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NEUROPROTOCOLS: A Companion to Methods in Neurosciences 3, 222-231 (1993)

Cell Lines Derived from Retrovirus-Mediated
Oncogene Transduction into Olfactory

Epithelium Cultures

Anne L. Calof! and Jose L. Guevara

Department of Biological Sciences, University of Iowa, Towa City, Towa 52242

We describe the isolation and characterization of six immortal
cell lines derived from primary cultures of olfactory epithelium
(OE) purified from E15 mouse embryos. Cultured cells were im-
mortalized using a replication-defective murine retrovirus con-
taining the cDNA for human c-myc, in addition to a dominant
selectable antibiotic resistance gene (neo). Cells that survived
antibiotic selection and displayed process-bearing morphologies
were expanded and analyzed for expression of molecutar mark-
ers characteristic of olfactory receptor neurons, sustentacular
cells, and olfactory ensheathing cells. Interestingly, all six cell
lines expressed morphological and immunological properties of
the ensheathing, or Schwann, cells of the olfactory nerve, but
did not express markers characteristic of olfactory receptor
neurons. Our results suggest that, while it is possible to generate
immortalized OE cell lines using retrovirus-mediated oncogene
transfer, there may be limitations to the types of cells that can
be immortalized. In addition, we demonstrate the potential use-
fulness of immortalized OE cell lines for promoter-trap experi-
ments to identify developmentally regulated genes. © 1993Academic

Press, Inc.

To study the molecular events that regulate neuroge-
nesis, our laboratory has developed an in vitro system
based on primary cultures of olfactory epithelium (OE)
purified from mouse embryos (1-3). The OE is a neuro-
epithelium not unlike the embryonic neural tube in struc-
ture. As a tissue for in vitro studies of neurogenesis, how-
ever, OF has significant advantages over the neural tube.
First, it is much simpler, containing only one type of neu-
ron, the olfactory sensory neuron (also called the olfactory
receptor neuron), which transduces the sensation of smell
from the nose to the main olfactory bulb of the brain.
Second, the OE retains both its epithelial morphology
and the unique ability to regenerate its neuronal popu-
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lation throughout adult life (4). Third, studies of regen-
erating olfactory receptor neurons in adult animals have
already provided insights into cellular interactions that
regulate neurogenesis in OE (5-8). Fourth, lineage rela-
tionships among cells in the OE neurogenic pathway ap-
pear to be relatively straightforward: The last step of
neuronal differentiation appears to involve a committed
neuronal precursor cell, the INP (for “immediate neuronal
precursor’’), which divides and gives rise to daughter cells;
these daughter cells undergo terminal differentiation to
become olfactory receptor neurons (1, 2, 9). A number of
laboratories, including ours, have developed molecular
markers that can be used to identify cells at different
stages in the olfactory neurogenic pathway (1, 10-13).
The relative simplicity of the OE neurogenic pathway,
plus the availability of markers that enable the cell types
in the pathway to be distinguished from one another,
makes the OE culture system a particularly attractive one
with which to identify molecules involved in the regulation
of neurogenesis. One of the goals of the research in our
laboratory is to identify genes characteristic of the neu-
ronal precursor phenotype, using, among other strategies,
promoter-trap vectors for identifying developmentally
regulated genes in cultured cells. Genes that are specifi-
cally expressed by the INPs in OE cultures should in
principle fulfill this criterion. However, it is not possible
to obtain INPs in large numbers, and these cells normally
undergo only one or two rounds of division in primary
culture (1, 14). Thus, it is necessary to generate a cell line
in order to use this approach.

Other investigators have made efforts to obtain cell
lines from olfactory epithelium, using several different
approaches [see also the article by O. Bernard (23) this
issue]. For example, Schubert and co-workers (15), Coon
and co-workers (16), and Goldstein and co-workers (17)
have derived cell lines by continuous culture of olfactory
epithelium cells, selecting for cells that survived multiple
passages and gave some evidence of morphological and/
or biochemical differentiation. Largent et al. (18) ap-
proached this problem by attempting to directly immor-
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talize olfactory receptor neurons in transgenic mice. They
targeted expression of an oncogene (SV40 T antigen) to
the mature olfactory receptor neurons with 5 flanking
sequences from a cell-type-specific gene (olfactory marker
protein, or OMP, which is expressed only in mature ol-
factory receptor neurons). Those experiments yielded
immortalized cells, but the resuiting cell lines do not ex-
press neuronal markers characteristic of fully differen-
tiated olfactory receptor neurons, despite the fact that
SV40 Tag expression appears to be confined to olfactory
receptor neurons in vivo in the transgenic founder animals
(18). Our approach to this problem has been to try to
directly immortalize cells in primary olfactory epithelium
cultures, using retroviruses to transduce oncogenes into
dividing cells. In this article, we describe experiments in
which we infected cultures of olfactory epithelium, puri-
fied from embryonic mice, with a recombinant retrovirus
containing the c-myc proto-oncogene expressed under the
control of a constitutively active promoter (19). We de-
rived six stable cell lines from this experiment. Attempts
to differentiate these cell lines in vitro yielded the sur-
prising finding that all six cell lines expressed both mor-
phological and immunological properties characteristic of
the ensheathing, or Schwann, cells of the olfactory nerve,
but not properties of olfactory receptor neurons. Our
findings corroborate previous experiments suggesting that
olfactory Schwann cells are in fact the progeny of a pre-
cursor cell type that is present within the olfactory epi-
thelium itself. In addition, our results suggest that there
may be limitations to the types of OE cells that can be
immortalized under the specific growth conditions and
using the particular protocol employed in these experi-
ments.

METHODS

Choice of Retrovirus Vector and Optimization of Virus-
Producing Cell Lines

The vector used for these immortalization experiments
was a replication-defective murine retrovirus (MV-7)
carrying the human c¢-myc ¢cDNA and designated
pMVT7myc by Eilers et al. (19). We chose this vector an-
ticipating that myc could be used successfully to immor-
talize neural cells of the olfactory epithelium, based on
work by others indicating that overexpression of myc can
immortalize both glial and neuronal precursor cells (e.g.,
20-23). Because we work only with mouse cells in our
laboratory, we can use murine retroviral vectors, packaged
by ecotropic virus-packaging lines such as -2 and y-cre
(24, 25), for our immortalization experiments. Of these
two ecotropic packaging lines, -2 has consistently yielded
virus-producing cell lines with the highest titers when
transduced with a given vector, so we commonly use it.
Care must be taken that no helper activity is present in

the packaging lines, however, or any immortalized cell
lines that result from retrovirus-mediated oncogene
transduction may themselves produce oncogene-contain-
ing retroviruses. To ensure that this does not happen,
producer lines should be assayed periodically for the pres-
ence of helper virus. Descriptions of such assays are cov-
ered in considerable detail in the excellent practical review
by Cepko (26).

We commonly use a two-step approach for generating
our virus-producer lines. This approach, which utilizes
transiently expressed viral particles to infect tunicamycin-
treated -2 cells (27), has been shown by others to produce
packaging lines with higher viral titers (28, 29). The gen-
eral scheme for the two-step approach is as follows: On
Day 1, purified plasmid DNA is transfected into subcon-
fluent (approximately 2 X 10° cells per 100-mm tissue -
cultures dish) -2 cells using a standard calcium-phos-
phate transfection method (30). On Day 2, transfected -
2 cells are refed with fresh medium (DMEM with 10%
calf serum). Late that same day (Day 2}, new plates of -
2 cells, from which the actual producer lines will be cloned,
are plated at very low density (2 X 10° cells per 100-mm
tissue culture plate). On the morning of Day 3, the low-
density plates of untransfected -2 cells are treated with
tunicamycin (0.2 pg/ml of medium, diluted fresh from
frozen 1000X stock made up in 0.1 N NaOH) to inhibit
protein glycosylation and thus overcome the block to ret-
roviral superinfection (27). Late that day, virus-containing
culture medium from the transfected ¢-2 cells is collected
and filtered, and polybrene (hexadimethrine bromide, kept
as a sterile frozen stock made up in water) is added to a
final concentration of 2 ug/ml. This medium is then used
to infect the recipient, low-density plates of tunicamycin-
treated -2 cells. The afternoon of the next day (Day 4),
the infected -2 cells are placed into selection medium (1
mg/ml G418 in culture medium). These cells are main-
tained in selection medium for 10-14 days, until clear
colonies form and can be picked using cloning rings. We
typically test about 10 clones from such an infection and
generally obtain producer lines with titers of 10°-10° cfu/
ml when titrated on recipient NIH3T3 cells.

Infection, Selection, and Maintenance of Cell Lines

Because proviral integration requires host cells to un-
dergo DNA synthesis (cf. 26, 31), we wanted to infect OE
cultures at a time when we knew that olfactory neuron
precursors (INPs) would be dividing. Our studies on pri-
mary cultures had shown that DNA synthesis and cell
division by INPs were greatest during the first 18 h after
pieces of OE purified from E14-16 mouse embryos were
explanted into culture and that, in the absence of specific
mitogenic growth factors, the majority of INPs undergo
only one round of DNA synthesis and division in vitro
before their progeny undergo terminal differentiation into
NCAM-expressing olfactory receptor neurons (1, 14). A
primary objective of our immortalization strategy was
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therefore to infect olfactory epithelium cultures as early
as possible in the culture period, in the hope of infecting
INPs prior to their terminal S-phase.

The procedure used for infecting and culturing cell lines
was as follows: Primary suspension cultures of olfactory
epithelium, purified from E14.5 CD-1 mouse embryos
(Charles River), were prepared and grown in serum-free
low-calcium medium as described previously (3). The me-
dium in these cultures was altered such that the F12 com-
ponent of the medium was replaced with F12-VCM [F12-
virus containing medium, i.e., Ham’s F12 supplemented
with serum-free culture additives, 6 g/liter glucose, and
5 mg/ml crystalline BSA as described (3) and then con-
ditioned for 18 h over a confluent monolayer of -2 cells
packaging pMV7myc); in addition to F12-VCM, polybrene
was added to the culture medium to a final concentration
of 2 ug/ml. After 14 h of suspension culture in serum-
free, virus-containing medium, cells were dissociated by
enzymatic digestion as described (3). Dissociated cells
were then replated at high density [>10* cells/well of 96-
well tissue culture trays that had been treated with poly-
D-lysine (1 mg/ml overnight in the cold) followed by lam-
inin (50 ug/ml for 3 h at 37°C)] in medium consisting of
50% F12-VCM, 50% DMEM containing 20% fetal bovine
serum, 2 mM L-glutamine, and 100 units/ml penicillin—
streptomycin. This second round of exposure to the virus
was intended to maximize the chance of infecting any
dividing cells that might remain in OE cultures after the
first 14 h of the culture period. After this second feeding,
cells were left to grow with the culture medium unchanged
for 5 days, after which they were placed into selection in
DMEM-F12 containing 10% defined, supplemented bo-
vine calf serum (Hyclone), 10% fetal bovine serum (Hy-
clone), 2 mM L-glutamine, 100 units/ml penicillin-strep-
tomycin, plus 200 ug/ml G418. Selection medium was
changed every 3-5 days, and the cells were maintained
for 2 months before being expanded and characterized.

Because there is as yet no molecular marker specific
for INPs, our strategy was to first identify cell lines that
were both resistant to the dominant selectable antibiotic
G418 and displayed an appropriate morphology under
phase-contrast optics. Colonies of cells that were G418-
resistant, and in which the majority of cells extended pro-
cesses and exhibited bi- or multipolar morphologies even
at high densities, were chosen as it was expected that
such cells had the best chance of representing immortal-
ized neuronal precursors (e.g., 16-18). Cells that grew in
contiguous epithelial sheets were eliminated as being
likely to represent immortalized basal epithelial cells.

Six cell lines fulfilled these criteria and survived sub-
sequent subculturing. These cell lines have been called
the OEmyc790 series of cell lines. For continuous growth,
these cell lines are cultured in untreated 100-mm tissue
culture dishes at 37°C in a 5% C0,/95% air atmosphere
and replated at one-third the original density when ap-
proximately 50-60% confluent (typically 3—4 days). These

lines have been maintained in this manner for more than
2 years and have successfully survived cryopreservation
and subcloning by limiting dilution.

Characterization of OEmyc70 Cell Lines Using Molecular
Markers for Olfactory Epithelium Cell Types

OEmyc790 cell lines were characterized for their
expression of specific molecular markes by a variety of
techniques. For immunocytochemical analysis, cells were
plated onto acid-cleaned glass coverslips (13 mm round,
thickness No. 1, Propper Mfg., Long Island City, NY)
that had been treated sequentially with poly-D-lysine
(Sigma, 1 mg/ml) followed by merosin (Telios, 10 ug/ml).
Different fixation procedures and secondary antibodies
were found to be optimal for different primary antibodies;
details for each antibody used are given in to Table 1 and
Fig. 1. Primary antibodies used include rabbit anti-S100
(Dako Z311); rabbit anti-glial fibrillary acidic protein
(GFAP; Dako Z334); mouse anti-vimentin, clone V9 (ICN
Biomedicals); mouse anti-neural cell adhesion molecule
(NCAM), clone AG1D5 (1); mouse anti-mucin, clone 3C2
(32); and rat anti-NCAM, clone H28 (33). For immuno-
blotting, standard procedures were used for polyacryl-
amide gel electrophoresis, electrophoretic transfer, and
antibody binding (34). Detection of primary antibodies
was accomplished by binding of affinity-purified phos-
phatase-labeled secondary antibodies (Kirkegaard and
Perry Laboratories, Gaithersburg, MD), followed by de-
velopment in BCIP/NBT according to manufacturer’s
instructions (Kirkegaard and Perry).

Reverse transcriptase-polymerase chain reaction anal-
ysis of odorant receptor gene expression was performed
in collaboration with Drs. Y. Kubota and H. Sakano
(University of California, Berkeley). Total RNA was pre-
pared from OEmyc790 cell lines using the single-step pu-
rification method of Chomczynski and Sacchi (35). cDNA
was made using the InVitrogen cDNA Synthesis Kit ac-
cording to manufacturer’s instructions and used as tem-
plate for amplification of odorant receptor transcripts us-
ing degenerate primers corresponding to the second, third,
sixth, and seventh transmembrane regions of the odorant
receptor genes (10). Sequences for the primers used are
given in the footnotes to Table 1. Four combinations of
primers (TM2-TM6, TM3-TM7, TM2-TM7, and TM3-
TM6) were used in an attempt to determine whether
OEmyc790 cell lines express odorant receptor gene tran-
scripts.

Infection of OEmyc790 Cell Lines with the U3LacZ
Promoter-Trap Vector

¥-2 cells that package the U3LacZ promoter-trap ret-
rovirus (36) were the generous gift of S. Reddy, H. von
Melchner, and E. Ruley (Massachusetts Institute of
Technology). OEmycD10 cells were infected with the
U3LacZ retrovirus under conditions permissive for cell
proliferation (growth at low density in high serum). The



mechanics of infection were such that a large number of
individual cultures (18) from one clonal cell line were each
infected with virus at a low multiplicity of infection
(MOI). The promoter-trap strategy requires that tagged
genes eventually be cloned from the progeny of only one
cell, showing regulated lacZ expression, which has been
obtained from each of these individual cultures. This en-
sures that independent events are studied, i.e., that each
clone of cells analyzed has a provirus integrated in a dif-
ferent gene. Infection of cultures at low MOI should en-
sure that any recipient cell has only one integrated
U3LacZ provirus, a necessary prerequisite for reliable
amplification of flanking sequences by inverse PCR (37).

Individual cultures were expanded to the minimum
number of cells sufficient for analysis of lacZ expression
and cloning with the fluorescence-activated cell sorter
(between 10° and 107 total cells per individual infected
culture). 3-Galactosidase activity was assessed in the 18
independent cultures using the substrate fluorescein di-
B-D-galactoside (FDG), which is hydrolyzed and retained
intracellularly in iacZ-expressing cells (38). For FACS
analysis and sorting, individual cultures were then tryp-
sinized, loaded with FDG by hypotonic shock according
to manufacturer’s instructions (Molecular Probes
FluoReporter LacZ Flow Cytometry kit), chilled, and an-
alyzed in a Becton-Dickinson FACS Star cell sorter. Ex-
pressing cells from each individual culture were then di-
rectly cloned into 96-well plates by the FACS, expanded,
and reanalyzed for 8-galactosidase expression using the
chromogenic substrate 4-chloro-3-indolyl-8-D-galacto-
pyranoside (X-gal) (39).

RESULTS AND DISCUSSION

From these experiments, six cell lines (C7s.D, D6s.AB8,
C6s.BG9, D10, C4, and D4) were isolated and further
characterized. Under normal growth conditions, imme-
diately after plating, the cells in these lines tend to have
either spindle-shaped or fibroblastic morphologies. With
further time and growth in culture (to 30-60% conflu-
ence), the cells dispiay two distinct morphologies—flat
epithelioid cells and bi- or multipolar process-bearing cells
with phase-bright cell bodies. Most cell lines contained a
mixture of these two morphologies, although particular
cell lines such as C7 consisted mainly of the bipolar cell
type (see Fig. 1). Culturing the cell lines in the same me-
dium for a week or more resulted in a greater proportion
of cells adopting a process-bearing morphology as well as
a marked inhibition of cell growth, and cells in some of
the lines displayed a very distinctive alignment into par-
allel arrays (e.g., Fig. 1C). Interestingly, similar results
have been observed with a myc-immortalized cell line ob-
tained by retroviral oncogene transduction into neural
crest cell cultures (22).
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Characterization of OEmyc790 Cell Lines with Molecular
Markers Indicates That They Do Not Represent
Immortalized Olfactory Receptor Neurons

Although the morphologies of cells of the OEmyc790
cell lines were not strikingly similar to those of olfactory
receptor neurons in our primary cultures of embryonic
mouse OE (cf. Ref. 1), they were similar to those observed
in OE cell lines generated by others (16-18) and also ap-
peared similar to those of cultured cells reported to rep-
resent purified neonatal rat olfactory receptor neurons
(40). We therefore screened the OEmyc790 cell lines for
molecular markers characteristic of olfactory receptor
neurons.

The AG1D5 monoclonal antibody to the NCAM rec-
ognizes the 140- and 180-kDa forms of the NCAM poly-
peptide (41). The AG1D5 antigen is specifically expressed
by olfactory receptor neurons in cultures of purified mouse
OE and can be detected by immunocytochemistry within
hours of these cells’ terminal differentiation (1). However,
neither immunoblotting nor immunocytochemical anal-
ysis of OEmyc790 cell lines could demonstrate expression
of the NCAM by process-bearing cells of the OEmyc790
cell lines. Even when cell lines were shifted to low (1%)
serum for several days to inhibit cell division and/or were
grown under conditions that appeared to select for greater
numbers of process-bearing cells in the cultures [e.g., C6
glioma conditioned medium and 40 mM potassium (cf.
legend to Fig. 1) or 10-20 uM forskolin (not shown)l, no
NCAM expression was detected with the AG1D5 mono-
clonal antibody (Table 1). A different monoclonal anti-
body to NCAM, the H28 antibody, which recognizes all
three forms of the NCAM polypeptide (33), was also used
to analyze NCAM expression by these cell lires. For two
cell lines, D10 and C7, occasional expression was seen in
the areas of contact between flat, epithelioid cells present
in these cultures. No process-bearing cells in these cul-
tures were observed to express H28-detectable NCAM.

We also performed immunocytochemical analysis to
determine whether any OEmyc790 cell lines expressed
vimentin detectable by the V9 monoclonal antibody. In
vivo, in the adult rat olfactory epithelium, olfactory re-
ceptor neurons have been reported to express vimentin
detectable with this antibody (42). Our immunocyto-
chemical analysis of the OEmyc790 cell lines showed little
detectable vimentin expression, and that only in a sub-
population of the flat epithelioid cells present in some of
the cell lines (Table 1).

The results of immunochemical experiments using anti-
NCAM and anti-vimentin antibodies suggested that
OEmyc790 cell lines probably did not express the bio-
chemical characteristics of olfactory receptor neurons,
even when these cells were cultured under conditions in
which cell division was inhibited and morphological “dif-
ferentiation” (the appearance of extended cell processes)
was induced. However, it seemed possible that expression
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of cell-surface adhesion proteins such as NCAM might
be abnormal in cells such as these, which had been im-
mortalized by constitutive overexpression of an oncogene.
Accordingly, we tested the cells lines for yet another bio-
chemical marker of olfactory receptor neurons. To deter-
mine if odorant receptor genes were expressed by these
cell lines, reverse transcriptase—polymerase chain reaction
analysis of cDNAs generated from their cellular RNA was
performed (Y. Kubota and H. Sakano, unpublished re-
sults). Using degenerate primers taken from conserved
regions of the transmembrane domains of members of the
odorant receptor gene family (cf. Ref. 10), no PCR prod-
ucts that corresponded to odorant receptor transcripts
could be amplified from ¢cDNAs obtained from the five
cell lines tested (Table 1).

This negative result, taken together with the negative
results obtained with the antibodies to NCAM and vi-
mentin, led us to conclude that the OEmyc790 cell lines
probably did not represent immortalized olfactory recep-
tor neurons. We also performed an immunocytochemical
analysis of the cell lines using the 3C2 monoclonal anti-
mucin antibody. The 3C2 antibody recognizes a carbo-
hydrate differentiation antigen expressed primarily on the
supporting, or sustentacular cells, of the olfactory epi-
thelium (32). In light of our negative results with markers
characteristic of olfactory receptor neurons, it was im-
portant to consider the possibility that we might have
immortalized the sustentacular cells of the epithelium.
However, no immunoreactivity of the cell lines to this
antibody was observed. Thus, it appeared unlikely that
these cell lines represent immortalized sustentacular cells.

Analysis with Glial Markers Indicates That OEmyc790
Cell Lines Represent Immortalized Olfactory
Ensheathing Cells

From the analysis described above, it remained possible
that the OEmyc790 cell lines could in fact represent im-
mortalized immediate neuronal precursors, which do not
express the differentiation markers characteristic of ol-
factory receptor neurons (cf. Refs. 1, 2). However, we
noted a striking similarity between the morphologies of
the OEmyc790 cell lines and those that had been observed
both for primary cultures of olfactory ensheathing, or
Schwann, cells and for immortalized Schwann cell pro-

genitors of the neural crest (cf. Refs. 22, 43, 44). This
morphological similarity, coupled with the availability of
specific molecular markers that distinguish olfactory en-
sheathing cells from olfactory receptor neurons in primary
cultures (43-46), led us to explore the possibility that
our cell lines might represent immortalized olfactory
ensheathing cells.

Olfactory ensheathing or Schwann cells support, but
do not myelinate, the axons of olfactory receptor neurons
(reviewed in 47). These cells differ from myelinating
Schwann cells of the peripheral nervous system (PNS)
in a number of other ways. For example, olfactory en-
sheathing cells express the intermediate filament protein
GFAP, which is not expressed by myelinating Schwann
cells of the PNS, but is expressed by central nervous sys-
tem astrocytes (43, 45, 46, 48). They also express the cy-
toplasmic protein S100, which, like GFAP, appears to be
a general marker for nonmyelinating Schwann cells in
vivo and in vitro (43, 49).

We therefore undertook an immunocytochemical anal-
ysis of these cell lines for molecular markers of olfactory
ensheathing cells. All six OEmyc790 cell lines expressed
easily detectable levels of both GFAP and S100 (Table
1). The typical pattern of staining observed is illustrated
for three of the cell lines—C7s.D, D6s.AB8, and
C6s.BGY9—in Fig. 1. Staining of the process-bearing cells
was more intense than staining of the flat epithelioid cells
with both S100 and GFAP antisera, but both morpholog-
ical types clearly expressed both proteins in all cell lines.
This was true whether these cells were grown in reduced
serum medium containing cyclic AMP, a condition that
is known to promote Schwann cell differentiation (50),
or whether they were grown in reduced serum medium
containing C6 glioma conditioned medium (Table 1,
Fig. 1).

These positive results using markers for olfactory en-
sheathing cells, taken together with the negative results
obtained using markers for olfactory receptor neurons and
sustentacular cells, led us to conclude that the OEmyc790
cell lines probably represent immortalized olfactory en-
sheathing cells. We have never observed ensheathing cells
in short-term (1-3 days), serum-free primary cultures of
OE purified from E14-15 mice, so we were initially puzzled
as to the cell type that could have been immortalized to

FIG. 1.

Immunoreactivity of OEmyc790 cell lines with glial cell markers. OEmyc790 cell lines were plated onto glass coverslips that had been

coated with poly-D-lysine (1 mg/ml), followed by merosin (10 mg/ml). Cells were grown for 2-4 days in either “C6 glioma conditioned medium”
(50% DME-F12 + 1% calf serum/50% C6 glioma conditioned medium/40 mM KCl) or “low serum + cAMP medium” (DME-F12 + 1% calf serum
+ 1 mM dibutyryl cAMP). Cells were fixed with either acetone (5 min at room temperature) or PPG (4% paraformaldehyde/0.2% picric acid/
0.05% glutaraldehyde/0.1 M sodium phosphate, pH 7.0) for 15 min, also at room temperature. The antibodies and staining conditions used were
as follows: For anti-S100 staining, cells were grown for 2-4 days in C6 glioma conditioned medium and then fixed in PPG. Cells were stained
with rabbit anti-S100 IgG (Dako Z311), 1:200 dilution. For anti-GFAP staining, cells were grown in low serum + cAMP and then fixed in acetone.
These cells were stained with rabbit anti-GFAP IgG (Dako Z334), 1:100 dilution. Both primary antibodies were visualized with FITC-conjugated
goat anti-rabbit IgG (Capell), used at a 1:100 dilution. (A-C) OEmyc790 C7s.D stained for GFAP, stained for $100, and viewed in phase contrast,
respectively. (D-F) OEmyc790 D6s.AB8 stained for GFAP, stained for S100, and viewed in phase contrast. (G-I) OEmyc790 C6s.BG9 stained

for GFAP, stained for S100, and viewed in phase contrast.
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give rise to these cell lines. However, GFAP-positive cells
have been observed to appear in cultures of rat olfactory
epithelium grown in high (10%) concentrations of serum,
and such observations have led to the proposal that the
olfactory ensheathing cells are derived from progenitors
that reside within the olfactory epithelium itself (51). We
also have observed that a small fraction of the cells grow-
ing in contiguous epithelial sheets in OE explant cultures
acquire GFAP immunoreactivity when cultured for ex-
tended periods (not shown). It is our current hypothesis
that the olfactory ensheathing cell progenitors originate
in the in vitro cell population that consists of keratin-
expressing basal epithelial cells, a cell population that we
know is capable of proliferating for long periods in culture
(1). It is presumably this cell type that was immortalized
by the pMV7myc retrovirus in these experiments, in
which cultures were placed into serum-containing medium
shortly (<24 h) after dissection and plating.

It is unknown if the olfactory ensheathing cell progen-
itor, which we postulate has been immortalized in these
experiments, can also generate INPs and thence olfactory
receptor neurons. It is possible that we are simply ignorant
of the conditions necessary for stimulating neuronal dif-
ferentiation in these cell lines. However, INPs in primary
OE cultures undergo DNA synthesis, division, and neu-
ronal differentiation in the absence of serum, synaptic
target tissue, or extrinsic factors (1). This suggests that
INPs are committed neuronal progenitors, programmed

for neuronal differentiation, and that no special conditions
are normally required in order for this differentiation
process to take place. Thus, our current hypothesis con-
cerning the OEmyc790 cell lines is that the olfactory en-
sheathing cell lineage is separate from the neurogenic lin-
eage of olfactory receptor neurons and that either the
circumstances of cell immortalization (constitutive
expression of an oncogene) or the culture conditions em-
ployed (high serum, absence of mitogenic stimulation
specific for INPs at the time of infection) have selected
for immortalization of progenitors in the ensheathing cell
lineage.

In this light, it is worth mentioning that no group—
including ours—has yet succeeded in immortalizing cells
from olfactory epithelium that, even when switched to
conditions that slow cell division and promote apparent
morphological differentiation of cells, appear to express
the molecular markers characteristic of differentiated ol-
factory receptor neurons (15-18). This is the case even
for cells immortalized by directing oncogene expression
with regulatory elements from the OMP gene, a gene
whose expression is characteristic of mature olfactory re-
ceptor neurons (18). It may be that olfactory neuron pre-
cursors are particularly refractory to immortalization by
retrovirus-mediated oncogene transfer. It is certainly the
case that these cells display only a limited capacity for
division in vitro and that specific mitogens are necessary
in order to allow them to divide more than once (1, 14).

TABLE 1

Immunological Characterization of OEmyc790 Immortalized Cell Lines

Primary antibody C4 D4 D10 D6s.AB8 C6s.BG9 C7s.D
«S8100° +4+ ++ ++ ++ ++ ++
aGFAP* +++ +++ ++ ++ ++ ++
aVimentin® nd - (*)° —(£)¢ (+)* ()
aNCAM AG1D5? - — - - - -
aMucin® - - - - - -
aNCAM H28/ — - +# — - +£
Odorant receptor” - - nd - - -

2 See legend to Fig. 1.

® Mouse anti-vimentin IgG (ICN, clone V9, ascites fluid diluted 1:500). Fixation: acetone. Growth condition: DME-F12 +1% calf serum +1 mM
cAMP. Visualized with rhodamine goat anti-mouse IgG (Tago), 1:100 dilution.

¢ Immunoreactivity of the flat, epithelioid cells.

4 AG1D5 mouse anti-NCAM ascites fluid diluted 1:500. Fixation: acetone. Growth condition: 50% DME-F12 +1% calf serum/50% C6 glioma
conditioned medium/40 mM KCIl. Visualized with rhodamine goat anti-mouse IgG (Tago), 1:100 dilution.

¢ 3C2 mouse anti-mucin IgM, applied as full-strength hybridoma supernatant. Fixation: PPG. Growth condition: 50% DME-F12 +1% calf
serum/50% C6 glioma conditioned medium/40 mM KCl. Visualized with Texas Red goat anti-mouse IgM (Jackson), 1:100 dilution.

/ Rat H28 hybridoma supernatant to NCAM used at full strength. Fixation: acetone. Growth condition: 50% DME-F12 +1% calf serum/50%
C6 glioma conditioned medium/40 mM KCIl. Visualized with Texas Red Goat anti-rat IgG (Jackson), 1:100 dilution.

¢ Staining was present only in areas of contact between epithelioid cells.

" Odorant receptor results are from RT-PCR experiments performed by Y. Kubota and H. Sakano (unpublished), with degenerate primers to
the transmembrane regions most conserved in the odorant receptor gene family. The sequences of these primers correspond to amino acids 59—
64, 118-127, 240-245, and 282-290 (10). TM2 primer: 5-CGG A