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The mammalian olfactory system provides a useful model
to understand the cellular and molecular mechanisms gov-
erning the development of the nervous system. The olfactory
neuroepithelium undergoes continual turnover in the aduilt
animal, resulting in a neural tissue containing cells at various
stages of neurogenesis. We have generated a transgenic
mouse line to examine the effects of directed expression of
an oncogene within the olfactory neuronal lineage. A hybrid
oncogene was constructed utilizing the regulatory elements
for the olfactory marker protein gene to direct the olfactory
neuronal-specific expression of simian virus 40 T-antigen,
a potent oncogene. The resulting transgenic mouse line ex-
pressed T-antigen only in olfactory neurons. Ten-month-old
transgenic mice displayed significant hypoplasia of the neu-
ronal elements in the olfactory neuroepithelium. The trans-
genic mice developed neuroblastomas of olfactory neuronal
origin at a low frequency. Distinct clonal lines were derived
from the primary culture of the tumor. GAP-43, a growth-
associated neuronal marker, was expressed by some of the
cell lines. One of the cell lines, 2.2, appeared to be respon-
sive to neurotrophic effects from the presumptive target tis-
sue, the olfactory bulb.

[Key words: transgenic mice, targeted immortalization, on-
cogene, regeneration, neurodevelopment, olfactory system,
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The vertebrate olfactory system is uniquely amenable to studies
of neurogenesis and signal transduction. This neural system is
distinctive in that it retains, into adulthood of the animal, a
stem cell population with the capacity to replenish primary
sensory neurons. A continual turnover of the olfactory neuronal
cell population is sustained by stem cell progeny that differen-
tiate into functional olfactory neurons—replacing olfactory neu-
rons that have degenerated and reestablishing synaptic connec-
tions within the CNS (Graziadei and Monti Graziadei, 1979,
1985). This process recapitulates many aspects of the neurod-
evelopmental process itself, that is, the commitment and mat-
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uration of neuroblasts to specific neuronal phenotypes, migra-
tion of neuronal precursors, axon extension to specific targets,
and synapse formation with appropriate neuronal partners. The
olfactory neuroepithelium has a relatively simple cellular com-
position consisting of three principal cell types—olfactory sen-
sory neurons, sustentacular cells (support or glial-like cells), and
basal cells (or stem cells). They reside in a pseudostratified co-
lumnar neuroepithelium that has well-defined synaptic projec-
tions to the olfactory bulb. Within the animal, the olfactory
system is morphologically distinct, accessible, and manipulable.

The factors influencing cell proliferation, differentiation, syn-
aptogenesis, and senescence in the olfactory neuroepithelium
are mostly unknown. To gain insight into the cellular dynamics
of this plastic neuroepithelium, laboratories have examined mi-
totic activity in the neuroepithelium (Graziadei and Monti Gra-
ziadei, 1979; Hinds et al., 1984; Mackay-Sim and Kittel, 1991),
analyzed the effects of experimental lesions such as axotomy,
target ablation, and naris occlusion (Monti Graziadei and Gra-
ziadei, 1979; Farbman et al., 1988; Maruniak et al., 1989; Stahl
et al., 1990; Verhaagen et al., 1990), and developed in vitro cell
culture systems (Goldstein et al., 1986; Calof and Chikaraishi,
1989; Coon et al., 1989; Pixley and Pun, 1990; Ronnett et al.,
1991).

As a first step to examine the plastic nature of the olfactory
neuroepithelium, we have assessed the consequences of ectopic
oncogene expression in the olfactory neuronal lineage. The ra-
tionale for this approach was twofold. First, in actively dividing
tissues, proto-oncogenic genes are expressed and likely serve a
role in the regulation of cellular replication (Bishop, 1983). Per-
turbation of the neuroepithelium by the genetic targeting of
oncogene expression can provide clues about the mechanisms
regulating cell turnover and provides an interesting complement
to the standard paradigm of negatively affecting the neuronal
population by lesions of axons or neuronal targets. Second,
transgenic targeting of oncogene expression to the neuronal lin-
cage of the olfactory neuroepithelium may result in immortal-
ized cell lines potentially useful for studies addressing gene ex-
pression during development.

Our experimental strategy utilizes germline transformation of
mice to target oncogene expression to the olfactory neuronal
lineage. A hybrid oncogene was constructed consisting of the
early region of simian virus 40 (SV40), encoding the oncogenic
large and small T-antigen (T-ag), fused to the cell-specific tran-
scriptional regulatory elements of the rat gene for olfactory marker
protein (OMP) (Rogers et al., 1987), a protein of unknown func-
tion that is selectively and abundantly expressed within mature



olfactory neurons. The cis-acting regulatory elements of the OMP
transcriptional promoter targeted expression of the oncogenic
SV40 T-ag to primary olfactory neurons, thereby altering cell
populations in a selective fashion within the transgenic animal.
T-ag expression leads to the development of tumors and cells
that proliferate in cell culture.

Materials and Methods

Isolation of genomic clones and construction of transgene. A bacterio-
phage lambda library (A\2001) was constructed with size-fractionated,
BamHI-digested rat genomic DNA using standard methods (Berger and
Kimmel, 1987; Sambrook et al., 1989). Genomic fragments containing
OMP ¢cDNA sequences were identified and mapped with restriction
enzymes, and the DNA sequence of relevant regions was determined.
A 3 kilobase (kb) fragment corresponding to the putative regulatory
region of the OMP gene was joined to the coding region for SV40 large
and small T-ag. The 5’ genomic fragment was prepared by a partial
Ncol digest (the initiating ATG for the OMP gene is contained within
an Ncol restriction site), blunting of the ends, and ligation of EcoRI
linkers. This genomic fragment was ligated to the SV40 T-ag coding
gene (encoding both large and small T-ag), which was prepared by an
Stul digestion [29 base pairs (bp) 5’ of the initiating codon for the SV40
T-ag gene] and ligation of EcoRI linkers. This construct was linearized
leaving intact the OMP regulatory region and the polyadenylation signal
of the SV40 T-ag gene.

DNA sequencing and primer extension mapping. DNA sequencing
was performed by the dideoxynucleotide chain termination method
(Sanger et al., 1977) (Sequenase, U.S. Biochemicals). For primer exten-
sion experiments, 25 ug of total RNA was annealed to approximately
5 ng of 32P-labeled oligonucleotide primer. The annealed material was
included in a reaction with reverse transcriptase (Muskavitch and Hog-
ness, 1982) and resolved on an 8% polyacrylamide, 8 M urea denaturing
gel (0.4 mm) and visualized by autoradiography.

Generation of transgenic mice. Fertilized eggs were harvested from
B6D2 females (mated to B6D2 males) and approximately 200-400
copies of the hybrid OMP/SV40 T-ag oncogene were microinjected.
Pups were screened at approximately 3 weeks for the presence of trans-
gene sequences into genomic DNA. For screening of founder mice, DNA
was extracted from tail tissue and analyzed by Southern blot with SV40
T-ag as a hybridization probe. Routine screening of litters of transgenic
mice was accomplished by DNA extraction and a slot blot analysis of
the DNA for the presence of SV40 T-ag sequences. During the generation
of transgenic lines, the number of transgenic progeny (founder mice)
obtained for each of the transgene constructs was similar to that seen
for other constructs.

Histology and immunocytochemistry. For histological or immuno-
cytochemical procedures, mice were anesthetized with pentobarbital
and perfused with phosphate-buffered saline (PBS) followed by phos-
phate buffered 4% formaldehyde. Tissues were dissected, fixed by im-
mersion overnight in phosphate buffered 4% formaldehyde, and, after
decalcification with formic acid for tissues with bone or cartilage, par-
affin imbedded. Sections (10-12 um) were deparaffinated and rehydrated
for staining with hematoxylin and eosin for immunohistochemistry.

OMP immunocytochemistry was performed with a rabbit serum raised
against a synthetic 16 amino acid peptide (glutaraldehyde cross-linked
to keyhole limpet hemocyanin) corresponding to the carboxyl end of
OMP (Rogers et al., 1987). The serum was purified by affinity chro-
matography on a peptide-conjugated column. SV40 T-ag immunocy-
tochemistry was performed with a mix of monoclonal antibodies (PAb
419, 402, 406, 423) (Harlow et al., 1981) that recognizes both large and
small T-ag. Tissue sections were blocked for 20 min with the normal
serum, incubated with primary antibody (anti-OMP at 1:400, and anti-T-
ag at 1:100) for 2.5 hr at room temperature in standard immunoblot
buffer (SIB) (Tris-buffered saline, 0.1% BSA, 0.05% Tween 20), washed
3 x 5 min (SIB, room temperature), incubated with the secondary
antibody (AuroProbe LM, colloidal gold conjugated, Janssen) for 1 hr,
and washed 3 x 5 min with Tris-buffered saline and 3 x 3 min with
deionized water. Silver enhancement was performed according to the
manufacturer’s recommended procedure (Janssen) with a final wash of
3 x 5 min in deionized water.

Cell culture. Mouse tumor tissue, dissected under sterile conditions,
was minced and placed in primary culture at several concentrations
(=15-75 mg tissue/10 cm?) in Dulbecco’s modified Eagle’s medium/
F12 media [15% fetal bovine serum, 5% horse serum, penicillin (500
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U/ml)/streptomycin (500 ug/ml)] at 5% CO, and 37°C. Cellular debris
was removed after overnight incubation of the primary cultures by
washing with media. Cultures were passaged at least once every 7 d.
Single-cell cloning was accomplished by plating cells at low density and
the use of glass cloning cylinders. Limiting dilution into 96-well plates
(Falcon Primaria) (=0.1 cell/well) was used in some cases for a sec-
ondary round of cell cloning. The 2.2 cells required conditioned media
for survival during single-cell cloning. Substrate experiments were done
on tissue culture plastic coated with various substrates: fibronectin (GIB-
CO), 20 ug/ml, air dried, washed twice with PBS; laminin (GIBCO), 20
pg/ml in media for 45 min at room temperature; vitrogen (Collagen
Corp.), 60 ug/ml water, air dried; poly-p-lysine (GIBCO), 60 ug/ml
water, air dried, washed twice with PBS.

RNA isolation and Northern blot analyses. For total RNA isolation
(Chirgwin et al., 1979), rat and mouse tissues (from adults between |
and 8 months of age) were rapidly dissected, frozen in liquid nitrogen
or placed on dry ice, and homogenized (Brinkman polytron) in a buffered
solution of guanidinium thiocyanate. Tissue culture cells were washed
once on the plate with phosphate-buffered saline (PBS) and scraped
from the plate in the buffered solution of guanidinium thiocyanate. Total
RNA was isolated by centrifugation through a CsCl cushion. PolyA+-
enriched RNA was isolated from total RNA by chromatography over
oligo(dT)-cellulose (Aviv and Leder, 1972). Northern blot analysis was
performed by electrophoresis of glyoxal-denatured RNA in 1% agarose
(Sambrook et al., 1989) and transfer to a nylon membrane (Nytran,
S&S), and the nylon membrane baked in a vacuum oven at 80°C for 2
hr. Filters were prehybridized and then hybridized [5 x saline-sodium
phosphate-EDTA (SSPE), 5 x Denhardt’s solution, 25 ug/ml denatured
salmon sperm DNA, 0.5% sodium dodecyl sulfate (SDS), 50% deionized
formamide] with probes labeled with «->?P-dCTP. Hybridizations were
performed at =1 x 10 cpm/ml (=1 x 10° dpm/ug probe) for 36 hr at
42°C. Typical washes of membranes hybridized with cognate probes
were at 0.2 x saline-sodium citrate (SSC), 0.5% SDS for 1 x 20 min at
room temperature and 2 x 20 min at 65°C. Lower-stringency washes
were at 0.5 or 1 x SSC, 0.5% SDS.

Resuits

Construction of transgene and characterization of transgenic
mice

The construction of a transgene required the isolation of the 5
flanking region of the OMP gene and the associated cis-acting
regulatory sequences. Southern hybridization analysis of BamHI-
digested rat genomic DNA revealed that the 5’ end of the OMP
¢DNA hybridized to a fragment of 3.8 kb. Restriction analyses
indicated that the 5’ fragment contained approximately 3.0 kb
of sequence upstream of the initiating methionine for OMP.
The DNA sequence of the adjacent 1 kb of 3’ flanking region
was determined to identify known regulatory elements (Fig. 1).
Examination of the sequence, identical to that previously re-
ported (Danciger et al., 1989), demonstrated an absence of the
classical regulatory elements, TATA and CAAT boxes, but re-
vealed a number of GC-rich regions closely resembling binding
sites for SP1 (Kadonaga et al., 1987; Kadonaga et al., 1988). A
consensus match was found for the 5 bp core sequence (CCAGG)
of a putative cis-acting regulatory element found in the type II
sodium channel gene and several other neuronal specific genes
(Maue et al., 1990).

The sites of transcription initiation were determined by prim-
er extension experiments (Fig. 2) and corresponded closely to
those previously described (Danciger et al., 1989). Nuclease
protection assays corroborated the position of putative tran-
scription start sites identified by primer extension experiments
(data not shown). Comparing the primer extension products
with sequence reaction products of the same genomic DNA
clone identified the nucleotide position of the putative tran-
scription start sites within the cloned DNA (corresponding to
56, 57, 60, and 61 bp upstream of the initiating codon). A
consensus sequence found at this site, termed the “initiator
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TCTCCAGCGTCCTCCCCGGC
TGGAGGATCAGTTTAGGTGA
TGGCAGTGAGAGCCAGGCCC
GCGGTTGGATCAATCAGACC
CAGCCATCTGTCTGGCAGAT
AGGTTCAGATGGGAGGTGAC
ATGATAAAGGAGAGGGAGAA
CCTGGCAGGGACTTCGAGAG
ACCATGGTAAGTCGGCTTGG
TATGCTACTGGTGCTGCCCC
GCAGTCTCCAGTTACCTCCA
TCTCCCAACAGCCCTGTGGA
AAGCAAACCTCAAGCTTGCC
GGTTGCCACAGCAGTTGATA
GAGCCTGTCACCCTCCAGCC
CACTTAGAAGGCAGTTGGAC
TTCTGAGAACTGGGTGGGGC
GCGGGCCTTCAGGTGGCCTC

CTCACATCTCCCAGGGGAGG
AATACCTGGTAGGATTTTGG
ATAGCTATGTGGGGCAGTAT
ACAGCCTCTGGGAGCCGAGC
GATTGGGATTTGAGAGCTGC
AGCTGGGCTGGGTCCTGGTG
ACCCAGGGCATCTGACGGGA
AATGAGGTGGGGAGGAAGCA
CTGACTACAGAGAACGAATG
TCCCTGCCCCCTCTTCCTGG
TGTGTCTGTCACCCCACCTG
GTATTCTGTTCTTCACAAAC
ACTAGCACTGTAGTCAAGGT
CCCATGCTCTGGTCCCCAAG
TGCCTACGGCACGGCTTTGC
ACACACTCATGTGTCCCCTG
CAGGAAGGCTGGAAAGGGAG
TTCTCGTGGCACCTGAGGCT
ACGTCTGTGGCAGTGGTGGC

CCAGCCC‘?CTE;ATTCCCTG

-27 AGTGGCAACAGCTGTAGCAC TTGGGCCATGGCAGAGGACG

Figure 1. Nucleotide sequence of the regulatory region of the OMP
gene. Nucleotide positions are numbered in reference to the first nucle-
otide of the ATG initiating codon (underlined boldface). The transcrip-
tion start sites are marked with arrowheads, as determined by primer
extension experiments. The consensus sequence 5 bp core sequence
(CCAGQG) of a putative cis-acting regulatory element found in the type
IT sodium channel gene and several other neuronal-specific genes is
noted by underlined italic letters.

sequence,” is present at the transcription start sites in many
eukaryotic genes (Smale and Baltimore, 1989).

A 3 kb DNA fragment, containing presumptive 5' OMP reg-
ulatory elements, was isolated and fused with the viral oncogene
SV40 T-ag containing coding sequences for both large and small
T-ag (Fig. 3). This construction placed the initiating methionine
for the oncogene within a few bases of the original location of
the initiation codon for OMP. A mouse line was generated that
carried the integrated hybrid OMP wild-type SV40 T-ag trans-
gene DNA. In addition to the wild-type T-ag gene, several trans-
genic lines were constructed with mutant alleles of T-ag: tsA58,
a temperature-sensitive allele, and 5041, a transformation-de-
fective allele retaining the ability to immortalize cells (K. Peden,
unpublished results). Transgenic mouse lines containing these
two alternative constructs were also obtained and have been
partially characterized.

The structure of the transgene in progeny of the founder mouse
was examined by Southern DNA blot analysis, which revealed
the presence of an essentially intact transgene with a copy num-
ber of 1 for the 11.2 line (Fig. 3). Specifically, one 2.6 kb Pstl
fragment contained most of the coding region of the transgene.
A second Pstl fragment represented a junctional fragment con-
taining the major portion of the 5’ putative regulatory sequence.
In the 11.2 transgenic line, the junctional fragment migrated at
approximately 3 kb. A Pstl/Xbal digest of 11.2 genomic DNA
and hybridization with the transgene revealed an intact 1.6 kb
Pstl/Xbal fragment, indicating that the integration site lies up-
stream of the Xbal restriction site at the most 5’ sequence of
the transgene construct. Thus, the majority of the regulatory

*

HO0POOOIDPIPAOIPPOHAOOOOAHOD >OO

*

*

»

Figure 2. Primer extension analysis of OMP and transgene transcrip-
tion start sites. Several start sites are noted for transcription of the OMP
gene. Each start site is denoted by an asterisk next to the genomic
sequence (antisense-strand sequence is shown). The start sites did not
vary for OMP transcription in rat (lane 1) or mouse olfactory tissue
(lane 2) and were identical to the transcriptional start sites for the
OMP-SV40 T-ag transgene in 11.2 transgenic mouse olfactory tissue
(lane 3). No extension products were observed for brain RNA or in the
absence of olfactory RNA (data not shown).

sequences of the transgene were intact in the 11.2 transgenic
line. The 11.2 mouse line has been bred to homozygosity and
maintained as such with no apparent substantive deleterious
effects other than those associated with olfactory specific trans-
gene expression.

Northern blot analysis demonstrated that expression of T-ag
message was confined to olfactory tissue from the 11.2 line and
paralleled the expression of the endogenous mouse OMP gene
(Fig. 4). Hybridization with a G, probe (G-protein) revealed
detectable levels of RNA in each tissue with signal intensities
approximating expected levels. The exposure time for the T-ag
blot was 30 times that for OMP, indicating the relatively low
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Figure 3. Southern hybridization
analysis of structural transgene in 11.2
transgenic mouse line. Genomic DNA
(10 pg mouse) from 11.2 homozygotic
(Ho), hemizygotic (Het), and negative
(Neg) mice was digested with Pst I and
size fractionated by electrophoresis in
0.9% agarose. Fragments correspond-
ing to the transgene DNA were visu-
alized by hybridization with a probe of
the entire transgene construct. The
transgene construct (at amounts corre-
sponding to 1 x and 10 x copy number
equivalents for 10 ug mouse genomic
DNA) was used as quantitative control.
A restriction map of the transgene is
shown for reference. The control blot
shown at the bottom demonstrates lev-
els of genomic DNA loaded within each
lane as seen by hybridization to the en-
dogenous gene for OMP. Hybridization
to the 3’ fragment junctional between

the transgene construct and the vector,
pGEM2, was noted (appropriately sized
at =1.1 kb) on the original blot but is
too small to be seen in this figure. Sev-

eral higher-molecular-weight bands are

seen in the experimental lanes for the
homozygote (Ho) and hemizygote (Het)

genomic DNA. The higher and more
intensely hybridized band is likely the
3’ junctional fragment for the integrat-
ed transgene construct. The slightly
lower and less intense band could be a

Pst | digest
ix 10x Ho Het Neg
construct  11.2 genomic
-
2.6 kb= E -
2.0 kb— Y
1.6 kb= =
Bam HI Pstl Pstl Bam HI
Xbal Eco RI ¢
— | %\ AANANRANANNANN
Neo | Ta| 1t T
OMP Promoter 5V40 T-ag gene
Transgene
OMP
-_— -

level of expression (=3%) for the transgene compared to the
endogenous single copy OMP gene. Primer extension experi-
ments revealed the same transcription start sites for the trans-
gene in the 11.2 mouse line as for the endogenous OMP gene
in both rat and mouse (Fig. 2).

Immunocytochemical experiments using monoclonal anti-
bodies to SV40 T-ag revealed the presence of T-ag protein within
the nuclei of the few remaining olfactory neuronal cells of a 10-
month-old 11.2 transgenic mouse (Fig. 5; see also below). These
cells were routinely observed in isolated pairs and might there-
fore represent two-cell clones of T-ag—positive cells. These ob-
servations would support previous studies (Calof and Chika-
raishi, 1989; Mackay-Sim and Kittel, 1991) suggesting that
olfactory stem cell progeny undergo an additional round of mi-
tosis before terminal differentiation.

Histological consequences of oncogene expression in the
olfactory neuroepithelium

When the olfactory neuroepithelium was examined for the pres-
ence of T-ag, the neuroepithelium from 10-month-old 11.2 mice
was noted to have undergone a remarkable hypoplasia (Fig. 5).
The number of apparently mature olfactory receptor neurons
in these mice was greatly diminished compared to negative lit-
termates. The number of immature neuronal elements appeared
to be similarly diminished. The aggregate loss of neuronal cells
was also reflected in the atrophied appearance of the nerve fas-
cicles in the submucosa. The basal cells and sustentacular cells

DNA band corresponding to the en-
dogenous mouse OMP promoter region
that would likely exhibit very weak ho-
mology to the rat OMP regulatory se-
quences present in the hybridization
probe.

appeared normal upon histological examination. Alterations in
neuron number were not restricted to tumor-bearing mice. Ev-
ery mouse of the 11.2 line that was examined demonstrated this
phenotype with some variability in the severity of the hypopla-
sia. Variability could also be observed among different areas of
neuroepithelium within the olfactory turbinates of an individual
mouse.

The cellular organization in the olfactory bulb, the synaptic
target of olfactory receptor neurons, was also markedly abnor-
mal. In the normal olfactory bulb, innervation by the primary
olfactory neurons occurs in discrete synaptic units referred to
as glomeruli. In the olfactory bulbs of 10-month-old 11.2 mice
with severe neuroepithelial hypoplasia, the glomeruli were vir-
tually absent, although the mitral cells (the predominant second-
order neurons of the olfactory system) appeared normal (Fig.
5). The absence of glomerular structures is likely a response to
the hypoplasia in the olfactory neuroepithelium. Transgenic 11.2
mice at 2 months of age did not demonstrate the neuronal
hypoplasia noted in olfactory neuroepithelium from older an-
imals and, likewise, did not demonstrate a loss of glomeruli in
the olfactory bulb.

Tumorigenesis
For a number of reported transgenic mouse lines, the presence

of SV40 T-ag resulted in a robust tumorigenesis in the expressing
tissue (Brinster et al., 1984; Hanahan, 1985; Mahon et al., 1987;
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Figure 4. RNA hybridization analysis of transgene expression in var-
ious tissues. PolyA-enriched RNA (12.5 ug) for each of the indicated
tissues was glyoxylated and size fractionated through 1% agarose. Vi-
sualization of SV40 T-ag message is shown at the top. A control hy-
bridization of the identical blot is shown at the bottom. The OMP probe
detects message (2.2 kb) only in olfactory tissue, while G, hybridization
shows intact RNA (1.8 kb) for each lane at the expected size and abun-
dance. The top panel shows an exposure 30 times that for the control
blot. Even at this overexposure, no detectable T-ag expression is seen
in the other tissues.

Hanahan, 1988; Hammang et al., 1990; Mellon et al., 1990;
Windle et al., 1990). In contrast, we have found the frequency
of tumor appearance to be low in the 11.2 mouse line, Of those
mice reaching an age of | year, approximately 3% of hemizygotes
and 7% of homozygotes exhibited tumor formation, again sug-
gesting a dosage effect for the transgene. The youngest mouse
noted to develop a tumor was an 8-month-old homozygote,
emphasizing the slow process of tumorigenesis in the 11.2 mouse
line. There was no apparent gender difference for tumorigenesis.

A total of 16 mice from the wild-type T-ag transgenic mouse
line have developed tumors, The tumor-bearing animals were
first noted by the appearance of conspicuous neurological def-
icits indicative of CNS involvement, for example, circling be-
havior, postural tilt, and locomotor inactivity. In each animal,
the tumor presented as a large, solid mass apparently originating
from the nasal cavity and invading maxillary and cranial struc-
tures through the palate and cribriform plate of the ethmoid
bone. These neurological deficits as well as noticeable swelling
of the mandibular area were apparently caused by the expansion

of the tumor from the primary site within the olfactory epithe-
lium. Histological examination of these tumors revealed char-
acteristics of a neuroblastoma suggesting a neural origin, Small,
darkly staining cells with rounded, T-ag-immunopositive nuclei
predominated within the tumor mass arranged as columns or
rosettes within a fibrillar matrix. RNA blot analysis confirmed
the existence of mRNA for T-ag within the tumor.

Generation of cell lines

Seven of the transgenic mouse neuroblastomas were placed in
primary cell cultures. Primary cultures of minced tumor tissue
resulted in a heterogeneous population of cell types that were
maintained for multiple passages and then placed in cryostorage.
The appearance of the cultures from each of the tumors was
essentially identical with respect to distinct cellular morphol-
ogies. Cell lines derived from primary plating of tumor tissue
were subcloned to ensure clonal consistency. During amplifi-
cation of the individual foci, the clones appear to retain their
morphology and characteristics. Several clones, referred to as
2.2, 7.17, 5.4, and suspension cells, were selected on the basis
of morphology and preliminary expression data. The cellular
morphology within each of these clonal cell lines is consistent,
uniform, and distinct.

The 2.2 clone of cells displayed a spindle shape with a small
phase-bright elliptical cell body and two thin, long processes
(Fig. 6). Under some conditions the 2.2 cells formed long fas-
ciculated arrays of a few to tens of cells. The 2.2 cells did not
achieve a high cell density, and the processes of 2.2 cells often
appeared to end in growth cone-like structures. Cells of the 7.17
clone were more variable in shape with generally a spindle ap-
pearance but without the long processes noted for 2.2 cells (Fig.
6). The 7.17 cells grew more quickly than the 2.2 cells and could
achieve very high densities (e.g., were not contact inhibited).
The 5.4 clone of cells represented the slowest-growing cells from
the olfactory neuroblastoma, doubling every 2—4 d. These cells
were large (40-150 um), flat, polygonal cells that adhered tightly
to the tissue culture plastic substrate (Fig. 6). The final cell type,
suspension cells, were large (10-50 pm), phase-bright round cells
that, while doubling about every 12-24 hr, demonstrated little
adhesion to the substratum and often clustered into large floating
spheres of cells. These cells were quite apparent in the initial
stages of the primary culture, constituting a large percentage of
the cells in the culture. After suspension cells were allowed to
expand and left in culture undisturbed for a period of several
days to a week, a small percentage of the cells attached to the
substrate and formed foci of clonal growth. When growing as
clones of attached cells, the suspension cells changed or differ-
entiated into each of the other cell types described above.

Interestingly, from foci of the other cloned cell lines (e.g., 7.17
cells) cells could arise that grew in suspension. These clonally
derived suspension cells were able, in turn, to give rise to each
of the other cloned cell types when allowed to form attached
foci. Thus, suspension cells derived from a single cell clone were
not restricted to that cell type. The suspension cells may rep-
resent an undifferentiated, multipotent cell.

The various cell clones were analyzed for the expression of
the neuronal markers GAP-43 and 5008. GAP-43 is a tran-
siently expressed neuronal marker present predominantly in
neurons actively extending neurites (Karns et al., 1987; Ver-
haagen et al., 1989). 5008 is one of four cDNAs initially iden-
tified in a differential screen of an olfactory cDNA library for
neuronally associated cDNAs (E. Barbosa and R. Reed, unpub-
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Figure 5. Comparative histology of olfactory tissues in 11.2 transgenic and normal mice. In the fop two panels are shown comparative coronal
sections (hematoxylin and eosin stained) through the nasal cavity of a negative littermate (/eft) and a 10-month-old homozygote 11.2 mouse (right).
The top panels display a significant hypoplasia in the olfactory neuroepithelium of the 11.2 mouse. Note the loss of neuronal cells. Sustentacular
cells and stem cells appear unperturbed. The loss of neuronal cells is reflected in the degenerative appearance of the axon fiber bundles (a). These
photomicrographs represent the most extreme examples of the abnormal phenotype. In the middle panels, a coronal section through the olfactory
bulbs demonstrates the obvious loss of glomerular structures in the 11.2 mouse. A glomerular structure is outlined by arrows in the normal mouse
olfactory bulb. These examples represent an extreme case of cellular aberrations found in the 11.2 transgenic line. The bottom panels display
immunostaining for SV40 T-ag in olfactory neuroepithelium of the 11.2 transgenic mouse, shown at two different magnifications. Note nuclear
staining for T-ag throughout the extent of the neuroepithelium. This staining seems to coincide with the few remaining neuronal elements seen in
the top panel for the 11.2 mouse. The SV40 T-ag staining is often seen in clusters of two cells. Scale bars: top, middle, and bottom right, 40 y;
bottom left, 80 pm.
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292 40 um lished observations). 5008 is abundantly expressed in olfactory

. neurons (B. L. Largent, R. G. Sosnowski, and R. R. Reed, un-
published observations), and sequence analysis suggests that it
is the rat homolog of mouse chromogranin A, an acidic glyco-
protein associated with endocrine and neural cells (Iacangelo et
al., 1988).

For the neuronal marker GAP-43, RNA blots revealed the
expression of this gene in suspension cells and 7.17 cells (Fig.
7). Expression of GAP-43 in 2.2 or 5.4 cells was not detected
by RNA blot analysis. Expression of 5008 was seen in primary
cultures derived from the neuroblastoma. While 5008 message
was seen in the aggregate of primary culture cells after 5 d, the
neuroblastoma tumor did not contain detectable 5008 mRNA.
The 2.2 cells and suspension cells expressed 5008, while 5.4
cells lacked detectable expression for this gene. Since the sus-
pension cells constitute a large proportion of the primary culture,
most or all of the 5008 expression seen in the primary culture
is likely derived from suspension cells.

While the initial primary culture showed high levels of ex-
pression of T-ag message, many of the cloned cell lines expressed
T-ag message at levels below the detection limit for RNA blots.
Suspension cells maintain an easily detectable level of T-ag
expression yet do not express message for OMP, a gene pre-
sumably under similar regulatory control. OMP message is not
observed in any of the cloned cell lines when examined by RNA
blot analysis.

Since T-ag expression in suspension cells occurred in the ab-
sence of OMP expression, DNA blots were performed on ge-
nomic DNA obtained from suspension cells to detect possible
rearrangement events. Three separate restriction enzyme digests
were performed that would generate various combinations of
junctional fragments. Each of these individual digests (HindIII,
Bglll, or BamHI) produced identical patterns of sized fragments
for 11.2 transgenic mouse genomic DNA compared to suspen-
sion cell genomic DNA revealing an absence of transgene re-
arrangement. Furthermore, primer extension experiments dem-
onstrate that T-ag expression in suspension cells utilized the
same transcriptional start sites as OMP in mouse (or rat) olfac-
tory neuroepithelium (data not shown).

The paradoxical nature of the differential regulation of T-ag
and OMP expression led to an immunocytochemical exami-
nation of the olfactory neuroepithelium of 11.2 transgenic mice.
In mice at 2-4 months of age, OMP immunoreactivity was
observed in the mature population of olfactory neurons while
T-ag was localized to the nuclei of a population of neurons
subjacent to and overlapping with the mature sensory olfactory
neurons (Fig. 8). These immunocytochemical staining patterns
suggest that expression of T-ag preceded detectable OMP ex-
pression in this cell lineage. However, primer extension exper-
iments demonstrate that T-ag expression (in 11.2 transgenic
mouse olfactory tissue or cell lines) utilized the same transcrip-
tion start sites as the endogenous OMP gene.

Response of 2.2 cells to various stimuli

The substrate specificity of 2.2 cells was examined on a variety
of substances constituting or mimicking components of the ex-
tracellular matrix (poly-D-lysine, vitrogen, fibronectin, and lam-

—

Figure 6. Cell clones derived from olfactory neuroblastoma. Phase-
contrast photomicrographs of cells 2.2, 7.17, and 5.4 are shown. Scale
bar: 40 um for 2.2 cells; 200 um for 7.17 and 5.4 cells.
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Northern hybridization analysis of expression of GAP-43 and 5008 in clonal cell lines. Hybridization experiments were performed as

described in Materials and Methods with purified cDNA inserts radiolabeled as hybridization probes (wash stringency was | x 20 min at room
temperature and 2 x 20 min at 65°C with 0.2x SSC, 0.5% SDS). The size of the primary band noted in the GAP-43 blot is 1.5 kb, the same size
expected for GAP-43 message. The size of the primary band seen in the 5008 blot is 1.9 kb (the size of 5008 message). The higher-molecular-
weight hybridization seen with 5008 probe is due to a repeated element within the cDNA for the 5008 gene.

inin) (Fig. 9). The 2.2 clone of cells displayed a marked pref-
erence for vitrogen-coated surfaces, exhibiting a faster growth
rate, an ability to grow to higher densities, and an attachment
to the substrate that required trypsinization for passage. Mor-
phologically, the cells differed only slightly, being less refractile
as a result, perhaps, of the tighter cell attachment to the plate
surface. Interestingly, laminin and fibronectin failed to support
substantial growth of 2.2 cells. Laminin is expressed in various
components of the olfactory system, including the olfactory fas-
cicles, and is thought to play a role in the ability of this neuronal
system to regenerate (Liesi, 1985).

cells
~ Sensory _—
neurons
stem
cells ———=®
P : R
OMP SV40 T-ag

- Sustentacular-.,_:%’

A number of agents are known to cause differentiation re-
sponses in cultured cells. In particular, dibutyryl cAMP has been
widely used to induce differentiation in cultured neuronal cells
(Goldstein et al., 1986; Johnson et al., 1988; Lang et al., 1989).
Dibutyryl cAMP caused marked changes in the 2.2 cells, slowing
the division of the cultured cells and inducing a morphological
change characteristic of differentiation in neurons. These changes
included the cell body becoming more refractile and the sub-
stantial extension and thinning of the neuritic-like processes
(Fig. 9).

If 2.2 cells represent olfactory neuronal cell precursors, one

Figure8. Comparative immunostaining of OMP and SV40 T-ag in olfactory system of 11.2 transgenic mouse line. Mouse olfactory neuroepithelium
from a 2-month-old mouse was prepared for immunohistochemistry as described in Materials and Methods. Note the presence of T-ag immu-
noreactivity (right) in nuclei of cells in the lower half of the neuroepithelium, while OMP immunoreactivity is most apparent in the cytoplasm of
the mature olfactory neurons residing in the middle third of the neuroepithelium (/eff).
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Figure 9. Response of 2.2 cell line to various conditions. 4, The effect of substrate was examined by culturing 2.2 cells on substrates coated with
poly-p-lysine, vitrogen (a bovine dermal collagen), fibronectin, or laminin. B, The response of 2.2 cells to dibutyryl cAMP exposure. The 2.2 cells
were grown in the presence of 1 mm dibutyryl cAMP for 48 hr. The changes in cell morphology included the soma becoming more phase bright
and a thinning and substantial lengthening of the cell processes. Note the asymmetrically bipolar appearance of the cells and the presence of growth
cone-like structures at the distal tip of the long process. These cell morphologies are stable at least for several days after removal of the dibutyryl
c¢AMP in the culture media. In the presence of dibutyryl cAMP, 2.2 cell doubling rates diminished. C, The response of 2.2 cells to soluble coculture
with cerebral cortex and olfactory bulb. 2.2 cells were grown as a coculture for 48 hr. Coculture with cerebral cortex causes changes in 2.2 cells
similar to those observed with dibutyryl cAMP, that is, more refractile cell bodies and a thinning and lengthening of the cell processes. Coculture
with olfactory bulb, the presumptive target tissue for these cells, also causes a morphological response similar to that seen for dibutyryl cAMP but
serves an additional, supportive role for the culturing of 2.2 cells as noted by the evident increase in cell number compared to coculture with
cerebral cortex.

might expect them to respond to the presence of the appropriate sonpierre et al., 1990). To examine the possible effects of neu-
target tissue, the olfactory bulb. For other neuronal systems, ronal targets on the growth of 2.2 cells in culture, a coculture
target tissues have been shown to have neurotrophic and/or experiment was performed using plate inserts containing a Mil-
neurotropic effects on their respective afferent neurons (Mai- lipore membrane to allow diffusion of soluble factors in the




media between each culture but prevent physical contact. The
2.2 cells were cocultured with either mouse olfactory bulb or
mouse cerebral cortex (Fig. 9). When 2.2 cells were cultured in
the presence of mouse cerebral cortex, the cells underwent a
morphological change quite similar to that observed for treat-
ment with dibutyryl cAMP. This response could be a result of
the release of endogenous cCAMP in brain tissue. Likewise, dur-
ing coculture with olfactory bulb, 2.2 cells underwent a similar
morphological response, but additionally these cells demon-
strated an increase in cell number (increased mitotic activity/
decreased cell death), suggesting the presence of a supportive
(neurotrophic) factor present in olfactory bulb, the presumptive
target tissue. The change in morphology of 2.2 cells after co-
culture with either cerebral cortex or olfactory bulb did not
reverse after cessation of the coculture and repeated changing
of the culture media.

Discussion

A major effort in developmental neurobiology is directed toward
understanding the molecular and cellular phenomena associated
with neurogenesis, cell migration, axonal guidance, and cell death.
The interesting biological attributes of the olfactory system make
it a useful experimental system to study these processes. This
study demonstrates a genetically targeted perturbation of the
neuronal lineage in olfactory neuroepithelium. The specific ob-
jectives of this work were twofold: (1) to assess the cellular
consequences of targeted oncogenic expression to the olfactory
neuronal lineage and (2) to generate cloned, immortalized cell
lines of the olfactory neuronal lineage that may be useful for
the identification and molecular analysis of genes expressed in
neuronal precursor cells.

Penetration of the tumor phenotype

Past studies utilizing SV40 T-ag in transgenic mice paradigms
illustrate the remarkable effectiveness of this oncogene for trans-
forming various cell types with virtually 100% efficiency over
very short time courses of weeks to several months (Brinster et
al., 1984; Hanahan, 1985; Mahon et al., 1987; Hanahan, 1988;
Hammang et al., 1990; Mellon et al., 1990; Windle et al., 1990).
This study contrasts with previous reports in that the observed
tumorigenicity with SV40 T-ag was quite low. This result could
be specific to the 11.2 transgenic line—an explanation that can-
not be excluded since only one mouse line was available for
study. However, the bulk of the data would suggest that the
experimental observations in this line were biological responses
to the expression of oncogene within the olfactory neuroepi-
thelium. First, the expression of the hybrid oncogene was cell
type specific as designed. Second, transgenic homozygotic mice
demonstrated gene dosage effects; that is, there were higher lev-
els of SV40 T-ag message, relatively greater levels of histological
aberrations within the olfactory neuroepithelium, and higher
incidence of tumor formation in homozygotes as compared to
hemizygotes.

Several other factors could contribute to the weak tumori-
genicity observed in the 11.2 transgenic mouse line. The con-
tinual transit of olfactory neurons across the neuroepithelium
(as they are born, mature, and die) constrains the time frame
for the successful “seeding” of a tumorigenic cell and may play
a role in the low percentage of mice developing neuroblastomas.
The observed hypoplasia in the olfactory neuroepithelium could
contribute to the reduced levels of tumor formation. However,
due to the timing of these events, it seems likely that the hy-
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poplastic response occurred some time after tumor initiation
(in those animals forming tumors) since these tumors appeared
relatively slow growing. In addition, in spite of several recent
reports of success in generating neuronal cell lines from trans-
genic mice (Hammang et al., 1990; Mellon et al., 1990) and
retroviral transfection (Frederiksen et al., 1988), neuronal cells
are thought to be more resistant to transformation than many
other cell types. A study of a transgenic line carrying SV40 T-ag
driven by the insulin gene demonstrated an unexpected transient
expression of SV40 T-ag in cells of the neural tube and neural
crest, yet no evidence of transformation of CNS neurons was
noted (Alpert et al., 1988).

Aberrations in the olfactory system result from SV40 T-ag
expression in neuronal lineage

The loss of neuronal elements in the olfactory neuroepithelium
was a peculiar and interesting consequence of the expression of
SV40 T-ag in olfactory neurons. The usual result of T-ag ex-
pression is typically one of hyperplasia or overt tumorigenesis
(Brinster et al., 1984; Hanahan, 1985; Mahon et al., 1987; Han-
ahan, 1988; Hammang et al., 1990; Mellon et al., 1990; Windle
et al., 1990). In this instance, however, in the long-term a de-
crease or loss of cellular elements was observed when SV40 T-ag
was expressed in the neuronal lineage of the olfactory neuroe-
pithelium.

Studies measuring *H-thymidine incorporation indicate that
under normal conditions the population of olfactory neurons
undergoes a continual process of turnover in the neuroepithel-
ium as mature cells degenerate and are replaced by differenti-
ating precursors. Lesions to the olfactory system that deplete
the neuronal population seem to increase the mitotic rate of the
basal cells responsible for repopulating the neuroepithelium.
Current reasoning on the population dynamics of the olfactory
system, based on data from several labs, suggests that mature
olfactory neurons are longer lived (perhaps 90 d or more) than
originally predicted from the cellular half-life of 30-60 d ob-
served in *H-thymidine incorporation experiments in mammals
(Hinds et al., 1984) as well as amphibians (Mackay-Simm and
Kittel, 1991). Much of the observed cellular turnover is likely
to occur in the population of immature neuronal cells available
to replace functioning olfactory neurons that have died, perhaps
through environmental insult (Graziadei and Monti Graziadei,
1985; Stahl et al., 1990; Mackay-Sim and Kittel, 1991). Thus,
effectively two populations of neuronal cells could exist in the
olfactory neuroepithelium: a longer-lived mature population of
neurons functioning as sensory neurons, and a shorter-lived
population of precursor cells that is maintained to provide a
ready reserve of cells to replace efficiently the mature sensory
cells that have degenerated.

In neurodevelopment, the idea of neuronal pruning involves
the generation of excess neurons that are lost as they fail to make
viable synapses. This process may be somewhat analogous to
the cellular turnover seen in the olfactory neuroepithelium as
immature cells die if they fail to establish a functional synapse
within a specified period of time. In this context, the presence
of the oncogene SV40 T-ag may affect the population dynamics
of this neuroepithelium in a number of fashions. SV40 T-ag
may arrest cells in immature states by suppression of neuronal
precursor differentiation. In this manner, a proportion of neu-
ronal cells may have difficulty in fully completing differentiation
and establishing viable synapses — processes that normally would
lead to a mature, functioning olfactory neuron. In the long term,
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this response could result in an epithelium depleted of neuronal
elements. External cellular cues could also play a role in the
hypoplastic response. Expression of SV40 T-ag may suppress
the expression of specific genes required for the temporal sta-
bilization of neuronal cells within the epithelium, for example,
surface adhesion proteins required for the positional establish-
ment of that cell within the neuroepithelium. This might lead
to cell loss beyond the capacity of the stem cells to maintain a
steady state population of precursor and mature neurons. Since
younger mice (=2 months of age) do not demonstrate the dra-
matic loss of neuronal elements in the olfactory neuroepithelium
seen in the older mice (10 months old), the effect of SV40 T-ag
is likely a modest one requiring a substantial period of time to
manifest its effects.

It is not known if the basal cells of the olfactory neuroepi-
thelium continue to divide (or what the relative rate of division
might be) in the older mice of the 11.2 line. A suppression of
the division rate could account for our experimental observa-
tions since the steady state level of cell number would be directly
affected by decreased cell production. The signals that affect the
division rate of the stem cells are unknown. Although the direct
effect of SV40 T-ag, as an oncogene, would be to increase cell
mitosis, it is conceivable that expression of SV40 T-ag has dis-
rupted crucial signals within the olfactory neuroepithelium af-
fecting stem cell division.

In the 11.2 transgenic mouse line, the olfactory bulb is affected
in the long term by a significant deafferentation (loss of afferent
neuronal input) resulting from the loss of mature neurons in the
olfactory neuroepithelium. Various experimental results suggest
glomerular development in the olfactory bulb is dependent upon
innervation by olfactory neurons; that is, development occurs
coincident with or immediately after innervation by axons of
olfactory neurons (Graziadei and Monti Graziadei, 1986). De-
velopment of glomeruli may be a relatively plastic event than
can continue to occur postnatally (Pomeroy et al., 1990). Arrival
of olfactory neurons in insects has been shown to allow glo-
merular development by providing a framework, a “protoglom-
erular template,” to support the formation of the olfactory glo-
merulus (Oland et al., 1990). The presence of glomeruli in younger
animals and decrease in glomeruli size and loss of structure seen
in older mice presumably results from loss of sensory input.
Interestingly, older 11.2 transgenic mice appeared to suffer from
a significant deficit in the ability to detect odorants (i.e., anos-
mia) as tested by measuring the time taken by an animal de-
prived of food for 1 d to find hidden food in its cage. We have
not yet examined the age of onset of this phenomenon. While
not eliminating their ability to mate, this deficit may have af-
fected the eating habits of these mice, as the older members of
the 11.2 line were significantly less obese than negative litter-
mates, mice of the other transgenic lines, and control CD1 mice.

Transgene expression

The cellular regulation of transgene expression was similar but
not identical to that of the endogenous OMP gene. Slight dif-
ferences in expression between transgenes and their endogenous
homologs are not uncommon. In this case, the discrepancies
may be attributable to effects of the transgene’s chromosomal
location or to the use of a rat promoter sequence for the trans-
gene in mouse cells. Alternatively, the 3 kb of sequence utilized
as a regulatory region for the transgene, while containing the
primary regulatory sequences to direct expression in a cell-spe-
cific fashion, may lack certain elements that restrict OMP ex-

pression to the fully mature (differentiated) phenotype. Exam-
ples of the roles of “silencer” elements have been reported
recently, that is, the suppression of neuronal genes in non-neu-
ronal cells (Maue et al., 1990; Mori et al., 1990; Wuenschell et
al., 1990). Analogous silencing elements might restrict normal
OMP gene expression to the fully differentiated olfactory neu-
ron. The precise mechanisms controlling temporal regulation
of OMP expression are not known, but clearly, interactions with
the olfactory bulb, perhaps functional synaptic contacts, play a
role in olfactory-specific gene control as well as neuronal mat-
uration (Verhaagen et al., 1990).

A previous study examining regulation of the OMP promoter
in transgenic mice (Danciger et al., 1989) utilized 5.5 kb of 5’
OMP flanking sequence, the Thy 1.1 coding region, and 3.2 kb
of the 3’ end of the OMP gene containing 200 bp of the 3
untranslated region and the polyadenylation signal. The OMP
gene is unusual in that it contains a relatively large (1630 bp)
3’ untranslated region (Rogers et al., 1987). The inclusion of
additional presumptive OMP regulatory sequences notwith-
standing, the results of that and the present studies are largely
corroborative.

Origin of immortalized cells

A number of points support the contention that the cloned cell
lines presented in this study are of olfactory neuronal origin.
RNA blot analyses and immunocytochemical localizations of
SV40 T-ag demonstrated the successful targeting of oncogene
expression to the olfactory neuronal lineage. Primer extension
experiments indicated that SV40 T-ag transcripts from olfactory
neuroepithelium of the 11.2 line and cultured cells derived from
the olfactory neuroblastoma utilized the same transcription ini-
tiation sites as the mouse OMP gene.

While T-ag expression in the 11.2 line of transgenic mice
appeared to be restricted to the olfactory neuronal lineage and
the tumors were apparently T-ag induced neuroblastomas, a
critical question remains concerning the cellular origin of the
tumor. Given the relatively low sensitivity of gross tissue anal-
ysis by RNA gel blots, the possibility remained that a small
population of cells within the CNS might express the transgene
in adequate amounts to stimulate tumorigenesis. Autopsy and
histological examination of tumor-bearing mice revealed the
tumor mass to be merely compressed against the CNS tissue,
with no physical attachments to any tissue within the cranium
but with distinct continuity of the tumor mass with the posterior
nasal cavity. The consistent presentation of tumors would in-
dicate a tumorigenic response to the expression of the transgene
in the olfactory epithelium rather than a spontaneous tumori-
genic event.

These mouse neuroblastomas are histologically similar to hu-
man esthesioneuroblastomas, which are thought to be of olfac-
tory neuronal origin (Elkon et al., 1979). Both types of tumor
present as slow-growing small-cell neuroblastomas with few mi-
totic figures. Human esthesioneuroblastomas characteristically
invade the CNS through the cribriform plate and compress the
brain, analogous to the presentation of the mouse tumors. A
recent report describes a line of transgenic mice in which acti-
vation of a retrovirus has unexpectedly induced formation of
apparent olfactory neuroblastomas (Koike et al., 1990). Exten-
sive parallels exist between the neuroblastomas described in that
study and the tumors presented here, including the histological
presentation, the time course of tumorigenesis, and the obser-



vation that these tumors in mice, without exception, invade the
cranium apparently through the cribriform plate.

Gene expression in cell lines and responses to stimuli

The cloned cell lines derived from the olfactory neuroblastoma
are unlikely to be responsive to odorants, as they are relatively
immature cells that do not express mRNAs encoding proteins
thought to mediate the olfactory transduction cascade such as
the G-protein G, (Jones and Reed, 1989) or the type 11T adenylyl
cyclase (Bakalyar and Reed, 1990). Currently, there are no avail-
able markers specific for the olfactory system that are expressed
by immature cells in the neuroepithelium. These cloned cell
lines, representing precursors to the fully differentiated neurons,
would not therefore be expected to express any of the available
markers. Placing cells in tissue culture—in the absence of the
microenvironment of the neuroepithelium —would likely have
negative effects on the expression of olfactory markers unique
to the fully differentiated neuron. As noted earlier, the olfactory
neuron expresses high levels of OMP at the same time that
axonal contact with the olfactory bulb is established.

These immortalized cells are proposed to represent clones at
various states of differentiation along the olfactory neuronal
lineage. That notion is supported by the observation that various
of these cell lines express several genes characteristically ex-
pressed by olfactory neuronal precursors within the neuroepi-
thelium —either 5008 (Largent, Sosnowski, and Reed, unpub-
lished observations) or GAP-43 (Verhaagen et al., 1989;
Verhaagen et al., 1990). While the patterns of expression of the
5008 and GAP-43 genes do not define the differentiation state
of each of these cell clones, they do provide clues as to the origin
of these cell clones and their respective lineages. The expression
of 5008 (chromogranin A) is consistent with an olfactory neu-
ronal origin since it is highly expressed in olfactory neurons. In
addition, the expression of GAP-43 strongly suggests a neuronal
lineage and emphasizes the immature nature of these cells. GAP-
43 is a “‘growth-associated protein” seen as a transient neuronal
marker in neurons actively extending neurites, that is, immature
neurons. GAP-43 has been shown by immunocytochemistry in
the olfactory system to be present in a population of immature
neuronal precursors, the developing neurons in this system (Ver-
haagen et al., 1989, 1990). Finally, the differential expression
of these genes would imply that each of these cells, deriving
from a common source (a clonal tumor), have stabilized in cell
culture at varying differentiation states.

In addition to dibutyryl cAMP, we tested the effects of retinoic
acid and the phorbol ester 12-O-tetradecanoylphorbol-13-ace-
tate on the 2.2 cell line. Each of these “differentiation agents”
induced morphological changes in 2.2 cells within 24 hr, with
subtle differences among their effects. The neurite extension
response of 2.2 cells to treatment with dibutyryl cAMP is rel-
evant to a previous report describing the positive effect of cCAMP
on neurite outgrowth from explant cultures of chick olfactory
epithelium (Johnson et al., 1988).

Use of cell lines for molecular analysis of neurodevelopment

The identification of the genes involved in the process of neu-
rogenesis would be facilitated by access to neuronal precursors
at various stages of neurogenesis and in sufficient quantities to
perform biochemical and molecular analyses. Immortalized cell
lines representing neuronal precursors at various stages in a
neuronal lineage could serve as a biological source for such
experiments (Frederiksen et al., 1988; Birren and Anderson,
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1990; Lendahl and MacKay, 1990). The use of cell lines to study
differentiation and cell-specific gene expression has been par-
ticularly successful in areas of hematopoiesis, immunology, and
muscle cell biology—systems with accessible and stable stem
cell populations. In contrast, most neuronal precursors are pres-
ent transiently within the embryonic nervous system and are
not readily accessible. Some cell lines, such as the PC12 pheo-
chromocytoma cell line and embryonal carcinoma cells, have
proven useful for a number of neurobiological studies (Lendahl
and MacKay, 1990).

In this report, we have directed the immortalization of ol-
factory neuronal cells through targeted tumorigenesis in trans-
genic mice. The data support the contention that the clonal cell
lines represent stable derivatives of neuronal precursors at var-
ious states of differentiation. One should be cautious in drawing
conclusions concerning biological phenomena via experimen-
tation with immortalized cell lines, particularly transformed
lines. Nonetheless, we are hopeful that the clonal cell lines de-
scribed in this study will be useful toward the molecular iden-
tification and characterization of developmentally significant
genes. Further, the observed perturbations of the olfactory neu-
roepithelium and target tissue, the olfactory bulb, induced by
the directed expression of oncogene to the olfactory neuronal
lineage provide additional insight into the complex control of
the neuronal turnover in this system and suggest avenues for
future experimentation.
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