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Soluble Factors from the Olfactory Bulb Attract Olfactory Schwann
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Olfactory Schwann cells (OSCs) extend processes that en-
sheathe bundles of olfactory axons as they course from the
olfactory epithelium to the olfactory bulb (OB). Results of
morphological and immunohistochemical studies have led
to speculation that OSCs may be involved in guiding the
olfactory axons to their target tissue. In this study we have
explored this possibility by investigating the relationship be-
tween OSCs and the OB. Olfactory Schwann cells labelled
with 1,1’'-dioctadecyl 3,3,3',3'-tetramethylindocarbocyanine
perchlorate (Dil) were injected into the nasal region of E14
rat embryos and entire embryos were cultured for 24 hr. It
was found in some embryos, that the OSCs had migrated
toward the presumptive OB. Cocultures of neonatal OB ex-
plants on OSC monolayers showed that the OSCs were at-
tracted to the OB and formed a ring-like aggregate around
the explant after 48 hr culture. This attraction was absent
when a piece of cerebrum was used in place of the OB.
When medium conditioned by neonatal OBs was placed in
the lower compartment of the chemotaxis chamber, OSCs
seeded in the upper compartment migrated through the pores
of the nucleopore filter to reach the underside which was in
contact with the conditioned medium. After 6 hr of incuba-
tion, scanning electron microscopy was performed on the
underside of the nucleopore filters. Cell counts of OSCs
showed that the cell density was significantly higher when
medium conditioned by OBs was used instead of uncondi-
tioned medium or medium conditioned by cerebrum. The
results of these experiments show that the OSCs migrate
toward the OB under the influence of soluble factor(s) se-
creted by the target tissue.

[Key words: olfactory Schwann cells, olfactory bulb, de-
velopment, migration, olfactory axon, soluble factors]|

One of the major issues in neurobiological research is the ques-
tion of how axons are able to find their way and make synapses
with the correct target during development. In the rat primary
olfactory pathway, olfactory neurons (ONs) first extend axons
into the underlying lamina propria at E14 (Farbman and Squin-
to, 1985). These axons are accompanied by cells which migrate
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out of the epithelium and move toward the rostral end of the
cerebral vesicle. It has been shown in early mouse embryos that
cells migrating from the medial side of the olfactory placode
contain luteinizing hormone-releasing hormone (LHRH) and
these cells eventually take up residence in the hypothalamus
(Schwanzel-Fukuda and Pfaff, 1989; Wray et al., 1989). Other
migrating cells become olfactory Schwann cells (OSCs) and some
of them eventually distribute in the outer nerve layer of the
olfactory bulb (OB) (Doucette, 1989; Chuah and Au, 1991; Nor-
gren et al., 1992).

To avoid confusion, it should be noted that the OSCs are also
known by the term ““ensheathing cells” in some previously pub-
lished reports (e.g., Devon and Doucette, 1992; Miragall and
Dermietzel, 1992; Ramon-Cueto and Nieto-Sampedro, 1992;
Goodman et al., 1993, Chuah and Au, 1994). The reason for
this dual terminology is that although OSCs bear some simi-
larities with Schwann cells of other peripheral nerves, they are
not identical to the latter. One notable difference is that the
OSCs are derived from precursor cells in the olfactory placode
and not from the neural crest (Chuah and Au, 1991). They are
present in the olfactory nerve layer of the OB and contribute to
the formation of a glia limitans there (Doucette, 1990). In con-
trast, Schwann cells normally fail to penetrate into CNS struc-
tures, much less contribute to the formation of glia limitans.

The apparent role of neuroglial cells in guiding axon growth
during ontogeny (Hatten, 1990; Silver et al., 1993) and in de-
termining the success or failure of axonal regeneration in other
nervous tissues (Anderson and Turmaine, 1986; Berry et al.,
1988; Villegas-Perez et al., 1988; Savio and Schwab, 1989) has
raised questions about whether the unique continual growth of
axons in the adult primary olfactory pathway is related to the
biology of the OSCs in this tissue. The OSCs do not myelinate
or ensheathe individual axons. Instead they grow processes to
ensheathe bundles of axons (Cuschieri and Bannister, 1975;
Farbman and Squinto, 1985; Burd, 1991). In addition to the
close spatial relationship between OSCs and olfactory axons,
OSCs are known to express certain neurite-promoting molecules
such as laminin and the neural cell adhesion molecule (N-CAM)
(Liesi, 1985; Miragall et al., 1988, 1989). It has been shown that
N-CAM, N-cadherin, and L1 mediate ON neurite outgrowth
on astrocyte monolayers (Chuah et al., 1991). Recent studies in
our laboratory show that interaction between membrane mol-
ecules are similarly involved in promoting olfactory neurite
growth on OSC monolayers (Chuah and Au, 1994). Hence it is
not surprising that several researchers have speculated on the
role that OSCs may play in guiding the olfactory axons to their
appropriate target, the OB (Cancalon, 1986; Barber and Dahl,
1987; Doucette, 1990; Goodman et al., 1993).



The studies reported here are an attempt to address this ques-
tion. We have investigated whether OSCs respond to external
directional cues and the possible source of these signals. Ex-
perimental evidence from the whole embryo cultures, explant
cultures and cell cultures in chemotaxis chamber is consistent
with the notion that OSCs migrate toward the OB in response
to soluble trophic factors released specifically by the bulb.

Materials and Methods

Purification of olfactory Schwann cells

Highly enriched cultures of OSCs (>96% purity) were purified from
neonatal Sprague-Dawley rats according to the method developed by
Chuah and Au (1993). Briefly, the method involved peeling away the
olfactory nerve layer from the rest of the OB and subjecting the layer
to 0.25% trypsin and 0.03% collagenase digestion to dissociate cells.
Contaminating cells, such as fibroblasts, were eliminated by treatment
with 2.5 x 10-7 M cytosine arabinoside (Sigma, St. Louis, MO) and
immunoadsorption with anti-Thy 1.1 antibodies (Serotec, Indianapolis,
IN). Astrocytes originally present in the olfactory nerve layer were ef-
fectively removed from the OSCs during passaging by taking advantage
of their greater adhesivity to plastic. The identity of the OSCs derived
from this purification method has been previously confirmed ultras-
tructurally (Chuah and Au, 1993). Final steps in the procedure included
the addition of bovine pituitary extract (Sigma, St. Louis, MO), at a
final concentration of 12 ug/ml to the culture medium (CM1) to stim-
ulate division of OSCs. CM1 consisted of Dulbecco’s modified Eagle’s
medium (DMEM, GIBCO, Grand Island, NY), supplemented with 10%
fetal bovine serum, MEM-Vitamin and penicillin/streptomycin.

Dil labeling of olfactory Schwann cells

1,1’-Dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate (Dil,
Molecular Probe, Eugene, OR), a fluorescent lipophilic dye was used to
label the OSCs. The dye is not toxic and does not alter the behavior or
physiological properties of cells (Honig and Hume, 1986). A stock so-
lution of the label was prepared by dissolving 4 mg of Dil crystals in 1
ml of 100% ethanol. The labeling was achieved by adding some of the
stock into the CM 1 (final concentration 40 ug/ml of Dil) containing the
OSCs. After 1 hr of incubation, the cells were washed three times in
fresh CM1 to remove all of the excess unbound dye. The labeled OSCs
were then trypsinized from the flask and used in experiments.

Embryo cultures

Manipulation of embryos. E14 rat embryos were obtained from pregnant
Sprague-Dawley females by cervical dislocation. The day at which a
vaginal plug was found was designated E1. In prewarmed phosphate
buffer medium, the decidual tissues and parietal membrane were re-
moved from the embryos. A slit was then made in the yolk sac and
amniotic cavity to expose the embryo. The survival of the operated
embryos was enhanced by avoiding, as much as possible, damage to
the major blood vessels on the surface of the yolk sac.

Approximately 500-1000 Dil-labeled OSCs were injected into the
craniofacial region of the embryos using a pulled glass pipette. The
labeled cells were introduced unilaterally in a frontal view of the embryo.
Because of the translucence of the embryonic tissue, the OSCs can be
placed consistently medial to the olfactory epithelium in the vicinity of
the rostral half of the olfactory pit. A total of 10 embryos randomly
taken were immediately processed for light microscopy (0 hr culture)
to demonstrate the site of injection. As an additional control, indian
ink (Pelikan, #17) was also introduced in a similar manner in a few
embryos.

Immediately after surgery, the embryos that were to be cultured, were
transferred individually into 50 ml bottles containing 5 ml of culture
medium (CM2). CM2 consisted of 3 parts DMEM and 1 part rat serum
(extracted from the blood of adult Sprague-Dawley rats). The bottles
were inserted into a roller-incubator (BTC Engineering, UK) rotating
at 20-40 rpm and maintained at 37°C. The cultures were gassed every
6 hr with 95% O, and 5% CO..

Processing of embryos. Embryos that were injected with indian ink
were fixed in Bouin’s fixative and processed for routine light microscopy.
Seven micrometer thick sections were made from these specimens and
stained with hematoxylin and eosin. All other embryos (after 0 hr, 6
hr, or 24 hr of culture), which were injected with Dil-labeled OSCs,
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were fixed overnight in 4% paraformaldehyde. To trace the olfactory
axons, a solution of 4-(4-dihexadecylaminostyryl)-N-methylpyridinium
iodide (DiA, Molecular Probe, Eugene, OR) at a concentration of 5 mg/
ml methanol was injected into the nasal pit to label the olfactory epi-
thelium. The complete labeling of ONs and axons took approximately
4-5 d. The embryos were then decapitated and the heads immersed in
30% sucrose solution for 2 hr. The specimens were cryosectioned at 20
um and examined under a Zeiss fluorescence microscope.

Cocultures of explants on Dil-labeled olfactory Schwann cell
monolayer

Dil-labeled OSCs (1.5 x 10*) were seeded onto each 12 mm diameter
acetone washed, sterile glass coverslip. After 24 hr, the OSCs had at-
tached and differentiated and were ready for use as a substratum for
explant cultures.

Explants were obtained from 1-3 d old Sprague-Dawley rats. They
were either the OB or a superior portion of the cerebrum of comparable
size whose meningeal covering had been removed. The olfactory nerve
layer of the OB was stripped off to remove most of the OSCs. This was
verified by immunohistochemical staining of 12 um thick cryosections
of some OBs, before and after removal of the olfactory nerve layer.
Sections were incubated overnight at 4°C in mouse monoclonal antibody
against NGF low affinity receptor (NGF-rec, 1:50), which labels OSCs
but not astrocytes. The NGF-rec antibody was a generous gift from Dr.
M. Shipley. The streptavidin-biotin-HRP technique and DAB were used
to visualize the OSCs. Results of immunohistochemical staining showed
that most of the OSCs of the OB were removed together with the ol-
factory nerve layer when it was peeled off (Fig. 1a,b). Hence, only a
very small number of OSCs was left on the remainder of the OB and
they are unlikely to complicate interpretation of the results.

The OB or cerebral explants were placed onto the center of the OSC
monolayer and enough CM1 was added to cover them. After 48 hr of
growth at 37°C and 100% humidity in an atmosphere of 5% CQO,, the
entire cocultures were fixed in 4% paraformaldehyde for 10 min. The
explants were then gently removed with a pair of fine forceps and the
coverslips with the adherent OSC monolayer were overturned onto glass
slides and examined under a Zeiss fluorescence microscope.

Chemotaxis chamber experiments

Preparation of conditioned media. Olfactory bulb and cerebrum con-
ditioned media were produced conventionally by organ culture as de-
scribed by Chuah and Farbman (1983). Briefly, five neonatal (1-3 d
old) rat OBs (without olfactory nerve layer) or pieces of cerebrum (with-
out meningeal covering) were placed on a piece of Millipore filter (Mil-
lipore, Bedford, MA) of 0.2 um pore size supported by a triangular
stainless steel grid inside a Falcon organ culture dish (Becton Dickinson,
Lincoln Park, NJ). One milliliter of CM1 was added to the dish and
the set up was maintained for 5 d at 37°C in an atmosphere of 5% CQO,.
Following this period of culture, the resulting conditioned media were
frozen, thawed and centrifuged at 1800 rpm for 10 min to remove
possible contaminating cells. The conditioned media were then used at
full strength.

Preparation of rat dermal fibroblasts. The procedure used was mod-
ified from the method by Ham (1980). A newborn Sprague-Dawley rat
was killed by decapitation and a piece of skin was dissected from its
back. It was cut into small pieces of about I mm? in phosphate buffered
saline. About 10 of these pieces were transferred to each 25 cm? Falcon
flask (Becton Dickinson, Lincoln Park, NJ). They were placed with the
hypodermis side facing the surface of the flask to enhance fibroblast
outgrowth from the explants. Sufficient CM1 was added to prevent
detachment and dehydration of the explants. Five days after, when
numerous fibroblasts had migrated out, the remaining explants were
discarded. By careful monitoring of trypsinization, the less adherent
fibroblasts can be separated frem the rest of the epithelial cells in the
flask. The fibroblasts were seeded into a new flask and the purity de-
termined by immunostaining for fibronectin (>95%).

Chemotaxis experiments. We have investigated the response of the
OSCs to soluble molecules present in media conditioned by OB and
cerebrum. The response of fibroblasts to possible chemoattractants in
media conditioned by OB was also investigated. The experiments were
conducted using the blind well chemotaxis chambers (Nuclepore, Cam-
bridge, MA) (Fig. 2). The apparatus is made up of an upper and a lower
compartment separated by a nucleopore filter (12 um pore size, Nucle-
pore, Cambridge, MA) that has been precoated with fibronectin (100
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Figure 1.

a, Neonatal rat olfactory bulb immunostained for the low affinity NGF receptor. Positive immunoreactivity denoting the presence of

olfactory Schwann cells is found predominantly in the olfactory nerve layer (ONL). b, Neonatal rat olfactory bulb with the olfactory nerve layer
peeled off. Immunoreactivity for the low affinity NGF receptor is reduced drastically, being present in a few scattered cells (arrows). Scale bars,

150 pm.

pg/ml of human plasma fibronectin, Sigma, St. Louis, MO). Cells are
seeded into the upper compartment and if they are responsive to the
reagents in the lower compartment, they will migrate through the pores
in the filter and settle on the underside of the membrane facing the
chemoattractant.

There were three groups of experiments: (1) OSCs in the upper com-
partment and OB conditioned or unconditioned (CM1) medium in the
lower compartment, (2) OSCs in the upper compartment and cerebrum

conditioned or unconditioned (CM1) medium in the lower compart-
ment, and (3) fibroblasts in the upper compartment and OB conditioned
or unconditioned (CM1) medium in the lower compartment. The aim
of the first group of experiments was to determine whether or not the
OB was secreting a chemoattractant(s) which acted on OSCs. The second
group of experiments determined whether the source of the chemoat-
tractant(s) was specific to the OB or if it could also be present in other
neural tissues such as the cerebrum. The last group of experiments was

Blind Well Chemotaxis Chamber

Compartment for cell

suspension (200ul)

Nuclepore filter
— (diameter = 13mm)
(pore size = 12um)

Well for conditioned
\and unconditioned
media (25ul)

Figure 2. A diagrammatic illustration
of a blind well chemotaxis chamber. The
chamber is separated into two com-
partments by a nucleopore filter. In the
upper compartment is placed the cell
suspension and in the lower the test so-
lution,




designed to ascertain whether the trophic substance(s) produced by the
OB could attract cells other than OSCs.

In all experiments, 25 ul of conditioned or unconditioned medium
was introduced into the lower compartment of the chemotaxis chamber.
The fibronectin coated filter was placed over it and held securely by a
screw retainer. Olfactory Schwann cells or fibroblasts suspended in 200
ul of CMI (5.6 x 10% cells/ml) were then introduced into the upper
compartment. Lastly, the whole assembly was incubated for 6 hr at 37°C
in an atmosphere of 5% CO.,.

Following incubation, the filters were removed from the chambers,
fixed in 2.5% glutaraldehyde and processed for scanning electron mi-
croscopy. Briefly, the procedure included post fixation in 0.1% osmium
tetroxide, dehydration through an ascending series of alcohol, and final
processing through a series of Freon 113 of increasing concentration.
The specimens were then critical point dried and coated with palladium
gold. They were viewed in a Jeol JSM-35CF scanning electron micro-
scope. Micrographs were taken of an area measuring 0.2 ¢m? in the
center of the filter and the number of cells were counted directly on the
micrographs at a magnification of 830x.

Results

Embryo cultures

Cryo- and paraffin sections of the E14 rat embryos which were
fixed immediately following injections of Dil-labeled OSCs or
indian ink, showed that the OSCs had been injected approxi-
mately at the same site from one embryo to another (Fig. 3).
Growing olfactory axons were absent in this region and there
was little tissue damage to the surrounding mesenchyme.

A total of 23 embryos were cultured for 24 hr while 2 were
cultured for 6 hr. After this period, viability was determined by
the presence of heart beat and well developed vascularization.
Two embryos did not survive. The rest were processed and the
heads cryosectioned serially.

Under 515 nm (fluorescein isothiocyanate) filter illumination,
the DiA-labeled olfactory epithelium and axons were bright
yellow while the Dil-labeled OSCs were barely visible. When
580 nm (rhodamine) filter illumination was used, the Dil-la-
beled OSCs gave an intense orange-red color while the DiA
olfactory epithelium appeared dull red. Therefore by viewing
the specimens under illumination of different wavelengths, the
structures can be unambiguously identified,

The Dil-labeled OSCs injected into the rat embryos differ-
entiated into a spindly bipolar morphology. The original injec-
tion site was usually obscured following culture because the
wound created by the pulled glass pipette was very small and
tissue recovery was particularly efficient in the embryos. In both
specimens examined after 6 hr of culture, OSCs were found
migrating out of the injection site toward the general direction
of the OB (Fig. 4a). After 24 hr culture, 18 out of the 21 surviving
embryos showed that the Dil-labeled OSCs had migrated and
some were in contact with outgrowing axons. These OSCs had
their long axes aligned parallel to the direction of the axons.
The finding that the labeled OSCs had migrated to the growing
olfactory nerves was not particularly surprising because we had
observed in vitro that OSCs seeded in proximity with each other
often tended to migrate toward each other (unpublished obser-
vations). It is conceivable that migration of the Dil-labeled
OSCs was a result of the homotypic attraction to the other OSCs
accompanying the newly growing axons.

Out of these 18 embryos, 8 of them contained additional Dil-
labeled OSCs which had migrated in the direction of the pre-
sumptive OB (Fig. 4b—d). Those in the leading edge had migrated
over a distance of more than 150 um in 24 hr. Observations of
successive sections indicated that these OSCs were not associ-
ated with the olfactory nerves which were growing from the
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Figure 3. A representative specimen showing the location of Dil-la-
beled olfactory Schwann cells (arrows) immediately after their injection
into the E14 rat embryos. The olfactory epithelium (OF) has been
previously labeled with DiA fluorescent dye. Scale bar, 50 pm.

epithelium. This preliminary finding hinted that the OB could
be attracting the OSCs by some unknown mechanism. To ex-
plore the possibility of a trophic factor(s) mediating this attrac-
tion, cocultures of OB explants and OSC monolayers were con-
ducted.

In 3 out of 21 embryos, the Dil-labeled OSCs remained in
the mesenchyme, showing movement in no particular direction
after 24 hr of culture. It could not be determined with certainty
the distance through which these cells might have migrated
because the original injection site was not apparent. It is possible
that in these cases, the OSCs had been introduced at a site
slightly too distant to be influenced by the OB or OSCs asso-
ciated with the olfactory nerves.

Cocultures of explants on Dil-labeled olfactory Schwann cell
monolayer

Following 48 hr culture, the OB or cerebrum explants were
removed and observations under the fluorescence microscope
were made on the Dil-labeled OSCs adherent on the coverslips.
The placement pattern of the OSCs on the coverslips which
originally had OBs was strikingly different from that of the
coverslips bearing the cerebrum explants. In 23 out of 27 co-
cultures of OB on OSC monolayer, the ECs had aggregated to
form a dense ring around where the OB was originally placed
(Fig. 5a). The ring was sometimes about 10 cells thick and
immediately external to it was a region of relatively low OSC
density (Fig. 5b,c). In contrast, the OSCs surrounding the ce-
rebral explant were evenly distributed and no dense ring of OSCs
was ever observed (Fig. 6a,b). The results thus suggested two
possibilities: (1) the OB could be secreting a trophic factor(s)
which attracted OSCs and which was not produced by the ce-
rebrum; (2) cells on the periphery of the OB explant, and not
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Figure 5. Fluorescence micrograph. a, An overview of Dil-labeled olfactory Schwann cells cocultured with an olfactory bulb explant. The explant
has been removed, and the dotted line indicates its original position. b, A high power magnification of a framed region in a showing aggregation
of olfactory Schwann cells around the periphery of the explant. Specimen is viewed under a rhodamine filter. ¢, Framed region in a, again
demonstrating olfactory Schwann cells accumulating at the borders of the explant. Scale bars: a, 400 um; b, 50 um; ¢, 100 pm.

Figure 6. Fluorescence micrograph. a, An overview of Dil-labeled olfactory Schwann cells cocultured with a piece of cerebrum. The dotted line
indicates the position of the cerebrum before it was removed. b, High power magnification of framed region in a. In contrast to olfactory Schwann
cells grown in the presence of an olfactory bulb, the olfactory Schwann cells are not aggregated but are instead evenly spread around the borders
of the cerebrum. Specimen is viewed under a rhodamine filter. Scale bars: a, 400 um; b, 100 uym.

—

Figure 4. Cryosections of embryos injected with Dil-labeled olfactory Schwann cells and cultured for 6 hr and 24 hr. a, A representative 6 hr
specimen. Olfactory Schwann cells (arrows) are beginning to migrate out of the injection site (7). The olfactory bulb (OB) is out of view and is
located superiorly as indicated by the /arge arrow. b—d are representative sections from 24 hr specimens. Spindle-shaped olfactory Schwann cells
(arrows) continue to migrate away from the implantation site (/) toward the olfactory bulb (OB, dotted lines). OE, DiA-labeled olfactory epithelium.
D indicates the extent of migration. Magnification of b—d is the same. Scale bars: a, 40 pm; b,, 50 um.




996 Liu et al. » Factors from Bulb Attract Offactory Schwann Cells

Figure 7. Scanning electron micrographs of the undersides of nucleopore filters (surface directly facing the lower compartment of the blind well
chamber) obtained 6 hr after the plating of olfactory Schwann cells (5.6 x 10¢). Twenty-five microliters of olfactory bulb conditioned (a, b, d) or
unconditioned (c) media were added to the lower chamber. a and b show successive stages of olfactory Schwann cells migrating through the 12
pm pores in the nucleopore membrane. The olfactory Schwann cells migrate by sending long slender processes through the pores (arrows). Scale
bar, 10 gm. ¢, In unconditioned medium, very few olfactory Schwann cells are found on the underside of the filters. In contrast, the number of
olfactory Schwann cells is increased dramatically in the presence of olfactory bulb conditioned medium (d). Scale bar, 100 um.

the cerebrum, expressed selective adhesion molecules for OSCs.
Hence, randomly migrating OSCs which happened to contact
the OB explant became attached to the tissue. The experiments
utilizing the chemotaxis chambers were able to provide more
insight and determine which of the two explanations was more
likely.

In the four cocultures of OB and OSC monolayer which failed
to result in a directional migration of OSCs, the OBs were de-
tached from the substratum. Consequently, it was likely that in
these cultures no concentration gradient of the trophic factor(s)
was established and therefore the OSCs failed to demonstrate
directional migration.

Chemotaxis experiments

Scanning electron microscopy of the underside of the nucleopore
filters showed the typical spindly largely bipolar morphology of
the OSCs. Successive stages of OSCs migrating through the pores
were observed (Fig. 7a,b). The OSCs initially extended their
growth cone bearing filopodia-like processes through the pore
before the cytoplasmic process followed through (Fig. 7a). The
migration of the entire cell body was observed soon after (Fig.
7b). The OSCs were morphologically different from the fibro-
blasts which were used in the third group of chemotaxis exper-

iments. The fibroblasts were polygonal and bigger in size with
a diameter of about 12 um. They also tended to flatten and cell
boundaries were less distinct compared to those of OSCs.

Figures 8-10 summarize the results of the cell counts on the
underside of the nucleopore filters in the three groups of ex-
periments. In the presence of OB conditioned medium, there
were significantly more OSCs on the underside of the nucleopore
filters than that in the control chamber (Fig. 7¢,d). The mean
density of 813 + 34 OSCs/mm? nucleopore filter in the cham-
bers containing OB conditioned medium was nearly threefold
greater than the control value of 270 + 41 (Fig. 8). This finding
argues strongly that the OB secretes soluble factor(s) which at-
tracts OSCs. The aggregation of a ring of OSCs around OB
explants (see Cocultures of explants on Dil-labeled olfactory
Schwann cell monolayer, above) was less likely to be a result of
merely random migration of OSCs in a tissue culture dish. How-
ever, it is accepted that the findings thus far do not exclude the
possibility that the cells of the OB could in fact also express
selective adhesion molecules for OSCs.

Figure 9 shows that the OSC count was not significantly dif-
ferent in the presence of both cerebrum conditioned (171 + 14)
and unconditioned medium (197 + 23) suggesting that the tro-
phic factor(s) acting on the OSCs was specifically derived from
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Figure 8. Average number of olfactory Schwann cells on the lower
surface of nucleopore filters: oifactory bulb conditioned medium versus
unconditioned medium. Significantly different at P < 0.0001 by Student
t test. N = number of filters examined.

the OB. In addition, this trophic factor(s) did not influence the

migration of fibroblasts because the mean number of fibroblasts.

on the underside of the nucleopore filters was rather similar in
the OB conditioned (75 + 10) and unconditioned medium (73
+ 9) (Fig. 10).

Discussion

By conducting whole embryo culture, explant culture on OSC
monolayers and chemotaxis experiments, we have shown that
OSCs migrate toward the OB in response to a trophic factor(s)
secreted by the OB. This factor(s) acts specifically on OSCs and
is not produced by the cerebrum.

The finding that the OB secretes a trophic factor(s) which acts
as a chemoattractant to OSCs has an important implication. It
may be the crucial event in the understanding of the processes
involved in olfactory axon path finding. Attempts to resolve
this issue were first undertaken by researchers employing mor-
phological and immunohistochemical techniques (e.g. Doucette,
1984, 1990; Vickland et al., 1991; Miragall and Dermietzel,
1992). The presence of N-CAM and L1 on OSC and olfactory
axon surfaces gave rise to the oversimplified view that the OSCs
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Figure 9. Average number of olfactory Schwann cells on the lower
surface of nucleopore filter: cerebrum conditioned medium versus un-
conditioned medium. P > 0.05. N = number of filters examined.

could be guiding the olfactory axons to their target by mere
expression of adhesion molecules (Doucette, 1990). Further-
more, most studies have usually demonstrated the effect of tro-
phic factors from target tissues on axonal growth of neurons
(e.g., Chan and Haschke, 1981; Carri and Ebendal, 1987; Pini,
1993), little attention has been paid to their effect on the neu-
roglial cells.

Although this is the first report of migration of OSCs in re-
sponse to trophic factor(s) from the OB, similar migration of
other cell types unrelated to the nervous system is well docu-
mented (Grotendorst et al., 1981; Venkatasubramanian and So-
lursch, 1984; Devreotes and Zigmond, 1988). For example, neu-
trophils have specific receptors for certain peptides and they
migrate up a concentration gradient of these peptides (Devreotes
and Zigmond, 1988). Venkatasubramanian and Solursch (1984),
in an in vitro study, demonstrated that embryonic skeletal mus-
cle cells migrate toward a gradient of platelet-derived growth
factor present in the serum.

In the PNS, Schwann cells are known to migrate proximal-
distally into the premuscle mass of the chick limb bud before
axon ingrowth (Noakes and Bennett, 1987). However, the signal
which triggers this migration is still unknown. If the Schwann
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Figure 10. Average number of fibroblasts on the lower surface of nu-
cleopore membrane: olfactory bulb conditioned medium versus uncon-
ditioned medium. P > 0.05. N = number of filters examined.

cells are eliminated by removal of neural crest cells before they
migrate out, the spinal nerves will grow into the base of the
limb, but they fail to extend far enough to make normal con-
nections with the muscles (Carpenter and Hollyday, 1986). In
an earlier study in which Carney and Silver (1983) described
the developing distal auditory pathway in the mouse embryo,
they showed the presence of a group of neural crest—derived
funnel cells between the developing otocyst and the auditory
ganglion. It was proposed that the funnel cells provided an ad-
hesive substrate and influenced the directional growth of the
auditory axons to the otocyst.

In the CNS, evidence showing the correlation between grow-
ing axons and migrating neuroglial cells has been reported re-
cently in an immunohistochemical and morphological study
(Silver et al., 1993). Silver and his coworkers demonstrated that
during cerebral hemispheric fusion, there is remodeling of the
basal lamina which is associated with ghial cells. Next, a glial
“sling” forms at the corticoseptal junction which is followed
closely by the invasion of fibers of the dorsal callosal stria. The
spatiotemporal patterning suggests that the glial cells in this
region may be imparting specific directional cues to the growing
axons.

Immature glial cells have also been implicated in promoting

gradient of
Chemotactin

Figure 11. A hypothetical model illustrating how olfactory axons are
guided to the presumptive olfactory bulb (POB) in E14-15 rat embryos.
The POB secretes chemotactic factor(s) which diffuses, in the form of
a gradient, toward the olfactory epithelium. The olfactory Schwann cell
migrating out of the OE presumably bear receptors (R) for these che-
motactic molecules and are guided by them to migrate toward the POB.
The olfactory Schwann cells in turn, express membrane molecules on
their cell surface which promote the growth of olfactory axons.

regrowth of axons in injured central nervous tissues. Blaugrund
and his coworkers showed that following nerve crush of the fish
optic nerve, both mature and immature glial cells migrated to
the injury site and subsequently, leading growth cones of the
regenerating axons were found to be closely associated with the
immature glial cells. In contrast, migration of glial cells into the
injured area of the rat optic nerve was absent and they suggested
that this might partially account for the failure of rat optic nerve
to regenerate. In another study, immature astrocytes harvested
on Millipore filters which were then transplanted into the brains
of acallosal mice, were able to reduce glial scarring and promote
axonal regeneration (Smith et al., 1986).

With the findings from our present and previous studies (Chuah
and Au, 1991, 1993, 1994; Chuah et al., 1991), we put forward
a proposal on the mechanism by which olfactory axons are
guided toward the target OB (Fig. 11). During ontogeny, as the
first olfactory axons perforate the basal lamina of the epithelium
to enter the lamina propria, they are accompanied by a group
of cells, possibly OSCs. The exact identity of these cells is un-
certain because they have not been defined immunohistochem-
ically; our previous studies demonstrated that they could only
be stained for GFAP at E16 (Chuah and Au, 1991). On the other
hand, in vitro studies in our laboratory show that ONs are able
to extend axons on OSCs but fail to do so on noncellular sub-
strata, even in the presence of medium conditioned by OSCs
(Chuah and Au, 1994), suggesting that olfactory axon growth is
mediated by molecular interaction between membrane surfaces
of ONs and OSCs. The experimental evidence from this and
earlier studies is consistent with the proposal that during de-
velopment, directional guidance of the olfactory axons to the
OB is provided by the migration of the OSCs in response to
chemoattractant(s) released by the OB. Groups of cells, most
likely OSCs, migrate out of the olfactory epithelium with the
axons, and resemble a moving carpet on which the olfactory
neurites grow (Fig. 11).

It is notable that in an earlier study by Gonzales and his
colleagues (1985), in which they cocultured a fragment of an
E16 rat OB in close proximity to a piece of olfactory mucosa
of the same stage, they found that the OB fragment failed to
influence the direction of growth of olfactory axons. They also



reported that no migrating cells from the olfactory epithelium
was observed in their culture system. It is now known that many
of these migrating cells are OSCs (Doucette, 1989; Chuah and
Au, 1991) and the lack of directionality in axon growth could
be attributed to the absence of OSCs in their in vitro system.

Our proposal on olfactory axonal pathfinding is probably more
representative of the development of the primary olfactory path-
way during ontogeny, that is, when the first axons and OSCs
are growing through a “virgin’’ environment. The situation may
be different in the postnatal animal when ONs are undergoing
turnover and new ones are being produced by the basal cells
(Levey et al., 1991; Mackay-Sim and Kittel, 1991). Axons of
immature ONs will be growing through a connective tissue re-
gion which is already populated with mature axons and their
OSCs. It has not been elucidated what type of effect the pre-
existing olfactory nerve fibers and their OSCs exert on the newly
growing axons.

However, results of bulbectomy experiments (Graziadei et
al., 1978, 1979; Graziadei and Samanen, 1980) do raise some
speculations with regard to this possibility. After removal of an
OB in the neonatal mouse, it is found that newly derived ONs
send their axons through the cribriform plate, and in many cases,
penetrate the cerebral forebrain and synapse with the neurons
there (Graziadei et al., 1978, 1979). At the same time, the fore-
brain is found to protrude into the void left by the removal of
the OB. One interpretation is that the forebrain may be secreting
a chemoattractani(s) similar to that of the OB. However results
of our cerebral explant cultures on OSC monolayers suggest
otherwise. What is unknown is the fate of the OSCs previously
associated with the olfactory nerve fibers which have been sev-
ered as a consequence of bulbectomy. One wonders, if following
axonal degeneration and cell death, these OSCs remain 1in their
original location in the connective tissue, and thereby act as a
preformed bridge for guiding new axons into the cranium. Sim-
ilarly, in normal turnover of ONs in postnatal animals, there
could be other sources of directional cue for growing olfactory
axons in addition to the OB.

This study represents the first report of OSCs migrating in
response to a trophic factor(s) released by the OB. Future areas
of research will include investigating the biochemical nature and
other possible functions of this secretion.
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