller in respiratory than in olfactory epithelia (Ta-
bles 1, 2). PS particles are usually smaller than those from
the ES. For the four regions of the olfactory receptor cells
and the two of the supporting cells, diameters of PF parti-
cles are significantly larger than those of EF particles,
whereas the opposite is true for the holes. Holes in P-faces
of proximal parts of olfactory cilia are generally smaller
than those in P-faces of distal parts (Fig. 7). Necklace parti-
cles have the same diameters in both fracture faces of both
types of cilia, but are, like particles in other regions of
respiratory cells, smaller than particles in olfactory pro-
cesses, including those in necklaces of olfactory cilia. Rod-
shaped particles of supporting cell apical and microvillous
P-faces have the largest diameters (Table 2).

Based on densities and diameters of particles and holes,
the three cells differ considerably in appearance of their
apical membrane leaflets. Furthermore, supporting cells
and respiratory cells have heterogeneous features within the
various membrane regions studied (Table 2).

3. A comparison of cryo-fixed and protected samples

The particle densities in fracture faces from protected sam-
ples are virtually always significantly higher than those
from fracture faces and ES in cryo-fixed samples (Table 2).
Fracture-face particles are distributed in similar numbers
over both fracture faces with either method, whereas holes,
and therefore also particles plus holes, deviate from this
distribution (Table 3). Except for those of respiratory struc-
tures, diameters of particles in fracture faces are the same
with either method. In cryo-fixed samples, ES particles and
fracture face particles are smaller in respiratory than in
olfactory structures, a distinction not seen in protected sam-
ples (Table 2).

The presence of lower particle densities in cryo-fixed

Fig. 8. Ending of an olfactory sensory dendrite with necklace (#) features, but no properly developed cilia. The ending has also a
short microvillus (M) and is surrounded by supporting cell microvilli (S). PF and ES features are visible. Particles are often associated
with small ruptures. The arrow points towards the base of the ending. x 83000

Fig. 9. EF of a proximal part of an olfactory cilium. Apart from necklace features (N), present here in two areas, the EF has virtually

no particles. x 90000

Fig. 10. Longitudinally fractured olfactory cilium. Except for basal body (B) and more distal microtubules (M), the axoneme is devoid
of a clear structure. The PS (arrow) has a high particle density. Close to the arrow, the circumferences of two microtubules can be

seen. Supporting cell microvilli display PF, EF and ES planes. x 70000

Fig. 11. Stereo-pair of a PF of a necklace region (N) of an olfactory cilium. Necklace particles (below the dashed line) stand out less

than other ciliary particles. x 300000
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Table 2. Densities and diameters of PF, EF, ES and PS particles and holes in cryo-fixed olfactory and nasal respiratory tissue and
of PF and EF particles in protected tissue of the Sprague-Dawley rat (numbers of animals within brackets)

Protected tissue (six)

Cryo-fixed tissue (six olfactory; two respiratory)

Structures Intramembranous Intramembranous particles Intramembranous holes Membrane surface
particles particles
PF EF PF EF PF EF ES PS
Dendritic ending,  0.94+0.4%5% 0.340.24° 0.3+0.3'8° 0.1+0.2%  0.4+04'%° 0.3+0.6* 0.8+0:5° -9
olfactory nerve 9 286 9 4243 10 42162 9 +3% 8 +4'52 9 +42° 15 +4% 11 +4%9
Proximal segment, 0.940.5%7  0.3+0.2°%° 0.31£0.2%4° 0.1+0.2'12  0.5+0.5>%° 0.3+0.4°° 0.7+0.5%¢ 1.3+0.4°
olfactory cilium 9 2% 9 4263 10 +2%%% 9 +3% 6 +4%2%5 9 +77¢ 14 +4'35 15 +5%
Distal segment, 0.94+0.4'°° 024028  0.4+0.34¢ 0.1+0.1241  0.240.23'¢ 0.5+0.62°% 0.6+0.32%t 29+2.9°
olfactory cilium 10 42196 9 288 10 +2378 9 4373 7 +4%7t 0§ 45173 15 44?9 7 +2¢6
Expansion, 1.2405%%  03+03'°  0.5+0.32% 0.1+0.1**  0.240.3'%° 0.7+0.8%® 0.6+0.37° 1.1+0.6°
olfactory cilium 70 +3°® 9 4312 10 +2'84 9 426 8 514 9 444 15 +£587 13 45°
Necklace,
olfactory cilium  — - 10 +2152 171 +27* - - 15 +4°4 -
Apex, olfactory 1.6+0.72  0.4+0.3% 1.2+ 0.8%° 0.3+03'*  0.6+0.5* 0.6+05"° 1.0+0.7°°  1.9'¢
supporting cell 18 +11*? 10 +33 21 +£3%19 g142°tY 19 4216 13 +6%3 9 4513 17 +6% 11 +3%9
Microvillus, 1.9+0.6°° 0.4+0.2%°  0.5+0.5%% 0.4+0.47°*  0.6+0.4°°° 0.4+0.4>* 0.9+0.7*"* 054229
olfactory
supporting cell 13 +9°° 10 +3°° 20 +4%°9 1042330 9 43237 19 4+53%° &8 4+4'%2 15 +43°7 11 +1?9
Apex, respiratory  0.8+0.5°%  0.2+£0.2*  0.210.2% 0.1+0.1" 0.2+0.32¢ 0.1+0.17 0.3+0.349 —
columnar cell 10 +4°3 9 +3%6 8 +2% 8 +3¢ 10 +5** 8 +3%9 13 27 —
Cilium, respiratory 0.4+0.3'** 0.3+0.3!*¢ 0.1+0.1'5° 0.1+0.1'2°  0.1+0.3'%° 0.1+0.11°° 0.6+0.4!1°° 1.2+0.4%°
columnar cell 9 2141 10 4312° 8 2138 8§ +391 9 43116 g 340 11 3103 8 1229
Necklace,
respiratory cilium — - 9 +2%2 8§ +2%2 - - 13 +3
Microvillus, 1.6+0.6°7 05+04°°  0310.3% 0.2+0.3°7 0.2+037* 0.1+0.3% 0.7 +0.4%°
respiratory
columnar cell 9 +257 10 +3°° & +27° 8 +2°8 9 +461 7 432 11 +3%

® First line indicates densities of intramembranous particles per um? x 10~ 3; second line italics indicates particle diameters in nanometers

® —: No observations
9 Based on few observations (less than five)
9 Diameters of supporting cell apex and microvillus PF particles in unfixed material have been split into those which are =than 15 nm

and those which are <15 nm in order to emphasize a bimodal distribution of these diameters (Menco 1980b)

samples than in protected samples was accompanied by the
presence of holes with the former method. Therefore, it
was thought that holes represent, at least in part, lost parti-
cles. In many instances small ruptures were found next to
particles (e.g. Figs. 7, 8, 13, 20). In order to analyse this,
particle and hole densities summated over both fracture
faces of the nine regions of the three cell types of the
Sprague-Dawley rat considered in this study, are presented
separately and combined. In addition the ES and PS particle
densities in those regions and the pooled particle density
values over both fracture faces in protected samples are
provided (Table 4). This table also gives PF+EF particle
density values in several other animals (Menco 1980b,
1983a). Fracture face particle densities, particle plus hole

densities and external surface particle densities in cryo-fixed
samples correlate significantly with particle densities in pro-
tected samples. However, for the absolute values only those
of particle plus holes in cryo-fixed tissue do not significantly
differ from those of particles in protected tissue (Table Sa).
Comparison of the first and sixth columns of Table 4 with
summated particle densities over both fracture faces of the
same nine regions in protected samples in a different strain
of rat (Wistar) and three other vertebrate species (Columns
7-10 in Table 4) shows that virtually all correlation coeffi-
cients are significant, and except for that of the dog, the
absolute distributions do not differ significantly (Table 5b).
Therefore, particle and hole densities in deep-etched materi-
al are probably inversely related, implying that holes can,

Fig. 12. The mucus layer of the olfactory epithelium after deep-etching. Regions with cilia (bottom half) are more compact than areas
devoid of cilia (top half). Mucus fibers are granular. Distal parts of the cilia often have a beaded appearance (small arrow). x 12500

Fig. 13. Stereo-pair of tapering elements of olfactory cilia displaying PF, EF and ES features. The cilia have lenticular expansions;
different cilia have differing PF particle densities. P-faces here have fewer holes than those in more proximal regions (Fig. 7). The
PF appearance of microvilli (S) differs markedly from that of the cilia. A cross-fractured cilium (arrow) shows three microtubules.

x 67000






Table 3. Fractions of P-face particle, hole, and particle plus hole
densities as a percentage of P + E-face densities for various regions
of three cells of the olfactory and nasal respiratory epithelial sur-
faces of cryo-fixed tissue samples and protected tissue samples
(numbers of animals within brackets)

Structures Protected Cryo-fixed tissue
tissue (six olfactory;
(six) two respiratory)
Particles  Particles Holes Particles
+holes
Dendritic ending, 75 75 57 64
olfactory nerve
Proximal segment, 75 75 63 67
olfactory cilium
Distal segment, 82 80 29 50
olfactory cilium
Expansion, olfactory 80 83 22 47
cilium
Apex, olfactory 80 80 50 67
supporting cell
Microvillus, 83 56 60 58
olfactory
supporting cell
Apex, respiratory 80 67 67 67
columnar cell
Cilium, respiratory 57 50 50 50
columnar cell
Microvillus, 76 60 67 63
respiratory

columnar cell

at least in part, be counted as lost particles. If this is done,
densities in cryo-fixed and protected material resemble each
other (Tables 4, 5).

Discussion
1. The olfactory epithelium surface
after freeze-substitution

The slamming action needed for cryo-fixing the tissue
(Heuser et al. 1979; Heuser 1981) compresses the mucus
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layer of the olfactory epithelium to half its original thick-
ness (Fig. 1; Table 1; Menco 1980a). Although the appear-
ance of structures within this layer seems not to be seriously
affected, as Figs. 2 and 3 suggest, distortion of the mutual
relationship between structures and deformation of struc-
tures cannot be excluded (Pinto da Silva and Kachar 1980).

Diameters of structures are smaller after freeze-substitu-
tion than after freeze-fracturing (Table 1); this implies that
shrinking occurs even though structure outlines are smooth
(Figs. 3, 4). Such shrinking is found with all techniques
requiring dehydration (Menco 1977, 1983a; Lidow and
Menco 1984). An effect of the rapid rate of substitution
on dimensions of structures cannot be excluded. Dimen-
sions of structures in freeze-fractured, fixed, cryo-protected
samples resemble those in cryo-fixed, freeze-fractured sam-
ples. (Table 1; Menco 1980a, 1983a), implying that the
freezing procedure does not affect dimensions. As in insects
(the moth Bombyx mori, Steinbrecht 1980), circumferences
of olfactory of rat are smooth after freeze-substitution. In
contrast to the expanded distal elements of Bombyx olfacto-
ry cilia, which are electron-lucent (Steinbrecht 1980), the
thin distal elements of rat olfactory cilia often have electron-
opaque matrices (Figs. 2—4), a feature so far seen only with
freeze-substitution. It seems that the distal segments contain
substances that are easily lost with conventional fixation
and dehydration procedures (e.g. Kerjaschki 1976; Menco
1977; Moran et al. 1982).

The dense appearance of membranes of olfactory cilia
when compared with those of microvilli of olfactory sup-
porting cells (Figs. 3, 4) is shared with membranes of equiv-
alent structures in insects subjected to freeze-substitution
(Steinbrecht 1980). The observations corroborate freeze-
etch results, in that membranes of both structures have
a different. distribution of particles and holes (Tables 2-5;
Figs. 6, 7, 10, 13).

Apart from the mucus compression, the structures pres-
ent in the olfactory epithelium are better preserved with
freeze-substitution than with conventional fixation tech-
niques. This is in agreement with Steinbrecht’s (1980) con-
clusion on insect olfactory structures.

2. Particles at outer and inner membrane surfaces,
and mucous and cytoplasmic features

Relative distributions of ES, and PF plus EF particles (and
also of particles and holes) over several regions of various

Fig. 14, Branching olfactory cilium. This distal segment shows a PF and contains two microtubules {(arrow). x 150000

Fig. 15. PS of tapering element of olfactory cilium with a high particle density. x 200000

Fig. 16. Microtubules within a distal element of an olfactory cilium displaying a subunit lattice pattern. The EF underneath the microtu-

bules has many holes. x 250000

Fig. 17. Narrow expansion along the shaft of an olfactory cilium. The expansion contains microtubules (compare with Fig. 4). PF

and ES features are visible. x 95000

Fig. 18. Club-shaped tip of olfactory cilium containing microtubules. PF and ES features are visible. x 90000

Fig. 19. Wide expansion along the shaft of an olfactory cilium with other cilia in its vicinity. Part of the longitudinally running microtubules
has been fractured away (arrow). The PS demonstrates a high particle density. x 75000

Fig. 20. Stereo-pair of the apex of an olfactory supporting cell. Microvilli (S) have been fractured away. The PF has patches of mostly
rod-shaped particles, which appear pinched at the middle. Small ruptures are often present near particles. Dimples (arrow) are virtually
devoid of particles. The ES shows globular particles and no holes. The mucus (M) has a loose fibrous appearance. x 60000
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Table 4. A comparison of particle and hole densities from cryo-fixed olfactory and nasal respiratory tissue of the Sprague-Dawley
rat with densities from protected tissue of the same rat strain, of the Wistar rat, the beagle dog, ox and frog? (numbers of animals
within brackets)

Structures Summated density values per pm? x 1073

Cryo-fixed, Sprague-Dawley rat (six)® Protected, particle densities, PF + EF

Particle densities Hole Particle +hole  Sprague- Wistar  Beagle  Ox Frog
densities densities Dawley rat dog (three)  (four)
PF+EF ES PS PF+EF PF+EF rat (six)® (seven)
(six)

Dendritic ending, 0.4226%  (.87° D 0.718° 11415 1.212% 1,65 2.430 - 0.934
olfactory nerve
Proximal segment, 0.43¢! 0.713¢ 1.33 0.832% 1.2686 1.21%¢ 1.6105 2483 1.45% 1.015¢
olfactory cilium
Distal segment, 0.5%45  0.62°1  2.9° 0.752% 121160 11194 16225 24109 169 1.0146
olfactory cilium
Expansion, olfactory  0.62**  0.67° 1.1° 0.9198 15442 1.54 1.87! 2,625 1.732 1.213
cilium
Apex, olfactory 1.5t 1.0%° 1.9! 1,29 2.7206 2073 2.448 3.0%5 1,743 2.377
supporting cell
Microvillus, 0.9538 0.927! 0.5° 1.0%8° 191218 2.3162 3.0M7! 3.917% 2.7%% 33123
olfactory
supporting cell
Apex, respiratory 0.344 0.3* — 0.3%° 0.67° 1.07° 1.3%7 1.6%° 0.812 1.26
columnar cell
Cilium, respiratory 0.2%82  0.6'°° 122 0.224°  0.4°3! 0.7267 1.0 1318t 1097 0.45
columnar cell
Microvillus, 0.5144 0.743 - 0.3118 0.8262 21116 2.510% 2.4147 1.257 2.2%9
respiratory

columnar cell

2 See Menco 1980b, 1983a; Menco et al. 1980

Respiratory samples of the cryo-fixed Sprague-Dawley rat are based on two animals and those of the Wistar rat on ten animals
Standard deviations are not presented. Superscripts indicate total numbers of observations

—: Observations lacking

cells correlate significantly (Table 5a). This indicates that
membrane outer surface particles represent molecular enti-
ties that are related to fracture face particles. However,
the count of the ES particles may not be accurate because
of the contribution of condensed mucus to the particle pop-
ulation, a feature which would give rise to an overcount.

ES particles and mucus fibers have similar diameters: both
are larger in olfactory than in respiratory epithelia (Ta-
bles 1, 2). The deep-etch morphology of respiratory cilia
(Figs. 22, 24, 25) resembles that of Tetrahymena somatic
cilia. Both have E-surfaces with a bumpy appearance and
fracture faces that are smooth (Goodenough and Heuser

Fig. 21. Olfactory supporting cell microvilli. These look quite different from those in, e.g., Figs. 6-10. The mucus has a fibrillar appearance
and spreads loosely in a fan-like manner from the microvillous E-surfaces. x 27000

Fig. 22. Respiratory cilia (C) and microvilli (R). Membranes of both structures display PF and ES features. The microvilli also show
EF features. Mucus fibers (Mu) are associated with ES particles. x 50000

Fig. 23. The PF of the apex of a respiratory cell and of some cilia showing necklaces (¥) and a few particles above necklace regions.
x 85000

Fig. 24. Stereo-pair of distal regions of respiratory cilia showing PF, EF and ES features. PF and EF are virtually devoid of particles;
the ES has a bumpy appearance. The PF shows few holes. The cilia end in blunt, conical tips (bottom). The mucus (Mu) has a
compact appearance. x 70000

Fig. 25. Sterco-pair of cross-fractured respiratory cilia and microvilli (R). Ciliary axonemes display the typical 9(2)+2 microtubule
subfiber structure; dynein-arms are attached clockwise to the A-subfibers of the doublets (arrowheads). Ciliary P- and E-faces are
smooth; the ES has a granular appearance. x 113000

Fig. 26. Longitudinally fractured respiratory cilium. Doublet subfibers and small projections of the central sheath (thick arrow) are
bridged by radial spokes. The central sheath seems to be twisted (dashed line). Particles attached to the doublet subfibers are possibly
dynein-arms (small arrow). x 140000
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Table 5. Correlations (r*) and their significance levels and significance levels of the variance ratios (F-values) based on single factor
ANOVA’s of the matrix of Table 4 regarding particle and hole densities in membranes of olfactory and respiratory epithelial structures
of the Sprague-Dawley rat in cryo-fixed and protected samples (a) and in cryo-fixed and protected samples of that strain and various

other animals (b)

Table Sa

Statistic

Cryo-fixed tissue

Particle densities

Hole densities  Particle + hole densities

PF+EF ES PS PF+EF PF+EF
Protected tissue, Coefficient of product 0.71 0.69 0.37 0.55 0.69
particle densities moment correlation, r*®
PF+EF
Significance of r* 0.05 0.05 - - 0.05
Significance of F 0.001 0.001 0.001 0.001 -
Table Sb

Particle densities Statistic

Cryo-fixed, particle Protected, particle

Protected, particle densities

in protected samples +hole densities densities PF+EF
PF+EF PF+EF PF+EF
Sprague-Dawley rat Wistar rat  Beagle dog Ox
Sprague-Dawley rat Coefficient of product
moment correlation, r*? 0.69
Significance of r* 0.05
Significance of F -
Wistar rat CoefTicient of product
moment correlation, r* 0.69 0.99
Significance of r* 0.05 0.001
Significance of F - -
Beagle dog Coefficient of product
moment correlation, r* 0.83 0.91 0.99
Significance of r* 0.01 0.01 0.001
Significance of F 0.001 0.01 -
Ox Coefficient of product
moment correlation, r* 0.72 0.71 0.76 0.94
Significance of r* 0.05 0.05 0.05 0.001
Significance of F - - - 0.01
Frog Coefficient of product
moment correlation, r* 0.66 0.95 0.97 0.87 0.75
Significance of r* - 0.001 0.001 0.01 0.05
Significance of F - - - 0.01 -

2 Since the r-values are based on a small number of values (<9 per column in Table 4), they have been corrected (See Formula

1 in Materials and methods)
Y Not significant at levels <0.05

1982). This further strengthens the argument that surface
protuberances cannot be due to mucus condensation. It
is also possible that the mucus gives rise to an undercount
by masking particles.

In Torpedo post-synaptic membranes, surface protuber-
ances also match fracture face particles (Heuser and Sal-
peter 1979), though in photoreceptor disk membranes, lu-
minal surface particle densities are considerably higher than
those in P-faces, wich suggests fracture face particle aggre-
gation (Roof and Heuser 1982).

The appearance of mucus of olfactory epithelium differs
from that of respiratory epithelium (Figs. 5, 10, 12, 13, 24),
implying that each has a different composition (Cuschieri
ana Bannister 1974). A variety of solutes appears fibrous

after etching (Miller et al. 1983). Since Earle’s solution has
been used here for rinsing the samples, the contribution
of this solute has to be taken into account as far as the
appearance of the mucus network is concerned.

PS particles tend to occur in high densities in nearly
all structures observed and correlate neither with fracture
face particles and holes nor with ES particles (Tables 4,
5). The high densities are in agreement with other studies
where P-surfaces have been examined (e.g. Gulley and
Reese 1981). In those studies, such particles are shown to
be closely associated with several types of cytoskeletal ele-
ments. Associations similar to those between mucus fibers
and ES particles apply also to cytoplasmic elements and
PS particles.



3. Particles and holes in membrane fracture faces

In the cell types studied here, the sums of particles and
holes over both fracture faces in the cryo-fixed samples
correlate well with the summated particle densities over
both fracture faces in protected samples (Table 5). This is
strong evidence that the holes mostly correspond to lost
particles. Moreover, small ruptures are often found next
to particles (Figs. 5, 8, 20), implying that particles are often
in the process of being removed.

It is known that holes are a true etching artifact (Verkleij
and Ververgaert 1975). In the absence of etching, holes are
not observed (Heuser et al. 1979; Heuser and Reese 1981).
These studies also suggest that holes are not caused by
the slamming action. Moreover, slam-frozen, chemically
fixed and cryo-protected sea urchin eggs have no holes in
fracture faces (Chandler and Heuser 1979), whereas, in the
absence of cryo-protection and with deep-etching, holes are
present in chemically fixed samples (Chandler and Heuser
1981). Pinto da Silva (1973) has demonstrated that, as a
consequence of etching, depressions occur in regions of par-
ticles. Engstrom, as cited by Pinto da Silva et al. (1973),
hypothesizes that “a wind of subliming water molecules
traverses pits left during membrane splitting by the removal
of intercalated particles preferentially associated with the
opposite fracture face.”

Removal of particles, resulting in the formation of holes
may involve the following factors. Changes in dimensions
of membrane lipids and proteins as a consequence of differ-
ing coefficients of expansion can lead to rupture at inter-
faces between them. Hydrophilic cores of integral proteins
can contain water, causing dimensional changes during
freezing. Pinto da Silva (1973) states that particles provide
a preferential pathway for passage of water molecules.
Water molecules can push the particles out of the mem-
brane leaflet during sublimation. Finally, the fracturing
process can cause a loss of particle forming elements (Easter
et al. 1983), and during etching holes can be formed in
regions where particles are removed. Hole sizes are thus
a function of the type of membrane and rates of freezing
and etching (Fujikawa 1981).

In the processes of olfactory receptor cells, E-faces are
more susceptible to hole formation than P-faces (Tables 2,
3), which are probably better protected by cytoskeletal ele-
ments underneath (Satir and Satir 1979). Longer etching
periods presumably lead to a different distribution of holes
and particles over the fracture faces.

In contrast to the present findings, studies on erythro-
cytes have demonstrated lower intramembranous particle
densities in protected cells than in unprotected cryo-fixed
but not ultra-rapidly frozen cells. Unlike the results of the
present study, the differences are not dramatic and occur
mainly in E-faces (Furcht and Scott 1975; Parish 1975;
Plattner and Bachmann 1982). Holes can also occur in re-
gions of pits opposite membrane-intercalated particles
(Pinto da Silva et al. 1973). Pits are seen opposite the rod-
shaped particles in apices of olfactory supporting cells in
protected material (Menco 1980b). Since such pits are not
encountered here, they are probably ruptured during etch-
ing, resulting in holes according to the hypothesis of Pinto
da Silva et al. (1973). Variations like these account for the
lack of precise correlations in Table 5.

Apart from those in respiratory structures, diameters
of intramembranous particles in cryo-fixed and protected
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samples are similar (Table 2; Menco 1980b, c¢) and, since
particle diameters in rotary-shadowed and unilaterally sha-
dowed material are virtually the same (Simpson 1979), par-
ticle diameters seem generally not to be affected by chemical
fixation and glycerination procedures.

4. Other membrane features

A distinction has been made between expansions of olfacto-
ry cilia with particles and those with smooth fracture faces
(Menco 1980a, b). The smooth type has rarely been encoun-
tered during the present study, suggesting that this type
may often be an artifact (Hay and Hasty 1979). Branching
of cilia (Fig. 14) has not been demontrated previously in
vertebrate olfactory cilia but is common in those of insects
(Steinbrecht 1980; Menco and Van der Wolk 1982). In in-
sects, these branches show the same beaded appearance
(Steinbrecht 1980) as distal elements of vertebrate olfactory
cilia (Figs. 4, 12, 13).

In protected samples (Menco 1980b, 1983a), but not
in cryo-fixed material (Figs. 24, 25; Table 2), respiratory
cilia often have more particles in E- than in P-faces. This
may be due to an aggregation of subunits into particles
in E-faces during chemical fixation. Respiratory cilia may
have a whole array of membrane proteins. This is suggested
by biochemical analysis of ciliary membranes of Parame-
cium spp., where about 70 proteins are found (Adoutte et al.
1980). The freeze-fracture appearance of these cilia, how-
ever, resembles that of respiratory cilia in that only few
particles are present (Allen 1978). Therefore, many mem-
brane proteins may be too small for detection with freeze-
fracture methods. Pretreatment makes some of them more
prominent because of aggregation.

Necklaces of cilia in olfactory and respiratory epithelia
have the same appearance (except for particle diameters
(Table 2)) in protected and cryo-fixed samples, i.e. seven
and five strands respectively. Since necklace particles are
often present in E-faces (Fig. 9; Table 2) and since in P-
faces they protrude less from the ciliary membrane leaflet
than any other particles (Fig. 11), they probably represent
truly transmembranous particles (Menco 1980c). Most me-
tazoan cilia, whether sensory or not, have several necklace
strands (Menco 1980c), whereas protozoan cilia usually
have only two strands (Bardele 1981). Strands scattered
above regular necklace regions, as seen here in olfactory
cilia (Fig. 9), occur also in non-sensory cilia (Boisvieux-
Ulrich et al. 1977; Breipohl et al. 1980). Necklace formation
without the presence of properly developed cilia (Fig. 8;
Menco 1980a, ¢) appears to be a frequent event, as scanning
electron microscope investigations demonstrate (unpub-
lished).

Although the typical basket shape of coated vesicles
(Heuser and Evans 1980) inside receptor cell endings and
in apical regions of supported cells could not be clearly
demonstrated (Figs. 5, 6), observations on thin sections in
perfused material show that both structures do depict such
vesicles (unpublished).

Supporting cell apices have microplicae in addition to
microvilli in insects (Menco and Van der Wolk 1982) and
in vertebrates (Fig. 5). The shape and distribution of the
rod-shaped particles in the P-faces of these apices is not
affected by the method of sample preparation (Fig. 20; Ker-
jaschki and Hoérandner 1976; Menco 1980b); this has also
been found for similar particles in toad urinary bladder
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cells (Wade 1976). They are truly P-face-bound and have
never been found in any of the other planes. Particles simi-
lar in shape occur in cell membranes of apices and microvilli
of supporting cells of the vomeronasal chemosensory organ
(Breipohl et al. 1982). It has been suggested that they play
a role in hormone-related processes (Wade 1976; Menco
19804).

5. Axonemal features of olfactory and respiratory epithelia

Rat respiratory cilia have about the same distance between
projections in their axonemal central sheath as cilia of Te-
trahymena (16 nm). The repeat period of radial spokes is
also similar (30 nm) but a triplet grouping of these spokes
as found in Tetrahymena could not be discerned (Fig. 26;
Warner 1981). The central sheath in Fig. 26 appears to be
twisted. This is probably not an artifact, since twisting of
central microtubules has been demonstrated in cilia and
flagella of unicellular organisms (Omoto and Kung 1981).
Microtubules of the distal elements of olfactory cilia
(Fig. 16) have a similar lattice pattern to negatively stained
(Warner 1981) and deep-etched (Goodenough and Heuser
1982) microtubules of protozoan cilia and flagella. The lat-
tice repeat is about 4 nm (Warner 1981). According to Goo-
denough and Heuser (1982) mammalian nasal respiratory
cilia display, like protozoan cilia and flagella, a five compo-
nent substructure of their outer dynein-arms. Although the
density of the cytoplasmic matrix may obscure axonemal
substructures other than the 9(2)+2 pattern in olfactory
cilia, the absence of dynein-arms (Figs. 3, 7) can be verified
using other techniques (Menco 1983a; Lidow and Menco
1984). Motility needing such arms is therefore not essential
for proper olfactory functioning, even though olfactory cilia
in species in other vertebrate orders have dynein-arms and
can be motile (Breipohl et al. 1980; Mair et al. 1982; Menco
1983a; Lidow and Menco 1984).

6. Concluding remarks

The similarities in density and diameters between intramem-
branous particles in samples prepared by ultra-rapid cryo-
fixation and those prepared by freezing techniques needing
protection suggest that the freeze-fracture method does not
drastically affect the particle distributions, at least if one
counts the intramembranous holes as particles. For endings
and cilia of olfactory sensory cells this would mean that
concentrations of putative olfactory receptors in cryo-fixed
samples, match those estimated previously from protected
samples (Menco 1980b). Since ES particle densities are sim-
ilar to those in fracture faces (Tables 4, 5), this would also
be true for these particles. Such estimates may be used as
a guide for biochemical studies (Menco 1980b).

However, it is unlikely that biochemical events following
stimulation with odorous compounds are simply reflected
at an ultrastructural level, since a preliminary study, in
which samples of olfactory epithelium were exposed to
odorous stimuli just before cryo-fixation, did not provide
any indication that such events can be directly visualized
at the level of the receptor endings and their cilia. Receptor
labeling may resolve this problem.
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