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Abstract
In the CNS, ATP is released upon injury and promotes neuroproliferation via purinergic receptors.
In the olfactory epithelium, ATP promotes the synthesis and release of neurotrophic factor NPY in
neonates and induces neuroproliferation in neonatal and adult mice. We tested the hypothesis that
NPY is involved in ATP-induced neuroproliferation in adult mice olfactory epithelium. Intranasal
instillation of ATP significantly increased protein levels and number of NPY+ cells. Pre-intranasal
instillation of purinergic receptor antagonist PPADS significantly reduced ATP-induced
upregulation of NPY. Intranasal instillation of NPY-Y1 receptor antagonist BIBP3226 following
ATP instillation significantly inhibited the ATP-induced increase in BrdU incorporation, suggesting
that NPY is released after ATP instillation and activates Y1 receptors to promote neuroproliferation.
These data indicate that ATP initiates neuroproliferation via NPY upregulation, NPY release, and
Y1 receptor activation, and suggests that the olfactory epithelium is good model to study
neuroregenerative mechanisms in the CNS.
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Introduction
The olfactory epithelium (OE) is a good model to study the mechanisms of neurotrophic factor-
regulated neuroregeneration as neurogenesis occurs during embryogenesis and continues
throughout life under both physiological conditions and following injury (Graziadei and Monti-
Graziadei, 1978). The level of neurogenesis is tightly regulated by a multitude of endogenous
positive and negative chemical signals. Chemical, infectious, or traumatic damage upsets the
balance of these chemical signals and increases neurogenesis. Although studies suggest that
mechanisms regulating embryonic neurogenesis and adult neuroregeneration in the OE may
be equivalent (Beites et al., 2005; Murdoch and Roskams, 2007; Schwob, 2002), it is not known
if similar regulatory signals mediate both postnatal neurogenesis and adult maintenance.
Knowledge of the endogenous factors that stimulate neurogenesis throughout development
will advance neuroproliferative replacement therapies aimed at endogenous stem cell
recruitment.
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One possible positive regulator of neurogenesis is ATP. ATP is released following injury, and
could stimulate localized proliferation and regeneration. Indeed, sustained pathologic release
of ATP has been observed in spinal cord injury (Wang et al., 2004). In the olfactory system,
we previously reported that ATP, via activation of P2 purinergic receptors, increases neuronal
precursor cell proliferation and differentiation in neonatal and adult mouse OE (Jia et al.,
2009). We found that ATP induces NPY release from neonatal mouse OE slices in vitro
(Kanekar et al., 2009), suggesting that NPY may be involved in ATP-induced neuronal
proliferation in neonatal mouse OE. NPY is a 36 amino acid peptide reported to induce neuronal
precursor proliferation in subventricular zone of the lateral ventricle (Stanic et al., 2008),
hippocampus (Ha et al., 2002; Howell et al., 2005) and retina (Milenkovic et al., 2004). In the
OE, NPY is expressed in sustentacular cells (Hansel et al., 2001; Kanekar et al., 2009), and a
subpopulation of microvillous cells, both of which have processes extending to the basement
membrane (Kanekar et al., 2009; Montani et al., 2006), and in the olfactory ensheathing cells
that reside in the lamina propria (Ubink et al., 1994). NPY Y1 receptors are expressed in the
basal cell layer where the basal progenitor cells are located (Hansel et al., 2001). NPY
stimulates proliferation of olfactory neuronal progenitor cells in vitro via Y1 receptor-activated
extracellular signal-regulated kinase signaling cascade (Doyle et al., 2008; Hansel et al.,
2001). A significant reduction in basal cell proliferation occurs in NPY deficient mice (Hansel
et al., 2001) and Y1 receptor knockout mice (Doyle et al., 2008). Collectively, these data
indicate that NPY is ideally situated to have a role in promoting basal neuronal progenitor cell
proliferation. In the present study, we tested the hypothesis that ATP regulates neurogenesis
via NPY in adult mouse OE and compared results across different developmental stages
(neonatal vs. adult). We found that ATP activation of P2 purinergic receptors significantly
increases NPY protein levels, upregulates NPY expression in the sustentacular and
microvillous cells, and induces basal progenitor cell proliferation via activation of NPY Y1
receptors. These data suggest that ATP acts synergistically with other neurotrophic factors,
such as NPY, to exert its neuroproliferative action in adult OE. Further, it implies that similar
mechanisms and regulatory signals mediate postnatal neurogenesis and adult maintenance.

Materials and Methods
Animals

Adult male Swiss Webster mice (6–8 weeks) were purchased from Charles River Laboratories
(Portage, MI). All mice were housed in a temperature-, humidity-, and light-controlled room
(12 hr light/dark cycle, lights on from 7:00 AM to 7:00 PM). 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.

Enzyme Immunoassay
Anesthetized mice (4% isoflurane) were intranasally instilled with 200 μmoles/kg pyridoxal-
phosphate-6-azophenyl-2′,4′-disulfonate (PPADS) or saline vehicle, followed by ATP (400
nmoles/kg) or saline vehicle 30 min later. 20 hours after ATP instillation, mice were
anesthetized (4% isoflurane) and decapitated. The OE tissues were rapidly dissected and stored
at −80 °C. On the day of enzyme immunoassay performance, the OE tissues were homogenized
by sonication in Tris buffer [10 mM Tris-HCl (pH 7.6) containing 100 mM NaCl, 1 mM EDTA,
2 M activated Na3VO4, 50 mM NaF, and a protease inhibitor cocktail (1:1000, Sigma-Aldrich,
St. Louis, MO)]. The concentration of protein in the homogenate was measured using a
bicinchoninic acid protein assay kit (Pierce, Rockford, IL). Levels of NPY in the homogenate
were assayed using an enzyme immunoassay kit (Phoenix Pharmaceuticals, Belmont, CA)
according to manufacturer’s instructions. All samples (n = 3–5 animals per group) were run in
duplicate, averaged, and reported as mean + SEM of NPY/μg protein.
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Immunohistochemistry
Anesthetized mice (4% isoflurane) were intranasally instilled with PPADS or saline vehicle
followed by ATP or saline vehicle 30 min later as described above. 20 hrs after ATP instillation,
mice were anesthetized (65mg/kg ketamine + 5mg/kg xylazine, ip), 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 hours (Apex
Engineering Products, Aurora, IL). After decalcification, the tissues were cryoprotected with
20% sucrose and embedded in Tissue Tek OCT (Sakura Finetek, Torrance, CA). Frozen
coronal sections of OE (20 μm) were collected from levels 2–6 of the mouse OE (Shipley,
2003). Tissue was always compared from equivalent levels between treatment groups (n = 3–
5 animals per group).

Immunoreactivity was detected using tyramide signaling amplification kits (Invitrogen/
Molecular Probes, Eugene, OR). Tissue sections were rehydrated with PBS, permeabilized
with 0.02% triton X-100 and blocked with 10% blocking reagent from tyramide signaling
amplification kits. The sections were incubated with rabbit anti-NPY antibody (1:50, Bachem,
Torrance, CA). For double-labeling immunofluorescence, the sections were processed as
described above for NPY immunoreactivity and then the sections were washed in PBS,
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-inositol triphosphate receptor III (IP3R3,
1:1000, Millipore/Chemicon, Billerica, MA) or rabbit anti-PLCβ2 antibody (1:50, Santa Cruz
Biotechnology, Santa Cruz, CA) and followed by TRITC-conjugated donkey anti-goat or anti-
rabbit immunoglobin (1:50 or 1:200, Jackson ImmunoResearch Laboratories).
Immunoreactivity was visualized on an Olympus FV1000 confocal laser scanning microscope
(Olympus America Inc., Center Valley, PA). Antibody specificity was examined by omitting
the primary antibody, secondary antibody or neutralization of primary antibody with a 10 fold
excess of NPY peptide (0.4 mg/ml). No immunoreactivity was observed in any of the controls.
In some instances, the brightness and contrast of the fluorescent images were altered post-hoc.
In all cases, the same changes were applied to all images collected on that given day, and it
was verified that immunoreactivity was not observed in the antibody specificity controls under
the new settings.

To quantify the NPY immunoreactivity (NPY-IR), the number of NPY+ cells per linear
millimeter of septum, ectoturbinate 1, ectoturbinate 2, endoturbinate II, ectoturbinate 3 and
endoturbinate III on three consecutive coronal sections of OE at level 4 in each animal were
counted by an investigator blinded to the treatments and then normalized to the length of OE
on which the NPY+ cells were scored. To assess NPY expression in rostral caudal axis of OE
through the nasal cavity, we chose one animal from saline-instilled and ATP-instilled groups.
The length of OE with NPY-IR was measured at three rostral caudal levels (level 3, 4 and 6)
and then normalized to total length of OE at the respective levels.

In Vivo Proliferation Assay
In one experiment, anesthetized mice were intranasally instilled with saline vehicle or NPY
(15μg/kg). At 42, 44 and 46 hrs after NPY instillation, mice received BrdU injections (ip, 180
mg/kg total). 48 hrs after NPY instillation, mice were perfused and the OE tissues were
processed for immunohistochemistry as described above. In the other experiment, anesthetized
mice were intranasally instilled with saline vehicle or ATP (400 nmoles/kg) followed by saline
vehicle or NPY Y1 receptor antagonist N2-(diphenylacetyl)-N-[(4-hydroxyphenyl)methyl]-D-
arginine amide (BIBP3226; 1.6 or 16 nmoles/kg) instillation at 5 min, 8, 20 and 32 hours later.
At 42, 44 and 46 hrs after ATP instillation, mice received BrdU injections (ip, 60 mg/kg). This
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triple injection of BrdU (180 mg/kg total) gives comparable results as previously reported with
lower doses (Hansel et al., 2001; Leung et al., 2007). The use of BrdU as a marker for cell
proliferation was validated previously for our model system using proliferating cell nuclear
antigen (PCNA) (Jia et al., 2009). 48 hrs after ATP instillation, mice were perfused and the
OE tissues were processed for immunohistochemistry as described above. Tissue sections were
rehydrated with PBS, permeabilized with 0.3% triton X-100 and blocked with 10% normal
donkey serum (Jackson ImmunoResearch Laboratories, West Grove, PA). The sections were
incubated in 2M HCl for 30 min at 65°C to denature DNA and then incubated with rat
monoclonal anti-BrdU antibody (1:100 Abcam, Cambridge, MA) in 10% normal donkey serum
(Jackson ImmunoResearch Laboratories) at 4°C overnight. Immunoreactivity was detected
using FITC-conjugated donkey anti-rat immunoglobin (1:200, Jackson ImmunoResearch
Laboratories). 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 blindly and
then normalized to the length of OE on which the BrdU+ cells were scored.

Statistical Analysis
The two-way analysis of variance (ANOVA) followed by the Bonferroni post-hoc test was
performed using Prism 5 (GraphPad Software, San Diego, CA).

Results
ATP increases NPY protein levels via activation of P2 purinergic receptors in adult mouse
OE

Our previous studies showed that extracellular ATP significantly induced the release but not
the synthesis of NPY in OE slices of neonatal mouse in vitro (Kanekar et al., 2009). In the
present in vivo study, we tested whether extracellular ATP has a role in NPY synthesis in adult
mouse OE using both enzyme immunoassays and immunohistochemistry. We measured NPY
protein levels by enzyme immunoassays in the presence and absence of ATP and P2 purinergic
receptor antagonist PPADS. Mice were intranasally instilled with P2 purinergic receptor
antagonist PPADS (200 μmoles/kg) or saline vehicle 30 min prior to instillation of ATP (400
μmoles/kg) or saline vehicle. In the vehicle pre-treatment groups, intranasal instillation of ATP
significantly increased the NPY levels 20 hrs post-instillation compared to vehicle control
(Figure 1; 7.1 ± 0.9 v. 3.3 ± 0.2 pg NPY/μg protein, n = 5, 4 mice, respectively; p<0.05). Pre-
treatment with P2 antagonist PPADS followed by saline vehicle instillation had no effect on
NPY protein levels compared to the saline vehicle control, (Figure 1; 4.6 ± 1.2 v. 3.3 ± 0.2 pg
NPY/μg protein, n = 4 mice in both groups; p >0.05). However, PPADS significantly abolished
the ATP-induced increase in NPY back to control levels (Figure 1; 3.4 ± 0.3 pg NPY/μg protein,
n = 3 mice; p<0.05). These data indicate that ATP activation of P2 purinergic receptors
upregulates NPY expression in adult mouse OE.

Since there are reported regional differences in relative differentiation and cell survival in the
adult OE (Vedin et al., 2009) and ATP promotes neuroproliferation throughout the whole adult
OE without zonal differences (Jia et al., 2009), we also investigated whether there are zonal
differences in ATP-induced NPY expression via immunohistochemistry. We examined NPY
expression in seven areas of OE covering zone 1 to zone 4: septum, ectoturbinate 1, 2, and 3,
endoturbinate II, and III, and olfactory bulb (Figure 2A). There were very few cells (5–10 cells/
mm OE) with endogenous NPY-immunoreactivity (NPY-IR) in saline vehicle-treated animals
(Figure 2B, Table 1). Intranasal instillation of ATP significantly increased the number of NPY-
IR cells at all locations examined (Table 1; 42–61 cells/mm OE, p < 0.05). Compared to saline
vehicle -instilled animals, ATP increased NPY expression in septum (Figure 2C, D),
ectoturbinate 1 (Figure 2E), ectoturbinate 2 (Figure 2F, G), endoturbinate II (Figure 2B, J–L),
ectoturbinate 3 (Figure 2H), and endoturbinate III (Figure 2I). PPADS pretreatment alone did
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not alter the number of NPY-IR cells but significantly blocked the ATP-induced increase in
the number of NPY-IR cells back to control levels in all locations examined (Table 1, p < 0.05).
Preadsorption of the antibody with NPY resulted in no immunoreactivity, confirming antibody
specificity (Figure 2B″).

In order to assess whether there were differences in ATP-induced NPY expression in the rostral-
caudal axis of OE through the nasal cavity, we measured the length of OE containing NPY-IR
at three distinct rostral-caudal levels (levels 3, 4 and 6) in one animal from each group. In saline
vehicle-instilled animals, 3.5 % of OE in level 3, 7.3% of OE in level 4 and 5.0% of OE in
level 6 contained NPY-IR (Figure 3A–C). In ATP-instilled animals, the percentage of OE
containing NPY-IR was increased to 27.3% at level 3, 64.1% at level 4 and 32.2% at level 6
of the OE (Figure 3D–F). These data indicate that ATP induces NPY expression through the
whole rostral caudal axis of OE in adult mouse OE. However, ATP-induced NPY-IR was more
robustly increased (approximately 7.8 times) in level 4 of the OE.

Interestingly, in level 6 we observed that vehicle-ATP instillation reduces NPY-IR in the outer
nerve layer and glomerular layer of the olfactory bulbs (Figure 3F, 4A) compared to the vehicle/
vehicle-instilled group (Figure 3C, 4B–D) and both groups treated with PPADS (Figure 3I, L).
Previous studies show that NPY is expressed in the ensheathing cells in the nerve bundles in
the lamina propria and in the bulb (Ubink et al., 1994). In the olfactory bulb (level 6), the NPY-
IR was not co-localized with olfactory marker protein (OMP), which is a specific marker of
olfactory sensory neurons (Figure 4B), suggesting that NPY is not released from axon
terminals. The NPY+ cells were co-localized with olfactory ensheathing cell marker p75 in the
outer nerve layer (Figure 4C) and with olfactory ensheathing cell marker S100β in the
glomerular layer (Figure 4D), suggesting that the NPY+ cells in the olfactory bulb regions are
olfactory ensheathing cells.

ATP induces NPY expression in non-neuronal sustentacular and microvillous cells
NPY is expressed in sustentacular and microvillar cells in neonatal and adult mouse OE (Hansel
et al., 2001; Kanekar et al., 2009; Montani et al., 2006). In this study, we observed that ATP
induced NPY expression in cell somas located prominently in the apical layer of OE. The cells
were morphologically similar to both sustentacular cells, with cell somas in the upper third of
OE and a thin cytoplasmic extension and endfoot process that terminates at the basement
membrane, and microvillous cells, with flask-shaped cell somas, a short thick apical dendrite,
and a long process. To confirm the cell types in which ATP-induced expression of NPY occurs,
we performed double-labeling of NPY with sustentacular cell markers, calnexin (Czesnik et
al., 2006) and notch 2 (Carson et al., 2006), microvillous cell markers, phospholipase C β2
(PLCβ2) and inositol triphosphate receptor III (IP3R3) (Elsaesser et al., 2005) or the OSN
marker, OMP. ATP-induced NPY expression was not observed in OMP+ olfactory sensory
neurons (Figure 5A–C). However, NPY did co-localize with notch 2+ (Figure 5D–F) and
calnexin+ (Figure 5G–I) sustentacular cells, and IP3R3

+ (Figure 5J–L) and PLC β2
+ (Figure

5M-O) microvillar cells. These data indicate that ATP induces NPY expression in the non-
neuronal sustentacular and microvillous cells in adult mouse OE.

Y1 receptors mediate ATP-induced basal progenitor cell proliferation in adult mouse OE
The premise of our hypothesis that NPY is involved in ATP-induced neuroproliferation
requires that ATP induces the release of NPY with subsequent activation of Y1 receptors to
promote basal cell proliferation. We previously demonstrated that ATP induces the release of
NPY in neonatal OE slices (Kanekar et al., 2009), however, it is hard to make viable OE slices
from adults as the bones supporting the OE are calcified. Therefore, we indirectly examined
NPY release by measuring ATP-induced proliferation in the presence and absence of Y1
receptor antagonist BIBP3226. If ATP induces the release of NPY with subsequent activation
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of Y1 receptors on the basal progenitor cells and promotion of proliferation, then incubation
of the Y1 antagonist BIBP3226 will significantly reduce ATP-stimulated proliferation in the
OE. Mice were intranasally instilled with ATP or saline vehicle followed by instillation of
saline vehicle or NPY Y1 receptor antagonist BIBP3226 (1.6 or 16 nmoles/kg) at 5 min, 8, 20,
and 32 hours. In vehicle-treated animals, ATP instillation significantly increased BrdU-labeled
proliferating cells by 41% above the vehicle control from 29.5 ± 1.9 to 41.6 ± 1.5 BrdU+ cells/
mm OE (Figure 6A–D, M; p<0.01, n=3). Intranasal treatment with 1.6 or 16 nmoles/kg
BIBP3226 alone did not significantly alter the number of BrdU-labeled cells compared to the
vehicle-treated groups, (Figure 6E, G, I, K, M; 23.0 ± 2.5 and 23.6 ± 1.9, respectively; p>0.05).
ATP instillation significantly increased BrdU-immunoreactive cells by 54% above the vehicle
control in the 1.6 nmoles/kg BIBP3226-treated group (Figure 6F, H, M; 35.3 ± 2.4, p<0.01,
n=3). However, 16 nmoles/kg BIBP3226 treatment completely blocked the ATP-induced
increase in BrdU-labeled cells back to control levels (Figure 6J, L, M; 25.7 ± 0.9, p<0.001,
n=3). These data indicate that ATP evokes NPY release and NPY promotes neuroregeneration
via activation of Y1 receptors in adult mouse OE.

Discussion
We investigated whether NPY mediates ATP-induced neuroproliferation in adult mouse OE
in vivo. NPY Y1 receptor antagonist BIBP3226 significantly blocked ATP-induced increases
in BrdU-incorporation in basal cells in adult mouse OE. Moreover, the proliferation rates in
antagonist-instilled animals, in the absence of exogenous ATP, were lower but not significantly
lower compared to the vehicle-instilled animals. This result suggests that NPY may have a role
in normal maintenance of neurons in the OE, but that other factors may also contribute. In
support of this observation, chronic NPY deficiency (Hansel et al., 2001) or blockade of NPY
effects by knockout of Y1 receptors (Doyle et al., 2008) produces a significant reduction in
olfactory neuronal precursor proliferation. Taken together, these data imply that NPY and Y1
receptors have a role in normal OE maintenance in the adult. In neonates, ATP induces
proliferation via purinergic receptor activation (Jia et al., 2009), and induces the release of
NPY, suggesting that similar mechanisms and chemical signals mediate both post-natal and
adult neurogenesis under normal conditions.

The present study provides a potential mechanism for the initiation of neuroregeneration
following injury, whereby injured cells release ATP. This initiates a purinergic receptor
mediated signaling cascade that evokes the release of NPY, and NPY Y1 receptors are
activated, resulting in proliferation of neural precursor cells (Figure 7). In support of this
mechanism, ATP upregulates NPY expression in the adult mouse OE. The protein levels of
NPY and NPY+ cells in the OE were significantly increased 20 hrs after ATP instillation. ATP-
induced NPY expression was observed in non-neuronal sustentacular and microvillous cells
but not olfactory sensory neurons which corroborates the localization reported in previous
studies (Hansel et al., 2001;Kanekar et al., 2009;Montani et al., 2006). This provides evidence
that sustentacular cells and microvillous cells may have a role in the regulation of neuronal
regeneration by stimulus-induced release of NPY. Due to the phenomenon of zonal expression
of antigenically distinct progenitor cells in the OE (Murdoch and Roskams, 2008), we
examined the ATP-induced NPY expression in the septum and turbinates through rostracaudal
axis of OE which cover zone 1 to zone 4 (Ressler et al., 1993;Vassar et al., 1993). We found
that ATP-induced NPY expression was observed in the septum and all turbinates through zone
1 to zone 4, with little difference in distribution across zones. These data suggest that if the
upregulation of NPY is involved in ATP-induced neuroproliferation, there should no zonal or
regional difference in ATP-induced proliferation in the OE. Indeed, our previous study (Jia et
al., 2009) found no significant difference in ATP-induced increases in BrdU-incorporation in
basal cells in septum vs. turbinates, suggesting that ATP does not preferentially induce
proliferation in specific locations within the OE, but rather induces proliferation throughout
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the entire epithelium. Taken together, these data suggest that ATP and NPY may have a
universal, broad effect in the OE and the upregulation of NPY may mediate ATP-induced
neuroregeneration in the OE.

Additionally, we have also observed ATP-induced calcium increases in sustentacular cells
(Hegg et al., 2003; Hegg et al., 2009) and microvillar cells (Hegg, unpublished data). Thus, in
the cell types in which NPY upregulation was observed, ATP induces intracellular calcium
increases which may evoke calcium-dependent exocytosis of NPY. There is direct evidence
that ATP induces the release of NPY from neonatal OE slices (Kanekar et al., 2009), and here,
we provide indirect evidence of ATP-induced NPY release in the adult in vivo. The Y1 receptor
antagonist BIBP3226 significantly inhibited ATP-induced increases in BrdU incorporation,
indicating that ATP evokes NPY release and NPY activation of Y1 receptors stimulates
neuroproliferation in adult mouse OE.

Previous studies show that NPY is expressed in the ensheathing cells in the nerve bundles
below the OE and in the bulb (Ubink et al., 1994). In the present study, we observed that NPY
is expressed in two subsets of olfactory ensheathing cells located in the outer nerve layer and
glomerular layer in the mature mouse. Intranasal instillation of ATP reduces or removes the
NPY-IR in the olfactory ensheathing cells. During embryonic development of the olfactory
system, NPY is expressed in the ensheathing cells before both the maturation of olfactory
sensory neurons and the formation of glomerular layers in the olfactory bulb, suggesting that
NPY might be involved in the guidance and growth of olfactory sensory axons toward their
target glomeruli in the bulb (Ubink et al., 1994; Ubink and Hokfelt, 2000). It is tempting to
speculate that ATP-induced NPY release from olfactory ensheathing cells may also play a role
in axon guidance of newly formed neurons. However, we observed a decrease in NPY
expression 48 hrs post-ATP treatment. If ATP were a signal of cellular damage, and if NPY
had a role in axon guidance, then NPY release would be expected to occur when immature
neurons begin to extend axons towards the bulb. However, at 2 days post-ATP treatment, when
NPY depletion is observed, the ATP-induced proliferating cells express MASH1, a marker for
neuronal progenitor cells, but not GAP43, a marker for immature neurons (Jia et al., 2009),
suggesting that NPY depletion does not correlate to an axon guidance function. Another
speculation could be that ATP-induced NPY release provides trophic support to the neurons
following injury. Further experimentation will be necessary to determine the physiological role
of ATP-induced NPY release from the olfactory ensheathing cells.

Collectively, these data suggest that neuroproliferation induced via purinergic receptor and
NPY Y1 receptor activation may occur in both postnatal neuronal expansion and adult
maintenance of neurons in the OE, as well as in response to cell injury. These data clearly have
implications for the pharmacological modulation of neural progenitor cell proliferation in the
olfactory epithelium. Currently there are few neuroprotective or restorative treatments
available. To be successful, neural replacement therapies may need to include multiple factors
jointly administered to promote regeneration. Antagonists and agents that modify the effect of
NPY and purinergics and their receptors are readily available and could therapeutically
modulate neuron proliferation and differentiation.
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Figure 1. ATP upregulates NPY expression in adult mouse OE via P2 purinergic receptor activation
Mice were instilled with vehicle or P2 purinergic receptor antagonist PPADS (200 μmoles/kg)
prior to intranasal instillation of vehicle or ATP (400 nmoles/kg). 20 hrs later, OE tissue was
collected and assayed for NPY levels by enzyme immunoassay. n = 5, 4, 4, 3 animals each
treatment.*, p<0.05 v. vehicle/saline group. #, p<0.05 v. vehicle/ATP group (two-way
ANOVA followed by Bonferroni post-hoc test).
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Figure 2. ATP upregulates NPY expression in septum and turbinates of adult mouse OE
(A) Schematic image of the regions examined. Left: The endoturbinates II, III, and
ectoturbinates 1–3 are numbered. Right: Lettered regions correspond to the images shown in
B–L. (B, B′, B″) Representative NPY-immunoreactivity (NPY-IR) from a saline-instilled
mouse (B), an ATP-instilled mouse (B′) and a peptide neutralization control (B″). (C–L)
Representative images of ATP-induced NPY-IR from the lettered regions designated in A.
Dashed white lines indicate basement membrane. Scale bars = 5μm.
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Figure 3. ATP activation of P2 purinergic receptors induces NPY expression in the OE through
the whole nasal cavity
(A–L) NPY-IR expression patterns are overlaid as white lines on representative cryostat
sections at levels 3, 4 and 6 of the OE. Very little endogenous NPY-IR is observed in the
vehicle/saline group (A–C). ATP induces NPY-IR expression in the vehicle/ATP group (D–
F). NPY-IR expression patterns in PPADS/saline group is not different from vehicle/saline
group (G–I) however, PPADS pre-treatment blocks ATP-induced increases in NPY expression
(J–L).
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Figure 4. NPY expression in ensheathing cells in the olfactory bulb is inhibited by intranasal
instillation of ATP
Z-stack images of NPY-IR in the olfactory nerve layer and bulbs. (A) Intranasal instillation of
ATP inhibits the NPY-IR in the olfactory ensheathing cells. Inset: representative cryostat
section depicting the region from which images A–D were taken. Scale bars = 20μm. Dashed
line distinguishes the outer nerve layer (ONL) from the glomeruli (G). (B) NPY-IR (green)
was not co-localized with olfactory sensory neuron marker olfactory marker protein (OMP)-
IR (red). Thin arrows, single localization of NPY. (C) The NPY-IR (green) between glomeruli
was co-localized with p75 (red). Thick arrows, co-localization of NPY. (D) NPY-IR in the
outer nerve layer was co-localized with s100-β (red).
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Figure 5. ATP induces NPY expression in sustentacular and microvillar cells but not olfactory
sensory neurons
NPY-IR (green) was not co-localized with olfactory sensory neuron marker olfactory marker
protein (OMP)-IR (red) (A, B and C), but was co-localized with sustentacular cell markers
notch2-IR (red; D, E and F) and calnexin-IR (red; G, H and I), and with microvillar cell marker
phospholipase C β2 (PLCβ2) -IR (red; J, K and L) and inositol triphosphate receptor III
(IP3R3)-IR (red; M, N and O). Dashed lines indicate basement membrane.
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Figure 6. NPY Y1 receptor antagonist BIBP3226 significantly blocks ATP-induced
neuroproliferation in adult mouse OE
Mice were intranasal instilled with saline vehicle (A, C, E, G, I, K) or ATP (400 nmoles/kg;
B, D, F, H, J, L) followed by saline vehicle (A–D) or BIBP3226 (1.6 or 16 nmoles/kg; E–H,
and I–L, respectively) 5 min, 8, 20 and 32 hours later and tissue was collected at 48 hours post-
ATP instillation. Right two columns are representative higher magnification images. Dashed
lines indicate basement membrane; Δ, basal cell layer where BrdU incorporation can be seen;
Scale bar = 20μm, A, B, E, F, I, J or 10 μm, C, D, G, H, K, L. (M) Data represents mean
BrdU+ cells/mm OE ± SEM. *, p<0.01 v. respective saline vehicle group; #, p<0.001 v. vehicle/
ATP group.
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Figure 7. NPY and NPY Y1 receptor-activation mediates ATP-induced neuroproliferation in adult
mouse olfactory epithelium
(1) Exogenous ATP or injury-released ATP activates P2 purinergic receptors on the
sustentacular and microvillar cells. (2) P2 receptor activation leads to increased expression of
NPY and (3) subsequent NPY release. (4) Released NPY binds with NPY Y1 receptors on the
basal progenitor cells, and (5) promotes neuroproliferation in the olfactory epithelium.
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Table 1

NPY-IR cells in the olfactory epithelium (Mean ± SEM / mm OE)

Vehicle-Saline Vehicle-ATP PPADS-Saline PPADS-ATP

Septum 8.3 ± 1.6 49.1 ± 7.7*** 9.7 ± 2.0 11.5 ± 5.1##

Ectoturbinate 1 4.8 ± 1.8 50.5 ± 6. 7*** 5.2 ± 1.3 9.9 ± 2.9##

Ectoturbinate 2 10.2 ± 4.0 61.4 ± 5.1*** 5.1 ± 2.2 7.1 ± 2.4###

Endoturbinate II 9.2 ± 0.8 57.9 ± 6.3*** 7.0 ± 2.0 9.6 ± 1.0###

Ectoturbinate 3 9.2 ± 2.7 59.3 ± 15.5* 5.4 ± 0.3 9.4 ± 3.1#

Endoturbinate III 6.5 ± 0.5 42.1 ± 7.8** 5.2 ± 1.6 6.3 ± 1.1#

***
p < 0.001;

**
p < 0.01;

*
p < 0.05; Vehicle-Vehicle vs. Vehicle-ATP.

###
p < 0.001;

##
p < 0.01;

#
p < 0.05; Vehicle-ATP vs. PPAD-ATP.
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