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Abstract

The small, unmyelinated axons of olfactory sensory neurons project to the olfactory bulb in densely
packed fascicles, an arrangement conducive to axo-axonal interactions. We recently demonstrated
ephaptic interactions between these axons in the olfactory nerve layer, the layer of the olfactory bulb
in which the axon fascicles interweave and rearrange extensively. In the present study, we
hypothesized that the axons, which express connexins, may have another mode of communication:
gap junctions. Previous transmission electron microscopy (TEM) studies have failed to demonstrate
such junctions. However, the definitive method for detecting gap junctions, freeze fracture, has not
been used to examine the interaxonal connections of the olfactory nerve layer. Here, we apply a
combined approach of TEM and freeze fracture to determine if gap junctions are present between
the olfactory axons. Gap junctions involving olfactory axons were not found. However, by freeze
fracture, P faces of both the axons and ensheathing cells (glia that surround the axon fascicles)
contained distinctive linear arrays of particles, aligned along the small columns of extracellular space.
In axons, few intramembranous particles were present outside of these arrays. Multi-helix proteins,
including ion channels and connexin hemichannels, have been shown to be visible as particles by
freeze fracture. This suggests that the proteins important for signal transmission are confined to the
linear arrays. Such an arrangement would facilitate ephaptic transmission, calcium waves, current
oscillations, and paracrine communication and may be important for olfactory neural code
processing.
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Olfactory receptor neurons project from the olfactory epithelium to the olfactory bulb by dense
bundles of thin, unmyelinated olfactory axons (Marin-Padilla and Amieva, 1989; Daston etal.,
1990; Mori, 1993). The high packing density of these axons and the absence of intervening
glia suggest that olfactory coding may be affected by axoaxonal interactions.

We recently demonstrated (Bokil et al., 2001) that neighboring axons are able to influence each
other by ephaptic interactions—current spread through the small extracellular space. We have
argued (Bokil et al., 2001) that ephaptic interactions, as well as interneuronal interactions

mediated by extruded potassium ions (Bliss and Rosenberg, 1979), are important determinants
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of olfactory coding mechanisms. Here we test the hypothesis that gap junctions may facilitate
axo-axonal communication between olfactory neurons. Two lines of evidence support this
hypothesis.

First, olfactory receptors of mature mammals are constantly regenerated (Graziadei and
Graziadei, 1979; Graziadei and Monti Graziadei, 1983), and developing neurons of the central
nervous system are often extensively coupled by gap junctions (reviewed in Kandler and Katz,
1995; Naus and Bani-Yaghoub, 1998; Chang and Balice-Gordon, 2000). Second, olfactory
receptor neurons express connexins, the proteins that form gap junctions. Olfactory receptor
neurons express mRNA for connexins 43 (Zhang et al., 2000), 45 (Zhang and Restrepo,
2002), and 36 (Zhang and Restrepo, 2003). Furthermore, in immunohistochemical studies for
connexin proteins, the olfactory nerve layer of the main olfactory bulb stains intensely for
connexin 43 (Paternostro et al., 1995), and possibly also connexin 36 (Zhang and Restrepo,
2003; but see Belluardo et al., 2000). Although these findings suggest that connexin proteins
are expressed in the olfactory nerve layer, axonal gap junctions have not been reported to occur
in this layer in previous transmission electron microscopy (TEM) studies (Andres, 1969;
Berger, 1969; Doucette, 1984; Marin-Padilla and Amieva, 1989; Au et al., 2002). The only
gap junctions known to exist in the olfactory nerve layer are between ensheathing cells, the
glia that enwrap bundles of axons (Berger, 1969; Mack and Wolburg, 1986).

The definitive method for detecting small gap junctions, freeze fracture, has not been applied
to olfactory axons of the olfactory nerve layer. Freeze-fracture studies have been performed in
the olfactory epithelium and a number of these studies have reported gap junctions between
supporting cells, but not between olfactory sensory neurons (Kerjaschki and Horander, 1976;
Usukura and Yamada, 1978; Miragall and Mendoza, 1982; Miragall et al., 1984).

The presence of connexin protein in the olfactory nerve layer and in the olfactory receptor
neurons led us to hypothesize that the olfactory axons may form small gap junctions that would
be visible only in freeze-fracture preparations. In the present study, we used a combined
approach of freeze fracture and TEM to examine olfactory axons of olfactory nerve layer in
the main olfactory bulb.

In a recent abstract (Blinder et al., 2001) we described preliminary findings suggesting that
gap junctions may exist among olfactory axons, as well as between axons and their surrounding
glia. In the present study, we completed extensive analyses of additional freeze fracture and
TEM data and conclude that our previous conclusion was in error. We find no evidence for
gap junctions involving olfactory axons, although we do confirm the presence of extensive gap
junctions between ensheathing cells.

Instead, we note the presence of distinctive loose linear arrays of particles in regions where
axons and glia contact the small extracellular space. We argue that these arrays, which may
include ion channels and connexin hemichannels, may be involved in interneuronal
communication, oscillatory activity, and volume transmission, and may be important for initial
olfactory signal code processing.

MATERIALS AND METHODS

General reagents were obtained from Fisher Scientific (Fair Lawn, NJ). Aldehydes, osmium
tetroxide, propylene oxide, Aclar® (Honeywell, Philadelphia, PA), and general electron
microscopy and photographic supplies were obtained through Electron Microscopy Sciences
(Fort Washington, PA). Lead citrate solution was from Leica Camera (Northvale, NJ).
Embed812® epon resin was purchased from Ted Pella (Redding, CA). All animals except for
the knockout mice and their littermates were obtained through Charles River Laboratories
(Wilmington, MA). The connexin 36 knockout mice (Cx-36 KO), which express f3-
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galactosidase in the place of connexin 36, were from the laboratory of D.L. Paul (Deans et al.,
2001). All procedures were performed under protocols approved by the University of
Maryland, Baltimore Institutional Animal Care and Use Committee and according to NIH
guidelines.

Seven Sprague-Dawley (SD) rats, one Wistar rat, two CD1 mice, two C57BI6/J connexin 36
knockout mice (Cx-36 KO), and five wild-type C57BI6/J mice (including two littermates of
the knockout mice) were examined. The connexin-36 knockout mice and their littermates were
adult females. All other animals were adult males. Rats weighed 200-300 g; mice were 12
weeks old.

Animals were anesthetized with 50 mg/kg sodium pentobarbital, i.p., perfused via the heart for
3 minutes with Dulbecco’s phosphate-buffered saline, pH 7.2 (PBS; 20 ml/min for rats, 2 ml/
min for mice), then perfused for 20 minutes with fixative. Because fixation protocols may
affect the appearance of inter-axonal appositions (see below), we tested five different fixative
solutions:

1. 2.0% glutaraldehyde, 0.5% paraformaldehyde, in PB, pH 7.4. This fixative was used
for two SD rats, the Wistar rat, the two CD1 mice, the two Cx-36 KO mice, and four
wild-type C57BI6/J mice, including the two littermates of the knockouts.

2. 4% paraformaldehyde, 2.5% acrolein in PB (2 SD rats).

3. 200 ml of 1.25% glutaraldehyde, 1% paraformaldehyde in PB followed by 300 ml of
2.15% glutaraldehyde, 2.15% paraformaldehyde in PB (2 SD rats).

4. 2.0% glutaraldehyde in PB (2 C57BI6/J mice).
5. 4% paraformaldehyde in PB (1 C57BI6/J mouse).

Rats fixed using acrolein were subsequently perfused for 5 minutes with Dulbecco’s PBS.
Olfactory bulbs were removed, postfixed 1 hour in the same fixative (except when acrolein
was used), rinsed in PBS, and 50 um sagittal sections were cut with a Vibratome® (Technical
Products Intl., St. Louis, MO). Sections were stained for 20 minutes in 0.2% osmium tetroxide
and 2.3% potassium dichromate in PB; 20 minutes in 1% osmium tetroxide in PB, rinsed
repeatedly in PB, and left overnight at 4°C in the final rinse. All other steps were carried out
at room temperature.

The next day, sections were stained for 2 hours in the dark in 1% uranyl acetate in 70%
methanol. Sections were dehydrated through a graded alcohol series followed by propylene
oxide, flatembedded in epon resin, and cured overnight at 60°C under vacuum. Areas of interest
were reembedded in Beem capsules. Silver-interference sections were cut with a Sorvall®
1000 ultramicrotome (Du-Pont Instruments, Wilmington, DE), collected on uncoated copper
grids, and stained for 20 minutes in a stabilized solution of 2.7% lead citrate.

Sections were examined at 80 kV with a Philips 200 transmission electron microscope (FEI,
Hillsboro, OR) at a magnification of 10,000-150,000%. Electron micrographs were obtained
at 15,000-45,000x and printed with 2-10-fold enlargement. Selected negatives were digitally
scanned at 600 dpi to 2400 dpi (depending on degree of enlargement desired) with a HP Scanjet
XPA scanner (Hewlett-Packard, Palo Alto, CA) and a Power Macintosh computer. Image
processing, performed with PhotoShop® (Adobe Systems, San Jose, CA), was limited to
cropping and linear level adjustments.
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Freeze fracture

Five additional adult male SD rats (300-500 g each) were perfused with 2.5% glutaraldehyde,
0.5% paraformaldehyde in PB for freeze-fracture studies. Perfusion protocol was as for TEM;
postfixation was overnight. The next day tissue was rinsed in PB and 50-pum thick sections cut
with a Vibratome. To study longitudinal axons, the most superficial portion of the lateral aspect
of the main olfactory bulb was sectioned, while coronal sections of the anteriormost portion
of the olfactory bulb were cut to study axons in cross section. These sections were cryoprotected
in 33% glycerol, mounted between two specimen carriers (Bal-Tec, Manchester, NH), snap
frozen in liquid freon-22, and fractured using a DA360 Double Replica Device (Balzers High
Vacuum, Santa Ana, CA) in a modified Balzers BAF301 freeze-fracture machine.
Complementary fracture faces were shadowed at a 45° angle with 1.4-1.7 nm of platinum,
then reinforced with carbon. Replicas were floated onto distilled water, cleaned with
commercial bleach followed by chromium sulfuric acid, rinsed, and mounted on formvar-
coated slot grids for examination by TEM at 80 kV. Electron micrographs were taken in stereo
with a 12° difference in angle and processed as detailed above.

RESULTS

Identification criteria

Established criteria were used to identify gap junctions in TEM electron micrographs
(Brightman and Reese, 1969; Goodenough and Revel, 1970; McNutt and Weinstein, 1970)
and in freeze-fracture replicas (Chalcroft and Bullivant, 1970; Larsen, 1977). In TEM, gap
junctions present with two apposed bilayers separated by a 2—-3 nm gap of constant width that
may contain regularly spaced striations. Submembranous electron-dense material is usually
present. Depending on the fixation protocol and extent of lead citrate staining, it has been
reported that gap junctions may appear pentalaminar, with an electron-dense central gap, or
septilaminar, with an electron lucent gap (Brightman and Reese, 1969; McNutt and Weinstein,
1970; Larsen, 1977).

In freeze fracture, gap junctions appear in P face as hexagonal arrays of P face intramembranous
particles of uniform size, with a center-to-center spacing of ~7.5 nm (Chalcroft and Bullivant,
1970). The particles may be packed tightly, in crystalline arrays, or somewhat more loosely,
with areas of crystalline hexagonal arrays (Larsen, 1977). The complementary E face contains
a corresponding arrangement of pits.

Olfactory axons and processes belonging to ensheathing glia were identified in TEM
micrographs according to previous descriptions (Andres, 1969; Berger, 1969; Doucette,
1984; Marin-Padilla and Amieva, 1989; Au et al., 2002) and were clearly differentiated (Fig.
1). Olfactory axons were 50-400 nm in diameter, round or oval in cross-section, with regularly
spaced neurotubules. Their contours were very regular, both in cross-section and
longitudinally. Their diameters remained constant longitudinally, except where they expanded
to encompass a mitochondrion. The cytoplasm of ensheathing cells was less electron-dense
than that of axons (Fig. 1a). The processes of ensheathing cells often had broadly undulating
contours. In contrast to the axons, the visible portion of an ensheathing cell process within a
field usually was of changing diameter along its length. Ensheathing cells enveloped bundles
of axons, but rarely penetrated the bundles.

In freeze-fracture replicas, we identified axons and ensheathing cells by their profiles. We
considered as axons processes of the appropriate size and uniform diameter traveling in bundles
(Figs. 1b, 6). The regularly spaced microtubules seen in the cross-fractured cytoplasm of
olfactory axons also identified these profiles as axons (Fig. 1b). We identified as components

J Comp Neurol. Author manuscript; available in PMC 2009 December 30.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

BLINDER et al.

Page 5

of ensheathing cells large expanses of flat membrane (wider than the diameter of two axons;
e.g., Fig. 5) and processes with changing diameter and undulating contours (Fig. 1b).

TEM of thin sections

Extensive gap junctions were present between ensheathing cells in both rats and mice in all
strains examined. Such junctions were also present in the Cx-36 KO mice (data not shown).
In fact, we did not observe any differences in anatomy or ultrastructure of the olfactory nerve
layer between the Cx-36 KO mice and their wild-type littermates. In particular, there was no
difference in the ultrastructure of cells, the spacing of axons, or the configuration of the
extracellular space.

In tissue from animals perfused with fixative #1 (2.0% glutaraldehyde, 0.5%
paraformaldehyde), we found numerous pentalaminar and occasional septilaminar close
appositions between axons (Fig. 2a—c, 2d, respectively). Both typically had a periodic structure.
In the pentalaminar junctions, the periodic structure took the form of striations extending across
the entire junction, reminiscent of a railroad track (Fig. 2b,c). In other cases we noted a periodic
beading of the central line (data not shown). In septilaminar junctions there was a periodic
pattern within the gap (Fig. 2d). All three patterns have previously been reported in gap
junctions (reviewed in Larsen, 1977). In both the pentalaminar and septilaminar junctions
between axons we also frequently saw fibrillar material subjacent to the membrane (Fig. 2b—
d). Such junctions were common in most of the samples we examined and were easy to mistake
for gap junctions. Nonetheless, we have concluded for reasons detailed below that these are
not gap junctions.

There are two types of intercellular junctions that may be confused with gap junctions: tight
junctions and labile appositions (Brightman and Reese, 1969). The septilaminar junctions we
observed were clearly not tight junctions, as these are invariably pentalaminar. Nor do the
pentalaminar junctions appear to be tight junctions, as tight junctions usually do not have
periodic striations or submembranous fibrillar material. Additionally, as noted below, we found
no evidence for tight junctions by freeze fracture.

Labile appositions are a dehydration artifact that appear under many fixation procedures
(Brightman and Reese, 1969). Like tight junctions, labile appositions lack periodic markings
and submembranous electron-dense material. Additionally, labile appositions are typically
accompanied by signs of tissue dehydration or fluid shifts, such as ruffled membranes and
swollen mitochondria, which we did not note in our samples (Figs. 1a, 2a).

We remained concerned, however, by our failure to find by freeze fracture evidence for typical
gap junctions between axons (see below). Moreover, we were concerned that most of the
appositions we observed were pentalaminar in appearance (Fig. 2b,c), while most of the gap
junctions we observed between ensheathing cells in the same sections were septilaminar (Fig.
3b). Furthermore, in the septilaminar appositions we did observe between axons (Fig. 2d), the
gap was as wide as the bilayers, rather than the typical 2 nm spacing of gap junctions (e.g.,
Fig. 3b). None of the close appositions we observed between axons were as convincing as the
extensive gap junctions we identified between ensheathing cells.

Because of these concerns, we examined by TEM a number of different specimens, ultimately
examining 17 animals fixed with five different fixatives (see Materials and Methods). The
atypical junctions were present in many of these specimens. However, in the SD rats fixed with
the two-stage procedure (fixative #3), in which ultrastructure was particularly well preserved,
close appositions involving axons were consistently absent, although gap junctions between
ensheathing cells were observed (data not shown). The close appositions were also absent in
the Wistar rat and in one C57BI16/J mouse fixed with 2.0% glutaraldehyde, 0.5%
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paraformaldehyde (fixative #1). We estimate that we examined ~3 x 10° um? of tissue from
these four animals without encountering any gap junctions involving olfactory axons.

In conclusion, images obtained from thin-sectioned material yielded no convincing evidence
for gap junctions between olfactory axons or between olfactory axons and ensheathing cells.

Freeze fracture

It is widely recognized that gap junctions are most convincingly demonstrated in freeze-
fracture replicas (Peters et al., 1991; Rash et al., 1998), where they appear as densely packed
hexagonal arrays, as described above. We examined freeze-fracture replicas prepared from
five SD rats following fixation with 2.5% glutaraldehyde, 0.5% paraformaldehyde. In total,
we examined ~30 replicas representing an estimated 7.5 x 10° um? of tissue.

Although we found large gap junctions between ensheathing cells (Fig. 3a), we found no
hexagonal arrays indicative of gap junctions on olfactory axons or on ensheathing cells at their
junctions with axons. Rather, careful study of stereomicrographs of complementary replicas
led to a surprising finding: the intramembranous particles were largely excluded from areas of
axo-axonal and axo-glial apposition (Figs. 4-7).

Instead, P faces of axons and ensheathing cells contained loosely organized linear arrays of
heterogeneous intramembranous particles, typically 1 to 6 abreast. These arrays were found
exclusively in regions where the axons contacted the longitudinal columns of inter-axonal
extracellular space (Fig. 6; shown schematically in Fig. 7). Additional intramembranous
particles were seen in the corresponding regions of the complementary E faces (Fig. 6).
Particles varied in diameter from ~5-18 nm. We observed similar loose linear arrays in P and
E faces of ensheathing cells where these apposed the longitudinal crevices of extracellular
space at the edges of axon fascicles (Fig, 4; shown schematically in Fig. 7). In both axons and
glia, the E face particles had the same distribution as the P face particles and were in register
with them.

Axons had few particles outside the linear arrays. In contrast, in addition to the loose linear
arrays, P faces of ensheathing cells had patches of heterogeneous intramembranous particles
(Fig. 5), as well as the gap junctions already noted (Fig. 3a).

DISCUSSION

By freeze fracture and TEM, extensive gap junctions were observed between ensheathing cells
of rats, confirming earlier findings (Berger, 1969; Mack and Wolburg, 1986). Similar junctions
were also observed by TEM in the Cx-36 KO mice. Thus, these gap junctions must be
comprised of other connexins. That is not surprising, as connexin 36 is predominantly or
exclusively found in neurons (Condorelli et al., 1998 2000; Belluardo et al., 2000; Rash et al.,
2001), and connexin 43 is known to be present in the olfactory nerve layer (Paternostro et al.,
1995).

In contrast to the findings with ensheathing cells, we conclude, based on TEM findings and
freeze-fracture results, that gap junctions involving olfactory axons of the main olfactory bulb
of rat and mouse are either nonexistent or very small and extremely rare. The close appositions
we observed by TEM in some tissues, appositions that in some respects resembled gap
junctions, appear to have been a fixation artifact, as they were consistently absent from the
best-preserved samples. However, we remain puzzled by the periodicity frequently present in
these apparent artifacts but not typically present in the artifact known as a labile apposition
(Brightman and Reese, 1969). Andres (1969) also observed atypical lamellar close appositions
between olfactory axons, but did not mention any periodic elements in this junction.
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Freeze fracture findings confirmed that the appositions we observed are not gap junctions.
Rather, intramembranous particles were conspicuously absent from areas of apposition
involving axons (Figs. 6, 7). Instead, the heterogeneous axonal intramembranous particles were
largely confined to distinctive loose linear arrays, found exclusively where the axons contacted
the inter-axonal columns of extracellular space. Heterogeneous linear arrays of particles
occurred also on ensheathing cell membranes adjacent to the extracellular spaces at the
boundaries of axon fascicles (Figs. 4, 7).

We consider it unlikely that these linear arrays are an artifact of shadow angle. First, they were
present in both halves of complementary replicas, although there were many more particles in
P faces than in E faces, as is normal. Second, there were a few intramembranous particles
present in troughs located outside of these arrays, enough to convince us that particles in the
troughs were receiving shadowing.

It has been shown that large proteins appear in freeze fractures as particles having cross-
sectional areas that vary linearly with the number of membrane-spanning helices, by a factor
of 1.4 nm? per helix (Eskandari et al., 1998). In the same study, connexin hemichannels, ion
channels, a water channel, and a co-transporter were all visible by freeze fracture. From the
size relationship, proteins with only one or two transmembrane segments would not be visible
as intramembranous particles. Large receptors are also visible as intramembranous particles
(e.g., Cohen and Pumplin, 1979; Pumplin and Drachman, 1983; Kaufmann et al., 2002), as are
the sodium channels of neurons and the sodium-potassium ATPase (Pumplin and Fambrough,
1983). Taken together, the results suggest: 1) that IMP in olfactory nerves may represent ion
channels, ion pumps, or other large, multi-helix proteins; and 2) that IMPs are all aligned in
membranes facing the small longitudinal columns of extracellular fluid that separate the axons.

The concentration of ion channels and other multi-helix membrane proteins in a relatively small
space between axons could facilitate ephaptic interactions (Bokil et al., 2001), spreading
calcium waves (Cinelli and Salzberg, 1992), potassium ion fluxes (Bliss and Rosenberg,
1979), current oscillations (Stopfer et al., 1997), and paracrine communication. The
extracellular material we observed between axons (Fig. 1a), also observed by others (Berger,
1969), could, by its location, further restrict the effective space, partially segregating the
columns of extracellular fluid from one another and restricting molecular diffusion (Boubriak
et al., 2000; Nicholson et al., 2000; Tannock et al., 2002).

It is also possible that connexins, expressed by olfactory receptor neurons (Zhang et al.,
2000; Zhang and Restrepo, 2002, 2003), and present in olfactory nerve layer (Paternostro et
al., 1995; Zhang and Restrepo, 2003), are among the particles in these arrays. Previous TEM
and freeze-fracture studies have shown definitively that the olfactory epithelium of mammals
lacks gap junctions involving olfactory receptor neurons (Andres, 1969; Pinching and Powell,
1971a,P; Kerjaschki and Horander, 1976; Menco, 19802-9: Miragall et al., 1994, 1996). Nor
have such junctions previously been reported in axons of the olfactory nerve layer in TEM
studies (Andres, 1969; Berger, 1969; Doucette, 1984; Au et al., 2002). The present freeze-
fracture study confirms that gap junctions involving olfactory axons are not present at this
level. To our knowledge, the glomerular layer has not been studied by freeze fracture, but in
TEM studies of thin sections no gap junctions involving olfactory axons were found (Pinching
and Powell, 1971a,b). It would appear, therefore, that although they express connexin proteins
(see above), olfactory axons do not form gap junctions.

It is possible, however, that connexins may be present in the form of hemichannels. For

example, connexin 43 is known to form functional hemichannels (Li et al., 1996). Connexin
43 hemichannels, gated by calcium (Buck, 1996; Li et al., 1996; Quist et al., 2000; Bruzzone
etal., 2001), permit passage not only of ions but also of the paracrine signaling molecule NAD
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+ (Bruzzone et al., 2001). The NAD+ released through the hemichannels can be converted by
the ectoenzyme CD38 into the second messenger cyclic ADP-ribose, which in turn releases
intracellular calcium (Bruzzone et al., 2001). Such a paracrine mechanism has been
demonstrated in astrocyte-to-neuron signaling (Verderio et al., 2001). It is noteworthy that the
olfactory system has the highest level in the brain of the first enzyme in the pathway for
converting tryptophan to NAD+ (Foster et al., 1986), while CNS glia have been shown to
contain CD38 (Pawlikowska et al., 1996).

Communication between olfactory neurons could serve different purposes at different locations
within the olfactory nerve and the olfactory bulb. In the olfactory epithelium, olfactory receptor
neurons with a given specificity are dispersed (Buck, 1993) within one of four expression zones
(Ressler etal., 1993), so that neighboring receptors are of unrelated specificity. As they proceed
toward the bulb, the axons form fascicles that repeatedly interweave and regroup (Mori,
1993). Ultimately, axons of like specificity converge on four glomeruli, one on each side of
each bulb (Yoshihara and Mori, 1997). Axons with closely related specificities are targeted to
glomeruli that are in close proximity to one another (Tsuboi et al., 1999). Thus, initially in its
course, an olfactory axon is surrounded by axons of different specificities from its own; late
in its course it is surrounded by axons of related specificities, and at the very end of its course
it is surrounded by axons of identical specificity.

One can envision a hierarchical arrangement of interactions between axons in the olfactory
nerve layer. Intracellular messengers would be active only in individual axons; paracrine
interactions, facilitated by the distribution of the large proteins along the small extracellular
spaces, would affect only axons in close proximity; ephaptic interactions (Bokil et al., 2001)
would extend through-out a small fascicle; and calcium waves and current oscillations could
extend throughout large areas of the nerve layer. With regard to the last, the extensive gap
junctions between ensheathing cells could effectively make them a functional unit, together
able to contact a large proportion of the axons and therefore able to coordinate widespread
changes in neuronal excitability. Oscillatory activity, present in both olfactory epithelium and
bulb, and coordinated between them (Dorries and Kauer, 2000), may be important in odor
quality encoding (Stopfer et al., 1997).

The hierarchical system of axo-axonal communications proposed, combined with the sorting
and re-sorting of axons along their course, would provide the flexibility needed to permit the
olfactory nerve to accomplish the first stages of olfactory signal processing, including initial
amplification, integration, and refinement. Further signal processing certainly occurs in the
glomeruli and at the mitral cell layer (Mori and Shepherd, 1994). The relative importance of
axo-axonal integration in olfactory neural code processing remains to be determined, but
clearly the anatomical substrates are present to permit the axons to play an important role.
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Fig. 1.

Organization of the olfactory nerve. a: TEM of coronal section through the olfactory nerve
layer demonstrates fascicles of densely packed, small unmyelinated axons (Ax) separated by
ensheathing cell glia (EC). Note the high packing density and the close appositions between
the axons. b: Olfactory nerves visualized by freeze fracture, a technique that avoids
dehydration. Stereo electron micrographs of freeze-fracture replicas confirmed that axons
(asterisks) were tightly packed but without close appositions suggestive of gap junctions.
Cross-fractured microtubules are prominent in axonal cytoplasm. Scale bars = 0.5 um.
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Fig. 2.

Close apposition artifacts between olfactory axons. a—c: Pentalaminar close appositions
between axons in a coronal section through the olfactory nerve layer. Note periodic striations
and submembranous fibrillar material. d: A septilaminar close apposition between axons in a
longitudinal section. Note periodic striations across the central gap. Scale bars = 0.5 ym in a—
¢; 100 nm in d.
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Fig. 3.

Gap junctions between ensheathing cells. a: Freeze-fracture replica of gap junctions between
adjacent ensheathing cells. Gap junctions were identified by the typical hexagonal packing of
P-face particles and E-face pits in the relatively broad, flat areas of ensheathing-cell membrane.
Scale bar = 100 nm. b: Extensive gap junctions between ensheathing cells are apparent in
ultrathin sections. Scale bar = 250 nm.
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Fig. 4.

A stereomicrograph of a freeze-fracture replica from the edge of an olfactory nerve fascicle.
a: A portion of the P face of an ensheathing cell surface (ECP) is indented by several overlying
axons (A1-A3) that run parallel to each other. The fracture plane passed through the E face of
axon 1 (ALE), the P face of axon 2 (A2P), and the E face of axon 3 (A3E). Ridges of the
ensheathing cell (arrows) face extracellular space that lies between these adjacent axons. b: A
more extensive view of the same field shows that intramembrane particles of the ensheathing
cell are concentrated into linear arrays (arrowheads) along these ridges, while membrane area
between the ridges is nearly devoid of IMP. Scale bar = 1 pm.
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Fig. 5.

Complementary replicas of the same area of membrane of two ensheathing cells. Linear arrays
of IMP lie along ridges in the P faces of both cells (thin arrow in a) and along the complementary
indentations in the corresponding E faces (thin arrow in b). A few additional patches of IMP
occur between the ridges in both faces (heavy arrowheads in a,b). Since the fracture plane
passed through the ensheathing cell membrane, overlying axons are not seen. Scale bar = 250
nm.
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Fig. 6.
Complementary replicas of the same area of membrane of several axons. Arrowheads

numbered 1-3 in b indicate boundaries between adjacent axons. Lines of IMP (numbered
arrows) occur in corresponding locations of P faces (a) and E faces (b) of membrane overlying
the extracellular spaces created at the boundaries between axons. Scale bar = 250 nm.
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Fig. 7.
Schematic representation of the edge of an olfactory nerve fascicle. Due to cell shape and

hexagonal packing, three axons (Ax) or two axons and an ensheathing cell (EC) enclose
columns of extracellular space having a triangular cross-section. Intramembrane particles
(black dots) are preferentially found in portions of the membrane of ensheathing cells and axons
that lie adjacent to this extracellular space. Adjacent ensheathing cells are connected by gap

junctions.
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