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Abstract

Multiple neurotrophic factors play a role in proliferation, differentiation and survival in the
olfactory epithelium; however, the signaling cascade has not been fully elucidated. We tested the
hypotheses that ATP induces the synthesis and secretion of two neurotrophic factors, fibroblast
growth factor 2 (FGF2) and transforming growth factor alpha (TGFa), and that these neurotrophic
factors have a role in inducing proliferation. Protein levels of FGF2 and TGFa were increased 20 h
post-intranasal instillation of ATP compared to vehicle control in adult Swiss Webster mice. Pre-
intranasal treatment with purinergic receptor antagonist pyridoxalphosphate-6-azophenyl-20,40-
disulfonic acid (PPADS) significantly blocked this ATP-induced increase, indicating that
upregulation of FGF2 and TGFa expression is mediated by purinergic receptor activation.
However, in neonatal mouse, intranasal instillation of ATP significantly increased the protein
levels of FGF2, but not TGFa. Likewise, ATP evoked the secretion of FGF2, but not TGFa, from
neonatal mouse olfactory epithelial slices and PPADS significantly blocked ATP-evoked FGF2
release. To determine the role of FGF2 and TGFa in inducing proliferation, 5-bromo-2-
deoxyuridine (BrdU) incorporation was examined in adult olfactory epithelium. Intranasal
treatment with FGF receptor inhibitor PD173074 or epidermal growth factor receptor inhibitor
AG1478 following ATP instillation significantly blocked ATP-induced BrdU incorporation.
Collectively, these data demonstrate that ATP induces proliferation in adult mouse olfactory
epithelium by promoting FGF2 and TGFa synthesis and activation of their receptors. These data
suggest that different mechanisms regulate neurogenesis in neonatal and adult OE, and FGF2 and
TGFo may have different roles throughout development.
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In the mammalian olfactory epithelium (OE), neurogenesis begins during embryogenesis,
(embryonic day 10 through birth) persists during an expansion period (birth to post-natal day
30) and continues through adulthood when needed to replace dead or dying neurons (post-
natal day 30 to death) (Murdoch and Roskams, 2007). Even though each neurogenic phase
has different spatiotemporal patterns, the rate of neurogenesis is tightly regulated by
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multiple chemical signals produced by the different cell types in the OE (Mackay-Sim and
Chuah, 2000, Kawauchi et al., 2004). The olfactory epithelium is pseudostratified with the
apical layer containing the sustentacular and microvillous cell somas, and the dendrites of
the olfactory sensory neurons, the middle portion containing the olfactory sensory neuron
somas, and the basal layer containing the multipotent progenitor cells and the endfeet
processes of the sustentacular cells.

ATP works in synergy with growth factors to promote cell survival, mitogenesis and
differentiation in the central nervous system. ATP, found in millimolar levels in all cells, is
released by injured cells and acts as a positive regulator of cell proliferation by triggering
localized neurotrophic factor release in the central nervous system (Rathbone et al., 1992,
Neary et al., 1996, Rathbone et al., 1999). In the central nervous system, ATP acts in concert
with growth factors, such as FGF2, epidermal growth factor, platelet-derived growth factor
and nerve growth factor and potentiates the trophic effects (Wang et al., 1990, Neary et al.,
2005). The potentiating effects of ATP on mitogenesis could occur at the purinergic receptor
level and/or at downstream targets (Neary and Zimmermann, 2009). For example, activation
of purinergic receptors expressed on the basal progenitor cells (Hegg et al., 2003) directly
induces the cell to proliferate and differentiate into mature neurons in mouse OE (Jia et al.,
2009). In addition, Hassenklover et al. (2009) found that activation of P2Y receptors in the
basal cells of amphibian OE induces calcium signaling that leads to increased basal cell
proliferation. Alternatively, activation of purinergic receptors in the glial-like sustentacular
cells or the microvillous cells could induce the release of trophic factors to promote basal
cell proliferation.

We hypothesize that ATP via activation of purinergic receptors upregulates the expression
and evokes the release of growth factors that subsequently activates their respective
receptors in the basal cells. We monitored two neurotrophic factors, FGF2 and TGFa that
are expressed in the adult OE, have receptors in the OE, and have a putative role in OE
neuroproliferation (Plendl et al., 1999, Newman et al., 2000). FGF receptors FGFR1 and
FGFR2 have been located in the OE via RT-PCR and the FGF receptor ligand FGF2 is
expressed in apical regions of olfactory sensory neurons and sustentacular cells (Hsu et al.,
2001). FGF stimulates proliferation of basal cells (Nakamura et al., 2002) and neuronal
differentiation (MacDonald et al., 1996). Epidermal growth factor receptor (EGFR) mRNA
and protein has been localized in the basal and sustentacular cells (Plendl et al., 1999,
Newman et al., 2000). The EGFR ligand, TGFa, is expressed in adult basal and
sustentacular cells and stimulates proliferation (Farbman and Buchholz, 1996, Farbman and
Ezeh, 2000).

EXPERIMENTAL PROCEDURES

Animals

Adult male (6-8 weeks) and neonatal (postnatal days 1-10) Swiss Webster mice were
obtained from Charles River Laboratories (Portage, MI). All efforts were made to minimize
the number of animals used and their suffering. All procedures were conducted in
accordance with the National Institutes of Health Guide for the Care and Use of Laboratory
Animals as approved by Michigan State University Institutional Animal Care and Use
Committee.

Measurement of trophic factor upregulation

Anesthetized adult mice (4% isoflurane) were intranasally instilled with the selective P2
purinergic receptor antagonist pyridoxalphosphate-6-azophenyl-20, 40-disulfonic acid
(PPADS, 160 nmoles/kg body weight) or an equivalent volume (50 ul) of saline, and
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followed by ATP (400 nmoles/kg) or vehicle saline 30 min later. In some experiments,
unanesthetized neonates (post-natal day 10) were intranasally instilled with ATP (400
nmoles/kg) or vehicle saline. 20 h after ATP instillation, tissue was collected. The adult
mice were anesthetized (65 mg/kg ketamine + 5 mg/kg xylazine, i.p.), transcardially
perfused with ice-cold 0.1 M phosphate-buffered saline (PBS) followed by 4%
paraformaldehyde and decapitated. The lower jaw and skin was removed and tissue was
postfixed overnight in 4% paraformaldehyde, rinsed in PBS, placed in RDO Rapid
Decalcifier for 4 h (Apex Engineering Products, Aurora, IL). The neonates were quickly
decapitated and heads were post-fixed for 2 h in 4% paraformaldehyde. Adult and neonatal
OE tissues were cryoprotected with 20% sucrose and embedded in Tissue Tek OCT (Sakura
Finetek, Torrance, CA). Frozen coronal sections of OE (20 um) were collected from levels
2-6 of the mouse nasal cavity (Young, 1981).

Immunohistochemistry

Tissue sections were rehydrated with PBS, permeabilized with 0.02% triton x-100 and
blocked with 1% blocking reagent. The sections were incubated with rabbit anti-TGFa.
(1:200, Abcam, Cambridge, MA) or rabbit anti-FGF2 antibody (1:200, Abcam, Cambridge,
MA). Immunoreactivity was detected using a tyramide signal amplification kit (Invitrogen/
Molecular Probes, Eugene, OR). For double-labeling immunofluorescence, the sections
were processed as described above for TGFa or FGF2 immunoreactivity and then the
sections were washed, blocked and incubated with goat anti-olfactory marker protein (OMP,
1:1000, Wako Chemical, Plano, TX), rabbit anti-calnexin (1:500, Santa Cruz Biotechnology,
Santa Cruz, CA), rabbit anti-notch 2 (1:200, Calbiochem, Gibbstown, NJ), rabbit anti-IP3R3
(1:1000, Millipore, Bedford, MA) or rabbit anti-PLCp, antibody (1:50, Santa Cruz
Biotechnology, Santa Cruz, CA) followed by TRITC-conjugated donkey anti-goat or anti-
rabbit immunoglobin (1:50 or 1:200, Jackson Immunoresearch Lab, West Grove, PA).
Immunoreactivity was visualized on an Olympus FVV1000 Confocal laser scanning
microscope (Olympus America Inc., Center Valley, PA). Antibody specificity was examined
by omitting the primary antibody or secondary antibody. No immunoreactivity was observed
in any of the controls.

Western blot

Following treatment as described in Measurement of trophic factor upregulation,
neonates and anesthetized adult mice (65 mg/kg ketamine + 5 mg/kg xylazine, i.p.) were
decapitated. The olfactory epithelia were dissected immediately and stored at —80 °C. The
OE tissues were processed following the protocol described previously (Jia et al., 2009).
Briefly, tissues were homogenized by sonication in Tris buffer. Homogenates were resolved
on 15% gels and transferred to nitrocellulose membranes. After incubation with blocking
buffer (0.2% I-Block, Millipore, Bedford, MA), the membranes were probed with goat anti-
TGFa (1:1000, Abcam, Cambridge, MA) or goat anti-FGF2 (1:5000, Santa Cruz
Biotechnology, Santa Cruz, CA) antibody overnight at 4°C. After washing, the membranes
were incubated with HRP-labeled secondary antibody (Jackson Laboratory, West Grove,
PA, USA). Immunoreactive proteins were detected with a chemiluminescence reagent (ECL,
Amersham Biosciences, Piscataway, NJ) and then exposed to Kodak X-ray film. For
quantitative analyses, the membranes were reprobed with mouse anti-actin antibody
(1:5000, Santa Cruz Biotechnology, Santa Cruz, CA). Films were analyzed by Image J
(NIH). Integrated optimal densities (I0D)/ug protein were expressed as percentile changes
from 10D/pg protein values of vehicle-treated animals. The value of FGF2 and TGFa for
each animal was then normalized to the value of actin. Each sample was measured on three
independent gels.
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Measurement of BrdU incorporation

The use of BrdU as a marker for cell proliferation was validated previously for our model
system using proliferating cell nuclear antigen (Jia et al., 2009). The adult mice were
intranasally instilled with saline vehicle or ATP (400 nmoles/kg) followed by intranasal
instillation of selective FGF receptor inhibitor PD173074 (0.2 umoles/kg) and/or non-
specific EGF receptor inhibitor AG1478 (100 umoles/kg) at 30 min, 12 h and 24 h. Mice
were injected three times with BrdU (i.p., 180 mg/kg total) between 42 and 46 h and tissues
were collected at 48 h post-instillation of ATP, as described in Measurement of trophic
factor upregulation. BrdU immunohistochemistry and analysis were performed following
the protocol described previously (Jia et al., 2009). Briefly, tissue sections were rehydrated
with PBS, permeabilized with 0.3% triton x-100, blocked with 10% normal donkey serum,
incubated in 2M HCI to denature DNA, and then incubated with rat anti-BrdU
immunoglobin G (1:100, Abcam, Cambridge, MA in blocking reagent) followed by FITC-
conjugated secondary antibody. The number of BrdU* cells per linear millimeter of ecto-
and endo-turbinate 2 on three consecutive coronal sections of OE at level 4 in each animal
were counted by an investigator that was blinded to the treatments and then normalized to
the length of OE on which the BrdU* cells were scored.

Measurement of trophic factor release

Olfactory epithelium slices (300 um) were made from neonate mice (post natal day 0-6)
following a previously described protocol (Kanekar et al., 2009). Briefly, mice were quickly
decapitated. The skin and lower jaw were removed. The tissue was embedded in a carrot and
mounted onto a vibratome and 300 um OE slices were made. Slices were incubated in
neurobasal media with 0.02 g/L B-27 serum-free supplement, 0.01 g/L penicillin/
streptomycin and 0.01 g/L L-glutamine (Gibco, Carlsbad, CA) in the absence or presence of
ATP (100 pM) and purinergic receptor antagonists: specific non-selective antagonists
PPADS (25 uM) or reactive blue 2 (RB2; 50 uM), or non-specific non-selective antagonist
suramin (100 puM) for 24 hours at 37 °C with 5% CO,. Our calcium imaging data suggests
that PPADS and suramin inhibit the same subset of purinergic receptors expressed in the
olfactory epithelium as the inhibition of the antagonists presented separately and together is
90-95% (Hegg et al., 2003). Conditioned media were then collected and concentrated with a
SVC200H Speed Vac Concentrator (Savant Industries Inc., Farmingdale, NY). Growth
factor secretion was quantified using human FGF2 and TGFa ELISA kits (R&D Systems,
Minneapolis, MN) following manufacturer’s protocols. Experiments were repeated 4 times
(n = 4). We performed two control experiments without OE slices incubated in the media to
validate the ELISA assay kit (data not shown). First, we tested the FGF2 and TGFa protein
levels in the media in the presence of ATP, PPADS, suramin or RB2. None of the media
solutions exhibited detectable levels of FGF2 and TGFa proteins. Second, the media was
incubated with known concentrations of FGF2 or TGFa and the above compounds. There
was no interference observed among FGF2, TGFa and these compounds. These data support
the use of ELISA assay Kkits to detect FGF2 and TGFa proteins in the presence of these
compounds. We measured trophic factor release only in neonatal mouse since the bones
supporting the OE in adult mouse are already calcified and obtaining viable OE slices is
impossible.

Statistical Analysis

Student’s t-test or two-way ANOVA followed by the Bonferroni post-hoc test were
performed using Prism 5 (GraphPad Software, San Diego, CA).
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Extracellular ATP evokes the synthesis and/or release of neurotrophic factors from neurons
and non-neuronal cells (Neary et al., 1996) and acts synergistically with these polypeptide
growth factors to enhance mitogenesis (Wang et al., 1990). In the present study, we tested
whether extracellular ATP had the similar effects in the OE. We measured FGF2 and TGFa
expression in adult and neonatal mouse OE after intranasal instillation of ATP via
immunohistochemistry at three distinct levels of the nasal cavity. There was very low
endogenous FGF2-immunoreactivity (FGF2-IR) observed in vehicle-treated animals, mainly
in the apical layer, at three different levels in the nasal cavity (Figure 1A, 2A-C). FGF2-IR
was robustly increased after intranasal instillation of ATP (Figure 1Ay, B-G, 2 D-F). ATP-
induced upregulation of FGF2 was observed in ectoturbinate 1 (Figure 1B, 2D,E),
ectoturbinate 2 (Figure 1C, 2D-E), endotubinate 11 (Figure 1D, 2D-E), ectoturbinates 3
(Figure 1E, 2E), endoturbinate 111 (Figure 1F, 2E-F), endoturbinate 1V (Figure 2F) and
septum (Figure 1G, 2D-E). Pre-intranasal treatment with purinergic receptor antagonist
PPADS resulted in a low level of FGF2-IR in the vehicle-treated animals (Figure 1Az, 2G-
I). However, PPADS treatment did reduce the increased expression of FGF2 in ATP-
instilled mice (Figure 1A4, 2J-L), suggesting that activation of purinergic receptors mediates
FGF2 upregulation.

Consistent with the observations of FGF2, there was very little endogenous TGFa-IR in
vehicle-treated animals at three different levels in the nasal cavity (Figure 3A1, 4A-C). ATP
instillation dramatically increased TGFa-IR (Figure 3A,, B-G, 4D-F) in ectoturbinate 1
(Figure 3B, 4D-E), ectoturbinate 2 (Figure 3A,, 4D-E), endotubinate 1l (Figure 3C-D, 4D-
E), ectoturbinate 3 (Figure 3E, 4E), endoturbinate I11 (Figure 3F, 4E-F), endoturbinate IV
(Figure 4E-F) and septum (Figure 3G, 4D-E). Pre-treatment with PPADS resulted in a low
level of TGFa-IR in the vehicle-treated animals (Figure 3As3, 4G-1), but prevented ATP from
increasing TGFa expression (Figure 3A4, 4J-L). These data indicate that activation of
purinergic receptors via intranasal instillation of ATP upregulates both FGF2 and TGFa
expression in adult mouse OE.

FGF2 was previously reported to be expressed in the olfactory sensory neurons,
sustentacular and basal cells in adult rodent OE (Hsu et al., 2001). In order to identify the
cell types in which ATP induced FGF2 expression, we performed immunohistochemistry
with antibodies directed against FGF2 and sustentacular cell markers calnexin (Czesnik et
al., 2006) or notch 2 (Carson et al., 2006), microvillous cell markers IP3R3 or PLCB,
(Elsaesser et al., 2005), or the olfactory sensory neuron marker olfactory marker protein
(OMP). FGF2-IR was co-localized with OMP-IR in the dendrites, cell soma, and in the axon
bundles traveling to the olfactory bulb (Figure 5A1-A3). FGF2-IR also co-localized with
notch 2-IR in the sustentacular cell somas, cytoplasmic extensions and endfeet processes
(Figure 5B1-B3), calnexin-IR in the sustentacular cell somas (data not shown), and both
IP3R3-IR (Figure 5C1-C3) and PLCpo-IR (Figure 5D1-D3) in the cell somas and cytoplasmic
extensions of the microvillous cells. These data indicate that ATP induces FGF2 expression
in sustentacular cells, microvillous cells and olfactory sensory neurons in adult mouse OE.

TGFa is expressed in the sustentacular and basal cells of adult rodent OE (Farbman and
Buchholz, 1996, Plendl et al., 1999). In the present study, we observed that ATP instillation
increased TGFa expression in cell somas located prominently in the middle olfactory
sensory neuron layer of OE, and in dendrite-like processes in the apical layer (Figure 3).
TGFa-IR on the apical surface of the epithelium in the ATP treated mice (Figure 3A,) is not
present in the control-, the antagonist- and the ATP + antagonist-treated mice (Figure 3 A,
Az, Ay), suggesting that ATP specifically increases the expression of TGFa in the apical
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layer, most likely in the dendritic knobs of the olfactory sensory neurons (See Figure 5E).
ATP-induced TGFa-IR co-localized with olfactory sensory neuron marker OMP in the
dendrites, cell soma, and axon bundles of olfactory sensory neurons (Figure 5E;-E3). TGFa-
IR did not co-localize with sustentacular cell markers calnexin and notch 2, and microvillous
cell markers IP3R3 and PLCp, (data not shown). These data indicate that ATP induces
TGFa expression in olfactory sensory neurons but not sustentacular and microvillous cells.

In order to quantify the effects of ATP-induced up-regulation of FGF2 and TGFa. expression
in adult mouse OE, we measured the protein levels following ATP instillation using the
western blot technique. ATP instillation significantly increased the protein levels of both
FGF2 (Figure 6A; 102.4 + 13.5% vs. 215.8 + 16.7%, p < 0.05) and TGFo. (Figure 6B; 99.8 £
20.0% vs. 164.1 + 8.6%, p < 0.05) compared to the vehicle control. Pretreatment with
PPADS did not alter the FGF2 and TGFa protein levels in vehicle-treated animals but
significantly reduced ATP-induced increases of FGF2 and TGFa. protein levels back to the
control levels (Figure 6; FGF2: 215.8 + 16.7% vs. 115.1 + 25.0%, p < 0.05; TGFa.: 164.1 +
8.6% vs. 101.1 + 12.5%, p < 0.05). These data indicate that ATP significantly increases the
synthesis of FGF2 and TGFa proteins via activation of P2 purinergic receptors in adult
mouse OE.

FGF and EGF receptors mediate ATP-induced neuroregeneration in adult mouse OE

We next examined the involvement of the FGF receptor and the EGF receptor, of which
TGFa is a ligand, in the ATP-induced mitogenesis in adult mouse OE. Mice were
intranasally instilled with the specific FGF receptor inhibitor PD173074 (0.2 umoles/kg)
and/or the non-specific EGF receptor inhibitor AG1478 (100 umoles/kg) at 30 min, 12 and
24 h and the levels of BrdU incorporation were measured 48 h after ATP instillation.
Intranasal instillation of ATP significantly increased BrdU+ cells in the OE by 66.2% above
the control (Figure 7 A,B,G; 29.9 + 2.0 vs. 49.7 £ 1.1 cells/mm OE, p < 0.001,n =3
animals, 9 tissue sections). Intranasal treatment with PD173074, AG1478, or both did not
significantly alter BrdU incorporation in the vehicle-treated animals (Figure 7 C, E, G;
PD173074: 35.1 + 1.1 cells/mm OE, AG1478: 29.2 + 1.2 cells/mm OE,
PD173074+AG1478: 27.0 £ 2.5 cells/mm OE; p > 0.05, n = 3 animals, 9 slices for all
groups) but significantly blocked the ATP-induced increase in BrdU+ cells (Figure 7 D, F,
G; PD173074: 35.8 + 0.7 cells/fmm OE, AG1478: 27.5 + 4.4 cells/mm OE,
PD173074+AG1478: 30.2 £ 4.3 cells/ymm OE; p < 0.001, n = 3 animals, 9 slices for all
groups). These data indicate that FGF2 and TGFa receptors mediate ATP-induced
mitogenesis in adult mouse OE.

FGF2 expression was up-regulated by ATP in neonatal mouse OE

We also tested whether FGF2 and TGFa were expressed in neonatal mouse OE via western
blot and immunohistochemistry. Intranasal instillation of ATP significantly increased the
protein levels of FGF2 (Figure 8A, p < 0.05). The FGF2-IR in vehicle-treated animals was
relatively low (Figure 8B). ATP robustly increased FGF2-IR throughout the OE and in the
underlying olfactory nerve bundles (Figure 8C). TGFa expression could not be detected in
either group with either method (data not shown). These data indicate that FGF2 is
expressed in neonatal mouse OE and ATP upregulates its expression, while TGFa is not
expressed in neonatal mouse OE or expressed below the levels detected by the methods we
used, and ATP did not alter its expression.

ATP evoked FGF2 release in neonatal mouse OE

We next quantified the release of FGF2 and TGFa from neonatal mouse OE slices.
Conditioned media was collected from slices incubated for 24 hours in the presence or
absence of ATP and/or purinergic receptor antagonists PPADS, suramin and/or reactive blue
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2 (RB2). The amount of FGF2 and TGFa in the conditioned media was quantified using an
ELISA assay. We detected 219 * 64 pg/ml FGF2 protein in the conditioned media in the
presence of OE slices (vehicle control, n = 4 animals, ~20 slices). Addition of exogenous
ATP (100 pM) significantly increased the amount of FGF2 proteins in the media by 21.4%
over vehicle control (Figure 9, p < 0.05, n = 4 animals, ~20 slices). Incubation of slices with
non-specific, but selective purinergic receptor antagonists suramin or RB2 alone did not
alter FGF2 protein levels in the media (n = 4 animals, ~20 slices for each group) but reduced
the ATP-induced FGF2 release to control levels (Figure 9, n = 4 animals, ~20 slices for each
group). Incubation with selective purinergic receptor antagonist PPADS did not alter the
levels of FGF2 proteins compared to the vehicle control (Figure 9, n = 3 animals, ~15
slices). However, incubation with PPADS significantly reduced ATP-induced FGF2 release
(Figure 9, p <0.05 v. ATP, n = 3 animals, ~15 slices). These data suggest that exogenous
ATP induces FGF2 release from neonatal OE slices via activation of purinergic receptors.
Consistent with immunohistochemistry and western blot observations, the concentration of
TGFa in the media of any group was below the detection level of the ELISA kit (2.2 pg/ml).
Slices incubated with ATP did not significantly enhance TGFa release in the media. These
data indicate that the endogenous TGFa level in neonatal mouse OE is very low and
exogenous ATP has no effect on its expression or release.

DISCUSSION

The dynamic state of proliferation, differentiation and cell death in the OE are regulated by
autocrine and paracrine mechanisms using multiple growth factors (Newman et al., 2000).
Evidence suggests that mechanisms regulating adult neurogenesis and embryonic
neurogenesis may be equivalent (Schwob, 2002, Beites et al., 2005, Murdoch and Roskams,
2007). However, it has not been established if regulatory signals are similar in the neonate.
We previously determined that ATP induces neuroproliferation in the olfactory epithelium
of neonatal and adult mice via purinergic receptor activation (Jia et al., 2009). Here, we
investigate the mechanism further and show that ATP, acting on P2 purinergic receptors,
increases the synthesis of growth factors TGFa in adults and FGF2 in both neonates and
adults. We directly quantified the ATP-induced release of FGF2 in neonates. In adults, we
indirectly verified the release of FGF2 and TGFa by the observation that EGF and FGF
receptor inhibition blocks the ATP-induced increase in neuroproliferation. This study
demonstrates that ATP differentially upregulates the synthesis of growth factors in neonates
and adults, and that subsequent release of these growth factors induces the proliferation of
neural progenitor cells.

ATP differentially induces the expression of FGF2 and TGFa in adult and neonate OE

Endogenous FGF2 expression in the OE varies among species. FGF2 mRNA is widely
detected in all layers of adult mouse OE, with intense FGF2-IR located in the sustentacular
cells and moderate IR distributed in olfactory sensory neurons and basal cells (Hsu et al.,
2001). In the adult rat, FGF-IR is observed in mature olfactory sensory neurons and
sustentacular cells (Goldstein et al., 1997). TGFa-IR is observed in the sustentacular and
basal cells in the adult rat OE (Farbman and Buchholz, 1996), and to our knowledge, there is
no published report indicating the cell types in which TGFa is expressed in adult mice. In
the present study, we rarely observed FGF2-IR and TGFa-IR in the OE of vehicle-treated
adult mice. Hsu and colleagues (2001) report that FGF2 immunoreactivity is greatly reduced
when tissue is fixed with 4% paraformaldehyde, the same fixation that we used in this study.
However, in the ATP-instilled adults, using the same 4% paraformaldehyde fixation
protocol, FGF2-IR and TGFa-IR was robustly increased, an effect that was blocked by the
broadly selective P2 receptor antagonist PPADS. Western analysis of the protein levels
confirmed the immunohistochemical observations. ATP-induced increases of FGF2-IR and
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TGFo-IR were broadly distributed throughout the rostral-caudal axis of the nasal cavity,
suggesting their actions may have a universal effect in the peripheral olfactory system.
Similar to previous reports in adult rodent (Goldstein et al., 1997, Hsu et al., 2001), we
observed intense FGF2-IR in the sustentacular cells and olfactory sensory neurons following
ATP treatment. In addition, for the first time, we report that FGF2 is expressed in
microvillous cells in ATP-instilled animals, suggesting that microvillous cells are involved
in cell proliferation by stimulus-induced release of FGF2. TGFa-IR was observed following
ATP-treatment in the olfactory sensory neurons rather than the sustentacular cells and basal
cells as previous reported in untreated rat (Farbman and Buchholz, 1996). One possibility
for this discrepancy is that the time course for ATP-induced upregulation of TGFa differs
between species or between cell types. Collectively, these data demonstrate that ATP, via
activation of P2 purinergic receptors, increases the synthesis of FGF2 and TGFa. in adult
mice.

In contrast to the adult OE, our data suggests that FGF2, but not TGFa, has a regulatory role
in neonatal mouse OE. In the present study, we observed neither FGF2-IR nor TGFa-IR in
vehicle-treated neonatal mouse OE. However, ATP instillation increased the expression of
FGF2 in the neonatal olfactory sensory neurons and sustentacular cells, but not TGFa. TGFa
mMRNA and protein expression were previously reported in the embryonic rat OE from E17-
E20, although it was not localized to a specific cell type (Huang et al., 1996). To our
knowledge there have been no reports of TGFa expression in the neonatal rodent. In the
neonatal rat, FGF2 was expressed extensively in the connective tissue residing in the lamina
propria, and rarely, if at all, in the olfactory sensory neurons and the sustentacular cells
(Chuah and Teague, 1999). Our observation in the vehicle-treated neonatal mice is in
agreement with the lack of FGF2 expression in the neonatal rat OE. Our data suggests that
TGFo may have different roles during embryogenesis, post-natal development and
adulthood.

Growth factor release

In the present study we directly measure release of growth factors in neonates in vitro, and
indirectly measure the evoked release of growth factors in adults in vivo. Our evidence
demonstrates that activation of EGF and FGF receptors in adult mice mediate ATP-induced
cell proliferation. Based on the immunohistochemical evidence, we predict that FGF2 is
released from ATP-treated adult mice from olfactory sensory neurons, sustentacular cells
and microvillous cells whereas TGFa is released only from olfactory sensory neurons. ATP
stimulates transient increases in intracellular calcium in olfactory sensory neurons,
sustentacular cells (Hegg et al., 2003, Hegg et al., 2009) and microvillous cells (unpublished
observations). We hypothesize that intracellular calcium activates a cascade of intracellular
signals and the induction of calcium-dependent release of neurotrophic factors, possibly
from sustentacular cell endfeet, microvillous cell processes or neuronal axons. ATP
increases the release of FGF2, but not TGFa, from neonatal mouse OE slices through a
purinergic receptor dependent mechanism. We used broadly selective purinergic receptor
antagonists suramin and PPADS, as well as reactive blue 2, an antagonist that can be P2Y
selective, but does not adequately discriminate between P2X and P2Y receptor subtypes
(Ralevic and Burnstock, 1998). As there are neither specific nor selective antagonists for the
multiple types of P2 receptors, we are not able to definitively identify the subtype of
purinergic receptor involved in evoking the release of growth factors. P2X receptors are
expressed in olfactory sensory neurons and P2Y receptors are expressed on olfactory
sensory neurons and sustentacular cells (Hegg et al., 2003), and FGF2 expression was
upregulated in olfactory sensory neurons and sustentacular cells, suggesting that both
purinergic receptor subtypes may have a role in ATP-induced growth factor release in the
neonate.
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Proliferation

We hypothesize that ATP induces cell proliferation via the paracrine release of a multiple
neurotrophic factors including NPY (Kanekar et al., 2009, Jia and Hegg, 2010), FGF2 and
TGFo. Inhibiting the signaling of these growth factors individually significantly reduces
ATP-induced cell proliferation to the control levels. Notably inhibition of both the FGF
receptor and the EGF receptor does not reduce the ATP-mediated proliferation significantly
below the control levels. These results are consistent with other in vivo studies examining
the effects of trophic factors in the olfactory epithelium. In mice lacking the leukemia
inhibitor factor, a potent mitogenic factor upregulated in the olfactory system following
injury, bulbectomy-induced increases in proliferation are reduced, however, in the normal
olfactory epithelium, there is no significant change in proliferation (Bauer et al., 2003). This
suggests that the normal olfactory epithelium maintains a stable level of cell proliferation
that is tightly controlled through positive and negative regulation.

Interestingly, both FGF2 and TGFa were previously shown to differentially induce
proliferation of two populations of basal cells in the OE: the quiescent multi-potent
horizontal basal cells and the highly mitotic multi-potent globose basal cells. FGF2
stimulates the proliferation of globose basal cells in adult in vivo (Nishikawa et al., 2009)
and in vitro (Newman et al., 2000), and in postnatal OE cell cultures (Barraud et al., 2007)
and cell lines (Goldstein et al., 1997). In addition, FGF2 is released (Ensoli et al., 1998) and
stimulates the proliferation of progenitor cells in embryonic cell cultures (DeHamer et al.,
1994, Ensoli et al., 1998). Although we did not distinguish between basal cell subtypes, our
observation that ATP-induces basal cell proliferation in adults corroborates these findings.
Collectively with ATP-induced upregulation of FGF2 in adults and neonates and the release
of FGF2 in neonates, these data suggest that FGF2 plays a role in proliferation of basal cells
throughout embryogenesis, post-natal neuronal expansion and adulthood. In contrast, TGFa
stimulates the proliferation of the horizontal basal cells in adult in vivo (Getchell et al.,
2000), and in embryonic cell cultures in vitro (Farbman and Buchholz, 1996). Our data
support these observations, and also indicate that TGFa may play a role in basal cell
proliferation during embryogenesis and maintenance in adulthood, but not during the post-
natal neuronal expansion phase of development. Indeed, the expression of TGFa. in the post-
natal mouse, during which time globose basal cells are actively proliferating, may not be
necessary as the horizontal basal cells are quiescent and rarely divide in vivo.

Conclusions

In summary, the present study demonstrates that ATP induces proliferation in adult OE by
promoting FGF2 and TGFa synthesis, release and activation of their respective receptors. In
addition, the present study suggests that there may be different mechanisms to mediate the
regulation of neuroproliferation in the OE during development and adulthood. The release of
nucleotides from damaged or dying cells has functional implications for many types of CNS
injuries and neurological diseases (Neary and Zimmermann, 2009). Application of ATP or
other P2 receptor agonists can induce the phenomenon of cell proliferation in vitro and in
vivo and P2 receptor antagonists reduce this effect (Neary and Kang, 2005, Franke and Illes,
2006, Di Virgilio et al., 2009). These data indicate that extracellular nucleotide and
purinergic receptor signaling are important factors to mediate cell proliferation and
neurogenesis in CNS injuries. Further studies should investigate the underlying signaling
cascades of ATP, FGF2 and TGFa in the OE.

Abbreviations

BrduU 5-bromo-2-deoxyuridine
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EGF epidermal growth factor
FGF2 fibroblast growth factor 2
immunoreactivity
10D integrated optimal densities
NPY neuropeptide Y
OE olfactory epithelium
OMP olfactory marker protein
PBS phosphate-buffered saline
PPADS pyridoxal-phosphate-6-azophenyl-2’,4'-disulfonate
RB2 reactive blue 2
TGFa transforming growth factor alpha
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Figure 1. ATP instillation increases FGF2-immunoreactivity in adult mouse OE

(A-G) FGF2-IR was assessed 48 hr post-instillation of vehicle (A1), ATP (A,, B-G),
PPADS and vehicle (A3), or PPADS and ATP (Ay) at level 4 in the nasal cavity. Images are
Z-stack projections. Dashed white lines indicate basement membrane. Scale bar = 5um. (H)
Representative OE section depicting the regions of ATP-induced FGF2-IR shown in A to G
(left) and previously established numbering of ectoturbinates (1-3) and endoturbinates (I-111)

(right).
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Figure 2. ATP upregulates FGF2 expression at 3 distinct levels of the OE via activation of
purinergic receptors

Mice were treated with vehicle (A-C) ATP (D-F) PPADS (G-I) and ATP + PPADS (J-L).
FGF2 immunoreactivity (IR) was assessed 48 hr post-instillation at levels 3,4,and 6 in the
nasal cavity defined by the presence of specific anatomical features: (3) the start of
endoturbinate Il (A,D,G,J), (4) the presence of endoturbinate 1l (B,E,H,K), and (6) the
fusion of endoturbinate Il (C,F,I,L). Regions exhibiting FGF2-IR were traced as white lines
onto representative sections.
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Figure 3. ATP instillation increases TGFa -immunoreactivity in adult mouse OE

(A-G) TGFa-IR was assessed 48 hr post-instillation of vehicle (A7), ATP (Ay, B-G),
PPADS and vehicle (A3), or PPADS and ATP (Ay) at level 4 in the nasal cavity. Images are
Z-stack projections. Dashed white lines indicate basement membrane. Scale bar = 5um. (H)
Representative OE section depicting the regions of ATP-induced TGFa-IR shown in Ato G
(left) and previously established numbering of ectoturbinates (1-3) and endoturbinates (I-111)

(right).
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Figure 4. ATP upregulates TGFa expression at 3 distinct levels of the OE via activation of
purinergic receptors

Mice were treated with vehicle (A-C) ATP (D-F) PPADS (G-I) and ATP + PPADS (J-L).
TGFo-IR was assessed 48 hr post-instillation at levels 3, 4 and 6 in the nasal cavity defined
by the presence of specific anatomical features: (3) the start of endoturbinate Il (A,D,G,J),
(4) the presence of endoturbinate 11 (B,E,H,K), and (6) the fusion of endoturbinate Il
(C,F,1,L). Regions exhibiting TGFa-IR were traced as white lines onto representative
sections.
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Figure 5. Localization of ATP-induced FGF2 and TGFa expression in adult mouse OE

(A-D) FGF2-IR (A1, By, Cq, Dq) in ATP-instilled animals co-localized with olfactory
sensory neuron marker OMP-IR (A_3), sustentacular cell marker Notch 2-IR (B,.3), and
microvillous cell markers IP3R3-IR (C,.3) and PLCB,-IR (Dy.3). (F) TGFa-IR (F7) in ATP-
instilled animals only co-localized with OMP-IR (E,.3). Images are Z-stack projections. *,
nerve bundles. Arrows indicate immunoreactivity of representative cells. Dashed with lines
indicate basement membrane. Scale bar = 5um.
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Figure 6. Quantification of ATP-evoked growth factor upregulation in adult mouse OE

Mice were instilled with either PPADS or vehicle followed by either vehicle or ATP and
tissue was collected 20 h post-ATP instillation and processed with western blot analysis for
(A) FGF2 and (B) TGFa expression. Top panels show western blot and lower panels show
bar graphs of normalized immunoreactivity. *, p<0.05 v. vehicle. #, p<0.05 v. ATP.
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Figure 7. FGF and EGF receptors mediate ATP-induced increase in BrdU incorporation in adult
mouse OE

Mice were instilled with vehicle (A, C, E) or ATP (B, D, F) followed by vehicle (A, B) FGF
receptor inhibitor PD173074 (PD; C, D), TGFa receptor inhibitor AG1478 (AG; E, F) or
both (G). Representative images of a single confocal plane depicting BrdU-IR from
ectoturbinate 2 are shown. Dotted lines demark the OE. Arrowheads indicate the basal cell
layer. Scale bar = 50um. (G) Quantification of BrdU+ cells in endoturbinate Il and
ectoturbinate 2. * p<0.001 v. vehicle. #, p<0.001 v. ATP.
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Figure 8. ATP upregulates FGF2 expression in neonatal mouse OE

Neonatal mice were instilled with vehicle or ATP and 48 hr later assessed for (A) FGF2
protein levels or (B) FGF2- and OMP-IR. * p<0.05 (Student’s t-test). Arrows indicate
representative co-localization. Dashed lines indicate basement membrane. Scale bar = 10um.
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Figure 9. ATP induces FGF2 release from neonatal mouse OE slices

Neonatal OE slices were incubated in vehicle or ATP and/or purinergic receptor antagonists
PPADS, suramin or reactive blue 2 (RB2). Conditioned media collected 24 hrs later was
assayed for FGF2 content. *, p<0.05 v. vehicle.
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