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Abstract
In the olfactory epithelium (OE), injury induces ATP release, and subsequent activation of P2
purinergic receptors by ATP promotes neuroregeneration by increasing basal progenitor cell
proliferation. The molecular mechanisms underlying ATP-induced increases in OE
neuroregeneration have not been established. In the present study, the roles of neuroproliferative
factors neuropeptide Y (NPY) and fibroblast growth factor2 (FGF2), and p44/42 extracellular
signal-regulated kinase (ERK) on ATP-mediated increases of neuroregeneration in the OE were
investigated. ATP increased basal progenitor cell proliferation in the OE via activation of P2
purinergic receptors in vitro and in vivo as monitored by incorporation of 5′-ethynyl-2′-
deoxyuridine, a thymidine analog, into DNA, and proliferating cell nuclear antigen (PCNA)
protein levels. ATP induced p44/42 ERK activation in globose basal cells (GBC) but not
horizontal basal cells (HBC). ATP differentially regulated p44/42 ERK over time in the OE both
in vitro and in vivo with transient inhibition (5–15 min) followed by activation (30 min – 1 hr) of
p44/42 ERK. In addition, ATP indirectly activated p44/42 ERK in the OE via ATP-induced NPY
release and subsequent activation of NPY Y1 receptors in the basal cells. There were no
synergistic effects of ATP and NPY or FGF2 on OE neuroregeneration. These data clearly have
implications for the pharmacological modulation of neuroregeneration in the olfactory epithelium.
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INTRODUCTION
The olfactory epithelium (OE) is a good model to study the mechanisms of injury-induced
neuroregeneration as olfactory sensory neurons (OSNs) are easily damaged due to direct
contact with airborne pollutants, toxicants and microbes and continuously regenerate
throughout adulthood (Graziadei and Graziadei, 1979a; Graziadei and Graziadei, 1979b;
Graziadei and Monti-Graziadei, 1978). After significant chemical, infectious or traumatic
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damage to the OE, the rate of neuroregeneration accelerates (Calof et al., 2002; Holcomb et
al., 1995; Islam et al., 2006; Manglapus et al., 2004; Moon et al., 2009; Sultan-Styne et al.,
2009). OSNs are regenerated to replace injured and dying OSNs by local restricted neuronal
progenitor cells called basal cells. The two types of basal cells, globose basal cell (GBC) and
horizontal basal cell (HBC), are located just above the basement membrane. In mature OE,
basal cells proliferate into neuronal precursor cells and then differentiate into OSNs or non-
neuronal cells (Carr and Farbman, 1992; Carter et al., 2004; Huard et al., 1998; Leung et al.,
2007).

In the central nervous system (CNS), ATP is released from neurons and astrocytes upon
injury and promotes neuroregeneration and cell proliferation via activation of P2 purinergic
receptors (Franke and Illes, 2006; Neary and Zimmermann, 2009). In the OE, injury by toxic
compounds such as nickel sulfate, satratoxin G or high concentrations of odorants induces
ATP release and ATP promotes basal cell proliferation via activation of P2 purinergic
receptors (Hegg and Lucero, 2006; Jia et al., 2010; Jia et al., 2011b). P2 purinergic
receptors, including P2X and P2Y, are expressed in the OE (Hegg et al., 2003). ATP
activation of these receptors evokes Ca2+ transients (Hassenklöver et al., 2009; Hegg et al.,
2003; Hegg et al., 2009), releases trophic factors (Jia et al., 2011a; Kanekar et al., 2009),
increases basal cell proliferation, differentiation and maturation of OSNs (Hassenklöver et
al., 2009; Jia et al., 2009). Collectively, these data indicate that ATP is released and
promotes OE neuroregeneration via activation of P2 purinergic receptors following injury.
However, the molecular mechanisms underlying ATP-induced neuroregeneration in the OE
are not known. In the CNS, P2 purinergic receptors activate p44/42 extracellular signal-
regulated kinase (ERK) to induce cell proliferation (Franke and Illes, 2006; Neary and
Zimmermann, 2009). The synergistic effects of ATP and polypeptide growth factors on cell
proliferation are through parallel activation of p44/42 ERK signalling (Neary et al., 2008).
In the OE, removal of the olfactory bulbs axotomizes the OSNs and induces a retrograde
wave of OSN apoptosis within 3 days followed by a synchronized increase in basal cell
proliferation in 2–3 weeks post-bulbectomy(Carter et al., 2004; Costanzo and Graziadei,
1983; Cowan et al., 2001; Schwob et al., 1992). While in the same time frame of 2–3 weeks
post-bulbectomy, mitogen-activated protein kinase (MAPK) phosphatase-1, that inactivates
MAPK, decreases greatly and phospho-p44/42 ERK robustly increases (Shinogami and
Ishibashi, 2000), suggesting that activation of p44/42 ERK is involved in bulbectomy-
induced increases in basal cell proliferation. The basal cells in the OE express P2Y
purinergic receptors (Hegg et al., 2003). P2Y receptor activation of p44/42 ERK signaling
promotes neuroregeneration in the CNS (Franke and Illes, 2006). Thus, we investigated the
role of p44/42 ERK in the ATP-induced increase in basal cell proliferation in the OE in vitro
and in vivo.

NPY, a 36-amino acid polypeptide widely expressed in the central and peripheral nervous
systems, has been found to activate p44/42 ERK signaling and stimulate neuronal precursor
cell proliferation in primary cultures isolated from the dentate gyrus, retina and
subventricular zone (Agasse et al., 2008; Alvaro et al., 2008; Howell et al., 2005; Howell et
al., 2003; Thiriet et al., 2011). In the OE, NPY is localized in non-neuronal sustentacular and
microvillous cells which reside in the apical layer of OE and send long cell processes to the
basement membrane (Hansel et al., 2001; Hegg et al., 2010; Jia and Hegg, 2010; Kanekar et
al., 2009; Montani et al., 2006). A significant reduction in olfactory neuronal precursor
proliferation occurs in NPY deficient mice (Hansel et al., 2001) and NPY Y1 receptor
knockout mice (Doyle et al., 2008). Furthermore, NPY activation of Y1 receptor, expressed
on basal cells, stimulates basal cell proliferation via activation of p44/42 ERK (Doyle et al.,
2008; Hansel et al., 2001). We have previously demonstrated that ATP activation of P2
purinergic receptors up-regulates NPY expression, induces NPY release and promotes basal
cell proliferation via activation of Y1 receptors in the OE (Jia and Hegg, 2010; Kanekar et
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al., 2009). Therefore, in the present study, we examined whether ATP-induced NPY release
is involved in ATP-mediated regulation of p44/42 ERK in the OE. The synergistic effects of
ATP and polypeptide growth factors, such as NPY and fibroblast growth factor 2 (FGF2),
on OE neuroregeneration are also investigated.

MATERIALS AND METHODS
Animals

Adult (6–8 weeks) and young (postnatal day 21) male Swiss Webster mice were purchased
from Charles River (Portage, MI) and housed in a temperature-, humidity-, and light-
controlled room (12 hours light/dark cycle, lights on from 7:00 A.M. to 7:00 P.M.). Food
and water were available ad libitum. 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.

OE primary cell culture
The primary OE cells were obtained from olfactory epithelia of young male Swiss Webster
mouse at postnatal day 21 due to high cell viability at this age vs. adult and cultured as
described previously (Hegg et al., 2003). Our previous study shows that there is no age
difference in ATP-induced cell proliferation in the OE (Jia et al., 2009). The cells were
plated onto concanavalin A-coated 6-well plates or coverslips at 2 × 106 cells/ml and
cultured in DMEM media supplemented with 5% FBS, 1% penicillin streptomycin, 1%
insulin and 0.1% ascorbic acid at 37 °C. All treatments start at 5–7 days culture when the
OE primary cell cultures contain 50% mature OSNs, 8% basal cells and 28% sustentacular
and microvillous cells.

Measurement of ATP-induced increases in neuroregeneration
OE primary cells were incubated with saline or ATP (10, 50, 100, 200 and 500 μM) for 2
hours. Each treatment had 3–5 replications. The 5-ethynyl-2′-deoxyuridine (EdU)
incorporation assay was performed using the Click-iT EdU® Alexa Fluor 488 imaging kit
following manufacturer’s instructions (Invitrogen, Carlsbad, CA). The advantage of the
Click-iT EdU® assay is that EdU detection does not require DNA denaturation, which not
only disrupts dsDNA integrity but also affects nuclear counterstaining and destroys cell
morphology. We chose EdU in these experiments to allow co-localization of EdU-labeling
with nuclei counterstained with DAPI (20 nM; 5–10 min). Co-localization of EdU with
DAPI using Metamorph 7.5 (MDS Analytical technologies, Sunnyvale, CA) was determined
by measuring the area of overlap between two fluorescent probes at 488 and 405nm
wavelengths from 3–5 non-overlapping fields of view per replication taken using a 10X
objective (0.3 n. a.) on a Nikon TE2000-U inverted fluorescence microscope (Nikon,
Melville, NY). The data was expressed as the percentage of area of overlap to area of DAPI.
To measure protein levels of proliferating cell nuclear antigen (PCNA), OE primary cells
were incubated with saline vehicle or ATP (100 μM) for 2 hours. Some cells were pre-
treated with a mixture of P2 purinergic receptor antagonists (PPADS, 25 μM and suramin,
100 μM) for 30 min shown previously to inhibit P2 receptors in the OE (Hegg et al., 2003).
Following treatment, cells were washed with ice-cold phosphate-buffered saline (PBS),
collected, and centrifuged at 10,000g for 3 min at 4 °C. The pellets were stored at −80 °C
for further western blot analysis. Each treatment had 3 replications.

Anesthetized adult mice (4% isoflurane, n = 4 mice/group) were intranasally instilled with
saline vehicle or P2 purinergic receptor antagonists (PPADS, 50 nmoles/kg and suramin,
200 nmoles/kg), followed by saline or ATP (400 nmoles/kg) 30 min later. Intranasal
instillation was performed via a pipette tip placed immediately above the nares while the
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mouse was in a supine position. Test compounds (50 μl) were intranasally delivered
dropwise to the nares, and were subsequently aspirated. The OE tissue was collected 48
hours post-instillation of ATP for immunohistochemistry as described previously (Jia et al.,
2010). Briefly, mice were cardiac-perfused with ice-cold 0.1M PBS followed by 4%
paraformaldehyde (PFA). The tissue was postfixed overnight in 4% PFA and decalcified
with EDTA (0.5 M, pH = 8) for 4–5 days. Frozen coronal sections of OE (10 or 20 μm)
were collected from level 3 of the mouse nasal cavity taken at the level of the second palatal
ridge (Young, 1981).

Time course of ATP-induced modulation of p44/42 ERK
OE primary cells were incubated with saline or ATP (100 μM) for 5, 15, 30 min, 1, 2 or 3
hours. Then cells were washed with ice-cold PBS, collected by cell scraper and centrifuged
at 10,000g for 3 min at 4 °C. The pellets were stored at −80 °C. Each treatment included 4
replications. Anesthetized adult mice (4% isoflurane, n = 4 mice/group) were intranasally
instilled with saline or ATP (400 nmoles/kg) and OE tissue was dissected and collected by
decapitation at 5, 15, 30 min, 1, 6 and 24 hours post-instillation and stored at −80 °C for
further western blot analysis.

Co-localization of ATP-induced activation of p44/42 ERK with basal cell markers
OE primary cells were incubated with saline or ATP (100 μM) for 30 min and fixed with 4%
PFA for 10 min. In vivo, anesthetized adult mice (4% isoflurane) were intranasally instilled
with saline or ATP (400 nmoles/kg). The OE tissue was collected 1 hour post-instillation for
immunohistochemistry as described above.

The p44/42 ERK activation mediates ATP-induced increase in neuroregeneration
Anesthetized adult mice (4% isoflurane, n = 3 mice/group) were intranasally instilled with
saline vehicle or MEK inhibitor U0126 (400 nmoles/kg) followed by saline or ATP (400
nmoles/kg) instillation 1 hour later. The OE tissue was collected 48 hours post-instillation of
ATP for immunohistochemistry as described above.

NPY release mediates ATP-induced p44/42 ERK activation
Anesthetized adult mice (4% isoflurane, n = 4 mice/group) were intranasally instilled with
saline vehicle or ATP (400 nmoles/kg) followed by saline vehicle or NPY Y1 receptor
antagonist BIBP3226 (20 nmoles/kg) 5 min later. The OE tissue was dissected and collected
1 hour post-instillation of ATP by decapitation and stored at −80 °C for further western blot
analysis.

The synergistic effect of ATP and NPY or FGF2 on neuroregeneration
Anesthetized adult mice (4% isoflurane, n = 3–4 mice/group) were intranasally instilled with
saline, ATP (400 nmoles/kg), NPY (4 nmoles/kg), FGF2 (12 pmoles/kg), a cocktail of ATP
and NPY or FGF2 and followed by BrdU injection (i.p., total 216 mg/kg) at 42, 44, 46 hours
later. The OE tissue was collected 2 hours after last BrdU injection for
immunohistochemistry as described above. For measuring the levels of phospho-p44/42
ERK and p44/42 ERK in vitro, OE primary cells were incubated with saline, NPY (1 μM) or
FGF2 (3 μM) for 5, 30 min and 1 hour. Then cells were washed with ice-cold PBS, collected
and centrifuged at 10,000g for 3 min at 4 °C. The pellets were stored at −80 °C for western
blot analysis. Each treatment had 4 replications.

Western blot
The OE primary cells were lysed and OE tissue was homogenized by sonication in Tris
buffer with a protease inhibitor cocktail (1:1000, Sigma-Aldrich, St. Louis, MO). The
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concentration of protein in the homogenate and cell lysates was measured using a
bicinchoninic acid (BCA) protein assay kit (Pierce, Rockford, IL). Homogenates or cell
lysates (20 μg/lane or 7.5 μg/lane) were resolved by electrophoresis and transferred to a
nitrocellulose membrane. After incubation with blocking buffer containing 0.1% Tween-20
and 5% BSA, the membranes were probed with mouse anti-PCNA(1:1000, Millipore,
Billerica, MA) or mouse anti-phospho-p44/42 MAPK (Thr202/Tyr204) antibody (1:2000,
Cell signaling, Danvers, MA) overnight at 4°C. After washing with wash buffer containing
0.1% Tween-20, 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. The membranes were then stripped with restore™ plus
western blot stripping buffer (Thermo Scientific, Rockford, IL), re-blocked with 0.05%
Tween-20 and 0.2% I-block (Millipore, Bedford, MA), re-probed with rabbit anti-p44/42
MAPK antibody (1:1000, Cell signaling, Danvers, MA) and mouse anti-actin antibody
(1:5000, Sigma, St Louis, MS) overnight at 4°C followed by HRP-labeled secondary
antibody. Immunoreactive proteins were detected with ECL and then exposed to Kodak X-
ray film. Films were analyzed by Image J (NIH). Integrated optical densities (IOD)/μg
protein in treatment groups were normalized to saline vehicle animals. The value of
phospho-p44/42 ERK for each animal was then normalized to the value of p44/42 ERK.
Since the levels of p44/42 ERK in some groups of cell lysate were reduced, we used actin as
loading control in vitro and hence the value of phospho-p44/42 ERK was then normalized to
the value of actin. The value of PCNA for each animal was normalized to the value of actin.
Each sample was measured on three independent gels.

Immunohistochemistry
For detection of PCNA, tissue sections were rehydrated with PBS and antigen retrieval was
performed by placing sections in a citrate buffer (pH = 6) and heated in a microwave oven
(700 Watt) at low power for 6 min, 2 times and cooled down for 20 min. Then the sections
were permeabilized with 0.01% triton X-100, blocked with 5% BSA and incubated with
rabbit anti-PCNA IgG (1:50, Abcam, Cambridge, MA) overnight at 4 °C. For detection of
BrdU, tissue sections were permeabilized with 0.3% triton X-100, blocked with 10% normal
donkey serum, incubated in 2 M HCl for 30 min at 65°C to denature DNA, and then
incubated with rat anti-BrdU IgG (1:100, Abcam, Cambridge, MA) overnight at 4°C. For
detection of phospho-p44/42 ERK, the tissue sections were permeabilized with 0.3% Triton
X-100 for 20 min and followed by 1 hour blocking with 10% normal donkey serum
containing 0.3% Triton X-100. Tissue sections were incubated with mouse anti-phospho-
p44/42 MAPK antibody (1:400, Cell signaling, Danvers, MA) for 120 hours at 4 °C. For
double-labeling detection, tissue sections were incubated with the mixture of rabbit anti-
phospho-p44/42 MAPK (1:400, Cell signaling, Danvers, MA) and mouse anti-MASH1
(1:30, BD Pharmingen, San Diego, CA) antibody or mouse anti-phospho-p44/42 MAPK
antibody (1:400) and rabbit anti-cytokeratin 5 (1:100, Abcam, Cambridge, MA) for 120
hours at 4 °C. Immunoreactivity was detected using TRITC or FITC-conjugated donkey
anti-rabbit or mouse IgG (Jackson ImmunoResearch Laboratories, West Grove, PA). The
nuclei were counterstained with Vectashield mounting medium for fluorescence with DAPI
(Vector Laboratory, Burlingame, CA). Immunoreactivity was visualized on an Olympus
FV1000 confocal laser scanning microscope. Antibody specificity was examined by
omitting the primary antibody or secondary antibody. No immunoreactivity was observed in
any of the controls. The number of PCNA+ or BrdU+ cells per linear millimeter of ecto-
turbinate 2 and endo-turbinate II on three consecutive coronal sections of OE between level
3 and 4 in each animal were counted by an experimenter blind to the treatments and then
normalized to the length of OE on which the immunopositive cells were scored.
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Immunocytochemistry
The cells were washed with PBS and permeabilized with 0.3% Triton X-100 for 20 min and
followed by 1 hr blocking with 10% normal donkey serum containing 0.3% Triton X-100.
Cells were then incubated with mouse anti-phospho-p44/42 MAPK antibody (1:800, Cell
signaling, Danvers, MA) overnight at 4 °C. For double-labeling immunofluorescence, the
cells were incubated with the mixture of rabbit anti-phospho-p44/42 MAPK (1:800, Cell
signaling, Danvers, MA) and mouse anti-MASH1 (1:50, BD Pharmingen, San Diego, CA)
antibody or mouse anti-phospho-p44/42 MAPK antibody (1:800) and rabbit anti-cytokeratin
5 (1:200, Abcam, Cambridge, MA) overnight at 4 °C. Immunoreactivity was detected using
TRITC- or FITC-conjugated donkey anti-rabbit or mouse IgG (Jackson ImmunoResearch
Laboratories, West Grove, PA). The nuclei were counterstained using Vectashield mounting
medium for fluorescence with DAPI (Vector Laboratory, Burlingame, CA). Antibody
specificity was examined by omitting the primary antibody or secondary antibody. No
immunoreactivity was observed in any of the controls. Co-localization of phospho-pERK
with DAPI in vehicle- and ATP-treated cells and phospho-pERK with MASH1 or Cy5 in
ATP-treated cells was analyzed using Metamorph 7.5 (MDS Analytical technologies,
Sunnyvale, CA) from 3–5 non-overlapping fields of view per replication taken using a 20X
objective (0.5 n. a.) on a Nikon TE2000-U inverted fluorescence microscope (Nikon,
Melville, NY). Each treatment had 3 replications.

Statistical analysis
Student’s t test and one or two-way analysis of variance (ANOVA) were performed and
followed by Newman-Keuls post-hoc multiple comparison test using GB-Stat v9.0
(Dynamic Microsystems, Silver Spring, MD).

RESULTS
ATP increases neuroregeneration in the OE via activation of P2 purinergic receptors in
vitro and in vivo

In the mature OE, injured and dying OSNs are continuously regenerated by basal cells that
proliferate into neuronal precursor cells and then differentiate into OSNs. We examined the
effect of ATP on neuroregeneration in OE primary cell culture using the Click-iT EdU®

assay that detects the incorporation of a modified nucleoside, 5-ethynyl-2′-deoxyuridine
(EdU), during DNA synthesis. Incubation of ATP with OE primary cell cultures for 2 hours
increased EdU-incorporation in a dose-dependent manner (Figure 1A–G). Compared to
saline vehicle (18.5 ± 2.1), the levels of EdU+ cells were significantly (p < 0.05) elevated
following 100, 200 and 500 μM ATP incubation (34.6 ± 1.9, 35.5 ± 3.7 and 41.3 ± 2.9
respectively). In order to test whether P2 purinergic receptors are involved in the ATP-
induced increase in cell proliferation in vitro, we incubated OE primary cell cultures with P2
purinergic receptor antagonists, PPADS (25 μM) and suramin (100 μM), for 30 min prior to
ATP treatment and then measured the protein levels of PCNA by western blot. Compared to
vehicle (107.5 ± 6.6), incubation of OE primary cell cultures with 100 μM ATP significantly
(p < 0.01) increased the protein level of PCNA (Figure 1H–I, 184.6 ± 14.9). Pre-treatment of
the cells with P2 purinergic receptor antagonists significantly (p < 0.05) blocked ATP-
induced elevation of PCNA (134.6 ± 16.4). Taken together, these data indicate that ATP
increases cell proliferation in OE primary cell culture via activation of P2 purinergic
receptors.

To validate the use of OE cell cultures in these studies, we next used basal cell proliferation
as a marker to measure ATP-induced increases in OE neuroregeneration in vivo. We
measured the number of PCNA+ cells in the basal layer of OE at 2 days post-instillation of
ATP. Compared to saline vehicle treatment (62.3 ± 4.6), intranasal instillation of ATP (400
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nmoles/kg) significantly (p < 0.01) increased the number of PCNA+ cells in the basal layer
(BL) of mouse OE (Figure 2A, B and E, 107 ± 4.6). Pre-treatment with P2 purinergic
receptor antagonists, PPADS (50 nmoles/kg) and suramin (200 nmoles/kg), significantly (p
< 0.01) blocked ATP-induced increases in the number of PCNA+ cells in the basal layer of
OE (Figure 2D–E, 67.9 ± 2.6), while P2 antagonists alone did not alter the levels of PCNA+
cells (Figure 2C and E, 76.7 ± 1.6). These data indicate that ATP increases
neuroregeneration in the OE via activation of P2 purinergic receptors. In addition, intranasal
instillation of ATP significantly (p < 0.05) increased the number of PCNA+ cells in the
apical cell layer (AL) where the non-neuronal sustentacular and microvillous cells reside
(5.5 ± 0.8 vs. 8.4 ± 0.2). Pretreatment with P2 purinergic receptor antagonists significantly
(p < 0.01) blocked ATP-induced increases in apical PCNA+ cell (Figure 2F, 8.4 ± 0.2 vs.
5.0 ± 0.5).

ATP differentially modulates p44/42 ERK over time both in vitro and in vivo
We investigated the molecular mechanisms underlying the ATP-induced increase in OE
neuroregeneration, focusing on the role of p44/42 ERK. Compared to saline vehicle,
incubation of OE primary cells with ATP (100 μM) for 5 and 15 min produced significant
reductions in the levels of phospho-p44/42 ERK (phospho-p42, p < 0.01 and 0.05
respectively; phospho-p44, p < 0.01) followed by a significant (p < 0.01) increase at 30 min
(Figure 3A–C, phospho-p42, 104.6 ± 7.4, 23.3 ± 5.9, 48.9 ± 8.7 and 191.3 ± 29.9, and
phospho-p44, 106.4 ± 7.5, 24.1 ± 6.8, 39.1 ± 5.2 and 285.1 ± 29.9 for vehicle, ATP at 5, 15
and 30 min respectively). The levels of phospho-p44/42 ERK went back to the control level
at 1 hour (Figure 3A–C, phospho-p42, 102.4 ± 29.7 and phospho-p44, 94.4 ± 25.4).
Similarly, in vivo, intranasal instillation of ATP (400 nmoles/kg) significantly reduced the
levels of phospho-p44/42 ERK at 5 and 15 min compared to saline vehicle (phospho-p42, p
< 0.01; phospho-p44, p < 0.05) followed by a significant (p < 0.01) increase of phospho-
p44/42 ERK at 1 hour (Figure 3D–F, phospho-p42, 102.5 ± 3.8, 62.3 ± 5.6, 56.6 ± 7.2 and
159.1 ± 15.1, and phospho-p44, 101.2 ± 3.4, 61.4 ± 6.8, 56.9 ± 6.2 and 197.9 ± 27.9 for
vehicle, ATP at 5, 15 and 1 hour respectively). The levels of phospho-p44/42 ERK went
back to the control level at 6 hours (phospho-p42, 89.9 ± 5.9 and phospho-p44, 102.9 ±
29.6). These data indicate that ATP differentially modulates p44/42 ERK signaling at
different times in the OE both in vitro and in vivo with initial transient inhibition followed
by later activation of p44/42 ERK.

ATP activates p44/42 ERK in GBCs but not HBCs in the OE in vitro and in vivo
The cell types in which ATP induces p44/42 ERK activation in the OE was investigated by
immunocytochemistry and immunohistochemistry. Incubation of OE primary cell cultures
with ATP significantly increased the number of cells with positive immunoreactivity to
phospho-p44/42 ERK (green, Figure 4A, B and I; 9.3 ± 1.2 vs. 29.2 ± 3.4; p < 0.01). The
phospho-p44/42 ERK immunoreactivity co-localized with GBC marker MASH1 in 84% of
the ATP-treated cells (red, Figure 4C and J) and co-localized with HBC marker cytokeratin
5 in only 4% of the ATP-treated cells (red, Figure 4D and J). These data indicate that ATP
activates p44/42 ERK in GBCs but not HBCs in OE primary cell culture. In vivo, positive
immunoreactivity to phospho-p44/42 ERK was sparsely observed in the basal layer (BL),
neuron layer (NL), and lamina propria (LP) of vehicle-treated animals (Figure 4E).
Intranasal instillation of ATP increased the number of phospho-p44/42 ERK positive cells
(red) in the basal layer of OE (Figure 4F), indicating that ATP activates p44/42 ERK in the
basal cells of OE in vivo. The immunoreactivity to phospho-p44/42 ERK (red) in the basal
layer of OE in ATP-treated animals was co-localized with GBC marker MASH1 (green,
Figure 4G) but not HBC marker cytokeratin 5 (green, Figure 4H), indicating that ATP
activates p44/42 ERK in GBC but not HBC in the basal layer of OE. Collectively, these data
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demonstrate that ATP activates p44/42 ERK in GBC but not HBC in the OE in vitro and in
vivo.

The p44/42 ERK activation mediates ATP-induced increases in OE neuroregeneration
In order to investigate whether activation of p44/42 ERK mediates the ATP-induced
increase in neuroregeneration in the OE, U0126, an inhibitor of MEK, the upstream
activator of ERK, was used. We intranasally instilled U0126 (100 nmoles/kg) 1 hour prior to
ATP treatment. In vehicle-pretreated animals, ATP significantly (p < 0.01) increased the
number of PCNA+ cells in the basal layer of OE (Figure 5, 59.6 ± 4.3 vs. 105.9 ± 7.1).
U0126 alone did not significantly alter the levels of PCNA+ cell in the OE (69.3 ± 5.6).
However, U0126 significantly (p < 0.05) blocked ATP-induced increases in the levels of
PCNA+ cells in the basal layer of OE (64.4 ± 3.4), indicating that blockade of p44/42 ERK
cascade significantly abolishes ATP-induced increase in basal cell proliferation. These data
demonstrate that the ATP-induced increase of neuroregeneration in the OE is via activation
of p44/42 ERK signaling in GBCs.

ATP-induced p44/42 ERK activation is due to an indirect effect of NPY release
Our previous study indicated that ATP induces NPY release from neonatal OE slices at 1
hour, the time at which ATP activates p44/42 ERK in the OE (Kanekar et al., 2009). We
hypothesized that the activation of p44/42 ERK by ATP in GBCs was via an indirect effect:
ATP induced NPY release that subsequently activated p44/42 ERK via NPY Y1 receptors
expressed in basal cells. We tested this hypothesis using Y1 receptor antagonist BIBP3226
previously shown to inhibit both Y1 receptors and ATP-induced increases in basal cell
proliferation in the OE (Jia and Hegg, 2010). We intranasally instilled BIBP3226 (10 μM) 5
min post-instillation of ATP and then quantified the levels of phospho-p44/42 ERK at 1
hour post-instillation of ATP (Figure 6A–C). Compared to saline vehicle-treated animals,
ATP instillation significantly (p < 0.05) increased the levels of phospho-p44/42 ERK
(phospho-p42, 101.8 ± 2.2 vs. 149.7 ± 19.3 and phospho-p44, 99.6 ± 6.5 vs. 153.0 ± 8.4).
BIBP3226 post-treatment alone did not alter the levels of phospho-p44/42 ERK (phospho-
p42, 110.5 ± 6.7 and phospho-p44, 87.6 ± 8.8). However, BIBP3226 significantly (p < 0.05)
blocked ATP-induced increases in the levels of phospho-p44/42 ERK back to control levels
(phospho-p42, 100.5 ± 9.3 and phospho-p44, 94.9 ± 14.6)., indicating that NPY Y1
receptors mediate ATP-induced activation of p44/42 ERK. These data demonstrate that
ATP-induced p44/42 ERK activation in GBCs is due to an indirect effect of NPY release
and subsequent activation of NPY Y1 receptors in basal cells.

The synergistic effect of ATP and NPY or FGF2 on neuroregeneration in the OE
In the CNS, ATP and polypeptide growth factors synergistically increase cell proliferation
through parallel activation of p44/42 ERK signalling (Neary et al., 2008). Even though our
data strongly support that ATP-induced p44/42 ERK activation in GBCs is via an indirect
effect of NPY release, we can not conclude that ATP does not activate p44/42 ERK in GBCs
via direct activation of P2 purinergic receptors since P2 purinergic receptors are expressed
on basal cells in the OE (Hegg et al., 2003). If this is the case, activation of P2 purinergic
receptors and NPY Y1 receptors expressed in basal cells will activate p44/42 ERK in
parallel and synergistically increase basal cell proliferation in the OE. Therefore, instillation
of ATP and NPY together should synergistically increase basal cell proliferation in the OE
via parallel activation of p44/42 ERK in GBCs through P2 purinergic receptors and NPY Y1
receptors. To test this hypothesis, we intranasally instilled saline vehicle, ATP (400 nmoles/
kg), NPY (4 nmoles/kg) or ATP + NPY and then measured basal cell proliferation via the
BrdU incorporation assay 48 hours post-instillation (Figure 7A–D and G). Compared to
saline vehicle instillation (27.2 ± 1.4), ATP and NPY alone significantly increased the
number of BrdU+ cells in the basal layer of OE, indicating that ATP or NPY alone increases
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OE neuroregeneration via promoting basal cell proliferation (ATP, 61.6 ± 9.9, p < 0.05;
NPY, 77.3 ± 3.9, p < 0.01). However, the number of BrdU+ cells was comparable between
ATP and ATP+NPY treated groups (61.6 ± 9.9 vs. 47.8 ± 7.8), indicating that simultaneous
instillation of ATP with NPY does not synergistically enhance basal cell proliferation.
Surprisely, the number of BrdU+ cells in the ATP+NPY-instilled group was significantly (p
< 0.05) reduced when compared to NPY-instilled group, suggesting that instillation of ATP
with NPY may compromise NPY-induced increases in basal cell proliferation. To further
examine the potential synergism of ATP and polypeptide growth factors in OE
neuroregeneration, we used FGF2 that has been shown to promote GBC proliferation in the
OE in vivo (Nishikawa et al., 2009) and in vitro (Newman et al., 2000). Our recent data
indicate that FGF2 is released following ATP application and is partially responsible for the
ATP-induced increase in OE neuroregeneration (Jia et al., 2011a). Compared to saline
vehicle, intranasal instillation of FGF2 alone (12 pmoles/kg) significantly (p < 0.05)
increased the number of BrdU+ cells in the basal layer of OE (Figure 7E–G, 57.3 ± 5.1).
However, compared to both ATP and FGF2 alone, co-administration of FGF2 and ATP did
not synergistically enhance basal cell proliferation (44.8 ± 5.9). Taken together, these data
indicate that ATP does not potentiate the polypeptide growth factor-induced
neuroregeneration in the OE.

Polypeptide growth factors activate p44/42 ERK in the OE
NPY induces basal cell proliferation via activation of p44/42 ERK in vitro (Hansel et al.,
2001). Here, we investigated the time frame of p44/42 activation. Incubation of OE primary
cells with NPY (1μM) transiently activates p44/42 ERK at 5 min (Figure 8A–C, phospho-
p44, 100.4 ± 3.1 vs. 187.5 ± 36.9 and phospho-p42, 98.3 ± 3.9 vs. 195.4 ± 21.6), in the same
time frame as ATP inhibition of p44/42 ERK in the OE (Figure 3). Incubation of OE
primary cell cultures with FGF2 (3 μM) significantly (p < 0.01, 0.05 and 0.05 respectively)
activated p44/42 ERK at 5, 30 min and 1 hour (Figure 8D–E, phospho-p44, 97.9 ± 9.9 vs.
268.2 ± 38.5, 244.8 ± 32.7 and 220.5 ± 45.9 respectively; phospho-p42, 109.8 ± 10.0 vs.
365.2 ± 57.9, 340.2 ± 55.8 and 295.1 ± 37.1 respectively). Taken together, the lack of a
synergistic effect of ATP and polypeptide growth factors on OE neuroregeneration (e.g.,
Figure 7G) could be due to opposing regulation of p44/42 ERK in basal cells by P2
purinergic receptors and growth factor receptors. Activation of P2 purinergic receptors in
basal cells by ATP transiently inhibits p44/42 ERK, while growth factor receptors in basal
cells activate p44/42 ERK.

DISCUSSION
The present study investigated the molecular mechanism underlying injury-induced
neuroregeneration in the OE. We specifically focused on ATP, which has been shown to be
released upon injury and promote neuroregeneration in the OE, (Hegg et al., 2003; Jia et al.,
2009; Jia et al., 2010) and the role of p44/42 ERK on the ATP-induced increase in OE
neuroregeneration in vitro and in vivo.

ATP activation of P2 purinergic receptors induces neuroregeneration in the OE
ATP activation of P2 purinergic receptors increased (1) cell proliferation in the OE in vitro,
measured by EdU incorporation and protein levels of PCNA and (2) basal cell proliferation
in the OE in vivo measured by the number of PCNA+ cells in the basal layer of OE. These
data indicate that ATP promotes neuroregeneration via activation of P2 purinergic receptors
in the OE. We previously showed that ATP activation of P2 purinergic receptors (1)
increases BrdU-incorporation in basal cells in neonatal and adult mouse OE at post-
instillation day 2, (2) elevates BrdU+ cells expressing markers for immature neurons at post-
instillation day 9 and (3) increases BrdU+ cells expressing markers for mature OSNs at post-
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instillation day 16 in adult mouse OE (Jia et al., 2009). In the present study, we used basal
cell proliferation as a marker to measure neuroregeneration in adult mouse OE in vivo. We
used the same doses of ATP and P2 purinergic receptor antagonists as previously published
(Jia et al., 2009). These doses were chosen as they are physiologically relevant and within
the EC50 range of purinergic receptors (Jia et al., 2009). BrdU and EdU are markers of cell
proliferation as they are thymidine analogs that are incorporated into newly synthesized
DNA of replicating cells. PCNA is a protein that acts as a factor for DNA polymerase delta
and expressed in the nuclei of cells during DNA synthesis phase of the cell cycle.
Collectively, the data from the present study confirmed our previous in vivo observations
using the BrdU-incorporation assay and demonstrate that ATP promotes neuroregeneration
in the OE via activation of P2 purinergic receptors. Furthermore, we also observed that ATP
significantly increased PCNA+ cells in the apical layer that includes non-neuronal
sustentacular and microvillous cells at 48 hours post-instillation. Sustentacular cells are
generated either from basal cell proliferation, differentiation and migration to the apical
layer, a ~7 day process, or from self-proliferation, a < 2 day process (Jia et al., 2009). Thus,
these results indicate that ATP also promotes self-proliferation of sustentacular and
microvillous cells in the OE. Collectively, these data demonstrate that ATP serves as a
signal to be released upon injury and triggers recovery by promoting neuroregeneration and
non-neuronal cell proliferation in the OE.

The functional significance of ATP-mediated regulation of p44/42 ERK in the OE
In the OE, ATP differentially regulates p44/42 ERK signaling over time both in vitro and in
vivo in a similar manner with transient inhibition (5–15 min) followed by activation of
p44/42 ERK (30 min – 1 hr). In mammals, an ecto-5′-nucleotidase enzyme degrades ATP to
ADP, AMP and adenosine. In the OE, ecto-5′-nucleotidase is found in horizontal basal cells,
microvillous cells and the inner lining of Bowman’s gland ducts (Braun and Zimmermann,
1998). The half-life of ATP in the OE ex vivo measured by luciferin-luciferase assay (163
seconds; unpublished data) is significantly shorter than the timeframe of ATP-mediated
p44/42 activation (30 min –1 hour). The timeframe of ATP gaining access to purinergic
receptors may be similar in vitro and in vivo as the times of ATP-induced p44/42 ERK
inhibition are similar in vitro and in vivo. In addition, ATP-mediated p44/42 ERK activation
is mediated by NPY release, thus, the 30 min difference between ATP-induced p44/42 ERK
activation in vitro and in vivo may reflect the difference in time between NPY release and
NPY diffusion to GBCs in vitro and in vivo.

Both in vitro and in vivo data in the present study indicate that ATP transiently inhibits
p44/42 ERK activation at 5–15 min. Our previous reports demonstrate that ATP is
neuroprotective in the OE. Over a period of hours to days, ATP initiates a heat shock
protein-mediated stress signaling cascade that facilitates cell survival (Hegg and Lucero,
2006), and blockade of P2 purinergic receptors increases DNA fragmentation in the OE (Jia
et al., 2011b), indicating that activation of P2 purinergic receptors is involved in cell
protection. Inhibition of p44/42 ERK with the MEK inhibitor PD98059, leads to a reduction
of cells that are double-labeled with TUNEL and mature OSN marker olfactory marker
protein (OMP) in primary OSN culture, indicating ERK inhibition decreases OSN apoptosis
(Simpson et al., 2003) and is neuroprotective. Taken together with the results of the present
study, these data suggest that ATP-induced p44/42 ERK inhibition in the OE may be
involved in P2 purinergic receptor-mediated neuroprotection. The ATP-induced reductions
in the levels of phospho-p44/42 ERK could be due to the increased activity of MAPK
phosphatase-1 that is expressed abundantly in the OE and inactivates p44/42 ERK by
dephosphorylation (Shinogami and Ishibashi, 2000). Future studies will investigate whether
p44/42 ERK inhibition is involved in purinergic receptor-mediated cell protection by using
phosphatase inhibitors. Identification of the cell types that exhibit p44/42 ERK inhibition is
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problematic. However, our data, as detailed below, suggest that activation of P2 purinergic
receptors inhibits p44/42 ERK in basal cells of OE (Figure 9A).

Conversely, activation of p44/42 ERK is robustly increased 2–3 weeks after bulbectomy, a
procedure that temporally increases neuronal proliferation from basal cells, suggesting that
p44/42 ERK activation is involved in bulbectomy-induced neuroregeneration (Shinogami
and Ishibashi, 2000). We also observed ATP-induced p44/42 ERK activation in the OE at 30
min in vitro and at 1 hour in vivo. By using MEK inhibitor U0126 we demonstrate that
p44/42 ERK activation mediates the ATP-induced increase in OE neuroregeneration.
However, inhibition of p44/42 ERK by MEK inhibitor PD98059 significantly blocks
neutrotrophin-3-induced reduction of Ki67 positive cells that are co-localized with neuron-
specific tubulin in primary OSN culture, indicating that p44/42 ERK activation reduces
neuronal precursor proliferation (Simpson et al., 2003). Additionally, activation of p44/42
ERK mediates odorant-enhanced survival of OSNs in vitro and in vivo (Miwa and Storm,
2005; Watt et al., 2004; Watt and Storm, 2001), indicating that p44/2 ERK activation in
OSNs is neuroprotective. Whether or not ATP activates or inhibits p44/42 ERK may depend
on the cell type and the functional outcomes of p44/42 ERK activation in different cell types
in the OE may be different.

Role of NPY in ATP-induced p44/42 ERK regulation
Using the NPY Y1 receptor antagonist BIBP3226, we demonstrated that ATP-induced
p44/42 ERK activation is due to an indirect effect of NPY release and subsequent activation
of Y1 receptors in basal cells (Figure 9B). In the OE, NPY is expressed in low levels in
sustentacular cells and to a greater extent in a subpopulation of microvillous cells, both of
which have processes extending to the basement membrane (Hansel et al., 2001; Hegg et al.,
2010; Jia and Hegg, 2010; Kanekar et al., 2009; Montani et al., 2006). ATP increases
intracellular Ca2+ and up-regulates NPY expression in these cells (Hegg et al., 2003; Jia and
Hegg, 2010; Kanekar et al., 2009). ATP also promotes NPY release from OE (Kanekar et
al., 2009). NPY Y1 receptors are expressed in the basal cell layer where the basal progenitor
cells are located (Hansel et al., 2001). Collectively, these data indicate that NPY is ideally
situated to have stimulus-induced release and promote basal cell proliferation and ATP can
serve as one of the stimuli. We have shown that ATP induced NPY release from OE slices
of neonatal mouse after 1 hour exposure (Kanekar et al., 2009), which is the same time point
with ATP-induced p44/42 ERK activation in the OE in vivo. Furthermore, NPY Y1 receptor
antagonist, BIBP3226, significantly blocked ATP-induced increase in BrdU-incorporated
basal cell proliferation in adult mouse OE (Jia and Hegg, 2010), indicating that ATP-
induced increase in OE neuroregeneration is via NPY release and subsequent activation of
NPY Y1 receptors. In vitro, NPY binds to NPY Y1 receptors in basal cells and promotes
cell proliferation via activation of p44/42 ERK signaling in OE primary cell culture (Doyle
et al., 2008; Hansel et al., 2001). These data support ATP-induced p44/42 ERK activation in
the OE via an indirect effect of NPY release. In conclusion, the ATP-induced increase in OE
neuroregeneration is through NPY release, NPY Y1 receptor activation of p44/42 ERK in
basal cells, and increased basal cell proliferation. However, the effect could theoretically be
due to different neurochemicals released by ATP application. In addition to NPY, we found
that ATP also induced FGF2 release (Jia et al., 2011a), although FGF2 has little probability
of activating a NPY receptor. Another member of the NPY family is peptide YY (PYY) that
shares extensive sequence homology with NPY. Recently, PYY expression has been found
in the OE (Doyle et al., 2008). Therefore, PYY could mediate the ATP effect. But further
investigation is required to determine whether ATP triggers PYY release in the OE.
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Activation of p44/42 ERK in globose basal cells
ATP-induced p44/42 ERK activation was co-localized with GBC marker, MASH1, but not
HBC marker, cytokeratin 5, indicating that ATP-induced p44/42 ERK activation is in GBCs
but not HBCs. Since ATP-induced activation of p44/42 ERK is due to an indirect effect of
NPY release, the differential activation of p44/42 ERK in GBCs and HBCs could be due to
the differential distribution of NPY Y1 receptors in these cells. NPY Y1 receptors have been
found in basal cells of OE and promote basal cell proliferation via activation of p44/42 ERK
(Hansel et al., 2001). However, there is no direct evidence showing differential distribution
of NPY Y1 receptors in GBC and HBC. Doyle et al. (2008) report that knockout of NPY Y1
receptors reduces the number of MASH1+ GBCs and OSNs but has no effect on HBC,
suggesting that NPY Y1 receptors are expressed in GBCs and mediate neuronal proliferation
in the OE.

The GBCs are the major proliferating population in the OE during normal neuronal turnover
and after acute, selective loss of mature OSNs. The GBCs are functionally heterogeneous
and multipotent progenitors (Chen et al., 2004; Goldstein and Schwob, 1996; Guo et al.,
2010; Huard et al., 1998; Manglapus et al., 2004). The composition of the whole populations
of GBCs is not fully understood. FACS-purified GBCs derived from normal OE can give
rise to GBCs, neurons, sustentacular cells, gland cells and respiratory epithelium cells
following transplantation into the methyl bromide-lesioned OE (Chen et al., 2004; Goldstein
and Schwob, 1996; Huard et al., 1998; Manglapus et al., 2004). MASH1 is a well
established marker for GBCs. The MASH1+ GBC is neuron-committed and gives rise to
transit amplifying cells that differentiate into OSNs (Caggiano et al., 1994; Chen et al.,
2004; Huard et al., 1998). However, the percentage of MASH1+ GBCs in the whole
population of GBCs is not known. HBCs serve as reservoirs of long-lived progenitors that
remain largely quiescent. After extensive injuries that deplete GBCs, HBCs transiently
proliferate and their progeny fully reconstitute the OE (Leung et al., 2007). Our recent data
showed that ATP was constitutively released in the OE under normal physiological
condition (unpublished data). Taken together, these data suggest that ATP-mediated indirect
activation of p44/42 ERK by NPY is underlying mechanism for normal neuronal turnover
and neuroregeneration following injury in the OE.

The synergistic effect of ATP and polypeptide growth factors on OE neuroregeneration
In adult mouse OE, basal cells only express G protein-coupled P2Y purinergic receptors that
have been reported to transiently activate p44/42 ERK in the CNS (Franke and Illes, 2006).
It is possible that ATP transiently activates p44/42 ERK in the OE via direct activation of
P2Y purinergic receptors in basal cells. In amphibian OE, activation of P2Y receptors in the
basal cells induces calcium signaling that leads to increased basal cell proliferation
(Hassenklöver et al., 2009). The ATP-induced increase in basal cell proliferation could be
due to dual effects: direct activation of P2Y purinergic receptors in basal cells and indirect
effect of NPY release from non-neuronal cells. If so, we should detect two phases of p44/42
ERK activation in the OE following ATP: the early activation by direct activation of P2
purinergic receptors and the late activation by indirect NPY release. However, in this study
we detected inhibition of p44/42 ERK via activation of P2Y purinergic receptors in the OE
between 5–15 min. This result may be due to transient inhibitory effects of ATP on p44/42
ERK in other cell types, such as OSNs, sustentacular and microvillous cells.

The synergistic effect of P2 purinergic and polypeptide growth factor receptors on neuronal
proliferation via parallel activation of p44/42 ERK has been well established in the CNS.
ATP synergistically enhances the mitogenic activity of FGF2 through parallel activation of
p44/42 ERK signalling (Lin et al., 2007; Mishra et al., 2006; Neary et al., 2005; Neary et al.,
1996). In cultured subventricular zone-derived neuronal progenitor cells, both purinergic
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and growth factor receptors activate p44/42 ERK and synergistically induce neuronal
proliferation (Grimm et al., 2009). If ATP transiently activates p44/42 ERK via activation of
P2Y receptors in basal cells, we would expect that ATP and growth factors may
synergistically increase basal cell proliferation via parallel activation of p44/42 ERK. We
chose NPY and FGF2 to investigate this hypothesis as both NPY Y1 and FGF2 receptors are
expressed in basal cells (Hansel et al., 2001; Hsu et al., 2001). Further, NPY activation of
Y1 receptors increases phospho-p44/42 ERK and basal cell proliferation (Hansel et al.,
2001) and FGF2 stimulates the proliferation of GBCs in vitro (Barraud et al., 2007;
Goldstein et al., 1997; Newman et al., 2000) and in vivo (Nishikawa et al., 2009). In the
CNS, FGF2 promotes cell proliferation through activation of p44/42 ERK signalling (Neary
et al., 2008) and ATP potentiates the mitogenic effect of FGF2 by parallel activation of
p44/42 ERK via P2 purinergic receptors (Grimm et al., 2009; Neary et al., 2005; Neary et
al., 1996). However, we did not observe the synergistic effects on BrdU-labeled basal cell
proliferation with ATP and NPY or FGF2, suggesting that, as with single administration, co-
administration activates P2 purinergic receptors in basal cells and transiently inhibits p44/42
ERK as measured by western blot. This transient inhibition of p44/42 ERK attenuates
further polypeptide growth factor-mediated activation of p44/42 ERK in basal cells, which
leads to the reduction of growth factor-induced basal cell proliferation in the OE (Figure
9C). Further studies are needed to confirm absence of p44/42 ERK activation in basal cells
at 5 and 15 min post-instillation of ATP.

Conclusions
Our study shows that ATP-induced increases in neuroregeneration in the OE is via p44/42
ERK activation in GBCs that result from an indirect effect of NPY release and subsequent
activation of NPY Y1 receptors in basal cells. ATP is constitutively released in the OE.
Noxious stimulation or injury of the olfactory system leads to increased release of ATP.
ATP activation of purinergic receptors stimulates a linear and/or network of intracellular
signalling cascades to protect and regenerate OSNs. Identification of signalling molecules
that protect neurons and promote neuronal proliferation in the physiological conditions will
lead to investigation of the mechanisms responsible for initiating enhanced
neuroregeneration under injurious and pathological conditions. New tools for improving the
functional sense of smell and recovery after injury by enhancing neuronal proliferation and
preventing apoptosis will lead to therapeutic approaches in injury-related anosmia. This
work is also relevant to postnatal neuronal regeneration in the CNS. The mechanisms that
control neuronal death and regeneration in the olfactory system will be of great value in
understanding repopulation of neurons in the CNS.
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Abbreviation

OE Olfactory epithelium

NPY Neuropeptide Y

ERK Extracellular signal-regulated kinase

OSN Olfactory sensory neuron

GBC Globose basal cell
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HBC Horizontal basal cell

CNS Central nervous system

MAPKs Mitogen-activated protein kinases

PPADS Pyridoxalphosphate-6-azophenyl-20, 40-disulfonic acid

PCNA Proliferating cell nuclear antigen

PBS Phosphate-buffered saline

FGF2 Fibroblast growth factor 2

PFA Paraformaldehyde

BrdU Bromodeoxyuridine

EdU 5-ethynyl-2′-deoxyuridine

MASH1 Mammalian Achaete-Scute Homolog 1

OMP Olfactory marker protein
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Figure 1. ATP increases cell proliferation in OE primary cell culture via activation of P2
purinergic receptors
(A–G) ATP dose-dependently increases cell proliferation in OE primary cell culture. OE
primary cell cultures were incubated with saline vehicle or ATP (10, 50, 100, 200 or 500
μM) for 2 hours and then subjected to the EdU incorporation assay. (A–F) Representative
images of EdU incorporation (green) and DAPI nuclear staining (blue) for each treatment
are shown. Scale bar = 25 μm. (G) Quantification of EdU and DAPI co-localization from 3–
5 non-overlapping fields of view per replication. Each treatment had 3–5 replications. *
indicates significant differences from vehicle at p < 0.05 or 0.01. (H–I) OE primary cell
cultures were pre-treated with saline vehicle or P2 purinergic receptor antagonists, PPADS
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(25 μM) and suramin (100 μM) 30 minutes prior to incubation with saline vehicle or ATP
(100 μM) for 2 hours. (H) Representative immunoblots of PCNA and actin. (I)
Quantification of PCNA levels from three replications. The levels of PCNA are normalized
to actin and data are expressed as a ratio to saline vehicle. * indicates a significant difference
from vehicle at p<0.01. # indicates a significant difference from ATP at p < 0.05 (one-way
ANOVA followed by Newman-Keuls post hoc test).
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Figure 2. ATP activation of P2 purinergic receptors increases basal and apical cell proliferation
in mouse OE in vivo
Mice were intranasally instilled with saline vehicle (A–B) or P2 purinergic receptor
antagonist, PPADS (50 nmoles/kg) and suramin (200 nmoles/kg), (C–D) 30 min prior to
saline vehicle (A and C) or ATP (400 nmoles/kg, B and D) and tissue was collected 48
hours post-instillation of ATP. (A–D) Representative images of PCNA immunostaining.
Dotted white line depicts the apical (AL), neuron (NL) and basal layer (BL). Arrows
indicate PCNA+ cells in the apical layer. Scale bar = 5 μm. (E–F) Quantification of PCNA+
cells in the basal (E) and apical (F) layer of OE (n = 12 sections from 4 mice/group). *
indicates significant differences from vehicle at p < 0.05. # indicates significant differences
from ATP at p < 0.01 (two-way ANOVA followed by Newman-Keuls post hoc test).
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Figure 3. ATP differentially modulates p44/42 ERK over time in mouse OE both in vitro and in
vivo
(A–C) OE primary cell cultures were incubated with saline vehicle (0 min) or ATP (100
μM) for 5, 15, 30 min, 1, 2 and 3 hours. (A) Representative immunoblots for phospho-
p44/42 ERK, p44/42 ERK and actin. (B–C) Quantification of phospho-p42 ERK and
phospho-p44 ERK from 4 replications. The levels of phospho-p44/42 ERK were normalized
to actin and data are expressed as a ratio to 0 min. * indicates significant differences from 0
min at p<0.05. (D–F) Mice were intranasally instilled with saline vehicle (0 min) or ATP
(400 nmoles/kg) and OE tissue was collected at 5, 15, 30 min, 1, 6 and 24 hours post-
instillation. (D) Representative immunoblots for phospho-p44/42 ERK and p44/42 ERK.
(E–F) Quantification of phospho-p42 ERK and phospho-p44 ERK (n = 4 mice/group). The
levels of phospho-p44/42 ERK were normalized to p44/42 ERK and data are expressed as
ratios over 0 min. * indicates significant differences from 0 min at p<0.05 (one-way
ANOVA followed by Newman-Keuls post hoc test).
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Figure 4. ATP induces activation of p44/42 ERK in GBCs but not HBCs in vitro and in vivo
(A–D) OE primary cell cultures were incubated with (A) saline vehicle or (B–D) ATP (100
μM) for 30 min. Representative images of phospho-p44/42 ERK immunoreactivity (green)
alone (A–B) or co-localized with globose basal cell marker, MASH1 (red, C) or horizontal
basal cell marker, cytokeratin 5 (red, D) are shown. Nuclei were counterstained with DAPI
(blue). Arrows in A, B and D indicate cells with phospho-p44/42 ERK immunoreactivity
and arrows in C indicate co-localization of phospho-p44/42 ERK with MASH1. Arrowheads
in D indicate cytokeratin 5 immunoreactive cells. Scale bar = 25 μM. (E–H) Mice were
intranasally instilled with (E) saline vehicle or (F–H) ATP (400 nmoles/kg) and tissues were
collected 1 hour post-instillation of ATP. Representative images of phospho-p44/42 ERK
immunoreactivity (red) alone (E–F) or co-localized with globose basal cell marker, MASH1
(green, G) or horizontal basal cell marker, cytokeratin 5 (green, H) are shown. Nuclei were
counterstained with DAPI (blue). Dotted white line depicts the apical (AL), neuron (NL),
basal layer (BL) and lamina propria (LP). The inserted images in upper right corner show
the co-localization of phospho-p44/42 (green) with MASH1 (red, G) but not cytokeratin 5

Jia and Hegg Page 22

Mol Cell Neurosci. Author manuscript; available in PMC 2013 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(red, H) without DAPI staining. Arrows in E, F and H indicate immunoreactivity of p44/42
ERK in the basal layer of OE. Arrowhead in E indicates the positive staining of p44/42 ERK
located in OSN layer. Thick arrow in E indicates the positive staining of p44/42 in lamina
propria. Arrows in G indicate the co-localization of phospho-p44/42 ERK with MASH1.
Arrowheads in H indicate cytokeratin 5 immunoreactive cells. Scale bar = 10 μM. (I)
Quantification of co-localization of phospho-pERK with DAPI in vehicle- and ATP-treated
cells. (J) Quantification of co-localization of phospho-pERK with MASH1 or Cy5 in ATP-
treated cells. The co-localization was analyzed from 3–5 non-overlapping fields of view per
replication. Each treatment had 3 replications. * indicates significant differences at p < 0.01
(Student’s t test).
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Figure 5. The MEK inhibitor U0126 significantly blocks ATP-induced increases in basal cell
proliferation
The MEK inhibitor U0126 (400 nmoles/kg) was intranasally instilled 1 hour prior to ATP
treatment (400 nmoles/kg) and tissue was collected 48 hours post-instillation of ATP.
Quantification of PCNA+ cells in the basal layer of the OE were from 9 sections of 3 mice/
group. * indicates a significant difference from vehicle-vehicle at p < 0.01. # indicates a
significant difference from vehicle-ATP at p < 0.05 (two-way ANOVA followed by
Newman-Keuls post hoc test).
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Figure 6. NPY Y1 receptor antagonist BIBP3226 significantly blocks ATP-induced activation of
p44/42 ERK in mouse OE
Mice were intranasally instilled with ATP (400 nmoles/kg) followed by BIBP3226
instillation (20 nmoles/kg) 5 min later. Tissue was collected 1 hour post-instillation of ATP.
(A) Representative immunoblots for phospho-p44/42 ERK and p44/42 ERK. (B–C)
Quantification of phospho-p42 ERK and phospho-p44 ERK (n = 4 mice/group). The levels
of phospho-p44/42 ERK were normalized to p44/42 ERK and data are expressed as ratios to
vehicle-vehicle animals. * indicates significant differences from vehicle-vehicle at p < 0.05.
# indicates significant differences from ATP-vehicle at p < 0.05 (two-way ANOVA
followed by Newman-Keuls post hoc test).
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Figure 7. ATP does not interact synergistically with NPY or FGF2 to induce basal cell
proliferation in the OE
Mice were intranasally instilled with saline vehicle or ATP (400 nmoles/kg), NPY (4
nmoles/kg), FGF2 (12 pmoles/kg), or a cocktail of ATP and NPY or FGF2. BrdU was
injected (i.p., 216 mg/kg total) at 42, 44 and 46 hours and the tissue was collected 48 hours
post-instillation. (A–F) Representative images of BrdU immunoreactivity for each group.
Dotted white line depicts the apical (AL), neuron (NL) and basal layer (BL). Scale bar = 10
μm. (G) Quantification of BrdU+ cells in the basal layer of OE (n= 9–12 sections from 3–4
mice/group). * indicates significant differences from vehicle at p < 0.05. # indicates a
significant difference from NPY at p < 0.05 (two-way ANOVA followed by Newman-Keuls
post hoc test).
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Figure 8. NPY transiently activates p44/42 ERK at 5 min and FGF2 produces prolonged
activation of p44/42 ERK in the OE in vitro
OE primary cell cultures were incubated with saline vehicle (0 min), NPY (1 μM, A–C) or
FGF2 (3 μM, D–F) for 5, 30 min and 1 hour. (A and D) Representative immunoblots for
phospho-p44/42 ERK and actin. (B–C and E–F) Quantification of phospho-p44/42 ERK
was made from 4 replications. The levels of phospho-p44/42 ERK were normalized to actin.
Data are expressed as ratios over 0 min. * indicates significant differences from 0 min at
p<0.05.
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Figure 9. ATP-induced NPY release and subsequent NPY Y1 receptor-mediated p44/42 ERK
activation in GBCs underlies injury-induced neuroregeneration in the OE
Schematic diagram showing: (A) Extracellular or injury-released ATP transiently inhibits
p44/42 ERK via activation of purinergic receptors in the OE. We don’t know the cell types
in which ATP transiently inhibits p44/42 ERK. Our data suggest that activation of
purinergic receptors in GBCs by ATP produces transient inhibition of p44/42 ERK. (B)
Extracellular or injury-released ATP induces NPY release from sustentacular (SC) and
microvillous cells (MC) via activation of purinergic receptors. Released NPY activates
p44/42 ERK in GBCs via NPY Y1 receptors and subsequently promotes basal cell
proliferation. (C) Simultaneous application of ATP with polypeptide growth factors, such as
NPY or FGF2 does not synergistically increase basal cell proliferation since growth factor-
mediated activation of p44/42 ERK in GBCs is attenuated by purinergic receptor-mediated
inhibition of p44/42 ERK.
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