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Nitric oxide regulates neurogenesis in the developing and adult brain. The olfactory epithelium is a site of
neurogenesis in the adult and previous studies suggest a role for nitric oxide in this tissue during devel-
opment. We investigated whether neuronal precursor proliferation and differentiation is regulated by
nitric oxide using primary cultures of olfactory epithelial cells and an immortalized, clonal, neuronal
precursor cell line derived from adult olfactory epithelium. In these cultures NOS inhibition reduced cell
proliferation and stimulated neuronal differentiation, including expression of a voltage-dependent potas-
sium conductance of the delayed rectifier type. In the neuronal precursor cell line, differentiation was
associated with a significant decrease in nitric oxide release. In contrast, addition of nitric oxide stimu-
lated proliferation and reduced neuronal differentiation. Nitric oxide regulated olfactory neurogenesis
independently of added growth factors. Taken together these results indicate that nitric oxide levels
can regulate cell proliferation and neuronal differentiation of olfactory precursor cells.

� 2009 Elsevier Inc. All rights reserved.
Introduction

Nitric oxide is a highly diffusible molecule generated by the en-
zyme nitric oxide synthase (NOS). Three different enzyme isoforms
have been identified in mammalian cells: endothelial and neuronal
NOS (eNOS and nNOS), which are constitutively expressed in spe-
cific tissues and are calcium-stimulated [1,2]; and inducible NOS
(iNOS), which is already activated at normal basal levels of intra-
cellular calcium [3,4].

The transient expression of nNOS in different neural structures
during brain development suggests that nitric oxide participates in
embryonic neurogenesis [5–8]. In the developing nervous system
nitric oxide may regulate cell proliferation [9–13], and plays a role
in the organization of axonal projection patterns [14,15]. Nitric
oxide may also participate in neurogenesis in the adult brain
where it usually reduces neuronal precursor proliferation, except
after stroke, when it increases proliferation [16]. Nitric oxide
donors can assist in recovery after brain injury, partly by increasing
neurogenesis in the dentate gyrus and subventricular zone
[17–20].

Neurogenesis continues throughout the adult life span in the
mammalian olfactory epithelium. In this process olfactory neurons
are continually produced from mitotically active basal cells
ll rights reserved.
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[21,22], giving origin to immature neurons which differentiate into
mature sensory neurons [23]. Its accessibility to experimental
manipulation makes this tissue a convenient model system for
studying the molecular factors that regulate neurogenesis [24–27].

The presence of nNOS in the developing olfactory epithelium
and in the regenerating adult olfactory epithelium suggested that
nitric oxide may regulate olfactory neurogenesis [7]. This was fur-
ther confirmed by targeted deletion of nNOS which reduced neuro-
nal precursor proliferation, reducing the pool of immature neurons
in the developing olfactory epithelium [28]. In adults lacking nNOS,
the number of immature neurons was increased [28]. These obser-
vations suggest that nitric oxide may stimulate neuronal precursor
proliferation but inhibit their differentiation into immature
neurons.

Here, we investigated this hypothesis directly by altering NOS
activity in two olfactory culture systems in vitro: primary cultures
of olfactory epithelium and a neuroblast cell line immortalized
from the globose basal cell, the neuronal precursor. Primary cul-
tures of rat olfactory epithelium contain the horizontal basal cell
(the putative stem cell [23,29]), the globose basal cell, a population
containing a stem-like cell [30] and the immediate neuronal pre-
cursor [25,27,30], and the supporting cells which are derived from
the globose basal cell [30]. NOS activity was manipulated in these
serum-free cultures in the presence and absence of either basic
fibroblast growth factor (FGF-2), which stimulates proliferation
of neuronal precursors, and transforming growth factor b2
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(TGF-b2), which induces differentiation of the neuronal precursors
into neurons in vitro [27,31]. A mouse olfactory neuronal precursor
cell line [32] was also investigated because it allowed quantifica-
tion of nitric oxide levels during proliferation and differentiation.

Materials and methods

Overview

Experiments were carried out on primary cultures of rat olfac-
tory epithelial cells [27] and on OLF442, a cell line immortalized
from mouse olfactory neuronal precursors [32]. Initial experiments
examined the expression of NOS isoforms in these cell cultures.
Subsequently nitric oxide levels were altered by NOS inhibition
and treatment of the cultures with a nitric oxide donor. In primary
cultures, cell proliferation was quantified by counting nuclei that
incorporated bromodeoxyuridine (BrdU); differentiation was
quantified by counting the numbers of cells expressing neurofila-
ment protein. The effects of alterations in nitric oxide were as-
sessed in the presence and absence of growth factors that induce
cell proliferation or differentiation of neuronal precursors. In the
immortalized precursor cell line, cell proliferation and viability
were quantified using fluorescence activated cell sorting and by
counting BrdU-labeled nuclei in vitro. Differentiation was quanti-
fied by measuring morphological changes. Differentiation of both
primary cells and immortalized cells was also assessed using
patch-clamp electrophysiology to investigate ion currents induced
by NOS inhibition.

Olfactory epithelial cell cultures

In the culture system used here, 5 days after culturing in a
serum-free medium containing EGF, the remaining cells comprise
the neuronal precursors, the globose basal cells, and other non-
neuronal cells of the olfactory epithelium, the horizontal basal cells
and the supporting cells [27,31]. EGF stimulates proliferation of the
horizontal basal cells [27,33] whereas FGF-2 induces proliferation
of the neuronal precursors in olfactory epithelial cultures
[25,27,34]. Both growth factors were used to enhance cell prolifer-
ation in the present experiments. TGF-b2 induces neuronal differ-
entiation in olfactory epithelial cultures [27,35]. TGF-b2 was used
to enhance differentiation in the present experiments. Cultures
grown for 5 days in EGF, provided the baseline from which the
effects of NOS regulators were observed after 24 h of treatment,
in the presence and absence of the growth factors EGF, FGF-2
and TGF-b2.

Animals, tissue dissection and primary cell culture
Adult, outbred Sprague–Dawley rats weighing approximately

300 g were obtained from the Animal House (Faculty of Biological
Science, Catholic University, Santiago, Chile) and the Central
Animal Breeding House (University of Queensland, Brisbane,
Australia). Animals were sacrificed by decapitation after being dee-
ply anaesthetized with sodium pentobarbital (100 mg/kg), accord-
ing to the guidelines and approval of Animal Ethics Committees at
Pontificia Universidad Católica de Chile, Santiago, Chile and Griffith
University, Brisbane, Australia. Olfactory epithelial cell suspen-
sions were prepared as described in detail elsewhere [27,31].
Briefly, olfactory mucosae were removed from the septum and
immediately placed in Hanks’ balanced salt solution (HBSS,
Gibco-BRL). The mucosae were incubated for 45 min at 37 �C in a
2.4 U/ml Dispase II (Boehringer, Mannheim), after which the
olfactory epithelium was carefully separated from the underlying
lamina propria by dissection. Olfactory epithelia were gently
triturated by passing them about 20 times through a fire-polished
Pasteur pipette, to dissociate the cells.
The resulting cell suspension was transferred to a 15 ml conical
tube containing HBSS and centrifuged at 200g for 5 min. The super-
natant was aspirated and the pellet containing the cells was resus-
pended in 10 ml of a serum-free medium composed of DMEM
(low-glucose, with L-glutamine, Gibco-BRL), with ITS supplement
medium (insulin–transferrin–selenium, Gibco-BRL) and with Peni-
cillin–Streptomycin (100 U/ml–0.1 g/ml, Sigma Chemicals Co.).
Cells were plated on plastic 4 � 1.9 cm2 well culture dishes (Nunc),
previously coated with 5 lg/cm2 human collagen IV (Sigma Chem-
ical Co.) and dried overnight at room temperature under sterile
conditions. Cells were plated at a density of approximately
350,000 cells per well in 500 lL of serum-free medium. To purify
non-neuronal cell types, the cultures were treated with human
recombinant epidermal growth factor (EGF; 25 ng/ml; Sigma
Chemical Co.) for 5 days, with a change of medium after 3 days.
The cultures were maintained at 37 �C and 10% CO2.

After 5 days in EGF, the cultures were grown in the presence or
absence of growth factors (see below) and examined for cell prolif-
eration and neuronal differentiation after treatments that modu-
late nitric oxide production (see below). After 24 h of these
treatments, the cells were fixed in paraformaldehyde 4% in PBS
for immunocytochemistry to analyze cell proliferation and
differentiation.

Growth factor treatments
After 5 days in EGF, the cultures were treated for a further 24 h

with EGF and FGF-2 (25 and 50 ng/ml, respectively) alone, and
with or without nitric oxide modulators. In another set of experi-
ments, after 5 days growing in EGF, the cultures were treated for
a further 24 h with TGF-b2 (10 ng/ml) with or without nitric oxide
modulators. Some cultures were grown for 5 days in EGF followed
by 24 h in a single growth factor: EGF (25 ng/ml), FGF-2 (50 ng/ml)
or TGF-b2 (10 ng/ml) and fixed for immunochemistry to identify
expression of NOS isoforms.

Analysis of cell proliferation and neuronal differentiation
Cell proliferation was quantified using the thymidine analog,

bromodeoxyuridine (BrdU, 2 mM; Sigma Chemical Co.). BrdU was
added to the cultures for the last 3 h in vitro before fixation and
immunochemistry, as described below. Neuronal differentiation
was assessed from the number of cells expressing neuronal
proteins determined by immunochemistry (see below). Functional
differentiation was assessed by measuring voltage-dependent
whole cell currents (see below).

Nitric oxide pharmacology
Two NOS inhibitors were used to reduce nitric oxide levels in

the cultures: TRIM (1-(2-trifluoromethylphenyl) imidazole) (Cal-
biochem), which inhibits nNOS and iNOS with a similar efficiency
(IC50: 28.2 and 27 lM, respectively) and L-NIL (L-N6-(1-iminoeth-
yl)lysine, DiHCl), (Calbiochem), which inhibits iNOS at low concen-
trations (IC50: 3.3 lM) and nNOS at high concentrations (IC50:
92 lM). Neither TRIM nor L-NIL inhibits completely eNOS at the
concentrations used here. Nitric oxide levels in the cultures were
raised with the nitric oxide donor SNAP (S-nitroso-N-acetylpenicil-
lamine). The primary cultures were grown for 5 days in EGF and
then treated with 10 or 100 lM TRIM, L-NIL or SNAP, in the
presence or absence of additional factors.

Immortalized precursor cell cultures

OLF442 can be switched between proliferation and differentia-
tion by altering the serum content of the culture medium. When
grown in serum-containing medium, OLF442 cells proliferate and
when grown in serum-free medium they differentiate, extending
long processes, increasing the expression of neurofilaments and
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B50/GAP43 protein and reducing the expression of glial fibrillary
acidic protein (GFAP) [32]. In the present experiments, OLF442 cul-
tures were grown until confluent in serum-containing medium and
then passaged, providing the baseline from which the effects of
NOS regulators were observed after 24 h of treatment, in the pres-
ence and absence of serum.

OLF442 cells were grown in Dulbecco modified Eagle’s medium
(DMEM, low-glucose, with L-glutamine, Gibco-BRL), supplemented
with 10% fetal calf serum (FCS, Gibco) and 100 U/ml (0.1 g) of Pen-
icillin–Streptomycin (Sigma). The cultures were maintained at
37 �C in a humid atmosphere of 5% CO2. For differentiation induced
by serum-depletion, cells were grown in the DMEM medium
(above), but with the serum replaced with 1% bovine serum albu-
min (BSA, Sigma). For nitric oxide manipulation, OLF442 cells were
grown with or without serum and then treated with 10 or 100 lM
TRIM, L-NIL or SNAP.

RT-PCR for NOS isoforms
OLF442 cells from one confluent 75 cm2 flask were harvested by

scraping, washed once in PBS. Total RNA was isolated by using the
RNeasy mini Kit. Contamination with genomic DNA was elimi-
nated by a DNase1 treatment (Qiagen, Valencia, CA). mRNA was
reverse-transcribed, and cDNA underwent 40 rounds of amplifica-
tion (2027 thermo cycler) using Taq DNA polymerase kit (Invitro-
gen). The primers used were: for nNOS, forward primer: CC
TGTGATGTGTTCTGTGTGG and reverse primer: CGGCTGGATTTAGG
ACTTTG, for eNOS forward primer: TGCCTGTGAAACCTTCTGTG and
GGTGGATTTGCTGCTCTGT and for iNOS forward primer: TTGT
CCTACACCACACCAAA and reverse primer: GCCTCCAATCTCTGCCT
ATC. The expression of the housekeeping gene HPRT (Hypoxanthine
phosphoribosyl transferase-encoding gene) was used as internal
quantitative control. All cDNA reactions were subjected to an initial
denaturing cycle of 5 min. at 95 �C, an annealing temperature of
53 �C and a final elongation step of 10 min. at 72 �C. The final concen-
trations of the PCR reagents used were as follows: 1� PCR buffer,
1.5 mM MgCl2, 0.2 mM dNTP mix, 0.5 lM of both forward and
reverse primers for nNOS, eNOS and iNOS, plus 1 U Taq DNA poly-
merase (Invitrogen). PCR products were electrophoresed through a
2% agarose gel and visualized by ethidium bromide staining.

Analysis of cell proliferation, cell viability and differentiation
Prior to inhibitor treatment, the culture surface was washed

once with 5 ml of HBSS which was then aspirated and replaced
with DMEM-F12, supplemented with either L-NIL or TRIM at final
concentrations of 1 mM, 100 lM and 10 lM. Cells were then incu-
bated for 24 h in 5% CO2 at 37 �C. Following incubation, cells were
harvested by trypsinisation, washed once in PBS and centrifuged at
300g for 5 min. The supernatant was aspirated and the pellet was
resuspended in 1 ml PBS. Controls included cells incubated for
24 h in the presence of serum-containing and serum-free culture
media supplemented with DMSO at the concentration used as dil-
uent for the NOS inhibitors.

Analysis of cell viability
Cell viability was assessed with the membrane impermeable

dye, 7AAD (Sigma). Approximately 5 � 105cells/ml were incubated
with 10 lg/ml of 7AAD for 30 min at 4 �C, protected from light.
Cells were washed three times in 5 ml PBS, centrifuged at 300g
for 5 min. Following the final wash, the pellet was resuspended
in 200 lL PBS and viability analyzed via flow cytometry (see
below). The proportion of viable cells was determined as the
percentage of cells which had not incorporated 7AAD.

Analysis of cell proliferation
Cell proliferation in OLF442 was assessed via flow cytometry

after treatment for 24 h with NOS inhibitors. Two assays were
used: counting the number of cells in S-phase and counting the
number of cells labeled after 8 h incubation in ethynyldeoxyuri-
dine (EdU). EdU is a thymidine analog with an acetylene group to
which a fluorescent azide binds covalently for detection [36].
Untreated OLF442 cells acted as controls: cells in FCS-medium
were the baseline for NOS treatments while cells in serum-free
medium were a positive control, because of the known anti-prolif-
erative effect of this medium on these cells [32]. For EdU analysis
of cell proliferation a commercially available kit was used (Click-
iT EdU 488 system, Invitrogen). All components were used accord-
ing to manufacturer’s instructions. Cells were grown in serum-con-
taining or serum-free medium for 24 h in the NOS inhibitors at 5%
CO2 at 37 �C. EdU (10 lM) was added to the culture medium for the
final 8 h. Cells were then harvested by trypsinisation and washed
once in 5 ml PBS/1% BSA, centrifuged at 300g for 5 min and resus-
pended in 100 lL PBS/1% BSA, to which 100 lL of Click-iT fixative
(Component D) was added, taking care to mix thoroughly. Cells
were incubated for 15 min at room temperature, protected from
the light. Following incubation cells were washed once with 3 ml
PBS/1% BSA, centrifuged at 300g for 5 min. The supernatant was
aspirated and the pellet thoroughly resuspended in 100 lL of
1 � saponin-based permeabilisation buffer and mixed well.
0.5 ml of Click-iT reaction cocktail was then added to each tube
and mixed well. The presence of EdU was detected using Alexa-
488 azide, present in the Click-iT reaction cocktail. Cells were incu-
bated for 30 min at room temperature, protected from light. Cells
were then washed once at 300g for 5 min with 3 ml of 1� sapo-
nin-based permeabilisation reagent. The pellet was then dislodged
and resuspended. Cell cycle analysis was undertaken on the same
cells by adding 5 lL of RNAse A (Component L) to each tube fol-
lowed by 2 lL 7AAD (in preference to PI which quenches the fluo-
rescent signal when using Alexa-488 azide [37]. Following
thorough mixing the cell were incubated at room temperature
for 30 min, protected from light. Proliferation and cell cycle were
assessed via flow cytometry (see below). Controls included cells
not treated with NOS inhibitors and flow cytometry controls in-
cluded cells not treated with EdU.

Flow cytometry
Cell viability, S-phase and EdU-labeling were assessed using a

BD FACSAriaTM Cell Sorter (Becton Dickinson, CA) equipped with
488, 633 and 405 nm lasers. Cell viability via 7AAD was assessed
by excitation at 633 with a red emission filter (660/20 nm) and log-
arithmic amplification. EdU was detected via Alexa Fluor 488 azide
by excitation at 488 nm with a green emission filter (530/30 nm)
and logarithmic amplification. For cell cycle analysis in conjunction
with EdU, 7AAD was detected by excitation at 633 with a red emis-
sion filter (660/20 nm) and analyzed via linear amplification. All
data were analyzed using FACSDivaTM software (Becton Dickinson).
All data represent the average of three independent experiments
performed independently on three different aliquots of cells. The
number of cells counted for each aliquot and treatment averaged
9308 (±295). Data were subject to one-way analysis of variance,
two-tailed, with a = 0.01 (GraphPad Prism 4.0, GraphPad Software,
San Diego, CA, USA).

Differentiation
Differentiation of OLF442 cells was assessed by quantifying

morphology in vitro using Image J software to measure the length
of neurites to give a total cell length (see below).

Nitric oxide production
OLF442 cells were cultured for 24 h in 24-well plates in BSA or

in FCS media, in the presence or absence of 100 and 1000 lM TRIM
and L-NIL. In the last 30 min of treatment, cells were incubated
with PBS containing 100 lM L-arginine and 6 lCi/ml of L-[3H]
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arginine (30 min, 37 �C) in the absence or presence of same inhib-
itors, as above. The cells were then washed in sterile PBS, digested
in 95% formic acid and passed through a cation ion-exchange resin
Dowex-50W (50 � 8–200) to bind tritiated and non-tritiated
L-arginine. The production of nitric oxide was measured from the
H2O eluate containing L-[3H] citrulline. An aliquot of 800 lL of this
eluate was added to 4 ml of scintillation liquid for counting of radi-
olabeled products (Ecoscint, National Diagnostics). Background
activity obtained from tubes with no supernatant added was
subtracted from all samples [38].

Immunocytochemistry

Cultures were fixed with 4% paraformaldehyde, washed with
phosphate-buffered saline (PBS, pH 7.2) and stored in PBS at 4 �C.
Immunocytochemistry was performed with monoclonal antibodies
to: neuronal proteins (anti-b-tubulin type III, TbIII, 1:100, Sigma
Chemical Co.; anti-neurofilament, NF, 1:500, Sigma Chemical Co.;
globose basal cell proteins (anti-GBC-1, 1:100, gift of J. Schwob,
Tufts University, Boston, USA); epithelial cell proteins (anti-
cytokeratin CK14, 1:200, Sigma Chemical Co.); supporting cells
(SUS1, gift of F. Margolis, 1:50); and BrdU (Sigma Chemical Co.;
1:200) and the polyclonal rabbit antibodies nNOS, eNOS and iNOS
(1:500, Sigma Chemical Co.);. Cells were incubated with the pri-
mary antibody overnight at 4 �C in blocking solution, followed by
three 5 min washes and a blocking solution for 60 min at room
temperature in PBS containing the appropriate secondary antibody
conjugated with horseradish peroxidase (1:50), alkaline phospha-
tase, (1:50, Sigma Chemical Co.) or the fluorescent agents Alexa
486 or 555 (1:500, molecular probes), followed by three 5 min
PBS washes. The endogenous peroxidase activity was quenched
with 0.6% H2O2 added to the methanol or PBS. Non-specific stain-
ing was blocked by incubation with non-immune serum, appropri-
ate for the secondary antibody, at a dilution of 1:10 in PBS
containing 5% non-fat powder milk, 4% bovine serum albumin
(Sigma Chemical Co.) and 0.1% Triton X-100, for 60 min at room
temperature. Finally, the cells were incubated in Fast DAB (Sigma
Chemical Co.) for the peroxidase staining or Fast Red (Sigma
Chemical Co.) for the alkaline phosphatase staining, followed by
three 5-min PBS washes. For immunofluorescence the nuclei were
stained with Hoechst 333242 (1:1000) for 10 min. Immunofluores-
cence and immunoperoxidase were used in all the experiments,
but mainly immunofluorescence was used for the double marking
experiments.

Quantitative analysis of cell cultures

All cell counting and length measurements were performed
after the cultures were fixed and stained, with the observer blind
to the experimental condition. Multiple images (each 200 lm2)
of cells were photographed with a CCD video camera (Sensicam,
Cooke Corporation, Michigan, USA), coupled to an inverted micro-
scope (Olympus IX70, 10� objective). In each primary culture, all
cells in the well were considered in each culture well (5–20 images
per well, average 12). In each OLF442 culture, a transect of optical
fields through the midline of the well was photographed (9–12
images per well). For each data point experiments were repeated
at least three times. In every image, all cells were counted manu-
ally using the software Scion Image (Scion Corporation, USA). In
addition, OLF442 cell length was measured from the images using
Image J (NIH, Bethesda MD, USA). Data are expressed as percentage
(mean ± SEM) of immuno-positive cells expressed as a proportion
of the total cells and were compared to the control group. Statistical
comparisons of three or more groups were done with Kruskal–
Wallis one-way analysis of variance and Dunn’s post-test. Compar-
isons between two groups were done with Mann–Whitney U-test
(GraphPad Prism 4.0, GraphPad Software, San Diego, CA, USA).
For illustrations, digital images of cells were adjusted for bright-
ness and contrast, if appropriate, using Adobe PhotoShop 6.0
(Adobe Systems Incorporated). Immunoblot films were scanned
to 600 dpi resolution and the optical density of the bands was
quantified using the Image J software.

Electrophysiology

Ionic currents were studied using the whole cell patch-clamp
technique. Primary cultures were plated onto 12 mm round cover-
slips coated with 5 lg/cm2 human collagen IV (Sigma Chemical
Co.), and treated for 24 h with 100 and 1000 lM TRIM or L-NIL in
serum-free medium with and without growth factors. OLF442 cells
were plated onto 12 mm round coverslips and treated with 100
and 1000 lM TRIM or L-NIL for 24 h in FCS-medium. All experi-
ments were performed at 22–23 �C.

Electrical recordings were made with an Axopatch-1D amplifier
(Axon instruments, Union City, CA). Experimental protocols and
data analysis were conducted using pClamp 6.0 (Axon Instru-
ments). Current signals from the amplifier were filtered at
10 kHz. Recording pipettes were made of untreated soda lime glass
micro-hematocrit capillary tubes, (Globe Scientific Inc.). Capillaries
were drawn in a vertical pipette puller (model 700C, David Kopf
instruments Tujunga, California) and filled with internal solution
(in mM): 140 KCl, 10 Hepes, 2 EGTA, pH 7.2. Tip resistances were
2–4 MX. Cells were transferred from the culture media to a record-
ing chamber filled with extracellular solution (in mM): 140 NaCl, 5
KCl, 2 CaCl2, 1 MgCl2, 10 Hepes, 10 Glucose, pH 7.2. Changes in the
extracellular K+ concentration were made by equimolar substitu-
tion of NaCl for KCl, thus the high K+ solution contained (in mM):
105 NaCl, 40 KCl, 2 CaCl2, 1 MgCl2, 10 Hepes, 10 Glucose, pH 7.2.
In the TEA solution, Na+ was replaced equimolarly with TEA (in
mM): 120 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10 Hepes, 10 Glucose, 20
TEA–Cl, pH 7.2. TEA and high K+ solutions were applied by pressure
from an extracellular puffer pipette (1–2 lm tip diameter)
positioned at 10 lm from the cell. Cells were clamped at a holding
potential of �70 mV and stimulated with depolarizing voltage
pulses between �70 and 70 mV, in increments of 10 mV. Tail
currents were obtained with depolarizing pulses between �120
and +20 mV, in increments of 10 mV from a prepulse of +30 mV.
Current signals from the amplifier were filtered at 10 kHz.
Results

All NOS isoforms were expressed by neuronal precursors in primary
cultures

Neuronal precursor cells in the primary cultures were identi-
fied with anti-GBC-1, a globose basal cell marker [39]. All NOS
isoforms were expressed by these cells (Fig. 1). There was no
non-specific labeling in the no primary controls (data not
shown). All NOS isoforms were also observed in other cell types
in the cultures (data not shown) identified with cell type-specific
antibodies: anti-cytokeratin-14 (CK-14), a horizontal basal cell
marker [40,41], anti-neuron specific tubulin (TbIII), a marker
for immature olfactory neurons [42]; and anti-SUS-1, a support-
ing cell marker, [41,43].

NOS expression was studied in OLF442 cells grown under
proliferative (10% FCS) or differentiating conditions (1% BSA, ser-
um-free) using immunofluorescence and RT-PCR, for determining
the expression of the NOS isoforms. In both conditions all the cells
expressed the three NOS isoforms, as indicated by immunofluores-
cence (Fig. 2A–F) and RT-PCR (Fig. 2G). The sequencing of the PCR
products confirmed the identities of the NOS isoforms.



Fig. 1. Neuronal precursors express all NOS isoforms. Double immunofluorescence labelling of the neuronal precursors in green (globose basal cells, GBC-1) and the NOS
isoforms in red. (A) GBC-1 and nNOS. (B) GBC-1 and iNOS. (C) GBC-1 and eNOS. Nuclei are shown in blue. Bar: 10 lm.
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NOS inhibition reduced cell proliferation and increased neuronal
precursor differentiation

In the primary cultures treated with EGF and FGF-2, NOS inhibi-
tion reduced cell proliferation, decreasing the proportion of BrdU-
positive cells (Fig. 3A and C). At 10 and 100 lM, L-NIL reduced the
percentage of proliferating cells from 15.7 ± 1.7% (56.3 ± 0.3
cells per well, 3 wells; 1086 cells in total) to 2.1 ± 0.6% (4.3 ± 0.05
cells per well, 3 wells; 756 cells in total) and 0.7 ± 0.2% of the cells
(9.0 ± 0.1 cells per well, 4 wells;3351 cells in total), respectively.
TRIM at the same concentrations reduced proliferation from
34.5 ± 3.9% (18.1 ± 3.7 cells per well, 4 wells; 656 cells in total) to
22.0 ± 2.7% (17.4 ± 1.9 cells per well, 3 wells; 1359 cells in total) and
13.5 ± 1.5% (11 ± 1.3 cells per well, 3 wells; 874 cells in total).

In primary cultures treated with TGF-b2, TRIM increased neuro-
nal differentiation. At 10 lM and at 100 lM TRIM, the proportion
of neurofilament-positive cells increased from 37.05 ± 3.2%
(19.3 ± 3.5 cells per well, 4 wells; 653 cells in total) to
51.4 ± 5.2% (60.3 ± 8.8 cells per well, 3 wells; 858 cells in total)
and 69.5 ± 3.1% (120.2 ± 22.8 cells per well, 4 wells; 1952 cells in
total), respectively, (p < 0.05). L-NIL also significantly induced dif-
ferentiation at 10 lM and 100 lM (p < 0.05), increasing the propor-
tion of neurofilament-positive cells from 49.3 ± 3.4 (30.2 ± 5.0 cells
per well, 4 wells; 1415 cells in total) to 75.6 ± 3.5% (32.3 ± 9.8 cells
per well, 3 wells; 290 cells in total) and 67.9 ± 2.7% (72.9 ± 13.0
cells per well, 4 wells; 2024 cells in total) (Fig. 3 B and D).

Cell proliferation and differentiation were quantified in OLF442
cell cultures by counting the number of BrdU-labeled cells and
measuring cell length in different culture media (Fig. 4). Both TRIM
and L-NIL decreased the proportion of BrdU-positive cells in a dose-
dependent manner. In control cultures without NOS inhibitors, the
percentage of BrdU-positive cells was 78.0 ± 1.9% (of a total of 478
cells). The largest effect was observed with 1000 lM TRIM
(19.6 ± 1.9%, of a total of 1190 cells), a concentration that inhibits
all three NOS isoforms (Fig. 4I). As with the flow cytometric
analysis, L-NIL was less effective at inhibiting proliferation. TRIM,
but not L-NIL, also induced morphological differentiation of
OLF442 cells (Fig. 4). The mean length of OLF442 cells grown in
control condition was 24.5 ± 0.8 lm (n = 719 cells). TRIM increased
the cell length at all concentrations (p < 0.05). These effects of NOS
inhibition were observed when cells were grown in serum-con-
taining medium, conditions that do not usually induce differentia-
tion in these cells.

Flow cytometric analysis demonstrated that cell proliferation in
OLF442 was reduced, as predicted, when OLF442 cells were grown
in serum-free medium, indicated by fewer cells in S-phase and
fewer cells labeled with EdU (Fig. 5A and B), confirming the utility
of the method. NOS inhibition also reduced proliferation, as dem-
onstrated in primary cultures. Cells treated with TRIM showed a
dose-dependent reduction in the proportion of cells in S-phase
(Fig. 5C; F3,11 = 17.11; p = 0.0008). Similarly, the proportion of
EdU-labeled cells was also reduced (Fig. 5D; F3,11 = 16.03;
p = 0.001). L-NIL had a smaller effect on proliferation with a smaller
dose-dependent reduction of cells in S-phase (Fig. 5E; F3,11 = 7.829;
p = 0.009) and no significant reduction in EdU-labeled cells (Fig. 5F;
F3,11 = 2.62). The FCS controls in A and B are the same data as the
0 lM controls in Fig. 5C–F, because all experiments were
performed at the same time.

NOS inhibition and cell viability

OLF 442 cells were grown in serum-containing medium and
treated with NOS inhibitors over a concentration range from 0 to
1000 lM. TRIM reduced the number of viable cells at high concen-
tration (Fig. 5G; F3,35 = 5.79; p = 0.003). Post-hoc tests (Bonferroni’s
multiple comparison test, p < 0.05) indicated this difference was
due to treatment with 1000 lM TRIM, which was significantly dif-
ferent from all other concentrations, which were not different from
each other. L-NIL also reduced viability (Fig. 5H; F3,35 = 4.06;
p = 0.01). Post-hoc tests indicated significant differences between



Fig. 2. Immortalized neuroblasts (OLF442) express all NOS isoforms during proliferation and differentiation. (A–C) OLF442 cells grown for 36 h in serum-containing medium
(10% FCS). (D–F) OLF442 cells grown for 24 h in serum-free medium (1% BSA). Cells were immunolabeled for nNOS (A and B), iNOS (C and D), and eNOS (E and F) Bar: 10 lm.
(G) RT-PCR for the three NOS isoforms and the loading control (HPRT) of OLF442 cells grown in 10% FCS.
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100 and 1000 lM and the lower concentrations. These effects were
consistent, although relatively small. Cell viability in control cul-
tures (0 lM) was 88%; 1000 lM TRIM further reduced viability
by an additional 8% (Fig. 4G) with similar effects of L-NIL (8–11%;
Fig. 5H).

Nitric oxide release increased cell proliferation and reduced neuronal
differentiation

NOS inhibitors reduced nitric oxide availability in cells. To in-
crease intracellular nitric oxide in primary cell cultures, they were
treated with SNAP, a nitric oxide donor that leads to nitric oxide re-
lease independently of NOS. SNAP treatment increased cell prolif-
eration in the presence of EGF and FGF-2 and reduced neuronal
differentiation in the presence of TGF-b2 (Fig. 6). In control cul-
tures treated with EGF/FGF-2, 42.6 ± 2.6% of the cells (9.0 ± 0.8 cells
per well, 4 wells) were BrdU-positive. SNAP increased significantly
the number and proportion of dividing cells: 28.3 ± 4.5 cells per
well, 4 wells (61.6 ± 2.9%), 10 lM; and 21.8 ± 3.6 cells per well, 3
wells (57.1 ± 3.3%), 100 lM (p < 0.05). In control cultures treated
with TGF-b2, 36.1 ± 6.9% of the cells (12.6 ± 3.3 cells per well, 3
wells) were neurofilament-positive. 100 lM SNAP reduced signifi-
cantly the number and proportion of differentiated neurons:
3.0 ± 0.4 cells per well, 3 wells (20.3 ± 1.5%, p < 0.05).

Nitric oxide regulates cell proliferation and differentiation in the
absence of growth factors

The initial experiments asked whether nitric oxide would mod-
ulate cell proliferation and neuronal differentiation in primary cell
cultures from baselines set by concomitant growth factor stimula-
tion. The experiments were repeated in the absence of growth fac-
tors (i.e. in serum- and growth factor-free medium). NOS inhibition
had no effect on cell proliferation. In control cultures the number
and proportion of BrdU-positive cells were very low (2.9 ± 1.2 cells
per well, 3 wells, 1.65 ± 0.5%; 1832 cells in total). With this already
low rate of proliferation, NOS inhibition had no further effect
(p > 0.05; Fig. 7A). NOS inhibition significantly increased the



Fig. 3. NOS inhibition decreased cell proliferation and increased neuronal differentiation in primary cultures of olfactory epithelial cells. (A): Dividing cells are labeled with
bromodeoxyuridine (BrdU, green in panel on left). All nuclei are labeled with Hoechst 333242 (blue in panel on right). Cells were treated with the NOS inhibitor at a, 0 lM; b,
10 lM or c, 100 lM. Bar: 10 lm. Cells were treated with the NOS inhibitor, TRIM, at a, 0 lM; b, 10 lM or c, 100 lM. Examples of positive cells are indicated by the green
nuclei. Bar: 10 lm. (B) Differentiated neurons are labeled with neurofilament (NF, pink). Cells were treated with the NOS inhibitor, TRIM, at d, 0 lM, e, 10 lM or f, 100 lM.
Positive cells are shown with a black arrow. (C) Quantification of BrdU-positive cells treated with the NOS inhibitors, TRIM and L-NIL, expressed as percentage of the
control ± SEM. (D) Quantification of NF-positive cells treated with the NOS inhibitors TRIM and L-NIL, expressed as percentage of control ± SEM. *p < 0.05, statistically different
from the control group (Kruskal–Wallis test). All quantification was performed with observer blind to treatment.
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number and proportion of differentiated cells (Fig. 7B). In control
cultures, the proportion of differentiated cells expressing neurofil-
ament was 33.7 ± 2.4% (10.25 ± 1.6 cells per well, n = 4 wells; 293
cells in total). This was increased significantly by treatment with
TRIM (100 lM: 52.6 ± 4.4%, 28.0 ± 2.9 cells per well, n = 4; 853 cells
in total, p < 0.05), and L-NIL (10 lM: 49.4 ± 43.1%, 14.5 ± 2.0 cells
per well, n = 4; 414 cells in total, p < 0.05; 100 lM: 55.4 ± 2.7%,
17.4 ± 4.2 cells per well, n = 4; 314 cells in total, p < 0.05). Nitric
oxide donation increased proliferation and decreased differentia-
tion (Fig. 7C and D). Treatment with 10 and 100 lM SNAP in-
creased the proportions of BrdU-positive cells from 5.2 ± 1.3%
(9.5 ± 1.8 cells per well, n = 3 wells; 3756 cells in total) to
21.7 ± 2.8% (19.0 ± 2.6 cells per well, n = 4 wells; 2725 cells in total)
and 21.9 ± 4.7% (22.0 ± 3.5 cells per well, n = 3 wells; 1779 cells in
total), respectively, (p < 0.05), while significantly reducing the pro-
portion of neurofilament-positive cells from 39.4 ± 2.6% (31.6 ± 5.3
cells per well, n = 4 wells; 1792 cells in total) to 21.8 ± 2.7%
(14.0 ± 3.0 cells per well, n = 4; 1176 cells in total) and 22.3 ±
2.7% (42.8 ± 10.3 cells per well, n = 3 wells; 3822 cells in total),
respectively, p < 0.05).

NOS inhibition induced an outwardly rectifying, voltage-dependent,
potassium current

Whole cell recordings in voltage clamp mode were performed
on primary cultures and OLF442 cells. The baseline conditions
for the primary cultures were cells grown for 5d in EGF, fol-
lowed by 24 h in TGF-b2, to induce differentiation. The baseline



Fig. 4. NOS inhibition decreased cell proliferation and induced morphological differentiation in OLF442 cells. OLF442 cells were grown in serum-containing medium (10%
FCS) and treated with TRIM at (A), 0 lM; (B), 10 lM; (C), 100 lM; (D), 1000 lM. BrdU-labeled nuclei show as dark dots. Bar 20 lm. (E–H) Morphological differentiation is
demonstrated in differential interference contrast images of cells grown as in (A–D). Bar: 10 lm. (I) Quantification of BrdU-positive cells treated with the NOS inhibitors, TRIM
and L-NIL expressed as percentage of control ± SEM. (J) Quantification of the total cell length under different concentrations of TRIM or L-NIL, expressed as percentage of
control ± SEM. *p < 0.05 statistically different from control group (Dunn’s test, after Kruskal–Wallis test, p < 0.001). All quantification was performed with observer blind to
treatment.
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conditions for OLF442 cells were cells grown in serum-contain-
ing medium, followed by 24 h in serum-free medium, to induce
differentiation.

In primary cultures, most of the cells grown in TGF-b2 medium
in the absence of NOS inhibitors presented a flat-epithelioid mor-
phology (Fig. 8A), but a small fraction (2%) of the cells were bipolar.
After treatment with the inhibitors TRIM and L-NIL at 10 and
100 lM for 24 h, a larger fraction (approximately 20%) of the cells
adopted a bipolar shape (Fig. 8B). Bipolar cells in the presence of
TRIM expressed a voltage-dependent outward current (Fig. 8D),
whereas flat-epithelioid cells and bipolar cells without TRIM were
devoid of currents (Fig. 8C). In cells treated with 10 lM L-NIL the
mean current in response to a pulse from �70 (holding potential)
to 70 mV was 664 ± 67.6 pA (range 350–990 pA, n = 8), whereas
with 100 lM TRIM or L-NIL the mean current was 2290 ± 350 pA
(range 1033–4200 pA, n = 10) and 1559 ± 308 pA (range 750–
3200 pA, n = 10), respectively, (Fig. 8E). The shapes of the outward
currents and the I–V curve (Fig. 8D and F) suggest that NOS inhibi-
tion induced an outward rectifier K+ conductance. This was con-
firmed by testing the effect of the K+ channel blocker, TEA
(20 mM), applied externally, which inhibited the maximal current
by approximately 80% (n = 5) (Fig. 9A). To determine whether the
channel was selective for K+, a high K+ solution (40 mM) was exter-
nally applied to cells treated with TRIM or L-NIL (n = 5). The current
evoked by a pulse from �70 to 40 mV was reduced by 60% under
40 mM K+ (Fig. 9B). For examining the possibility of an inward cur-
rent being masked by the large K+ current, all K+ of the internal
solution was replaced by Cs+ (140 mM; n = 6). No inward currents
could be resolved under these conditions (Fig. 9C). We investigated
the tail currents of the cells treated with 100 lM TRIM. The I–V
curve built with the tail currents exhibited a reversal potential of
�65 mV under control external solution. Under high K+ external
solution the reversal potential shifted to �45 mV, indicating
K+-selectivity of the channel (Fig. 9D–F). Taken together, the data
indicate that NOS inhibition induced the expression of a TEA-sen-
sitive K+ current of the delayed rectifier type that is absent in cells
treated with TGF-b2 alone.

In OLF 442 cells grown in control conditions (FCS), whole cell
current recordings showed either no current at all or small volt-
age-dependent outward currents (Fig. 10A, left panel). In bipolar
cells differentiated with serum-free medium (1% BSA), a large
voltage-dependent outward current was induced (Fig. 10A, middle
panel). The treatment with NOS inhibitors for 24–36 h induced a
similar voltage-dependent outward current in bipolar cells
(Fig. 10A, right panel). Under control conditions (FCS alone), the
mean current was 436 ± 213 pA (range 0–900 pA, Vh = �70 mV,
n = 50) Fig. 10D). In cells treated with 100 and 1000 lM TRIM, a
depolarizing pulse from �70 to 70 mV activated a mean current
of 2122 ± 701 pA (range 1300–3900 pA, n = 10) and 3855 ±
985 pA (range 1300–9400 pA, n = 30), respectively, (Fig. 10D).
Treatment with 100 and 1000 lM L-NIL had similar effects than
TRIM, the mean currents being 1425 ± 625 pA (range 900–
2100 pA, n = 10) and 2025 ± 785 pA (range 1200–4700 pA, n = 10),
respectively, (Fig. 10D). The currents and the I–V curves suggested
that NOS inhibition induced an outward rectifier K+ current. This
was verified when results similar to those shown in Fig. 9 were ob-
tained when similar experiments were performed on these cells
(data not shown). 20 mM TEA inhibited the current induced by a
pulse from �70 to 40 mV by approximately 50% (n = 7). A higher
concentration of TEA (60 mM) had a more pronounced inhibitory



Fig. 5. Flow cytometric analysis of cell proliferation and viability in OLF442 cells. (A and B) Control cells grown in serum-containing medium (Control) and serum-free
medium (Serum-free). As expected, serum-free medium reduced both the numbers of cells in S-phase (A) and the numbers of EdU-labeled cells (B). (C and D) TRIM induced a
significant, dose-dependent reduction in the numbers of cells in S-phase (C, p = 0.0008) and the numbers of EdU-labeled cells (D, p = 0.001). (E and F) NOS inhibition with L-
NIL significantly reduced the numbers of cells in S-phase (E, p = 0.009) but not the number of EdU-labeled cells (F, p = 0.12). (G and H) Compared to the controls (0 lM), NOS
inhibition had a small effect on cell viability. The highest concentration of TRIM, reduced cell viability by 8% (G, p = 0.003). L-NIL reduced cell viability by 9–11% (H, p = 0.015).
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effect (90%), but only a small recovery was seen after wash. The
conductance was selective for K+, since a high K+ solution
(40 mM) applied to cells treated with 1000 lM TRIM (n = 5) re-
duced by 45% the current evoked by a pulse from �70 to 70 mV.
No inward current could be resolved when K+ of the internal
solution was replaced by Cs+ (140 mM). The I–V curve built from
the tail currents of the cells treated with 1000 lM TRIM exhibited
a reversal potential of �40 mV. Under high K+ external solution the
reversal potential shifted to �20 mV, in agreement with a K+-selec-
tive channel.



Fig. 6. Nitric oxide release increased cell proliferation and decreased neuronal differentiation in primary cultures of olfactory epithelial cells. (A) Quantification of dividing
(BrdU-positive) cells treated with the nitric oxide donor, SNAP, expressed as percentage of total cells ± SEM. (B) Quantification of differentiated (NF-positive) cells, treated
with SNAP. *p < 0.05, statistically different from control (Kruskal–Wallis test). All quantification was performed with observer blind to treatment.

Fig. 7. Nitric oxide regulated cell proliferation and neuronal differentiation in primary cultures of olfactory epithelial cells grown in the absence of growth factors. (A)
Quantification of BrdU-positive cells treated with L-NIL or TRIM. (B) Quantification of NF-positive cells treated with L-NIL or TRIM. (C) Quantification of BrdU-positive cells,
treated with SNAP. (D) Quantification of NF-positive cells, treated with SNAP. Data are expressed as percentage of total cells ± SEM *p < 0.05, statistically different from control
(Kruskal–Wallis test).

L. Sülz et al. / Nitric Oxide 20 (2009) 238–252 247
Nitric oxide levels were reduced during differentiation of neuronal
precursors

The ability to grow large numbers of OLF442 cells allowed us to
determine nitric oxide levels, which was not possible in primary
cultures because of low cell numbers. In control cultures (FCS),
nitric oxide was 30.6 ± 8.5 pmol/lg protein (Fig. 11). When cells
were differentiated in serum-free medium (1% BSA) there was a
significant reduction of nitric oxide, to 6.17 ± 1.6 pmol/lg protein
(p < 0.001, Fig. 11). When cells were differentiated with NOS inhib-
itors in serum-containing medium, nitric oxide production was
also reduced. NOS inhibition with 100 and 1000 lM TRIM reduced
nitric oxide to 9.67 ± 0.9 and 6.68 ± 0.6 pmol/lg protein, respec-
tively, (p < 0.001, compared to control; Fig. 11). Similarly, 100
and 1000 lM L-NIL reduced nitric oxide to 8.87 ± 2.2 and
8.68 ± 1.7 pmol/lg protein, respectively, (p < 0.001, Fig. 11).

Discussion

This study provides direct evidence that nitric oxide levels reg-
ulate cell proliferation and neuronal differentiation in the adult
olfactory epithelial cultures. This was demonstrated by experi-
ments to reduce and elevate nitric oxide levels in primary cultures
from rat olfactory epithelium and in an immortalized mouse neu-
ronal precursor cell line, OLF442. All three isoforms of nitric oxide
synthase (NOS) were present in the primary cultures, expressed by
the neuronal precursors (globose basal cells) and the other cells
present (horizontal basal cells, supporting cells). All NOS isoforms
were expressed by the immortalized neuronal precursor cell line.
This demonstrated that both cultures could be susceptible to
NOS inhibition. In both primary and immortalized cell cultures,
NOS inhibition reduced the numbers of proliferating cells and
increased the numbers of differentiated cells. In contrast, nitric
oxide release had the opposite effect, increasing cell proliferation
and decreasing neuronal differentiation in both primary cultures
and immortalized cells. These effects of NOS inhibition and nitric
oxide release were repeated in primary cultures in the presence
and absence of growth factors in the medium. Electrophysiological
analysis of primary cultures and immortalized precursors demon-
strated that NOS inhibition induced an outwardly rectifying,
voltage-dependent K+ current in bipolar cells in both cultures. Ni-
tric oxide levels were quantified and shown to be reduced during
differentiation of immortalized neuronal precursors. Taken
together these results strongly indicate that nitric oxide levels
can regulate cell proliferation and neuronal differentiation in olfac-
tory cell cultures.



Fig. 8. NOS inhibition induced an outwardly rectifying, voltage-dependent current in bipolar cells in primary cultures of olfactory epithelial cells. (A) A typical cell grown for
24 h in media containing TGF-b2. Bar: 5 lm. (B) A bipolar cell grown in medium containing 100 lM TRIM. (C) Whole cell current profiles for the cell in A with the respective
voltage pulse protocol. (D) Whole cell current profiles for the cell in B. (E) Histogram of the peak values of currents evoked by pulses from �70 to 70 mV in cells treated with
the NOS inhibitors TRIM and L-NIL and the respective controls. *p < 0.05, statistically different from the control group (Kruskal–Wallis test). (F) Current-voltage (I–V) curve for
the cell shown in B, built with the data in D. Vholding = �70 mV.
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At present the exact roles of the different NOS isoforms are
uncertain given that they are all present in the primary and
immortalized neuronal precursors. The important point here is
the role of NO in regulating the switch between proliferation and
differentiation, demonstrated in two cell systems, with multiple
NOS inhibitors and in the presence and absence of other growth
factors that also regulate proliferation and differentiation.

Nitric oxide and olfactory neurogenesis in vitro

The primary cell cultures used here contain globose basal cells,
horizontal basal cells and supporting cells, all of which may be
dividing [27]. They are all candidates as targets for nitric oxide
regulation of proliferation. As the neuronal precursors, the globose
basal cells are the likely target for nitric oxide regulation of differ-
entiation. These cells are stimulated to proliferate by FGF-2 [25,27]
and stimulated to differentiate by TGF-b2 [27,35]. This study indi-
cates that differentiation is regulated additionally by nitric oxide
and NOS activity, This is supported by the evidence that nitric
oxide production was reduced in the neuronal precursor cell line,
OLF442, when it differentiated in serum-free medium. Similarly,
NOS inhibition induced differentiation and reduced cell prolifera-
tion in these cells even in the presence of serum. Differentiation in-
duced by NOS inhibition was similar in primary cultures and
immortalized precursor cell cultures: there was morphological
differentiation into a bipolar cell that expressed an outwardly rec-
tifying potassium current. No currents, or only small currents, were
evoked in other cells in these cultures or in cultures not treated
with NOS inhibitors.

Evidence from cell culture and knock-out animals indicates that
nitric oxide is neuroprotective [44]. A similar role for nitric oxide is
indicated in the present experiment. NOS inhibition had a small
but significant effect, reducing the numbers of viable cells by about
10%, depending on the choice of inhibitor and concentration. Sim-
ilarly, when the immortalized olfactory neuronal precursor cell
line, OLF442, was deprived of serum there was a reduction of nitric
oxide production with a parallel increase in both differentiation
and cell death and a decrease in cell proliferation. These effects



Fig. 9. NOS inhibition induced current in bipolar cells is a K+ current. (A) Whole cell currents evoked by pulses from �70 to 70 mV from a cell incubated for 24 h in TGF-b2
plus 100 lM TRIM in the presence or absence of 20 mM TEA and after washout. The respective I–V curves are shown below. In A and B the trace shown is the current at
20 mV. (B) Whole cell currents from another cell grown as in A, with 5 mM external K+ (control), with 40 mM K+ and after returning back to 5 mM K+. The I–V curves are
shown below. (C) Whole cell currents from another cell grown as in A, but where Cs+ replaced K+ in the pipette solution (internal). Currents were evoked by voltage pulses
from �70 to 70 mV. The I–V curve is shown below. VHolding = �70 mV in (A–D) family of tail currents obtained with the voltage pulse protocol shown below, stepping from
+30 mV to different values. (E) Tail currents evoked by voltage steps from +30 to �20 mV with 5 mM external K+ (control), with 40 mM K+ and after returning back to 5 mM
K+. (F) I–V curve for the same conditions as in E.
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were observed in the absence of NOS inhibitors, supporting the
hypothesis that the cell death is due to loss of nitric oxide rather
than an indirect effect of NOS inhibition. This switching between
cell proliferation, differentiation and cell death when nitric oxide
levels are reduced is similar to the effects of dopamine on olfactory
neurogenesis. Dopamine and dopamine receptor agonists induced
differentiation of olfactory neuronal precursors in rat primary
cultures [45], reduced cell proliferation and induced cell death in
human olfactory explant cultures [46] and induced differentiation
and apoptosis in an immortalized olfactory cell line [47].

It is also apparent from other studies that nitric oxide can act as
a switch between proliferation and differentiation in many cell
types. An interesting paradox is that inhibiting NOS in some cell
types induces differentiation and in others it induces proliferation
[44]. In the nervous system, as in other tissues, there is evidence
for both effects. NOS inhibition increased proliferation of mouse



Fig. 10. NOS inhibition induced an outwardly rectifying, voltage-dependent current in bipolar cells in OLF442 cells. (A) left panel: whole cell currents from a cell grown for
24 h in serum-containing medium (FCS) with the voltage step protocol used for all the recorded cells shown above. The I–V curve is shown below. An example of such a cell is
shown in (B). Middle panel: whole cell currents with its respective I–V curve from a cell grown in serum-free medium (1% BSA). Right panel: whole cell currents with its
respective I–V curve from a cell grown in FCS-containing medium plus 1000 lM TRIM. An example of such a cell is shown in (C). Bar:10 lm. (D) Quantification of the peak
values of the currents evoked by pulses from �70 to 70 mV from cells treated with TRIM or L-NIL, at different concentrations. *p < 0.05 respect to control, Dunn’s test after
Kruskall–Wallis test. p < 0.001. Vholding = �70 mV.
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subventricular zone precursors in vitro [48] and in vivo [49,50]
whereas exogenous nitric oxide decreased the number of prolifer-
ating cells in the Xenopus tadpole brain [51]. In contrast to these
observations and in agreement with our study, a nitric oxide donor
increased cell proliferation in the dentate gyrus and subventricular
zone in young adult rats [20] increasing further during recovery
from ischemic stroke [20]. Similarly in the cricket, neuroblast pro-
liferation was increased by a nitric oxide donor and decreased by
NOS inhibition [52].
Nitric oxide and olfactory neurogenesis in vivo

The cellular role of nitric oxide can vary with species, tissue
and developmental state. There can be bi-phasic, dose-dependent
effects such as in keratinocytes where low concentrations of
nitric oxide donors increased proliferation while high concentra-
tions induced differentiation [53]. There can be effects specific
for NOS isoforms: nNOS gene null mutation increased prolifera-
tion in subventricular zone and dentate gyrus [54], whereas



Fig. 11. Differentiation of OLF442, by NOS inhibition and serum-depletion, was
associated with reduced nitric oxide levels. Nitric oxide production was determined
by arginine-citrulline technique from OLF442 cells grown in the indicated media.
*p < 0.001 with respect to the control FCS group. (Dunnet’s test, after one-way
ANOVA test).
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eliminating eNOS significantly reduced neuronal progenitor pro-
liferation in dentate gyrus [55]. There can be effects specific for
cell type. Nitric oxide donors increased cell proliferation in blad-
der and bladder cancer cell lines [56]. In breast cancer cell lines
high NOS activity inhibited proliferation [57] whereas in mam-
mary epithelium, nitric oxide enhanced prolactin-stimulated cell
proliferation [58]. It is possible that nitric oxide also plays differ-
ent roles in the olfactory epithelium during development and
during adulthood.

Nitric oxide was initially implicated in olfactory neurogenesis
because nNOS is expressed during embryonic development and
adult regeneration of olfactory epithelium [7]. Interestingly, tar-
geted deletion of nNOS alters olfactory neurogenesis during devel-
opment without preventing the formation of a near normal
epithelium in the adult [28]. Specifically, in the mice lacking nNOS,
there were fewer proliferating cells and fewer postmitotic neurons
at 1 week of age. In contrast, at 6 weeks of age there were more
proliferating cells and more postmitotic neurons, associated with
a reduced number of apoptotic cells [28]. These data clearly indi-
cate that nNOS is involved in neurogenesis in the olfactory epithe-
lium during development and into adulthood but the mechanism
of this regulation remains unidentified because the phenotype of
a tissue after gene deletion will include loss of function and com-
pensatory mechanisms that act in time and in space, over develop-
ment and over different cell types. The regulation of olfactory
neurogenesis is complex, with numerous growth factors acting at
different points in the lineage pathway [26]. Therefore differences
in nNOS expression between young and adult olfactory epithelium
[7] may reflect a changing role for nitric oxide as a result of alter-
ations in other regulatory pathways as the epithelium matures
[28]. These differences in regulation of neurogenesis may result
from changes from ‘‘growth” to ‘‘maintenance”. When the adult
epithelium undergoes ‘‘repair”, this role changes again and the
expression of nNOS is greatly increased [7]. The present results
in vitro, probably reflect mechanisms operating during ‘‘repair”,
rather than ‘‘maintenance” in vivo, but nevertheless a cellular
mechanism is clearly elucidated.
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