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Abstract

Losing the sense of smell due to aging compromises health and quality of life. In the mouse 

olfactory epithelium (OE) aging reduces the capacity for tissue homeostasis and regeneration. The 

microvillous cell subtype that expresses both inositol trisphosphate receptor type 3 (IP3R3) and 

the neuroproliferative factor neuropeptide Y (NPY) is critical for regulation of homeostasis, yet its 

role in aging is undefined. We hypothesized that an age-related decline in IP3R3 expression and 

NPY signaling underlie age-related homeostatic changes and olfactory dysfunction. We found a 

decrease in IP3R3+ and NPY+ microvillous cell numbers and NPY protein, and a reduced 

sensitivity to NPY-mediated proliferation over 24 months. However, in IP3R3-deficient mice, 

there was no further age-related reduction in cell numbers, proliferation, or olfactory function 

compared to wild-type. The proliferative response was impaired in aged IP3R3-deficient mice 

when injury was caused by satratoxin-G, which induces IP3R3-mediated NPY release, but not by 

bulbectomy, which does not evoke NPY release. These data identify IP3R3 and NPY signaling as 

targets for improving recovery following olfactotoxicant exposure.
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1. Introduction

Losing the sense of smell, whether due to aging or injury, compromises human health and 

quality of life. More than half of the US population over 65 years exhibits diminished 

olfactory function, for which no treatments are available. Yet the peripheral olfactory system 

has a remarkable capacity for neurogenesis, which persists throughout life and which 

increases significantly following injury. The etiology of age-related decreases in sense of 
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smell has not been elucidated. Several processes may be involved, including cellular 

senescence (loss of capacity to divide or proliferate) and altered tissue homeostasis 

(imbalances between cell proliferation, differentiation and death). Alterations in either 

process can compromise tissue regeneration leading to a decline in olfaction.

In the mature olfactory epithelium (OE), neurogenesis occurs to a small extent to replace a 

few olfactory neurons that are dying. Multipotent olfactory stem cells, i.e., horizontal and 

globose basal cells, reside in the basal layers and proliferate and differentiate sequentially 

into transit amplifying progenitors, immediate neuronal precursor cells, immature neurons 

and finally mature neurons, moving apically towards the neuronal layer during this process 

(Caggiano et al., 1994, Calof and Chikaraishi, 1989, Graziadei and Monti-Graziadei, 1978, 

Leung et al., 2007, Schwartz Levey et al., 1991, Schwob et al., 1994). Cell proliferation and 

neuronal differentiation in the OE is tightly regulated by multiple signals produced by the 

stem cell niche, a complex environment that remains to be fully defined (Mackay-Sim and 

Chuah, 2000). Work from our lab and others localized the neurotrophic factor neuropeptide 

Y (NPY) predominantly in the subpopulation of microvillous cells that express the IP3R3 

receptor (Hegg et al., 2010, Montani et al., 2006) and that have processes extending into the 

basal cell layer where olfactory stem cells are localized. NPY stimulates basal cell 

proliferation via a NPY Y1 receptor-activated extracellular signal-regulated kinase signaling 

cascade (Doyle et al., 2008, Hansel et al., 2001, Jia and Hegg, 2012). A significant reduction 

in basal cell proliferation occurs in NPY-deficient mice (Hansel et al., 2001) and Y1 

receptor-deficient mice (Doyle et al., 2008). Collectively, these data indicate that IP3R3+ 

cells are ideally situated to have a role in promoting olfactory stem cell proliferation by 

stimulus-induced release of NPY(Jia et al., 2013). In addition, the IP3R3 deficient mouse 

has significantly reduced olfactory stem cell proliferation in response to injury (Jia et al., 

2013). These data indicate that tissue homeostasis and regeneration is dependent, in part, on 

a microvillous cell that provides an important component of the niche for the resident stem 

cells: through an IP3R3-mediated mechanism, microvillous cells secrete NPY needed for 

continual maintenance of the neuronal population (Jia et al., 2013).

Many studies have demonstrated homeostatic changes in the aging OE. There are specific 

regional decreases in (1) olfactory stem cell proliferation, as measured by BrdU 

incorporation, (2) numbers of neurons and sustentacular cells, and (3) rate of cell death 

(Kondo et al., 2010, Loo et al., 1996, Weiler and Farbman, 1997, 1998). The number of 

neurons expressing NPY in the olfactory bulb decreases with age (Won et al., 2000); 

however, NPY and NPY receptor expression have not been investigated in the aging OE. 

We hypothesize that an age-related decline in IP3R3 and NPY signaling may be an 

underlying cause of age-related homeostatic changes and olfactory dysfunction. To test this 

hypothesis, we assessed the change in cell populations, proliferative ability, olfactory-

mediated behaviors and response to injury in IP3R3+/− and IP3R3−/− mice aged 2–24 

months.
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2. Materials and methods

2.1 Animals and ethic statement

Mice were bred and maintained in the animal facility in the Life Science building at 

Michigan State University. All efforts were made to minimize the number of animals used 

and their suffering. All procedures were conducted in accordance with the National 

Institutes of Health Guide for the Care and Use of Laboratory Animals as approved by 

Michigan State University Institutional Animal Care and Use Committee. The IP3R3-

tauGFP mouse, in which the first exon of the Itpr3 gene is replaced by the coding region for 

a fusion protein of tau and green fluorescent protein, was generously provided by Dr. Diego 

Restrepo (University of Colorado at Denver, Aurora, CO). As the Itpr3 gene undergoes 

biallelic expression, cells in the IP3R3+ tauGFP−/IP3R3− tauGFP+ mice (denoted IP3R3+/−) 

will express both IP3R3 and GFP, allowing GFP to be used as a marker for IP3R3+ cells 

(Hegg et al., 2010). Cross-breeding the IP3R3+/− mouse generates the IP3R3− tauGFP+/

IP3R3− tauGFP+ mice (denoted IP3R3−/−) that expresses GFP, but not IP3R3. We 

previously demonstrated that there is neither IP3R3 mRNA, IP3R3 protein (Jia et al., 2013), 

nor IP3R3 immunoreactivity (Hegg et al., 2010) in the olfactory epithelium of IP3R3−/− 

mice, supporting a deficiency in IP3R3. Male and female IP3R3+/− and IP3R3−/− mice were 

used at 2, 6, 12 and 22–26 (denoted as 24) months. Mice were genotyped by PCR analysis 

of tail DNA using standard methods (Jia et al., 2013). As there are no significant differences 

in OE tissue homeostasis and response to injury (Jia et al., 2013) nor olfactory function (data 

not shown) between 2 month old C57BL/6 and IP3R3+/− mice, we used IP3R3+/−mice as the 

control.

2.2 In vivo drug administration and bulbectomy procedure

Anesthetized (4% isoflurane) male and female IP3R3+/− and IP3R3+/− mice (n = 3–6 mice/

group) intranasally aspirated NPY (4, 20, 100 nmol/kg), ATP (400 nmol/kg), satratoxin G 

(100 µg/kg) or an equivalent volume of saline. Unilateral olfactory bulb ablation was 

performed on male and female IP3R3+/− mice (n = 3–4 mice/group) as described previously 

(Jia et al., 2010). In order to detect proliferation, mice received two bromodeoxyuridine 

(BrdU) injections (i.p., total 144 mg/kg) at 6 and 3 hours prior to tissue collection. Tissue 

was collected 2 days following NPY administration and 6 days following satratoxin G 

administration or bulb ablation surgery as previously described (Jia et al., 2009).

2.3 Immunohistochemistry

Frozen coronal OE tissue sections (20 µm) were rehydrated with PBS, permeabilized with 

0.01–0.3% triton x-100 and blocked with 5% BSA or 10% normal donkey serum. Tissue 

sections were incubated with goat anti-olfactory marker protein (OMP; 1:1000, Wako 

Chemicals, Richmond, VA), rabbit anti-cytokeratin 5 (CK5; 1:100, Abcam, Cambridge, 

MA), mouse anti-mammalian achaete-scute complex homolog-1 (MASH1; 1:30, BD 

Pharmingen, San Diego, CA), rabbit anti-NPY (1:50–1:150, T-4069; Bachem, Torrance, 

CA) or rat anti-BrdU antibody (1:100, Abcam, Cambridge, MA) overnight at 4 °C . 

Immunoreactivity was detected by TRITC- or Cy3-conjugated donkey anti-goat, -mouse or -

rabbit immunoglobin (1:50 or 1:200, Jackson ImmunoResearch Lab, West Grove, PA). The 

nuclei were counterstained with Vectashield mounting medium for fluorescence with DAPI 
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(Vector Laboratory, Burlingame, CA). For detection of CK5 and MASH1, antigen retrieval 

was performed before permeabilization by placing sections in a citrate buffer (pH=6) or HCl 

(2 M) and heated in a microwave oven (700 W) at low power for 2 × 6 min and cooled for 

20 min. Following this procedure, DAPI nuclear staining did not work very well, but we 

could delineate the basement membrane on which the horizontal basal cells reside. For 

detection of BrdU, tissue sections were incubated in 2 M HCl for 30 min at 65 °C to 

denature DNA before blocking as described above. NPY immunoreactivity was amplified 

using a tyramide signal amplification kit (Molecular Probes, Eugene, OR) according to the 

manufacturer's instructions. Immunoreactivity was visualized on an Olympus FV1000 

confocal laser scanning microscope (Pleasant Valley, PA). Antibody specificity was 

examined by omitting the primary antibody or secondary antibody. No immunoreactivity 

was observed in any of the controls.

The number of GFP+, CK5+, MASH1+, BrdU+, NPY+ or CK5+/BrdU+ in the ectoturbinate 2 

and endoturbinate II on three consecutive coronal sections of OE were counted by an 

experimenter blinded to the treatments and genotypes (n = 3–6 mice/group). The 

ectoturbinate 2 and endoturbinate II are entirely comprised of olfactory epithelium and the 

linear length of these turbinates was determined by tracing the basement membrane using 

MetaMorph software (Molecular Devices, Sunnyvale, CA). Data was normalized to the 

length of OE on which the immunopositive cells were scored and expressed as number per 

linear millimeter OE. To further examine the GFP+ cell localization in the OE, a 200 µm OE 

section from a 2 month old IP3R3+/−mice was scanned using an Olympus FV-1000 2-

Photon confocal microscope (Pleasant Valley, PA; 488 nm ex, 510 nm em, 1.05 NA 25× 

water objective with 1 µm step).

The percent volume density of OMP+ cells was measured by STEPanizer software 

(www.stepanizer.com (Tschanz et al., 2011). Briefly, a small 130×130 µm 144-point overlay 

was randomly placed (total area analyzed = 16900 µm2/location) in 6 locations of 

ectoturbinate 2 and 4 locations of endoturbinate II in three consecutive coronal OE sections 

per animal. The volume density of OMP+ cells was determined by manual point counting 

and expressed as the percentage of the ratio of the number of test points hitting OMP+ cells, 

divided by the total number of points hitting the OE.

2.4 ELISA and quantitative RT-PCR of NPY

Anesthetized (65 mg/kg ketamine + 5 mg/kg xylazine, ip) IP3R3+/− mice of both sexes (n = 

4 mice/group) were decapitated, the heads were cut sagittally along the midline, and the OE 

from each side was dissected and stored separately at −80 °C . One side of the OE was used 

to measure NPY protein levels by ELISA and the other side was used to measure mRNA of 

NPY by quantitative RT-PCR. For NPY protein analysis, OE tissues were processed 

following the protocol described previously (Jia et al., 2009) and the levels of NPY protein 

were measured using a NPY ELISA kit (Peninsula Laboratories, San Carlos, CA) following 

manufacturer’s protocols. Data is reported as pg NPY/µg OE protein as measured using a 

BCA protein assay kit (Pierce Biotechnology, Rockford, IL). For NPY mRNA analysis, the 

total RNA was extracted from OE homogenates (TRIzol reagent, Invitrogen, Carlsbad, CA) 

and used at final concentration of 100 ng/µl. The reverse transcription was performed with 2 
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µg of total RNA using High Capacity cDNA Reverse Transcription kit (Applied Biosystem, 

Foster City, CA) following manufacturer’s protocols and GeneAmp PCR System 9700 

(Applied Biosystem, Foster City, CA). Reaction products (250 ng/µl) were used for 

quantitative real time-PCR by 7500 real-time PCR system (Applied Biosystem, Foster City, 

CA). The NPY and internal control gene mouse GAPDH were amplified by Taqman Gene 

Expression Master Mix and Taqman primers (GAPDH, Mm99999915_g1, NPY, 

Mm03048253_m1, Applied Biosystem, Foster City, CA) following manufacturer’s 

protocols. Expression of NPY and GAPDH mRNA were determined in triplicates. NPY 

mRNA relative expression was presented by the Δ cycle threshold (ΔCT) as CT of NPY-CT 

of GAPDH.

2.5 Olfactory behavior tests: buried food test and habituation/dishabituation test

For the buried food test, a trial was administered every other day for 7 days (4 trials total). 

Mice of both sexes (n = 12–16 mice/group) were fasted 16–18 h prior to each trial day. For 

trials 1–3, a mouse was first acclimated in a cage filled only with fresh wood chip bedding 

for 5 minutes, transferred to a second cage for 5 minutes and then to a third cage that 

contained a piece of sugary cereal that was buried beneath the bedding in a randomly 

selected location. On the 4th trial, the sugary cereal was placed on the surface of bedding. 

The latency to uncovering and eating the buried food was measured. Trial 1 measures naïve 

olfactory-mediated finding, trial 2 and 3 examine improvement based on positive 

reinforcement received in the previous trials and indicate olfactory-mediated learning and 

memory, while trial 4 with visible cereal is used to assess locomotor ability. Only mice that 

could find the buried food within 5 min and eat the food were chosen for data analysis. The 

average improvement factor was calculated as ∑(T1/T3)/n (Le Pichon et al., 2009).

The habituation/dishabituation test was performed and analyzed as described previously (Le 

Pichon et al., 2009). Briefly, mice of both sexes (n = 12–16 mice/group) were acclimated in 

the test cage for 30 min with a clean dry cotton applicator inserted through the hole on the 

cage lid prior to the beginning of trials to reduce novelty-induced exploratory activity during 

the subsequent trials. Distilled water (100 µl), peppermint extract or almond extract (100 µl 

of 1:100 diluted with distilled water, McCormick & Co., Hunt Valley, MD) were applied to 

a cotton applicator that was then inserted through the hole on the cage lid. For each trial an 

odorant was delivered for 2 min with a 30 second delay before the next trial began. The 

testing consisted of 3 trials of distilled water, 3 trials of peppermint then 3 trials of almond. 

Investigation was defined as active sniffing within a 1 cm radius of the cotton applicator 

with the snout oriented towards the applicator. The cumulative investigation time during the 

2 min odorant presentation was recorded by a single observer blind to genotypes. 

Investigation time for trial 1 was calculated for each animal as ∑[(Trial 1distilled water + Trial 

1peppermint + Trial 1almond)]/3. As there was a significant difference in investigation times of 

trial 1 across ages, the investigation times of the three trials for each odorant and for each 

animal were normalized to the maximal time for that odorant. Thus, for each animal, the 

maximal investigation time for each odorant was 1 and shorter investigation times were 

expressed as a fraction of 1. Odorant habituation was assessed by analyzing the investigation 

times of repeated exposure to the same odorant. All normalized trial 1 investigation times 

were averaged for each animal ([∑normalized Trial 1distilled water +normalized Trial 
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1peppermint +normalized Trial 1almond]/3) and likewise for trial 2 and trial 3. The habituation 

index for each animal was calculated as ∑[(1-normalized Trial 3distilled water)+(1-normalized 

Trial 3peppermint)+(1-normalized Trial 3almond)]/3. The cross-habituation index for each 

animal was calculated as ∑[(normalized Trial 1peppermint-normalized Trial 3distilled water)+

(normalized Trial 1almond-normalized Trial 3peppermint)]/2.

2.6 Statistical analysis

Student’s t-test, and one-way ANOVA followed by the Newman-Keul post hoc test was 

performed using Prism 5 (Graphpad Software, San Diego, CA). Two-way ANOVA or 

repeated-measures two or three-way ANOVA was performed followed by the Newman-

Keul post hoc test when the number of groups less or equal to three or the Tukey/Kramer 

Procedure post-hoc test when the number of groups was more than three using GB-Stat v9.0 

(Dynamic Microsystems, Inc., Silver Spring, MD).

3. Results

3.1 Age-dependent reduction in the number of IP3R3+ cells in the OE

IP3R3+ microvillous cells in the OE predominantly express NPY (Kanekar et al., 2009, 

Montani et al., 2006). Our previous study showed that IP3R3-dependent NPY release 

mediates an increase in basal cell proliferation in mouse OE following injury (Jia et al., 

2013). We hypothesized that age-related changes in the stem cell microenvironment, 

especially to the IP3R3+-NPY+-microvillous cell, reduces the capacity to maintain tissue 

homeostasis and undergo regeneration. We first visualized and quantified IP3R3+ cells in 

the OE of IP3R3+/−mice using GFP as a marker (Figure 1). GFP+ cells were broadly and 

evenly distributed in the whole ectoturbinate 2 of OE at 2 months old (Figure 1C–F). 

However, the number of GFP+ cells significantly decreased over 24 months (Figure 1G–K, p 

< 0.05, 2 vs. 6, 12 and 24 months, 6 vs. 24 months), indicating an age-dependent reduction 

in IP3R3+ cells in the OE. An accumulation of granules containing autofluoresent 

lipofuscin-like proteins can be observed at 24 months (Figure 1J). Lipofuscin-like proteins 

accumulate in aging cells and have been demonstrated in the OE of aged rodents (Naguro 

and Iwashita, 1992). In addition, there is an age-dependent increase in the length of the OE 

over time (Figure 1L, p < 0.001, 2 vs. 6, 12 and 24 months, 6 vs. 24 months, 12 vs. 24 

months). The number of GFP+ cells was normalized to the length of OE (Figure 1K), 

therefore, it is possible that the age-dependent reductions in GFP+ cells we observed could 

be due to the increase in OE length. However, the number of GFP+ cells decreased by 24%, 

46% and 61% at 6, 12 and 24 months, respectively, compared to 2 months, while the length 

of OE only increased 13%, 13% and 25%, respectively. Taken together, these data indicate 

an age-dependent reduction in IP3R3+ cells occurs in mouse OE.

3.2 Age-dependent reduction in the number of NPY+ cells and NPY protein levels in the OE

We next investigated whether the age-dependent reduction of IP3R3+ cells in the OE 

affected the number of NPY+ cells in the ectoturbinate 2 and endoturbinate II at 2 and 24 

months old. At 2 months old, 90.1 ± 2.0% of the NPY+ cells were NPY+-GFP+ microvillous 

cells (mean ± SD; n = 3 mice). The number of NPY+ cells was significantly reduced at 24 

months compared to 2 months (Figure 2A–C, p < 0.05). Consistently, the level of NPY 
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protein in the OE at 24 months was significantly decreased compared to 2, 6 and 12 months 

old (Figure 2D, p < 0.01). However, the mRNA levels of NPY in the OE were comparable 

among ages (Figure 2E, p > 0.05). These data indicate that expression of the 

neuroproliferative factor NPY decreases significantly with age, likely through post-

transcriptional regulation.

3.3 Age-dependent reduction in the numbers of olfactory stem cells, olfactory stem cell 
proliferation and olfactory sensory neurons in the OE

Age-related alterations in homeostasis are associated with reductions in olfactory stem cell 

proliferation and stem cell numbers, and alterations in olfactory sensory neurons (Loo et al., 

1996). We examined homeostasis in IP3R3+/− at different ages by evaluating the numbers of 

basal cells, basal cell proliferation and olfactory sensory neurons. The numbers of horizontal 

basal cells expressing cytokeratin 5 (CK5) and globose basal cells expressing mammalian 

achaete-scute complex homolog-1 (MASH1) were significantly reduced at 6, 12 and 24 

months compared to those at 2 months (Figure 3A–D, p < 0.01 or 0.05). There was no 

significant difference in the numbers of MASH1+ and CK5+ cells at 6, 12 and 24 months in 

the OE, indicating that the main significant decrease in basal cell numbers occurs after 2 

months, a time when tissue expansion is normally completed. The numbers of BrdU-labeled 

proliferating basal cells were significantly reduced at 12 and 24 months compared to 2 or 6 

months (Figure 3E–F, p < 0.001), confirming age-dependent reduction of basal cell 

proliferation in the OE. In the OE of both 2 and 24 month mice, less than 3% of the BrdU-

labeled proliferating basal cells were CK5+ horizontal basal cells (Figure 3G–H), indicating 

that the globose basal cell population is the cell that undergoes proliferation in both young 

and aged OE under physiological conditions. The volume density of OMP+ cells in the OE 

was significantly reduced at 12 and 24 months (Figure 4A–B, p < 0.01). The loss of OMP+ 

olfactory sensory neuron axons in the olfactory bulb was also observed in 24 month mice 

(Figure 4C–D), indicating an age-dependent reduction in olfactory sensory neurons.

To determine the effect of IP3R3-mediated NPY release on the aging process and the ability 

to undergo proliferation, we examined the complement of cell types and proliferation in the 

OE of 12 and 24 month IP3R3+/− and IP3R3−/− mice (Figure 5). There were no differences 

between genotypes in the numbers of CK5+ basal cells, MASH1+ progenitor cells or BrdU 

incorporation at 12 and 24 months (Figure 5A–C; p<0.05). The neuronal density was also 

not altered between genotype at 12 and 24 months (Figure 5D; p<0.05). These data indicate 

that IP3R3-dependent processes such as NPY expression and subsequent release do not play 

a role in the reduction in proliferation observed during aging.

3.4 Age-dependent reduction in olfactory-mediated functions

We measured olfactory-mediated functions in IP3R3+/− mice at different ages using the 

buried food test and olfactory habituation/dishabituation test. In the buried food test, the 

latencies to find a buried food in fasted mice were measured 3 times (Trial 1–3). The latency 

of trial 1 at 24 months was significantly increased compared to 2, 6 and 12 months (Figure 

6A), indicating the naïve olfactory-mediated food finding ability is impaired in aged mice. 

In order to examine the improvement factor from trial 1 to 3, we calculated the ratio of 

latency in trial 1/latency in trial 3 (Figure 6B). There was a significant age-dependent 
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reduction in the improvement factor (p < 0.05 at 2 vs. 6, 12 and 24 months), indicating an 

age-dependent impairment of olfactory-mediated learning and memory. The longer latencies 

in aged mice could be due to a reduction in locomotor ability. However, the latencies in trial 

4 with visible food were similar among ages (Figure 6C, p>0.05), indicating that the 

impairment in olfactory-mediated food finding, learning and memory in aged mice is due to 

a deficiency in odorant detection and not locomotor ability.

We performed the olfactory habituation/dishabituation test to measure olfactory perception 

and discrimination in IP3R3+/− mice at different ages. This behavior test measures novel 

odorant investigation in the first trial and odorant habituation by exposure to the same 

odorant in the next 2 trials, and odorant dishabituation by exposure to a different odorant. 

We measured novel odorant investigation by pooling the investigation time of trial 1 for 

each odorant (water1, peppermint1 and almond1) at each age group (Figure 6D). The 

investigation time at 24 months was significantly less than at 2 and 6 months (p < 0.01 or 

0.05), indicating either impairment in odorant detection or a reduced motivation to 

investigate in aged mice (24 months). We next assessed odorant habituation over repeated 

odorant exposures. In general, all mice showed decreases in investigation times in trials 2 

and 3 (habituation; Figure 6E) and an increase in investigation times with novel odorant 

presentation, i.e., trial 1 (dishabituation; Figure 6E). There were no significant differences in 

the habituation index among ages (Figure 6F; p>0.05), indicating all mice have a similar 

ability to habituate to repeated odorant exposure. The ability to discriminate odorants was 

assessed using the cross-habituation index (Figure 6G). The cross-habituation index at 24 

months was significantly lower than those at 2 and 12 months (p < 0.05 or 0.01, 

respectively), indicating that aged mice (24 months) have an impaired ability to discriminate 

between different odorants.

To determine the effect of IP3R3-mediated NPY release on the aging process and olfaction, 

we performed the buried food test and the habituation/dishabituation assays with 12 and 24 

month IP3R3+/− and IP3R3−/− mice (Figure 7). There were no differences found between 

genotype in assessment of the buried food test in naïve olfactory-mediated food finding 

ability (Figure 7A; p>0.05), improvement factor (Figure 7B; p>0.05) or in mobility (Figure 

7C; p>0.05). There were also no differences found between genotype in odorant detection 

(Figure 7D; p>0.05), the ability to habituate to an odorant (Figure 7E; p>0.05), and the 

ability to discriminate between odorants (Figure 7F; p>0.05). Collectively these data 

indicate that IP3R3-mediated processes do not play a role in the reduction in olfactory 

ability observed during aging.

3.5 Trophic factor-stimulated basal cell proliferation is reduced in aged OE

We investigated the effects of NPY on olfactory stem cell proliferation in the OE of 

IP3R3+/− mice at different ages. Mice intranasally aspirated vehicle or NPY (4 nmol/kg) and 

basal cell proliferation was quantified by measuring BrdU-incorporation in the ectoturbinate 

2 and endoturbinate II OE. In vehicle-treated animals, the number of BrdU+ cells at 24 

months was significantly reduced compared to 2 and 6 months and the number of BrdU+ 

cells at 12 months was significantly reduced compared to 2 months (Figure 8A–B, vehicle 

treatment: p < 0.05, 12 vs. 2 months, 24 vs. 2, 6 months). These data confirm our previous 
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observation of an age-dependent reduction in basal cell proliferation in the OE under 

physiological conditions (Figure 3E–F). NPY significantly increased BrdU+ cells in the OE 

at 2 and 6 months compared to the corresponding vehicle (p < 0.05) but not at 12 and 24 

months (p > 0.05), indicating NPY at 4 nmol/kg is unable to promote basal cell proliferation 

in the OE of aged mice. When the concentration of NPY administered was increased (100 

nmol/kg) the number of BrdU+ cells in 12 month old mice significantly increased (Figure 

8C, p < 0.01 compared to vehicle, 4 nmol/kg and 20 nmol/kg), indicating the olfactory stem 

cells in the OE of aged mice are still responsive to the neuroproliferative effects of NPY, but 

need a higher concentration. A reduction in basal cell proliferation was also observed in 

aged mice that had aspirated a different trophic factor, ATP (Figure 8D). ATP significantly 

increased BrdU-labeled basal cell proliferation in the OE of 2 month (p < 0.01) but not 24 

month mice (p > 0.05). Collectively, these data indicate trophic factor-stimulated 

proliferation is reduced in aged mice.

3.6. The response to injury is impaired in aged IP3R3+/− and IP3R3−/− mice

We examined the effect of age on the regenerative response of IP3R3+/− and IP3R3−/−mice 

following OE injury, an event that requires a significant population of olfactory stem cells to 

proliferate and differentiate to replace dying olfactory sensory neurons. We used 2 methods 

to cause injury: (1) administration of satratoxin G that causes ATP-induced IP3R3-

dependent NPY release (Jia et al., 2011) and (2) bulbectomy that does not cause ATP-

activated IP3R3-mediated NPY release (Jia et al., 2013, Jia et al., 2010). IP3R3+/− and 

IP3R3−/− mice at 2, 6, 12 and 24 months old intranasally aspirated vehicle or satratoxin G 

(100 µg/kg) or underwent a unilateral bulbectomy, and BrdU-incorporation was quantified 

in the OE at 6 days post-aspiration or surgery. Consistent with previous observations (Figure 

3E–F, 6C), there were age-dependent reductions in BrdU+ cells in the control OE (vehicle-

treated or unlesioned side of bulbectomy) of both IP3R3+/− and IP3R3−/− mice (Figure 9, 

circles). In addition, the numbers of BrdU+ cells in the OE of controls (vehicle, unlesioned) 

were comparable between IP3R3+/− and IP3R3−/− mice at all ages checked (Figure 9, 

circles). Following satratoxin G treatment or bulbectomy, the number of BrdU+ cells in 12 

and 24 month mice was significantly reduced compared to 2 and 6 month mice in both 

IP3R3+/− and IP3R3−/− mice (Figure 9A–B, *p < 0.01), indicating an age-dependent 

reduction in basal cell proliferation following injury. The number of BrdU+ cells in 

satratoxin G-treated IP3R3+/− mice was significantly greater than the respective vehicle-

treated IP3R3+/− mice at all ages checked (Figure 9A; #, p < 0.05 v. saline vehicle), 

indicating the IP3R3+/− mice at all ages (2–24 months) respond to satratoxin G injury by 

significantly increasing basal cell proliferation. In satratoxin G-treated IP3R3−/− mice, 

however, the number of BrdU+ cells was significantly increased only in the 2 month, but not 

the 6, 12, and 24 month old IP3R3−/− mice (Figure 9A; #, p < 0.01 v. saline vehicle). These 

data indicate that the regenerative response to satratoxin G-induced OE injury is 

significantly impaired in aged IP3R3−/− mice. Furthermore, the number of BrdU+ cells in 

the OE of satratoxin G-treated IP3R3−/−mice was significantly lower than those in satratoxin 

G-treated IP3R3+/− mice at 2 and 6 months (Figure 9A; +, p < 0.05). These results indicate 

that IP3R3 has an important role inducing basal cell proliferation in the OE of young and old 

mice following satratoxin G injury. In contrast to satratoxin G-treated mice, bulbectomy 

significantly increased BrdU incorporation in IP3R3+/− and IP3R3−/− mice at all ages 
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(Figure 9B; #, p < 0.05 vs. respective unlesioned side), indicating both aged IP3R3+/− and 

IP3R3−/− mice have a similar ability to respond to bulbectomy. Taken together, data from 

two injury models indicate that the response to injury is impaired in aged mice and that the 

injury response to satratoxin G, that involves release of NPY, is more compromised in the 

OE of aged IP3R3−/− mice than following bulbectomy, that does not involve the release of 

NPY.

4. Discussion

We investigated the aging process in the OE, specifically regarding NPY levels, the 

response of olfactory stem cells to NPY, olfactory-mediated functions, and OE tissue 

homeostasis and the response to trophic factors and injury. We found in mouse OE that there 

are age-dependent reductions in IP3R3+ cells, NPY+ cells, NPY protein levels, olfactory 

stem cells, stem cell proliferation, olfactory sensory neurons and olfactory-mediated 

functions. In addition, the olfactory stem cells in the aged OE have reduced responses to the 

trophic factors NPY and ATP as measured by basal cell proliferation. In fact, a higher 

concentration of NPY was required to significantly increase proliferation. These data 

suggest that aging not only leads to downregulation of NPY protein but also impairs NPY 

signaling at the olfactory stem cell level in the OE. Examination of OE tissue and 

proliferation in the IP3R3−/− mouse indicated that IP3R3/NPY signaling has no effect on the 

aforementioned age-related decline in tissue homeostasis. However, the ability to upregulate 

proliferation following toxicant injury is compromised in the OE of aged IP3R3−/− mouse. 

These data indicate that IP3R3/NPY signaling plays a role in injury-induced recovery in the 

aged mouse.

4.1. Age-related alterations in OE tissue homeostasis

Olfactory basal stem cell proliferation and neuronal differentiation in the OE is tightly 

regulated by environmental signals derived from a niche defined by the extracellular matrix 

of the basement membrane, growth factors released by surrounding cells, and the nearby 

vasculature (Mackay-Sim and Chuah, 2000). Despite the remarkable ability to regenerate, 

impairment of OE homeostasis occurs with time that may be caused by both extrinsic 

mechanisms, such as cumulative damage from environmental pollutants and disease, and 

intrinsic mechanisms, such as a reduction in trophic factor levels or stem cell populations.

The anterior and more exposed portion of the OE is more damaged than the posterior OE in 

aged animals, suggesting that cumulative environmental insults may contribute to age-

related changes in tissue homeostasis (Loo et al., 1996). However, age-related decreases in 

cell density can also be observed in the more protected posterior OE (Lee et al., 2009, Loo et 

al., 1996). Additionally, the number of neurons undergoing apoptosis in the OE decreases 

with age, suggesting that the turnover rate of neurons in the aged mouse is slower than in the 

younger mouse (Kondo et al., 2010). The IP3R3+ microvillous cells are resistant to 

bulbectomy-induced neuronal apoptosis (Jia et al., 2013), and are likely derived from 

olfactory stem cell proliferation and differentiation, and have a slow turnover rate (Pfister et 

al., 2012). A previous study reported that aged rat OE microvillous cells morphologically 

similar to IP3R3+ microvillous cells had marked hypertrophy but were resistant to age-
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related reductions in cell number compared to other OE cell types (Kwon et al., 2005). In the 

present study, using a transgenic IP3R3-tauGFP mouse we found age-dependent reductions 

in IP3R3+ cells and NPY+ cells but seldom observed hypertrophy of IP3R3+ microvillous 

cells in aged mouse OE.

Decreased trophic factor expression is correlated to alterations in tissue homeostasis. 

Waved-1 mutant mice have low levels of transforming growth factor-α and phenocopy aged 

mice in proliferation rates and olfactory dysfunction (Enwere et al., 2004). Here, in the 

posterior OE of aged mice, we found that the numbers of IP3R3+ microvillous cells were 

significantly reduced at 12 and 24 months, and the number of NPY+ cells and NPY protein 

level were significantly decreased at 24 months in the OE of IP3R3+/− mice. Consistent with 

these data, the numbers of olfactory stem cells, proliferating stem cells, olfactory sensory 

neurons and olfactory-mediated functions were significantly reduced in 24 month old 

IP3R3+/− mice. A similar reduction in stem cell numbers in the OE of young NPY−/− and 

NPY Y1
−/− mice was observed (Doyle et al., 2008, Hansel et al., 2001). These data 

suggested that age-dependent downregulation of NPY may contribute to the age-related 

declines of OE tissue homeostasis. Interestingly, in our study the levels of NPY mRNA were 

not altered over 24 months. Age-related post-translational protein modifications are common 

and have been linked to age-related diseases including neurodegenerative diseases (Grillo 

and Colombatto, 2008, Soskic et al., 2008). A methionine residue in NPY is increasingly 

oxidized in rat adrenal glands over time (Higuchi et al., 1988). The age-related increase in 

the level of oxidized methionine in NPY may contribute to our observation in a decrease in 

NPY levels, yet stable level of NPY mRNA.

The age-dependent decrease in olfactory stem cell proliferation in the OE could also be due 

to a reduction in calcium-dependent NPY release or a reduced sensitivity of olfactory stem 

cells to NPY. Calcium homeostasis is altered during aging, which can detrimentally affect 

calcium-dependent trophic factor secretion (Lin et al., 2007). Additional support is the fact 

that increasing the concentration of exogenous NPY increased proliferation in OE tissue in 

12 month mice and that ATP is no longer able to promote basal cell proliferation in the OE 

of 24 month mice. These data suggest that the basal cells in aged OE have low sensitivity to 

NPY stimulation.

Finally, the reduced number of MASH1+ globose basal cells and CK5+ horizontal basal cells 

could cause the age-related decrease in stem cell proliferation. In our IP3R3−/− mice model 

in which IP3R3-mediated NPY release is impaired, we do find decreased numbers of 

olfactory stem cells in the OE at 2 months (Jia et al., 2013). However, there is no alteration 

in basal cell proliferation and olfactory sensory neuron numbers in 2 month IP3R3−/− mice 

(Jia et al., 2013). Moreover, there are no further decreases in olfactory stem cells, 

proliferating stem cells, olfactory sensory neurons and olfactory-mediated functions in 12 

and 24 months OE of IP3R3−/−mice when compared to age-matched IP3R3+/− mice. These 

data suggest IP3R3-mediated NPY release contributes to maintenance of the population of 

olfactory stem cells at 2 months, a developmental stage when the surface area of OE is still 

increasing in mouse (Hinds and McNelly, 1981), but is not involved in age-related declines 

in OE tissue homeostasis under physiological conditions. There may be multiple intrinsic 

trophic factors that work concertedly to regulate tissue homeostasis.
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4.2. Aged-related decline in olfactory function

Olfaction deficits occur with age in humans (Stevens and Cain, 1987) in 50% and 75% of 

the population over 65 and 80 years, respectively (Murphy et al., 2002). Age-related loss of 

olfactory function has also been observed in rodents, which makes rodents a good model for 

studying the aging process in olfactory system (Enwere et al., 2004). Using patch clamp 

recordings on single neurons, Lee et al. (2009) showed that the OSNs from aged mice (24–

27 months) display similar response amplitudes and sensitivities to a single tested odorant as 

compared to those from younger adults, indicating individual OSNs retain their sensitivity to 

odorants. Likewise, the expression of 531 odorant receptor genes is stable between the ages 

of 2 and 31 months in C57Bl/6 mice (Khan et al., 2013). Functional decline in olfaction 

could be related to changes in the structure of olfactory system. Olfaction is defined by 

olfactory threshold, identification and discrimination. Olfactory threshold is likely to be 

influenced by the peripheral OE, while odorant identification and discrimination are 

influenced by the central olfactory structures, the olfactory bulb and cortex (Enwere et al., 

2004, Kovacs, 2004). The age-related olfactory decline is marked as an elevation of 

threshold and a diminished sensitivity to suprathreshold stimuli, e.g., compared to the young 

subject, the elderly perceive a given odorant as less intense and have a reduced ability to 

identify it (Loo et al., 1996, Patel and Larson, 2009). These data indicate that age-related 

olfaction decline may be mainly due to changes in the peripheral OE, however, changes in 

olfactory bulb and cortex cannot be excluded (Hinds and McNelly, 1981, Mobley et al., 

2013).

This study used the buried food test: the first trial measures the ability to smell via naïve 

olfactory-mediated behavior and the subsequent trials measure olfactory-mediated learning 

and memory by measuring the ability to improve based on the positive reinforcements from 

previous trials (Le Pichon et al., 2009). The results of this assay indicated that (1) smell 

perception is impaired in aged mice, probably due to the 15% loss of OSNs in the OE and 

loss of OSN axons in the olfactory bulb of 24 month mice, and (2) olfactory-mediated 

learning and memory are impaired, suggesting that the olfactory bulb and cortex are also 

affected in aging. The olfactory habituation/dishabituation test was used to examine novel 

odorant investigation, odorant discrimination and odorant habituation. Both 24 month 

IP3R3+/− and IP3R3−/− mice showed reduced novel odorant investigation and odorant 

discrimination, consistent with the data from buried food test. This was observed using a 

high concentration of odorants (1:100) to eliminate any potential differences in sensitivity 

that may arise from degeneration of the OE with age. Our data, suggesting that the reduced 

sensitivity to odorants, possibly due to loss of OSNs in the aged OE and olfactory bulb, may 

contribute to the difficulty in novel odorant investigation and discrimination in aged mice. 

Indeed, in a senescence-accelerated mouse model, olfactory sensitivity measured by 

electroolfactogram and behavioral tests decreases dramatically with age due to loss in the 

number of OSNs (Nakayasu et al., 2000). A single sniff of an odorant is sufficient for 

detection and discrimination (Wesson et al., 2008), while prolonged sniffing response is an 

indicator of arousal and motivation (Wachowiak et al., 2009). Therefore, the reduced novel 

odorant investigation we observed in aged mice may also be due to less arousal and 

motivation. Finally, there are no significant alterations in odorant habituation from 2 to 24 
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month old mice. These data suggest that the mechanism of olfactory adaption may be 

preserved through ages.

4.3. The role of IP3R3 and NPY on age-related impairment of injury-induced regeneration

Very few studies have examined possible ways to improve recovery following injury. 

Herzog and Otto established that subcutaneous administration of fibroblast growth factor 2, 

epidermal growth factor, or transforming growth factor a increased the reinnervation of the 

olfactory bulb following ZnSO4 toxicant treatment (Herzog and Otto, 1999). Transforming 

growth factor a also enhanced the rate of recovery following olfactory nerve transection 

measured by an odorant-guided fear conditioning assay (Herzog and Otto, 2002). Neither 

study examined the olfactory system past 10 days post-injury, the earliest time a mature 

neuron could be generated following damage. Yee and Rawson determined that oral 

administration of retinoic acid 1 day post-transection enhanced recovery at 16 days post-

transection as measured using the buried food assay (Yee and Rawson, 2000). To date, no 

study investigating potential therapeutics has evaluated the effects of age on recovery.

Our previous studies demonstrated in young (2 month) mice that maintenance of the 

population of olfactory stem cells and their proliferation following injury are dependent, in 

part, on IP3R3-mediated secretion of the neurotrophic factor NPY from IP3R3+ 

microvillous cells (Jia et al., 2013). Here, we show that the proliferative response following 

injury (driven by bulbectomy and olfactotoxicant) decreases with age in the IP3R3+/− mice. 

We speculate that the observed IP3R3-independent age-related decrease in olfactory stem 

cells underlies this response. We used the IP3R3−/− mouse to examine the effect of ATP-

dependent NPY secretion on the regenerative response to injury. With the ATP-independent 

bulbectomy injury model, there was no difference in the proliferative response between 

IP3R3+/− and IP3R3−/− mice. In contrast, IP3R3−/− mice have a decreased proliferative 

response to injury driven by an olfactotoxicant that elicits ATP dependent release of NPY. 

These different injury models induce different signaling cascades. Multiple signaling 

mechanisms leading to regeneration may exist to account for different forms of injury. Here 

we demonstrate that a deficiency in IP3R3-mediated NPY release, either due to age, genetics 

or both, impairs the proliferative response to an olfactotoxicant. These data indicate that 

IP3R3/NPY signaling plays a role in injury-induced OE recovery in aged mouse. This study 

provides an underlying mechanism for the reduced efficiency of responding to toxicant 

insult in the elderly.
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Abbreviations

OE olfactory epithelium

IP3R3 inositol trisphosphate receptor type 3

NPY neuropeptide Y
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BrdU bromodeoxyuridine

MASH1 mammalian achaete-scute complex homolog-1

CK5 cytokeratin 5

OMP olfactory marker protein

SG satratoxin G
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• IP3R3−/− mice were used to study IP3R3/NPY signaling, aging and olfactory 

function

• Aging downregulates NPY protein and impairs NPY signaling to olfactory stem 

cells

• IP3R3 deficiency did not cause further impairment of normal stem cell 

proliferation

• Proliferation following toxicant injury is compromised in aged IP3R3−/− mouse.

• IP3R3/NPY signaling plays a role in injury-induced recovery in the aged mouse
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Figure 1. The number of IP3R3+ cells decreases with age in the OE of IP3R3+/− mice
(A) Schematic showing hemisection of the nasal cavity (left panel) and a representative 

image of a coronal tissue section (right panel). Box labeled c indicates the ectoturbinate 2 

region shown in C. (B) Schematic cross section of the olfactory epithelium indicating the 3 

layers (left) and representations of the different cell types (right). (C–F) A 200 µm coronal 

OE section from a 2 month old IP3R3+/− mouse was scanned for GFP+ cells using 2-photon 

confocal microscopy. (C) A low power representative image shows even distribution of 

GFP-labeled IP3R3+ cells in the OE of ectoturbinate 2. Higher magnification of regions 

denoted d–f is shown in D–F, respectively. Scale bar = 200 µm. (G–J) Representative 

images of GFP-labeled IP3R3+ cells in the OE of IP3R3+/− mice at 2, 6, 12 and 24 months. 

Dashed line marks the basement membrane. Scale bar = 20 µm. (K) Bar graph depicting the 

number of GFP+ cells in the ectoturbinate 2 and endoturbinate II of OE from IP3R3+/− mice 

at 2, 6, 12 and 24 months. * p < 0.05 at 2 vs. 6, 12 and 24 months, # p < 0.05 at 6 vs. 24 

months (one-way ANOVA followed by Newman-Keuls post-hoc test; n = 5, 5, 3 and 4 

mice, respectively). (L) Bar graph of the length of ectoturbinate 2 and endoturbinate II OE 

measured along the basement membrane in IP3R3+/− mice aged 2, 6, 12 and 24 months. * p 

< 0.001 at 2 vs. 6, 12 and 24 months, # p < 0.001 at 6 vs. 24 months, † p < 0.001 at 12 vs. 24 

months (one-way ANOVA followed by Newman-Keuls post-hoc test; n = 4, 6, 6 and 5 

mice, respectively).
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Figure 2. Age reduces NPY+ cells and NPY protein in mouse OE
(A–B) Representative images of NPY-immunoreactive cells in the OE of IP3R3+/− mice at 2 

and 24 months. Scale bar = 20 µm. (C) The number of NPY+ cells is significantly reduced in 

the ectoturbinate 2 and endoturbinate II OE of IP3R3+/− mice at 24 vs. 2 months. * p < 0.05 

(Student’s T test, n = 4 and 6 mice, respectively). (D) The NPY protein level is significantly 

reduced in the OE of IP3R3+/− mice at 24 months compared to 2 months. * p < 0.01 vs. 2, 6 

and 12 months (one-way ANOVA followed by Newman-Keuls post-hoc test; n = 4 mice per 

group). (E) The NPY mRNA levels in the OE of IP3R3+/− mice are comparable among all 

ages checked. p > 0.05 (one-way ANOVA followed by Newman-Keuls post-hoc test; n = 4 

mice per group).
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Figure 3. Age reduces basal cells and basal cell proliferation in mouse OE
(A–D) Representative immunoreactivity (red) to (A) CK5 (a marker for horizontal basal 

cells) and (C) MASH1 (a marker for globose basal cells) in the OE of IP3R3+/− at 2, 6, 12 

and 24 months. Nuclei were counterstained with DAPI (blue). Dashed line marks the 

basement membrane. Arrows indicate representative immunoreactivity positive cells. Scale 

bar = 10 µm. The numbers of (B) CK5+ horizontal basal cells and (D) MASH1+ globose 

basal cells in the OE of IP3R3+/−mice were significantly reduced from 2 to 6 months and 

then constant through 24 months. * p < 0.01 or 0.05, vs. 2 months respectively (one-way 

ANOVA followed by Newman-Keuls post-hoc test; n = 3 mice per group) (E–F) The rates 

of basal cell proliferation measured by BrdU incorporation were significantly reduced in the 

OE of IP3R3+/− mice at 12 and 24 months. * p < 0.001, vs. 2 and 6 months (one-way 
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ANOVA followed by Newman-Keuls post-hoc test; n = 3 mice per group). (G) 

Representative co-immunoreactivity to BrdU (blue) and CK5 (red) in the OE of 2 month old 

IP3R3+/− mice. Dashed line marks the basement membrane. Scale bar = 20 µm. (H) There is 

a low percentage of BrdU+ cells in the OE of 2 and 24 month old IP3R3+/− mice that 

colocalize with horizontal basal cell marker CK5 (p>0.05, Student’s T test).
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Figure 4. Age reduces olfactory sensory neurons in the OE and olfactory bulb
(A) Representative immunoreactivity to olfactory marker protein (OMP), a marker of 

mature olfactory sensory neurons, in the OE of IP3R3+/− mice at 2, 6, and 24 months. 

Dashed line marks the basement membrane. Scale bar = 10 µm. (B) The volume density of 

OMP+ neurons was significantly reduced in the OE of IP3R3+/− at 12 and 24 months. * p < 

0.001 at 24 vs. 2, 6 and 12 months and p < 0.01 at 12 vs. 6 months (one-way ANOVA 

followed by Newman-Keuls post-hoc test; n = 3–6 mice per group). (C–D) Low (C–D) and 

high (C’, D’) magnification images depicting representative immunoreactivity to OMP in 

the olfactory bulb of IP3R3+/− mice at 2 (C, C’) and 24 (D,D’) months. Regions of higher 

magnification indicated by outlined region (white box). Nuclei were counterstained with 

DAPI. Dashed line marks the boundary between olfactory nerve layer (ONL) and 

glomerular layer (G). Scale bar = 50 µm.
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Figure 5. Cell populations and proliferation in aged OE of IP3R3+/− and IP3R3−/− mice
The numbers of (A) CK5+ horizontal basal cells and (B) MASH1+ globose basal cells in the 

OE of 12 and 24 month IP3R3+/− and IP3R3−/− mice were comparable. The rates of basal 

cell proliferation (C) measured by BrdU incorporation were not altered in the OE of 

IP3R3+/− and IP3R3−/− mice at 12 and 24 months. The volume density of OMP+ neurons 

(D) was not changed in the OE of IP3R3+/− and IP3R3−/− mice at 12 and 24 months. P > 

0.05; Two-way ANOVA followed by Tukey/Kramer Procedure post-hoc test; n = 3–6 mice 

per group.
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Figure 6. Age-dependent reductions in olfactory-mediated functions
(A–C) Buried food behavioral tests were performed every other day in fasted IP3R3+/− mice 

at age 2, 6, 12 and 24 months. (A) Average latency of trials 1–3. *, p < 0.01 for trial 1 at 24 

vs. 2, 6 and 12 months (Repeated measures two-way ANOVA followed by Tukey/Kramer 

Procedure post-hoc test; n = 12–16 mice per group). (B) Average improvement factor, an 

indicator of olfactory-mediated learning and memory, calculated as the ratio of trial 1 vs. 

trial 3 latencies. * p < 0.05 vs. 2 months (One-way ANOVA followed by Newman-Keuls 

post-hoc test; n = 12–16 mice per group). (C) Latency of trial 4 with visible food, an 

assessment of locomotor activity (p > 0.05, one-way ANOVA followed by Tukey/Kramer 

Procedure post-hoc test; n = 12–16 mice per group). (D–G) The olfactory habituation/

dishabituation behavioral tests were performed in IP3R3+/− mice at age 2, 6, 12 and 24 

months. (D) The investigation time of the trail 1 (the average for all three odorants) is 

reduced in 24 month old mice. * p < 0.01 or 0.05, vs. 2 and 6 months (One-way ANOVA 

followed by Newman-Keuls post-hoc test; n = 12–16 mice per group). (E) Normalized and 

averaged investigation times for trials 1–3 for three odorants are shown. All mice showed a 

decrease in investigation time during trial 2 and 3 (habituation) and an increase in 

investigation time to a novel odorant presentation (dishabituation). (F) The habituation index 

was comparable across ages (p>0.05, One-way ANOVA followed by Newman-Keuls post-

hoc test; n = 12–16 mice per group). (G) The ability to discriminate between odorants, 

measured by the cross-habituation index, was reduced in 24 month mice. * p < 0.05 or 0.01, 

vs. 2 and 12 months, respectively (One-way ANOVA followed by Newman-Keuls post-hoc 

test; n = 12–16 mice per group).
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Figure 7. Olfactory-mediated behavior is not altered in aged IP3R3+/− and IP3R3−/− mice
The latencies of trial 1 (A), average improvement factors (B) and latencies of trial 4 with 

visible food (C) in buried food tests were comparable in 12 and 24 month IP3R3+/− and 

IP3R3−/− mice. The investigation time of trial 1 (D), habituation index (E) and cross-

habituation index (F) in the olfactory habituation/dishabituation tests were not altered in 12 

and 24 month IP3R3+/− and IP3R3−/− mice (Two-way ANOVA followed by Tukey/Kramer 

Procedure post-hoc test; n = 12–16 mice per group)
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Figure 8. Trophic factor-stimulated basal cell proliferation is reduced in aged OE
IP3R3+/−mice intranasally aspirated saline vehicle or NPY (4–100 nmol/kg) or ATP (400 

nmol/kg) and the OE tissue was collected 2 days later. BrdU (total 144 mg/kg) was injected 

(i.p.) at 6 and 3 hours prior tissue collection. (A) Representative images of BrdU-labeled 

basal cells in the OE of IP3R3+/− mice treated with vehicle or NPY at 2, 6, 12, and 24 

months. Scale bar = 10 µm. Arrows indicate BrdU+ basal cells. (B) NPY (4 nmol/kg) 

significantly increases BrdU+ basal cells in the OE of IP3R3+/− mice at 2 and 6 but not 12 

and 24 months. # p < 0.05 vs. corresponding vehicle, * p < 0.05 vs. vehicle-treated 2 or 6 

month mice (Two-way ANOVA followed by Tukey/Kramer Procedure post-hoc test; n = 3–

6 mice per group). (C) The dose response of NPY (4, 20 and 100 nmol/kg) on basal cell 

proliferation in the OE of IP3R3+/− mice at 12 months. The number of BrdU+ basal cells 

was significantly increased with 100 nmol/kg NPY. * p < 0.01 vs. vehicle, 4 and 20 nmol/kg 

NPY (One-way ANOVA followed by Newman-Keuls post-hoc test; n = 3–4 mice per 

group). (D) ATP (400 nmol/kg) significantly increases BrdU+ basal cells in the OE of 

IP3R3+/− mice at 2 but not 24 months. # p < 0.01 vs. corresponding vehicle, * p < 0.05 vs. 

vehicle-treated 2 month mice (Two-way ANOVA followed by Tukey/Kramer Procedure 

post-hoc test; n = 3–6 mice per group).
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Figure 9. Regenerative response to injury is impaired in aged IP3R3+/− and IP3R3−/− mice
(A) IP3R3+/− and IP3R3−/− mice at 2, 6, 12 and 24 months intranasally aspirated vehicle 

saline or satratoxin G (SG; 100 µg/kg). BrdU (144 mg/kg, i.p.) was administered to mice at 

6 and 3 hours prior to tissue collection at 6 days post-satratoxin G. Solid lines indicate 

satratoxin G-treated group and dashed lines indicate vehicle-treated group. *, p < 0.01 vs. 

satratoxin G-treated 2 and 6 month groups in the respective genotype; # p < 0.01 vs. vehicle 

in the respective IP3R3+/− and IP3R3−/− mice, + p < 0.05 vs. IP3R3+/− satratoxin G-

treatment group (Two-way ANOVA followed by Turkey/Kramer Procedure post-hoc test; n 

= 3–6 mice per group). (B) Unilateral bulbectomy was performed in 2, 6, 12 and 24 month 

old IP3R3+/− and IP3R3−/− mice. BrdU (144 mg/kg) was given to mice at 6 and 3 hours 

prior to tissue collection at 6 days post-surgery. Solid lines indicate lesion side and dashed 

lines indicate unlesion side. *, p < 0.01 vs. lesion sides of 2 and 6 months in the respective 

genotype. #, p < 0.05 vs. unlesioned side in the respective IP3R3+/−and IP3R3−/− mice 

(Two-way ANOVA followed by Turkey/Kramer Procedure post-hoc test; n = 3–6 mice per 

group).
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