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Primary cell cultures from human fetal olfactory neuroepi- 
thelium have been isolated, cloned, and propagated in con- 
tinuous in vitro culture for approximately 1 year. The two 
clones we report here synthesize both neuronal proteins 
and olfactory-specific markers as well as the putative ol- 
factory neurotransmitter, carnosine. In addition, patch- 
clamp experiments reveal that these cells are electrically 
excitable. Following exposure to a panel of aromatic chem- 
icals one of the cell cultures shows a specific increase in 
intracellular CAMP, indicating that some degree of func- 
tional maturity is expressed in vitro. The results suggest 
that these cells originate from the “stem cell” compartment 
that gives rise to mature olfactory receptor neurons. These 
long-term cell cultures represent models that will be useful 
in studying the mechanism(s) of olfaction and the regula- 
tion of olfactory neurogenesis and differentiation. 

[Key words: primary cultures, neuroblasts, stem cells, ol- 
factory neurogenesis, odorants, CAMP] 

Olfactory primary sensory neurons (ORN) are located in a pseu- 
dostratified columnar epithelium of the upper nasal cavity. Their 
unmyelinated axons penetrate the basal lamina, enter the crani- 
um via foramina in the cribriform plate and synapse in the ol- 
factory bulb of the CNS. During development, olfactory neu- 
ronal precursors divide, migrate, and differentiate, establishing 
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central and peripheral connections responsible for transmitting 
chemosensory information to the brain (Graziadei and Monti- 
Graziadei, 1979). Olfactory neurogenesis is both spatially and 
temporally regulated, continues throughout life, and is essential 
to maintain the sensory capacity of the olfactory system (Gra- 
ziadei, 1973; Graziadei and Monti-Graziadei, 1978). The notion 
that olfactory sensory neurons are renewed from a population 
of dividing stem cells suggests the possibility to propagate ol- 
factory neuronal precursors in vitro. 

Primary cultures from rat olfactory neuroepithelium gave rise 
to differentiated olfactory neurons in vitro (Calof et al., 1989; 
Pixley et al., 1990; Chuah et al., 1991; Ronnett et al., 1991) and 
cells from olfactory epithelium of newborn rats, expressing both 
neuronal and olfactory properties have been successfully cloned 
(Coon et al., 1989). Recently, cells exhibiting characteristics of 
olfactory neurons have been obtained from explants of adult 
human olfactory epithelium (Wolozin et al., 1992). These cells 
expressed both neuronal and epithelial markers, molecules spe- 
cific to the olfactory system and odorant-dependent CAMP ac- 
cumulation (Wolozin et al., 1992). However, they had a finite 
life span. The growth rate and the number of possible passages 
in culture varied inversely with the age of the donor, increasing 
with cells obtained from younger adults (Wolozin et al., 1992). 
The availability of olfactory neuroblasts from humans may rep- 
resent a valuable tool with which to study mechanisms regulat- 
ing the olfactory response, as well as the process of olfactory 
neurogenesis and differentiation. 

In this study we describe two cloned cell cultures obtained 
from the human fetal olfactory neuroepithelium that have been 
continuously cultured for about 1 year. Although histologically 
they appear to be incompletely differentiated, they show bio- 
chemical and antigenic propert& of olfactory neurons. One of 
them is selectively and sensitively responsive to odorant stimuli. 

Materials and Methods 

Preparation of cell cultures from human fetal olfactory 
epithelium 
Six human fetuses at different gestational ages (8-12 weeks) were dis- 
sected 3-5 hr after spontaneous or therapeutic abortion. (Legal abortion 
were performed in authorized hospitals and certificates of approval were 
obtained from patients. The study protocols were approved by the Uni- 
versity Ethical Committee.) Fertilization ages were confirmed according 
to the crown-rump length. “Heminoses” were obtained by sagittal bi- 
section of fetal heads and removed under sterile conditions. Six hemi- 
noses were fixed in Bouin’s solution, or fixed and stained by zinc iodide/ 
osmium tetroxide solution (ZIO) 3:l (Maillet, 1959), embedded in par- 
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affin and used for morphological detail (Fig. 1A). The mucosa lining 
the upper nasal cavity and septum was removed from the remaining six 
heminoses and cut into 0.5-l mm pieces. Tissue fragments were washed 
with phosphate-buffered saline (PBS) pH 7.4 and enzymatically digest- 
ed by two successive incubations (1 and 2 hr, respectively, at 37°C in 
humidified 5% CO, atmosphere) in Coon’s modified Ham’s F12 medi- 
um supplemented with 0.5 mg/ml of crude collagenase (Worthington 
Bio. Co., Freehold, NJ) and 5% adult calf serum. Digested tissues were 
mechanically dispersed by pipetting and cell suspensions were washed 
with Ca2+/MgZ+-free PBS. Erythrocytes and debris were removed by 
centrifugation (10 min at 750 X g) on a discontinuous gradient con- 
sisting of 25% dialyzed Ficoll solution (Pharmacia, Uppsala, Sweden) 
in Coon’s modified Ham’s F12 medium. 

Dissociated cells from olfactory mucosa were resuspended in Coon’s 
modified Ham’s F12 medium supplemented with 10% fetal calf serum 
(FCS). Approximately 5 X lo5 cells/cm* were seeded in 60 mm plastic 
tissue culture dishes (COSTAR) and cultured at 37°C in 5% CO, at- 
mosphere. 

Primary cell cultures were fed with fresh medium twice weekly. After 
two to three passages, single cell suspensions were plated for cloning 
at limiting dilution in 96 wells, half-area plates. Clones were fed by a 
“cloning medium” consisting of 1:l mixture of Coon’s modified 
Hams’s F12 medium and the same medium conditioned by incubation 
for 24 hr with the “parental” primary cell cultures, plus 10% FCS. 
After 34 weeks, colonies were-selectively trypsinized-and transferred 
to individual 60 mm dishes. Two of these clones. named FNC-A6 and 
FNC-B4, are described in the present study. 

Antisera The following polyclonal (PA) or monoclonal (MA) anti- 
bodies were used for immunocytochemical or immunoblot analysis at 
the indicated dilutions: rabbit PA to human neuron-specific enolase 
(NSE) (Polysciences, Warrington, PA) dilution 1:lOOO. Mouse MA to 
human Vimentin (Vm), clone V9, dilution I:50 (Dakopatts, Copenha- 
gen, Denmark). Mouse MA to human Neurofilament 200 (NF), clone 
N52, dilution 1:200; mouse MA to rat neural cell adhesion molecule 
(N-CAM), clone NCAM-OBll, dilution 1:100 (Sigma, St.Louis, MO). 
Mouse MA to human cytokeratin, clone Lu-5, dilution 1:lO (Boehrin- 
ger-Mannheim). Goat PA to rat olfactory marker protein (OMP), used 
at dilution 1:500, was a generous gift of Dr. Frank Margolis, Roche 
Institute, Nutley, NJ. 

Immunocytochemical procedures. Indirect immunofluorescence tech- 
nique was used for immunocytochemical staining. Briefly, after growing 
the cells on sterile slides, cultures were washed twice with PBS pH 7.4 
and fixed in 3.7% paraformaldehyde in PBS for 15 min at room tem- 
perature (RT), followed by permeabilization in 3.7% paraformaldehyde- 
PBS containing 0.1% Triton X-100 for 15 min at RT Alternativelv. 
some slides were dried overnight and fixed for 10 min in cold acetone. 

Primary antibodies, appropriately diluted in PBS containing 2% Bo- 
vine Serum Albumin (BSA), were added to the slides and incubated 
overnight at 4°C. Slides were washed three times (5 min each) in PBS 
and incubated at RT for 45 min with PBS-2% BSA containing the 
fluoresceinated second antibodies at the appropriate dilution (goat anti- 
rabbit, 1:80 to 1:300; goat anti-mouse, l:lOOi rabbit anti-goat, 1: 100) 
(Sigma, St Louis, MO). After washing (three times in PBS) slides were 
examined with a phase contrast micr&cope equipped with epifluoresc- 
ence (Nikon microphot-FX microscope; Nikon, Kogaku, Tokyo, Japan). 
Controls were performed by processing slides lacking the primary an- 
tibodies or stained with the corresponding nonimmune serum. 

Immunoblot. Western blotting was performed as previously described 
(Coon et al., 1989). Briefly, cell cultures or control rat tissues were 
sonicated for 20 set in 10 mrvr sodium phosphate buffer pH 7.5, 100 
mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.5% sodium deoxycholate, 
0.1% NaDodSO,, 50 pg of phenylmethanesulfonyl fluoride per ml, 10 
kg/ml L-1-tosylamido-2-phenylethyl chloromethyl ketone, 1 p,g/ml 
aprotinin, and 1 p,g/ml leupeptin (Sigma). Following centrifugation 
(16,000 X g for 10 min), protein concentrations were determined by 
bicinchoninic acid assay (Pierce). 

Protein extracts were electrophoresed under denaturing condition 
(SDS-PAGE) on 12% (for OMP detection) or 7% (for N-CAM detec- 
tion) polyacrylamide gels and electroblotted (100 V) to nitrocellulose 
filters in 20 mM Tris, 150 mM glycine, and 20% methanol for 1 hr at 
4°C. Filters were blocked overnight with PBS containing 5% BSA and 
0.1% Tween-20 and incubated with the appropriately diluted primary 
antibodies for two hours at RT with gentle shaking. After washing (3 
X 15 min in 0.1% tween 20 in PBS pH 7.4), filters were incubated 
for 90 min at RT with second antibodies in PBS containing 5% BSA 
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Figure I. Cell cultures from the human fetal olfactory epithelium. 
Olfactory tissue and cultures were prepared as described in Materials 
and Methods. A shows morphological details of the human (11 weeks) 
fetal olfactory mucosa from which the FNC-A6 cell culture was derived 
(400X magnification). Olfactory receptor neurons, stained by zinc io- 
dide/osmium tetroxide (ZIO) technique (Maillet, 1959), appear as dark 
cells (arrows). They extend an apical dendritic process through the lu- 
minal sustentacular cell layer. Their axons penetrate the basal cell layer 
to synapse in the olfactory bulb of the CNS. B shows the FNC-A6 cells 
(phase contrast, 200X magnification) cultured in Coon’s modified Ham/ 
F12 medium containing 10% FCS. Clones were selected from dissoci- 
ated primary cultures as described in Materials and Methods. The cul- 
ture shows varying morphologies with numerous cells extending cyto- 
plasmic processes. Arrows indicate more typical bipolar cells. 

and 0.1% Tween-20. Second antibodies were horseradish peroxidase- 
conjugated rabbit anti-goat (for OMP detection) or goat anti-mouse 
(for N-CAM detection) both diluted 1: 1000 in the above buffer. Fol- 
lowing washing (3 X 15 min in 0.1% Tween 20 in PBS pH 7.4) the 
specific proteins were detected by HRP color development reagent 
(Bio-Rad Laboratories Inc., Richmond, CA) or by enhanced chemi- 
luminescence (ECL) kit (Amersham, UK) after exposing the filters 2 
min at RT 

Northern blot. Total or polyA+ RNA was isolated from each cell line 
or from Fischer 344 rat olfactory epithelium by either micro RNA iso- 
lation kit (Stratagene) or by Micro-FastTrak mRNA isolation kit (Invi- 
trogen). Samples (2.5-10 pg each) were electrophoresed in 1.2% aga- 
rose/formaldehyde gel and blotted onto Hybond N (Amersham). For 
OMP detection, filters were hybridized (5X SSPE, 5X Denhardt’s so- 
lution, 0.5% SDS, 20 Fg/ml sonicated salmon sperm DNA) at 65°C for 
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Figure 2. Immunophenotyping of 
long-term cell cultures from the human 
fetal olfactory neuroepithelium. Im- 
munocytochemistry was performed as 
described in Materials and Methods 
with both FNC-A6 and FNC-B4 cell 
cultures. A-C show FNC-A6 cells 
stained with antisera to neuron specific 
enolase (NSE), neurofilaments (NF), 
vimentin (Vm), cytokeratin (CK), olfac- 
tory marker protein (OMP), and neural 
cell adhesion molecule (N-CAM), re- 
spectively. Controls (C) were per- 
formed & described in Materials >nd 
Methods. Anti-NSE gives a bright. dif- 
fuse pattern of stair&g, while”e de- 
fines fine cytoplasmic structures, pro- 
gressively intensifying in the proximal 
region of emerging cellular processes. 
Anti-Vm monoclonal shows mostly 
perinuclear distribution. Anti-CK does 
not give any consistent staining. Anti- 
OMP gives a bright, mostly cytoplas- 
mic, staining of the cell bodies while 
N-CAM defines thin cytoplasmic pro- 
cesses. 
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18 hr and washed three times (2X SSPE, 0.1% SDS at RT for 10 min; of human OMP gene ORF 275 bp clone in pSPORT1 (Bulakova et al., 
1 X SSPE, 0.1% SDS at 65°C for 15 min; 0.1 X SSPE, 0.1% SDS at 1994). Rat olfactory cyclic nucleotide-activated channel (OCNCl) 
65°C for 15 min). For other genes, hybridization was performed at 50°C probe is a 3.0 kb EcoRI-BglI fragment of a cDNA clone in Bluescript 
in Rapid-Hyb buffer (Amersham Life Science) with final wash 0.5X II KS (Dhallan et al., 1990). Olf-1 probe is a SalI-Not1 fragment of a 
SSC, 0.1% SDS at 50°C. Human OMP probe is a Sall-EcoRI fragment cDNA clone in Bluescript II KS (Wang and Reed, 1993); 25-100 ng 
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Figure 2. Continued. 

of each probe were ‘2P-labeled by Megaprime DNA labeling system 
(Amersham) 

followed by lead citrate and examined with a Phillips 410 electron mi- 
croscope. 

Reverse transcription-polymerase chain reaction (RT-PCR). cDNA 
was obtained by random-primed reverse transcription of 1 p,g of RNase- 
free DNase I-treated polyA+ RNA from both FNC-A6 and FNC-B4 
cells (cDNA cycle kit,-Invitrogen). To identify human G,,pl, PCR was 
performed using G60/G61 mimer uair as oreviouslv described (Zigman 

Scanning electron microscopy. Cells were grown on sterile glass cov- 
erslips for-36 hr and subsequently fixed wiih 1.5% glutaraldehyde in 
0.1% M cacodvlate buffer at RT for 24-36 hr. After rinsing in the same 
buffer, samples were dehydrated with progressive acetonedilutions and 
subjected to critical point drying with CO,. Cells were then coated with 
gold-palladium in a 5001 “cool” Polaron sputtering apparatus, mounted 
on stubs, and observed with Hitachi S 4000 F.E. scanning electron mi- 
croscope operated at 15-20 Kv. 

\ Y 
et al., 1993); 15 ng of human G,;pr cDNA (N43, Ibid.) were used as 
positive control. 

Southern blot. 30% of the amplified product was electrophoresed in 
1% agarose gel, transferred onto Hvbond N filters (Amersham), and 
hybridized at-high stringency conditions with an internal oligonucleo- 
tide probe (5’-ACA CTG CAG CAG AAT CTC TCC GGG) as previ- 
ously described (Zigman et al., 1993). 

Electron microscopy 

Transmission electron microscopy. Cell pellets, obtained by centrifu- 
gation at 800 X g for 5 min, were fixed in 2.5% glutaraldehyde, 0.1% 
paraformaldehyde in 0.1 M cacodylate buffer pH 7.4 at RT for 1 hr and 
postfixed with 1% osmium-tetroxide in the above buffer for 1 hr. After 
dehydration, cell pellets were embedded in Epon 812 (Fluka, CH-9470 
Buchs, Switzerland). Ultrathin sections were stained with uranyl-acetate 

Table 1. Immunostaining of the FNC-A6 and FNC-B4 cell lines 
by antibodies directed toieuronal and non-neuronal markers 

FNC-A6 FNC-B4 

NSE >90% >90% 
Vm 60-70% 60-70% 
NF 40-50% 20-30% 
CK <l% <l% 

Immunocytochemistry was performed as described in Materials and Methods. 
Five hundred cells were counted in each experiment, and results, normalized 
to the background staining, are expressed as percentage of positively stained 
cells. NSE, neuron-specific enolase; Vm, vimentin; NF, neurofilament; CK, cy- 
tokeratin. 

Carnosine synthesis and extracellular release 

Cells were plated in 60 mm plastic dishes in Coon’s modified Ham’s F 
12 medium: Twenty-four hours later media were removed and replaced 
with fresh medium containing 3H-R-Alanine (3 uCi/ml) (New England 
Nuclear/Du Pont, Boston, MA) or’medium alone. After 24, 48, a;d 96 
hr, media were collected, cells harvested and viability evaluated by 
trypan blue exclusion test. 

Cell culture media and cell extracts were deproteinized with 2% sul- 
fosalicylic acid. Carnosine was separated by high performance cation- 
exchange chromatography (Carlo Erba 3A29 amino acid analyzer) with 
a lithium citrate buffer system and a physiological compound separation 
program. In our experimental conditions, p-alanine and carnosine were 
eluted at 108 and 174 min, respectively. Fractions of 1.8 ml were au- 
tomatically collected and radioactivity assessed by liquid scintillation 
counting (Beckman). 

Electrophysiological recordings 

Sodium currents were recorded under the voltage clamp configuration 
of the whole-cell patch-clamp technique (Hamill et al., 1981). Patch- 
clamp recordings were made at RT using an Axopatch-1 amplifier 
(Axon Instruments), 15-45 min after plating, before the cells adhere to 
substratum. Glass pipettes (borosilicate, Hiigenberg, Germany) (tip re- 
sistance 2-5 MR) were filled with internal solution (140 mM K-asoar- 
tate, 10 mM NaCl, 2 nM MgCl,, 10 mM HEPES) buffered at pH 7135. 
The final Ca2+ concentration was adjusted to 1O-7 M by adding 4 mu 
CaCl, and 10 mM EGTA. Extracellular solutions (140 mu NaCl. 3 mu 
KCl,i mu CaCl,, 2 mM MgCl,, 5 mM glucose, 10 mM HEPES), buf- 
fered at pH 7.4, were delivered with hypodermic needles inserted into 
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Figure 3. Western blot analysis of FNC-A6 and FNC-B4 protein extract stained with antisera to OMP or monoclonal Ab anti-N-CAM. FNC-B4 
(B4) and FNC-A6 (A6) express a 19 kDa protein positively stained by anti-OMP antisera diluted 1500. Control was rat olfactory epithelium (ROE). 
Both the embryonic (200 kDa) and the mature (140 kDa) forms of N-CAM were detected in FNC-A6 (A6) and FNC-B4 (B4) cells by the monoclonal 
anti-N-CAM used at 1:lOO dilution. As breakdown products of N-CAM may be stained by this antibody, they appear as multiple bands on the 
immunoblot. Controls (C4 and C6: FNC-B4 and FNC-A6, respectively) were performed by processing samples lacking the primary antibody. 

capillaries (internal diameter 0.4 mm) positioned near the cell. Tetro- 
dotoxin (TTX, Sigma) was added at 2 PM final concentration. 

Electronic compensation was used to reduce the effective series re- 
sistance and the time constant of membrane charging. To avoid space- 
clamp artifacts, spherical cell were always chosen (Armstrong et al., 
1974; Hamill et al., 1981). Traces were corrected by analog and digital 
P/4 technique subtraction (Armstrong et al., 1974; Hamill et al., 1981). 
Voltage commands were applied and measurements of currents were 
made using the PCLAMP hardware and software (Axon Instruments). 

Determination of intracellular CAMP levels after exposure to 
odorants 
Cells were plated in 24 well plates (16 mm diameter) and grown to 
subconfluence in Coon’s modified Ham’s F12 plus 10% FCS. After 
removing the medium, cells were washed with PBS and incubated for 
30 min at 37°C in assay buffer (0.025 M Tris-acetate, 0.25 M sucrose, 
0.5% BSA, 5 mM glucose, 0.6 mM 3-isobutyl-1-methylxanthine) con- 

taining odorants or other stimulants or the solvents in which the stim- 
ulants were resuspended. To stop the reaction, equal volumes of cold 
(-20°C) absolute ethanol were added to the cells and samples stored 
at -20°C overnight. 

After vacuum drying samples were reconstituted with 0.05 M sodium 
acetate pH 6.2. and CAMP content determined by radioimmunoassay as 
previously described (Labarca et al., 1980). Results were calculated as 
CAMP pmol/pg of DNA and expressed as the percentage stimulation 
over the basal level. Mathematical analysis was performed according to 
De Lean et al. (1978) by the ALLFIT software. 

Stimulants 

Simple odorant compounds previously studied in vitro (Shirley et al., 
1986; Sklar et al., 1986; Coon et al., 1989; Ronnet et al., 1993) or 
commonly tested in vivo (Cain and Gent, 1986) were used (Aldrich 
Chimica, Milano, Italy). Other CAMP stimulants were adrenalin, nor- 
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Figure 4. Expression of olfactory-associated genes in FNC-A6 and FNC-B4 long-term cell cultures. A, Northern hybridization of human OMP 
with FNC-A6 and FNC-B4 cells. Total RNA (10 pg per lane) was prepared as described in Materials and Methods from FNC-A6 (A6), FNC-B4 
(B4), and an esthesioneuroblastoma (EN) cell line (positive control). RNA samples were electrophoresed in 1.2% agarose/formaldehyde gel and 
hybridized with ?*P-labeled human OMP ORF (Bulakova et al., 1994). An RNA ladder (GIBCO-Bethesda Research Labs) was used as size marker. 
B, RT-PCR analysis of human G,,pl. Randomly primed cDNA from DNase I-digested mRNA (EN, B4, and A6) and control G,,p cDNA (N43) 
(Zigman et al., 1993) were amplified by PCR using G60/G61 primer pair specific for human G,,pl as described in Materials and Methods. A 
fragment of the expected size (406 bp) was identified by Southern blotting with a human G,,p specific oligonucleotide as described in Materials 
and Methods. C and D, Northern blot analysis of OCNCl (C) or olf-1 (D) expression; 2.5 yg of polyA+ RNA obtained from rat (Fischer 344) 
olfactory epithelium (ROE), FNC-B4 (B4), or FNC-A6 (A6) were size fractionated and hybridized as described in Materials and Methods. An RNA 
ladder (GIBCO-Bethesda Research Labs) was used as size marker. 



Figure 5. Ultrastructural analysis of long-term cell cultures from hu- 
man olfactory neuroepithelium. Electron microscopic analysis of FNC- 
A6 and FNC-B4 cells was performed as described in Materials and 
Methods. A, Scanning electron micrograph of FNC-A6 cells (7500X) 
reveals processes of different length often presenting localized swell- 
ings. B, Transmission electron microscopy (8800X) shpws free and 
grouped ribosomes, Golgi apparatus, mitochondria and various inclu- 
sions of pigments and lipids. C, Higher magnification (67,000X) reveals 
fibrillar and tubular cytoskeletal structures whose dimensions corre- 
spond to 10 nm and 20-30 nm, respectively (arrows). The inset provide 
details of the tubular structures (arrows) at higher magnification 
(85,000X). 

adrenalin, isoproterenol, cholera toxin, and forskolin (Sigma, St. Louis, 
MO). 

Karyotype analysis 

Chromosome analysis was performed with both FNC-A6 and FNC-B4 
by Moorhead procedure and banding analysis as previously described 
(Moorhead et al., 1960; Nowell et al., 1960) before and after cryogenic 
preservation, respectively, to evaluate the stability of these cells and 
their ability to withstand cryogenic freeze. 
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Results 

Cell cultures from human fetal olfactory neuroepithelium 
Clones were obtained from primary cultures of human fetal ol- 
factory mucosa explants (Fig. lA,B), by plating the cells at lim- 
iting dilution as described in Materials and Methods. A total of 
54 colonies, composed of cells with different dimensions and 
morphologies were grown successfully. Most of them, however, 
were represented by cells expressing thin cytoplasmic processes 
and often bipolar shape (Fig. 1B). To verify whether these cul- 
tures contained olfactory precursors or members of the series of 
maturing olfactory receptor neurons, 10 clones were first se- 
lected by immunocytochemistry using antibodies directed 
against neuronal or olfactory markers. Next, we evaluated the 
expression of olfactory-associated genes followed by the ultra- 
structural, biochemical and functional analysis of the selected 
clones. 

Morphological, biochemical, and functional characterization 

Immunophenotyping and olfactoyassociated gene expression. 
The olfactory receptor neuron is the only type of neuron in the 
olfactory epithelium (OE). To identify neuronal cells, among 
accessory non-neuronal cells, ten out of the 54 clones obtained 
were tested by immunocytochemistry using antibodies directed 
toward neuronal components (Fig. 2A-C, Table 1). Neuron spe- 
cific enolase (NSE), a marker of neurons and neuroendocrine 
cells (Schmechel et al., 1978; Marangos et al., 1980) has been 
also described in human fetal olfactory neuroepithelium (Taka- 
hashi et al., 1984), and its expression is retained by olfactory 
neuroblast in vitro (Coon et al., 1989). Among the clones tested, 
intensive, diffuse staining by antibodies specific for NSE was 
detected with both the FNC-A6 and FNCB4 cells (Fig. 2A, 
Table 1). 

Intermediate filaments (IF) are cell and tissue specific com- 
ponents of the cytoskeleton (Liem et al., 1978; Lazarides, 1982; 
Osborn and Weber, 1982). As their constitutive units have a 
characteristic expression during cellular differentiation (Laza- 
rides, 1982; Holtzer et al., 1982; Osborn and Weber, 1982; Shaw 
and Weber, 1982; Cochard et al., 1984; Stagaard et al., 1989) 
they may be used to identify both the cell type and the degree 
of maturation. Among IE Vimentin (Vm) has a widespread dis- 
tribution, being expressed by neuroepithelial cells in the neural 
tube and neural crest as well as by glial cells and mesenchymal 
derivatives (Bignami et al., 1982; Holtzer et al., 1982; Lazarides, 
1982). In contrast, neurofilament proteins are specific to neuro- 
blasts and neurons (Liem et al., 1978; Shaw and Weber, 1982; 
Scott et al., 1985). Vm-specific antibodies gave a diffuse, mostly 
perinuclear staining in about 60-70% of the cells in both FNC- 
A6 and FNC-B4 cells (Fig. 2B, Table 1). NF-specific antibodies 
finely stained the cytoplasm, progressively intensifying in the 
proximal region of emerging cellular processes in 40-50% of 
the FNC-A6 and 20-30% of FNC-B4 cells (Fig. 2A, Table 1). 
Cytokeratin (CK) represents a class of IF proteins characteristic 
of epithelial cells (e.g., Moll et al., 1982). Although keratin- 
positive cells are abundant in the basal cell layer within the OE 
that also contains the self-renewing neuronal progenitors, evi- 
dence suggests that neuronal precursors are keratin-negative 
cells migrating from the keratin-positive epithelial sheet during 
olfactory neurogenesis (Calof et al., 1989). Cytokeratin-specific 
antibodies did not stain FNC-A6 and FNC-B4 cells (Fig. 2B, 
Table l), indicating these cells do not express epithelial markers. 

Neural cell adhesion molecule (N-CAM) is a polysialylated 



4388 Vannelli et al. * Human Olfactory Neuroblast Long-Term Cultures 

7- 

!3- 

b5 - 
so- 
55- 

pj 50- 
s 45 
X 43- 

g 35- 30- 
25- 
2Or 

:5 1 

1c 
5 
0 

El CCIIS 

n Medium 

FNC- A6 FNC-B4 FIBROBLASTS 
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protein involved in cell-cell interaction (Schachner et al., 1990) 
that plays an important role during embryogenesis and devel- 
opment (Edelman, 1986; Sunshine et al., 1987). This adhesion 
molecule has been detected in both embryonic and adult brain 
(Aaron and Chesselet, 1989) as well as in mature olfactory neu- 
rons and their precursors (Miragall et al., 1988, 1989; Calof et 
al., 1989). In the olfactory system N-CAM appears relatively 
late during differentiation as the most immature precursors lack 
its expression (Calof et al., 1989). Anti-N-CAM antibody dif- 
fusely stained both FNC-A6 and FNC-B4 cells (Fig. 2C). Con- 
sistent with the pattern of expression of this protein in devel- 
oping ORN, both the embryonic and adult forms of N-CAM 
were identified in the FNC-A6 and FNC-B4 cells by Western 
analysis (Fig. 3). 

Olfactory marker protein (OMP), is a 18.7 kDa cytosolic pro- 
tein of unknown function that has been specifically identified in 
cell bodies and neurites of olfactory sensory neurons (e.g., Mar- 
golis, 1972; Hartman et al., 1975; Keller et al., 1975). Anti-OMP 
sera gave a diffuse, mostly cytoplasmic staining with both FNC- 
A6 and FNC-B4 cells (Fig. 2C). However, as the possibility of 
nonspecific staining has been previously reported by immuno- 
fluorescence technique (Coon et al., 1989), immunoblot analysis 
was performed (Fig. 3). The results confirmed OMP expression 
with both FNC-A6 and FNC-B4 cells (Fig. 3). In addition, 
Northern blot analysis indicated that both FNC-A6 and FNC-B4 
cells express the human OMP gene ORF (Fig. 4A). To further 
characterize the functional maturity of these cells we next ex- 
amined the expression of specialized proteins involved in the 
olfactory signal transduction. Olfactory signal transduction is 
mediated by a process involving a G protein-coupled cascade 
using CAMP as an intracellular second messenger (Pace et al., 
1985; Buck and Axel, 1991) that in turn activate an olfactory 
cyclic nucleotide-gated channel (Nakamura and Gold, 1987; 
Dhallan et al., 1990) . G,,pc is a stimulatory G-protein that par- 
ticipate in signal transduction in the olfactory neuroepithelium 
(Jones and Reed, 1989). In rats, this protein is expressed on 
prenatal day 17, when selective response to odorants begins to 

be observed (Dau et al., 1991). Expression of a human isoform 
of G,,p has been confirmed in human olfactory neuroepithelium 
and, to a lesser extent, in the basal ganglia and neuroendocrine 
tissues (Zigman et al., 1993). Both FNC-A6 and FNC-B4 cells 
express G,,pr mRNA, as indicated by RT-PCR analysis (Fig. 
4B). The olfactory cyclic nucleotide-gated channels (OCNC) are 
directly activated by both CAMP and cGMP (Nakamura and 
Gold, 1987; Kurahashi and Kaneko, 1989; Kurahashi, 1990; 
Firestein et al., 1991). OCNC-encoding cDNA has been recently 
cloned from rat (Dhallan et al., 1990), cow (Ludwig et al., 1990), 
and catfish (Goulding et al., 1992). Northern blot analysis for 
rOCNC1 (Dhallan et al., 1990) showed a major hybridizing spe- 
cies of about 3.3 kb, almost as similar size as in rat, with both 
FNC-A6 and FNC-B4 cells (Fig. 4C). In addition, Northern blot 
analysis indicated that both FNC-A6 and FNC-B4 express Olf-1 
(Fig. 40), an early B cell factor (EBF)-related transcriptional 
factor which appear to be exclusively expressed in the olfactory 
receptor neurons and their precursors (Wang and Reed, 1993). 
Olf-1 contains helix-loop-helix motif and is thought to bind the 
regulatory sequences of several olfactory-specific genes includ- 
ing OMP, OCNCl, type III adenylyl cyclase, and G,,, (Ibid.). 
These results strongly support the identification of these cells 
and suggest that some degree of maturity is expressed in vitro. 

Ultrastructural studies. Scanning electron micrograph (Fig. 
5A and data not shown) of bipolar shaped cells shows processes 
of different length. Shorter processes often present localized 
swellings suggesting the knob-like structures previously de- 
scribed in histological sections of olfactory mucosa from human 
fetuses (Pyatkina, 1982). Transmission electron microscopy (Fig. 
5B and data not shown) reveals a cytoplasm rich in ribosomes 
as well as polyribosomes, Golgi apparatus, mitochondria, a pro- 
nounced rough endoplasmic reticulum and various inclusions of 
pigments and lipids. Nuclei are irregularly shaped, generally 
containing a single nucleolus. Higher magnification reveals cy- 
toskeletal constituents as fibrillar and tubular structures with 
smooth contour and variable length whose dimensions, corre- 
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sponding to 10 nm and 20-30 nm, respectively, are consistent 
with neurofilaments and neurotubules (Fig. 5C). 

Biochemical studies. The dipeptide carnosine has been iden- 
tified in ORN and has been implicated as a possible neurotrans- 
mitter in the vertebrate olfactory system (e.g., Margolis, 1974; 
Burd et al., 1982). After incubating the cells with ‘H-P-alanine, 
chromatographically purified, radioactive carnosine was isolated 
from cellular extracts of FNC-A6 and FNC-B4 cells yet not from 
normal human fibroblasts (Fig. 6). In addition, radiolabeled car- 
nosine was detected in conditioned media collected from the 
FNC-A6 and FNC-B4 cell cultures at the same time point at 
which the cells were harvested and cellular extracts prepared 
(Fig. 6). The amount of labelled carnosine detected in the con- 
ditioned media parallels the different intracellular levels detected 
in the two cell cultures (Fig. 6) and did not appear to be a 
consequence of increased cell death. In fact, cellular viability, 
as measured by trypan blue exclusion test, was always less than 
5%. 

Electrophysiological recordings. To evaluate whether the 
FNCA6 and FNC-B4 cells were endowed with ionic channels 
characteristic of excitable cells (Hille, 1992), electrophysiolog- 
ical studies were performed by the whole-cell patch-clamp tech- 

nique as described in Materials and Methods. Voltage-gated so- 
dium currents were recorded under the voltage clamp configu- 
ration, in both FNCA6 and FNC-B4 cells. These currents 
showed TTX sensitiveness as well as activation-inactivation 
characteristics (Fig. 7A,B). This pattern is typical of the sodium 
channels that elicit action potentials in neuronal cells (Armstrong 
et al., 1974; Hille, 1992). 

Functional analysis. The unique functional characteristic of 
ORN is their ability to respond to odors. Adenylyl cyclase has 
been shown to be a key enzyme in transmembrane signaling in 
olfactory sensory neurons and a CAMP-mediated pathway of 
olfactory signal transduction has been well described (e.g., Pace 
et al., 1985; Lowe et al., 1989; Bakalyar et al., 1990; Breer et 
al., 1990). Functional responses (CAMP accumulation) were re- 
producibly obtained in FNC-A6 (Fig. 8) after the exposure to 
micromolar concentrations of simple aromatic chemicals (e.g., 
Sklar et al., 1986). A time course analysis of odorant responses 
indicated that the levels of adenylate cyclase activity augmented 
5 min after exposure to odorants (Fig. 9) and increased linearly 
with time reaching a peak 30 min after stimulation (Fig. 9). 
Titration experiments (Fig. 10) indicated that the levels of ad- 
enylate cyclase activity were significantly augmented (p < 



4390 Vannelli et al. * Human Olfactory Neuroblast Long-Term Cultures 

control 

L-carvone 

El-carvone 

citronellai 

citral 

decanal 

borne01 

honone 

fsoeugenol 

lsomenthone 

menthone 

furfuryl mercapt 

amylsakylate 

eugenol 

geramol 

geranyl acetate 

llnalyl acetate 

D-llmonene 

thymol 

a-terplneol 

as-jasmone 

(lR)-(+)-camphor 

acetophenone 

isoamyl acetate 

FNC-A6 FNC-64 
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Figure 9. Time-course analysis of odorant responses in FNCA6 cells. Intracellular CAMP accumulation was determined in FNCA6 cells in the 
presence of 100 FM concentrations of two different odorants (Cis-jasmone and Decanal) at different time points (5 min to 60 min). Odorant 
responses are evident 5 min after stimulation and increase linearly with time reaching a peak at 30 min. The results represent a mean (three or 
more independent experiments) It_ SEM of CAMP pmol/pg DNA. 
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Figure IO. Effects of odorant concentration on adenylate cyclase ac- 
tivity in FNC-A6 cells. Serial concentrations of odorants (Decanal and 
Cis-jasmone) stimulate a dose-dependent intracellular CAMP accumu- 
lation in FNC-A6 cells. The results represent the mean (three or more 
independent experiments) -C SEM of CAMP pmol/pg DNA. Mathe- 
matical analysis (De Lean et al., 1978) was performed by the ALLFIT 
software. 

0.004) with concentrations of aromatic chemicals comprised be- 
tween lo-’ M and 10m6 M and increased with increasing odorant 
concentrations (p < 0.0001) (Fig. 10). Mathematical analysis 
(De Lean et al., 1978) of three different curves for each stimu- 
lant indicates that the different curves share similar EC,, (Cis- 
jasmone EC,,, = 1.7 ? 0.7 PM; Decanal EC,,= 0.99 ? 0.8 
PM). Maximal stimulation over the basal value were 58.6 f  
12% and 59 t 10.2% with Cis-jasmone and Decanal, respec- 
tively. The FNC-B4 cells, the rat thyroid cell line WRT (Brandi 
et al., 1987) as well as the human neuroblastoma cell line SH- 
SYSY (Ciccarone et al., 1989) used as negative controls were 
not responsive to any of the tested odorants (Fig. 8 and data not 
shown), under the experimental conditions examined. The in- 
ability of FNC-B4 to respond to chemical odorants was not due 
to a functional defect in their CAMP signaling pathway as both 
FNC-A6 and FNCB4 exhibited increases in intracellular CAMP 
in the presence of nonodorant standard stimulants such as ad- 
renalin, noradrenalin, isoproterenol, cholera toxin, and forskolin 
(Fig. 11). 

Kmyotype analysis. Chromosome analysis, performed at early 
times of characterization (Fig. 12, upper panels) and after cryo- 
genic preservation (Fig. 12, lower panels), respectively, indicat- 
ed that both FNC-A6 and FNC-B4 cells have a normal human 
diploid chromosome pattern and are able to withstand cryogenic 
freeze. 

Discussion 

We established two clonal long-term cultures of neuronal origin 
from dissociated primary cultures of human developing olfac- 
tory neuroepithelium. The morphological, immunocytochemical, 
biochemical, and functional properties of these cells support 
their identification as maturing olfactory receptor neurons. Mor- 
phologically, the cultured cells show cytoplasmic processes and 
often a bipolar shape as previously described in primary cultures 
of olfactory neurons (Coon et al., 1989; Pixley et al., 1990; 
Ronnett et al., 1991; Wolozin et al., 1992). Electron microscopy 

Control 
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Forskolm 

Figure I I. Intracellular CAMP accumulation response of FNCA6 and 
FNCB4 cells to standard nonodorant CAMP stimulants. Both FNCA6 
and FNCB4 cells respond to standard nonodorant CAMP stimulants. 
All the stimulants were used at 10m4 M concentrations, except cholera 
toxin (10-O M) and forskolin (lo-’ M). Results are expressed as the 
percentage stimulation over the basal level. Values are the mean -C 
SEM of three or more independent experiments. 

reveals cells with thin cytoplasmic processes and localized 
swellings, while the cytoplasmic ultrastructure shows the pres- 
ence of cytoskeleton tubular and fibrillar components. These re- 
sults are consistent with previous observations in histological 
sections of human fetal olfactory neuroepithelium (Pyatkina, 
1982) and suggest that some degree of maturation could be ex- 
pressed by embryonal olfactory neuroblasts in vitro. 

Immunocytochemical analysis is consistent with previously 
published studies of olfactory neurons. The absence of cytoker- 
atin and the expression of neuron-specific enolase and vimentin 
correspond to well known characteristics of differentiating ORN 
(e.g., Takahashi et al., 1984; Schwab et al., 1986; Calof et al., 
1989; Coon et al., 1989). Both vimentin and neurofilaments have 
been detected in developing neuroepithelia as well as in olfac- 
tory neurons (e.g., Cochard et al., 1984; Takahashi et al., 1984; 
Schwab et al., 1986; Stagaard et al., 1989; Gorham et al., 1991). 
The reciprocal relationship between vimentin and neurofilaments 
during the development of the central and peripheral nervous 
system, indicate that neurofilament expression is preceded by 
that of vimentin and both types of intermediate filaments seem 
to coexist in the same cell for a short period of time (Bignami 
et al., 1982; Holtzer et al., 1982; Jacobs et al., 1982; Drager, 
1983; Cochard et al., 1984; Stagaard et al., 1989; Gorham et al., 
1991). Thus, coexpression of vimentin and neurofilaments, as 
detected in a fraction of the cells in our cultures, suggests an 
“intermediate” degree of maturity. On the other hand, the de- 
tection of N-CAM and the expression of human OMP in both 
FNCA6 and FNC-B4 cells is consistent with the pattern de- 
scribed in more mature olfactory neurons (Monti-Graziadei et 
al., 1980; Miragall et al., 1982, 1988, 1989; Pace et al., 1986; 
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Figure 12. Karyotype analysis of FNC-A6 and FNC-B4 before and after cryogenic preservation. Chromosome analysis was performed with both 
FNC-A6 and FNCB4 before (upper panels) and after cryogenic preservation (lower panels). Both cell cultures show a normal diploid chromosome 
pattern that is consistently maintained after cryogenic preservation (lower panels). 

Calof et al., 1989). The expression of genes involved in the 
olfactory signal transduction such as Go,fcl and OCNCl as well 
as the detection of olf-1 provide further evidence of functional 
maturity (Breer et al., 1990; Dhallan et al., 1990; Wang and 
Reed, 1993). These results not only support the olfactory iden- 
tification of’ FNC-A6 and FNC-B4 cells but also suggest that 
these cultures may derive from immature precursors (stem cells) 
and are composed, at all times,, by cells at different stages of 
maturation. This may also explain the coexistence of different 
morphologies with both FNC-A6 and FNC-B4 clones in vitro. 

Results of biochemical and functional studies are consistent 
with the identification of these cells and provide further evidence 
of their functional maturity. Carnosine synthetase activity was 
detected in both cell cultures, as indicated by the incorporation 
of labeled precursors into chromatographically purified carno- 
sine. In addition, the detection of extracellular carnosine in the 
absence of detectable cell death indicates that the dipeptide is 
released by the cells in vitro. Carnosine has been suggested as 
potential olfactory neurotransmitter (e.g., Margolis, 1974; Ro- 
chel et al., 1982). It is present in olfactory tissues and muscles 
of many vertebrates and is synthesized enzymatically from its 
component amino acids by the carnosine synthetase (e.g., Hor- 
inishi et al., 1978; Margolis et al., 1985). In olfactory tissues, 
carnosine synthesis appears early during ontogenesis and is lo- 
calized exclusively to the chemoreceptor neurons (Margolis et 
al., 1985). 

Voltage-gated sodium currents have been detected in both 
FNC-A6 and FNC-B4 cells. Sodium channels are characteristi- 
cally present in neurons (cell bodies and axons), in vertebral 

skeletal and cardiac muscles and different endocrine glands (e.g., 
Hille, 1992). In neurons Na+ channels have the primary function 
to generate the rapid regenerative upstroke of an action potential 
(Hille, 1992). The demonstration of voltage-gated sodium chan- 
nels in our cells, the TTX sensitivity and the activation-inacti- 
vation curve of the Na+ currents indicate that these cells are 
electrically excitable and that action potentials can be elicited 
(Schubert et al., 1985). 

Finally, the ability to recognize and sensitively discriminate 
aromatic molecules through specific receptors is the unique char- 
acteristic of olfactory receptor neurons. CAMP plays a crucial 
role in the molecular mechanisms of olfaction, acting as a sec- 
ond messenger in the olfactory transduction process (Pace et al., 
1985; Lowe et al., 1989; Bakalyar et al., 1990; Breer et al., 
1990). Therefore, intracellular CAMP accumulation in response 
to aromatic chemicals represents a specific and sensitive test to 
functionally identify mature olfactory receptor neurons (Pace et 
al., 1985; Lowe et al., 1989). Selective, odorant-dependent 
CAMP responses have occurred in one of the cell cultures (FNC- 
A6) with physiologically relevant concentrations of simple odor- 
ant compounds (Shirley et al., 1986). Specific CAMP accumu- 
lation has been observed to be slower and last longer than pre- 
viously reported in nonhuman models (Coon et al., 1989; Lowe 
et al., 1989; Pixley et al., 1990; Ronnett et al., 1993), suggesting 
that the olfactory response may follow different kinetics in dif- 
ferent biological systems. Since these cells derive from early 
fetal explants, our results may also suggest that a specialized 
function such as the odorant response appears relatively early 
during olfactory development in humans. On the other hand, as 
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suggested by the immunocytochemical data, these cultures may 
originate from stem cell populations consisting at all times of a 
mixture of cells at various stages of differentiation. The variable 
number of cells spontaneously differentiating in vitro may ac- 
count for the detection of specialized functions. The lack of 
intracellular CAMP accumulation in FNC-B4 cells in the pres- 
ence of the relatively small number of odorants tested is not 
unexpected. In fact, different populations of olfactory receptor 
neurons are thought to respond to a restricted pattern of odorant 
stimuli (Sklar et al., 1986; Coon et al., 1989; Pixley et al., 1990; 
Buck and Axel, 1991). Therefore, the absence of odorant re- 
sponse in FNC-B4 may simply reflect a distinct odor specificity 
of this clone. Alternatively, as the FNCB4 cells were estab- 
lished from earlier fetal explants (8 weeks of gestation), they 
may be represented by immature precursors lacking the ability 
to generate functionally differentiated cells in vitro, in the ab- 
sence of crucial environmental stimuli. 

The cell cultures we have reported have both neuronal and 
olfactory properties, consistent with their identification as olfac- 
tory neuroblasts. The availability of human olfactory neuronal 
precursors should greatly assist in elucidating mechanisms of 
olfactory neurogenesis, differentiation, and function. In addition, 
human neuronal long-term cell cultures may provide in vitro 
models to study mechanisms of pathological processes leading 
to neurological disease. 
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