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Abstract

The sense of smell deteriorates in normal aging, but the underling mechanisms are still elusive. Here we investigated
age-related alterations in expression patterns of odorant receptor (OR) genes and functional properties of olfactory sensory
neurons (OSNs)—2 critical factors that define the odor detection threshold in the olfactory epithelium. Using in situ
hybridization for 9 representative OR genes, we compared the cell densities of each OR in coronal nose sections at different
ages (3–27 months). The cell density for different ORs peaked at different time points and a decline was observed for 6 of
9 ORs at advanced ages. Using patch clamp recordings, we then examined the odorant responses of individual OSNs
coexpressing a defined OR (MOR23) and green fluorescent protein. The MOR23 neurons recorded from aged animals
maintained a similar sensitivity and dynamic range in response to the cognate odorant (lyral) as those from younger mice. The
results indicate that although the cell densities of OSNs expressing certain types of ORs decline at advanced ages, individual
OSNs can retain their sensitivity. The implications of these findings in age-related olfactory deterioration are discussed.
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Introduction

Decline of olfactory function is common in elderly humans,

signified by an increased detection threshold and a reduced
ability in odor identification and discrimination (Doty et al.

1984; Stevens and Cain 1987; Wysocki and Gilbert 1989;

Ship et al. 1996; Lehrner et al. 1999; Murphy et al. 2002).

Fewer studies have examined age-related smell function in

other mammals, and the results differ in different olfactory

tasks. Although aged animals perform some discrimination

tasks just as well as their younger counterparts (Enwere et al.

2004; Joly et al. 2006), they show deficits in fine odor discrim-
ination and a higher detection threshold (Enwere et al. 2004;

Kraemer and Apfelbach 2004). Although changes centrally

in the brain may contribute to the decreased sensitivity in

aging, this study focuses on structural andmolecular changes

peripherally in the olfactory epithelium, observed in both

humans (Nakashima et al. 1984; Trojanowski et al. 1991;

Paik et al. 1992; Chen et al. 1993) and rodents (Hinds and

McNelly 1981; Loo et al. 1996; Rosli et al. 1999; Getchell
et al. 2004). The dominant changes in the aging nose include

location-specific reduction of the olfactory epithelium and

a net loss of sensory neurons in the affected areas (Hinds

and McNelly 1981; Paik et al. 1992; Loo et al. 1996; Rosli

et al. 1999), presumably due to increased cell death (Conley
et al. 2003; Kern et al. 2004) and decreased neurogenesis

(Loo et al. 1996; Weiler and Farbman 1997).

Odor detection critically depends on a large family (>1000

in rodents) of G-protein–coupled odorant receptors (ORs)

expressed in several million olfactory sensory neurons

(OSNs) harbored in the olfactory epithelium. Smell percep-

tion starts with binding of odor molecules to specific ORs,

which triggers a second messenger cascade, leading to open-
ing of specific ion channels. The subsequent depolarization

of the cell membrane generates action potentials in the

OSNs, which carry the odor information into the olfactory

bulb in the brain (Firestein 2001; Ma 2007; Munger et al.

2009). Each OR is expressed in one of the few broad zones

in the olfactory epithelium, and each OSN typically

expresses one functional OR that defines its response spec-

ificity and its central target in the olfactory bulb (Mombaerts
2006).

Among the potential peripheral mechanisms, a decreased

olfactory input to the brain could result from a reduced
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number of OSNs expressing certain ORs and/or a reduced

sensitivity of individual OSNs. To test these possibilities,

we investigated age-related alterations in expression patterns

of ORs and odor response properties at the single-cell level.

Specifically, using in situ hybridization, we examined the
expression patterns of 9 ORs in the posterior portion of

the olfactory epithelium, which is subject to less environmen-

tal insults and thus better preserved in aged animals (Loo

et al. 1996). The cell densities for different ORs showed dif-

ferential trajectories from 3 to 27 months, and a significant

decline was found for some ORs. We then compared the

response sensitivity of individual OSNs expressing a defined

OR from aged animals to those from younger adults. For
this purpose, we used a gene-targeted MOR23 mouse line,

in which all OSNs expressing the receptorMOR23 are genet-

ically tagged by green fluorescent protein (GFP; Vassalli

et al. 2002). The surface density of MOR23 cells decreased

from 3 to 24 months, but the neurons from different age

groups showed similar sensitivity and dynamic range in re-

sponding to lyral, the cognate ligand. These results indicate

that the age-related loss of sensory neurons is not uniform
among OSNs expressing different ORs and individual sen-

sory neurons in aged mice can retain their sensitivity.

Materials and methods

Tissue preparation

Wild-type C57BL/6 mice were purchased from the Charles

River Laboratories or the National Institute of Aging

(NIA). Aged mice were either directly ordered from NIA

or kept to the desired age in the animal facility of the Uni-

versity of Pennsylvania. Gene-targeted MOR23 mice (on

a mixed 129 · B6 background) in which the MOR23 cells

coexpress tauGFP under a bicistronic control of internal

ribosome entry sites (Vassalli et al. 2002) were bred and
raised in the same animal facility. All mice were kept under

barrier conditions, presumably with little environmental in-

sult. Because we did not observe systematic differences be-

tween the animals from different sources, the data

obtained from the same age were grouped together.

Mice were deeply anesthetized by intraperitoneal injection

of ketamine-xylazine (200–20 mg/kg body weight) before de-

capitation. For in situ hybridization, the heads were fixed in
4% paraformaldehyde (Sigma) overnight at 4 �C. The tissues
were thendecalcified in 0.5Methylenediaminetetraacetic acid

(EDTA, pH 8.0) for up to 7 days and infiltrated in a series of

sucrose solutions before being embedded in optimal cutting

temperature medium (OCT). The frozen tissues were cut into

20lmcoronal sections ona cryostat. For patch clamp record-

ings, the headswere put into icyRinger’s solution, which con-

tained (in mM) NaCl 124, KCl 3, MgSO4 1.3, CaCl2 2,
NaHCO3 26, NaH2PO4 1.25, and glucose 15 (osmolarity:

305 mOsm). The pH was kept at 7.4 by bubbling with 95%

O2 and 5% CO2. The nose was dissected out en bloc. The

olfactorymucosa attached to the nasal septum and the dorsal

recesswas removedandkept in oxygenatedRinger’s solution.

Before the recording, the olfactory mucosa was peeled off

from the underlying bone as a whole and transferred to a re-

cording chamber with the mucus layer facing up, and the
oxygenated Ringer’s solution was continuously perfused at

25 ± 2 �C. The procedures of animal handling and tissue har-

vestingwereapprovedby the institutional animal care anduse

committee of the University of Pennsylvania.

In situ hybridization and cell counting

Digoxigenin (DIG)-labeled RNA probes of the OR genes

were generated using DIG RNA Labeling Kit (SP6/T7;

Roche), and the primer sequences are included in the supple-

mentary data (Supplementary Table 1). We initially started

with ;20 randomly chosen OR genes that are expressed in

different zones and then focused our analysis on 9 OR genes

(Table 1). The antisense probes for these 9 ORs generated

strong in situ hybridization signals. In addition, they cover
different zones: 2 in the dorsomedial zone (zone 1), 2 in the

intermediate zone (zones 2–3), and 5 in the ventrolateral zone

(zone 4). The sections were hybridized with the RNA probes

(;1 lg/ml) overnight at 65 �C in the hybridization solution

(50% deionized formamide, 10 mM Tris–Cl (pH 8.0), 10%

dextran sulfate, 1· Denhardt’s solution, 200 lg/ml tRNA,

0.6 M NaCl, 0.25% sodium dodecyl sulfate, and 1 mM ED-

TA), followed by high-stringency washing steps sequentially
in 2·, 0.2·, and 0.1· standard saline citrate at 65 �C (20 min

in each solution). The sections were then incubated with al-

kaline phosphatase (AP)–conjugated anti-DIG antibody

(Anti-digoxigenin-AP, Roche) at room temperature (RT)

for 1 h, and the signals were detected by nitro blue tetrazo-

lium and 5-bromo-4-chloro-3-indolyl phosphate (NBT/

BCIP, Roche; 2 h at RT).

The animal numbers for different age groups are as fol-
lows: 10 (3 months), 10 (12 months), 9 (18 months), 9

(24 months), and 8 (27 months). To minimize variations

from the tissue source, we only used 25–30 sections (500–

600 lm) from the posterior part of the nose from each an-

imal. These sections were collected from the presence of all

turbinates to the initial appearance of the olfactory bulb with

characteristic morphology shown in Figure 1A. Adjacent

sections from each animal were tested for different OR
probes. For each section, the cross-sectional area of the main

olfactory epithelium was measured by outlining the apical

surface to the lamina propria border with Canvas 9.0 soft-

ware (Deneba; Figure 1A). NBT/BCIP stained cells

appeared as dark brown dots in the tissue sections, and de-

tailed counting criteria were described previously (Tian and

Ma 2008b). The potential overcounting problem was not

corrected (Guillery 2002) because the cell densities for all
ORs were calculated and compared in the same way.

Each probe was typically tested on 3 (occasionally 2 or 4)

different sections per animal, and an averaged cell density
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(per cross-sectional area) from these sections was obtained
for that animal. Then the cell densities from different animals

at the same age were averaged as mean ± standard error

(n = the number of animals). The mean cell densities of each

OR for different age groups were statistically compared us-

ing analysis of variance (ANOVA) post hoc tests in StatView

5.0 (SAS Institute). Independent ANOVA tests were per-
formed for individual ORs. The F values and the correspond-

ing P values generated in 1-way ANOVA tests are included

in Table 1. When there is a significant F value, a series of

pairwise comparisons are performed via post hoc tests to as-

sess the difference between any 2 groups and the resulting

Table 1 The cell densities of 9 ORs are summarized for different ages

OR probe
(other names)

Zone Cell density (/mm2 cross-sectional area) F P

3 months 12 months 18 months 24 months 27 months

MOR13-4
(Olfr640)

1 57.4 � 5.7 (n = 6) 80.0 � 4.6 (n = 6) 61.9 � 6.4 (n = 6) 44.0 � 4.3 (n = 6) 7.793 0.0012

MOR31-12
(Olfr648)

1 22.2 � 1.5 (n = 6) 28.4 � 3.3 (n = 6) 34.8 � 3.6 (n = 6) 23.5 � 2.0 (n = 6) 4.37 0.0160

MOR263-5
(Olfr17; P2)

2–3 58.2 � 11.4 (n = 6) 74.8 � 10.5 (n = 6) 87.3 � 8.5 (n = 6) 84.2 � 8.4 (n = 6) 1.800 0.1797

MOR279-2
(Olfr164)

2–3 23.7 � 3.4 (n = 6) 34.2 � 3.8 (n = 6) 32.8 � 3.3 (n = 7) 19.8 � 2.6 (n = 6) 11.3 � 3.3 (n = 5) 7.662 0.0004

MOR0-2 4 110.7 � 6.0 (n = 7) 91.7 � 10.2 (n = 7) 97.4 � 11.9 (n = 6) 61.2 � 11.9 (n = 6) 4.251 0.0164

MOR122-1
(Olfr234)

4 41.4 � 4.2 (n = 6) 50.6 � 6.0 (n =6) 57.9 � 4.6 (n = 6) 36.4 � 2.3 (n = 6) 4.595 0.0133

MOR236-1
(Olfr1264)

4 136.0 � 13.1 (n = 7) 137.5 � 15.9 (n = 8) 164.4 � 15.2 (n = 7) 143.2 � 12.0 (n = 7) 102.4 � 8.1 (n = 6) 2.438 0.0686

MOR256-3
(Olfr124; SR1)

4 128.1 � 12.7 (n = 7) 120.7 � 6.7 (n = 7) 135.4 � 20.2 (n = 7) 113.6 � 9.9 (n = 7) 0.496 0.6885

MOR267-16
(Olfr370)

4 77.9 � 6.2 (n = 6) 93.6 � 8.4 (n = 6) 92.0 � 8.5 (n = 7) 73.2 � 9.9 (n = 7) 49.1 � 5.8 (n =5) 4.231 0.0090

The averaged cell density per cross-sectional area is denoted as cell number � standard error of the mean/mm2 (n = the number of animals). The F values and
the corresponding P values are obtained in 1-way ANOVA tests. A significant F value is defined when P < 0.05. The statistical results for pairwise comparison
are included in Figure 2.

Figure 1 The densities of OSNs expressing individual OR genes are examined by in situ hybridization. (A) The cross-sectional area from a coronal section was
determined by outlining the olfactory epithelium (the curved black line) and measuring the underneath area. This section was from an 18-month-old animal.
The rectangles indicate the approximate locations from which the images in (B, C) were taken. (B, C) The coronal sections from different ages were hybridized
with MOR13-4 (zone 1, B) and MOR236-1 (zone 4, C) antisense RNA probes. Arrows mark examples of labeled cells. Scale bars in (A–C) = 0.2 mm.
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P values are included in Figure 2. For MOR23-GFP cells,

images were taken from the whole-mount epithelium (from

the septum and the dorsal recess area) using a SensiCam QE

cameramounted on anOlympus BX51WImicroscope with a

·40 objective. Each image covered an area of 222 lm by

168 lm, and the cell density per surface area was obtained.

Patch clamp

The dendritic knobs of the OSNs were visualized through an

upright microscope (Olympus BX51WI) equipped with

a CCD camera (Dage-MTI) and a ·40 water immersion
objective. An extra ·4 magnification was achieved by an

accessory lens in the light path. Electrophysiological record-

ings were controlled by an EPC-10 amplifier combined with

Pulse software (HEKA Electronic). Perforated patch clamp

was performed on the dendritic knobs by including 260 lM
nystatin in the recording pipette, whichwas filled with the fol-

lowing solution (in mM): KCl 70, KOH 53, methanesulfonic

acid 30, ethyleneglycol-bis(aminoethylether)-tetraacetic acid
5.0, N-2-hydroxyethylpiperazine-N#-2-ethanesulfonic acid

10, and sucrose 70; pH 7.2 (KOH) and 310 mOsm. The junc-

tion potential was approximately 9 mV and corrected in all

experiments off-line. A multibarrel pipette, placed ;20

lm downstream from the recording site, was used to deliver

odorant stimuli by pressure ejection through a Picospritzer

(General Valve). Lyral (from International Flavors and

Fragrances Inc.) was dissolved at 0.5M in dimethyl sulfoxide
andkept at–20 �C.The solutionswith thefinal concentrations
were diluted by adding Ringer and prepared before each ex-

periment.

Results

Age-related changes in expression patterns of individual

ORs

To investigate age-related alterations in expression patterns

of ORs, we examined coronal sections from the better pro-

tected, posterior part of the nose. Sections within a narrow

range (starting from the presence of all the turbinates to

the initial appearance of the olfactory bulb) from each animal

were used for the following reasons. First, this portion is bet-

ter preserved in the aged animals (Loo et al. 1996) and the

observed changes likely result from aging per se instead of

age-associated conditions (such as environmental insults).

Second, these coronal sections display characteristic mor-

phologyandcover all 4 zones.Third, taking the sectionsbased

on physical landmarks facilitate comparison of the data ob-

tained from different age groups.We did not observe obvious

damage to the olfactory epithelium sections we used from

aged animals. The zonal distribution of OSNs stained by in-

dividualORprobeswas normalwithout apparent disruption.

We selected 9 OR genes expressed in different epithelial

zones to examine their cell densities from 3 to 24 months (to

27 months for 3 ORs) using in situ hybridization (Table 1).

DIG-labeled antisense RNA probes were generated to detect

the mRNA levels of individual OR genes in single OSNs. All

probesdetectonly their target OR gene except for one probe:

MOR279-2, which detects both MOR279-2 and MOR279-1

mRNAs (;90% nucleotide identity). As examples, the la-

beled cells by 2 probes, MOR13-4 and MOR236-1, are dis-

tributed in zone 1 and zone 4, respectively (Figure 1B,C).

Figure 2 The densities of OSNs expressing individual OR genes show differential changes during aging. (A–C) There were no significant changes in the cell
densities of MOR263-5 (A), MOR256-3 (B), and MOR236-1 (C). (D, E) There was a significant decline in the cell densities at the last time point tested for
MOR0-2 (D) and MOR267-16 (E). (F–I) For these 4 ORs (MOR13-4, MOR31-12, MOR122-1, and MOR279-2), there was a significant increase in cell densities
after 3 months and a significant decrease at advanced ages (24 or 27 months). For each OR, the mean cell density per cross-sectional area in mm2 is plotted at
different ages with error bars = standard errors. The pairwise comparison at different time points is obtained by ANOVA post hoc tests, and the P value range
is marked as ***(P < 0.001), **(0.001 < P < 0.01), and* (0.01 < P < 0.05).

698 A.C. Lee et al.



The cell densities (the number of labeled cells/cross-sectional

area in mm2) for all ORs are summarized in Table 1 and

Figure 2.

The expression patterns of these 9 OR genes show differ-

ential trajectories with age, and they are classified into 3 cat-
egories for the purpose of clear description. In the first

category, which includes 3 ORs (MOR263-5, MOR256-3,

andMOR236-1), the cell density did not significantly change

from the first to the last time point tested (Figure 2A–C). In

the second category, which includes 2 ORs, the cell density

was at its peak at 3 months and showed a significant decline

only at the last time point tested: 24 months for MOR0-2

(Figure 2D) or 27 months for MOR267-16 (Figure 2E). In
the third category, which contains 4 ORs (MOR13-4,

MOR31-12, MOR122-1, and MOR279-2), the cell density

increased from 3 months, reaching its peak at different time

points (12 or 18months), and displayed a significant decrease

in later time points from the peak (Figure 2F–I).

Several findings emerged from the in situ hybridization

data. First, the density of OSNs expressing individual

ORs reached the maximum at different ages, ranging from
3 to 18 months. Second, the expression patterns of different

ORs showed differential trajectories during aging. For some

ORs, the cell density did not show a significant decline up to

24 months (Figure 2A–C,E). For others, a significant decline

was observed at 24 months (Figure 2D,F–I). At 27 months,

the decline became more evident in 2 of 3 ORs (Figure 2E,I).

Third, there was no clear correlation between the expression

pattern changes and the zonal distribution of OSNs express-
ing different ORs. All 3 categories described above contain

one or more ORs expressed in zone 4. The data reveal that

even though the cell loss is not uniform for different subtypes

of OSNs, there is a significant age-related reduction of OSNs

expressing certain ORs.

Odorant response properties of individual MOR23 cells in

aged mice

We then tested the odorant sensitivity of individual sensory

neurons in aged olfactory epithelia. Due to intermingling of
OSNs expressing different ORs in the olfactory epithelium,

we used a gene-targeted mouse line in which the ORMOR23

is genetically tagged by tauGFP allowing identification of

these neurons (Vassalli et al. 2002). This line was chosen

because an effective ligand (lyral) for this receptor has been

identified (Touhara et al. 1999; Grosmaitre et al. 2006).

MOR23 cells were distributed in zone 1 and readily visible

in the intact epithelium (Figure 3A). To quantify the cell den-

sities, we randomly took 47 and 29 images (222 · 168 lm)

from 3-month-old mice (3 animals) and 24-month-old mice

(5 animals), respectively. The averaged cell density per sur-

face area decreased from 303.1 ± 12.3/mm2 at 3 months

to 167.7 ± 18.6/mm2 at 24 months (P < 0.0001, t-test;

Figure 3B). Two other 24 months mice examined had no

green cells and thus were excluded from this analysis (poten-

tial reasons are discussed later). These data indicate that the

MOR23 cell density decreased with age.

Our previous patch clamp recordings from 53MOR23 cells
obtained from 1-month to 3-month-old mice indicate that all

MOR23 cells respond to lyral, but the response kinetics and

sensitivity display individual variations to some extent

(Grosmaitre et al. 2006). Using perforated patch clamp, here

we compared the lyral-induced responses in theMOR23 cells

from 3-month and 24-month-old mice (Figure 4A,B). Under

voltage clamp mode, brief lyral puffs (at 10 lM) induced the

inward transduction currents with different response kinetics

in different cells (Figure 4A). Under current-clamp mode,

the same lyral puffs depolarized the membrane potential

and trigged action potentials (Figure 4B). To evaluate the

sensitivity of OSNs from these 2 age groups, we obtained

the dose–response relations in MOR23 cells from 3-month

and 24-month-old mice. For each cell, 4 concentrations

(10–7, 10–6, 10–5, and 10–4 M) of lyral were sequentially ap-

plied from the lowest to highest with an interval of >1 min to

minimize odorant adaptation. MOR23 cells responded to ly-

ral in a dose-dependent manner, and the induced currents

increased with concentration (Figure 4C–E). These concen-

trations were chosen because the dynamic range of MOR23

cells often covers 3–4 log units from a threshold around

10–7 M to a saturating response near 10–4 M (Grosmaitre

et al. 2006). The normalized peak transduction current

Figure 3 The surface density of MOR23-GFP cells decreases with age. (A) Two sample images were taken from the whole-mount olfactory epithelium at
different ages: 3 months (left) or 24 months (right). Note that the MOR23 cells showed weaker GFP signals in the aged mice than young adults. (B) The
density of MOR23 cells per surface area was averaged from 47 (3 months) and 29 (24 months) images. The difference between the 2 time points was
significant (t-test, P < 0.0001).
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versus the concentration is plotted for each cell and fitted

with the Hill equation, Inorm = 1/(1 + (K1/2/C)
n), where Inorm

represents the peak current normalized to that induced by
10–4 M in that cell, K1/2 the concentration at which half of

the maximum response was reached, C the concentration

of odorant, and n the Hill coefficient (Figure 4C,D). The

maximum currents induced by 10–4 M lyral from the

3 months group range from 42 to 158 pA, K1/2 = 2.6 ± 1.0

lM, and n = 0.7 ± 0.1 (5 cells). The maximum currents from

the 24 months group range from 58 to 292 pA, K1/2 =

7.1 ± 2.6 lM, and n = 1.0 ± 0.1 (7 cells). These data indicate
different sensitivities amongMOR23 cells from the same age

group. Averaged dose–response curves from these 2 groups

failed to show significant differences (P > 0.05 for both K1/2

and the Hill coefficient, t-test; Figure 4E). The results suggest

that individual sensory neurons in aged mice can be as

sensitive as those from young adults.

Discussion

We investigated age-related alterations in the expression pat-

terns of individual OR genes in the mouse olfactory epithe-

lium using in situ hybridization. The results reveal

a significant reduction of the cell densities for some ORs,

but not for others until 24 months, indicating differential

changes for different subtypes of OSNs during aging.

Among the 3 ORs tested at 27 months, 2 showed significant
reduction in cell densities from the peak. Using patch clamp

recordings, we then examined the sensitivity of individual

MOR23 cells in aged animals. Although the surface density

Figure 4 Individual MOR23 cells from aged mice show similar sensitivity and dose–response relations as those from younger counterparts. (A) Under
voltage clamp mode, inward currents were elicited by lyral puffs in 4 MOR23 cells from different age groups: 2 from 3 months (upper panel in gray) and 2
from 24 months (lower panel in black). (B) Under current-clamp mode, lyral puffs induced the receptor potential and evoked action potentials in 2 MOR23
cells from different age groups: 3 months (upper panel in gray) or 24 months (lower panel in black). (C, D) Individual MOR23 cells from 3-month-old mice
(C) and 24-month-old mice (D) were stimulated by lyral puffs at different concentrations (from 10�7 to 10�4 M) under voltage clamp mode. For each cell, the
peak currents are normalized to that elicited by 10�4 M and plotted against the concentration. The dose–response curves are then fitted with the Hill
equation. The holding potential was �65 mV for all cells. (E) The averaged dose–response curves are plotted for MOR23 cells from 3-month-old mice (n = 5
in C) and 24-month-old mice (n = 7 in D). Error bars = standard errors.
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of MOR23 cells decreases from 3 to 24 months, the dose–

response curves of single cells from aged mice cover a similar

range as those from young counterparts. The data indicate

that age-related cell loss in the olfactory epithelium is not

uniform among OSNs expressing different ORs and individ-
ual OSNs can function relatively normally. The results sug-

gest that the peripheral changes may not be sufficient to

explain age-related smell loss, which likely involves central

mechanisms in the brain.

Expression patterns of individual ORs in aged epithelium

The rodent olfactory epithelium shows significant signs of

degenerative changes in aging, including a net loss of OSNs,

which results in a thinner epithelium (Hinds and McNelly

1981; Loo et al. 1996; Rosli et al. 1999). However, it is

not clear whether such loss is a direct consequence of aging

or a result of age-related conditions (Rawson 2006). The fact

that the anterior portion of the epithelium shows more dam-

age than the posterior part suggests that the damage may
result from cumulative environmental insults or in combina-

tion with age (Loo et al. 1996). In the better protected, pos-

terior part of the olfactory epithelium, we here report

differential changes in the cell densities of individual ORs

in normal aging. For some ORs, a significant reduction in

cell densities is evident at 24 months and becomes more pro-

found at 27 months (Figure 2). The reduction in cell densities

for most ORs will become more severe if the more damaged
anterior part is included in this analysis. Although we cannot

rule out the contributions of environmental factors, the fact

that aged mice from different sources did not show system-

atic differences supports that aging per se plays a major role

in our observation.

Our findings imply that the composition of OSNs express-

ing different ORs is dynamically regulated during aging. This

is surprising given that these experimental mice are kept in
similar environment. One possibility is that different ORs

may have distinct functions throughout the lifespan. One

can imagine that OSNs expressing ORs essential for suckling

and mating behaviors tend to be lost during later ages. The

results also raise the possibility that the environmental

odors, which do not equally stimulate all ORs, may have

an effect on the survival of certain subtypes of OSNs (see

below).
In examining the density of MOR23 cells using whole-

mount epithelia from zone 1 (Figure 3), we did not find green

cells in two 24-month-old animals, which may result from

several possibilities. First, the dorsal epithelium in these 2

animals might have more severe damage. There were large

patches losing the characteristics of olfactory epithelium.

Even in the areas that supporting cells were evident, there

were fewer dendritic knobs. These changes may correspond
to morphological alterations in the localized, degenerated ol-

factory epithelium reported in aged rodents (Breckenridge

et al. 1997; Rosli et al. 1999). Alternatively, we might have

lost most of the better preserved, posterior olfactory epithe-

lium during dissection for these 2 mice. Second, we cannot

completely rule out a possible infection, though it is unlikely

because the animals were housed in a barrier-protected facil-

ity. Third, there is a chance that the MOR23 cells in these
mice express GFP at a low level that falls below the detection

threshold. In fact, the MOR23 cells from 3-month-old ani-

mals are brighter than those from 24-month-old animals.

This may reflect a reduced expression level of MOR23 recep-

tor in individual cells in aged animals or a reduction in GFP

production. By excluding these mice from the analysis, we

may have underestimated the overall reduction in the

MOR23 cells during aging, but this should not affect the
main conclusions drawn from these experiments.

Sensitivity of individual OSNs in aged mice

Compared with the well-documented morphological

changes in the aging olfactory epithelium, few studies have

examined odor-induced activity from aged rodents. In a
senescence-accelerated mouse model, odor-induced electro-

olfactogram (EOG) signals become smaller with age, accom-

panied by reduced olfactory sensitivity in behavioral tests

(Nakayasu et al. 2000). In another study using voltage-

sensitive dye imaging of the rat olfactory epithelium,

odor-evoked activity in the middle and posterior zones fails

to show age-related changes in the overall responses (Loo

et al. 1996).
Instead of measuring the summated activity from popula-

tions of neurons in EOG or optical signals, we have exam-

ined the response properties from individual OSNs with

a defined receptor (MOR23) by patch clamp recordings.

Consistent with our previous findings, all MOR23 cells

tested responded to lyral but with somewhat different kinet-

ics and sensitivity (Grosmaitre et al. 2006). The difference is

also evident among the cells obtained from animals at the
same age (either 3 months or 24 months; Figure 4). The ob-

served heterogeneity cannot be explained by uncontrollable,

methodological factors because we monitored the leakage

and ionic currents throughout the experiments and con-

firmed that they were similar in different cells. Several bio-

logical factors could potentially contribute to such

heterogeneity within the same age group. Due to the asyn-

chronous neurogenesis of OSNs, the age of the recorded cells
can vary from a few days (just matured) to many months due

to the continuous neurogenesis (Loo et al. 1996; Weiler and

Farbman 1997). The lifespan of mature OSNs can be as long

as 12 months in the absence of disease-associated destruction

(Hinds et al. 1984). The range in the age of OSNs may affect

their cellular properties, including the expression levels of

MOR23mRNA and protein and the signal transduction cas-

cade involved in odor responses. Notably, the MOR23 cells
from the aged mice displayed similar response amplitude and

sensitivity as compared with those from younger adults. The

study fromMOR23 cells does not rule out the possibility that
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some OSNs expressing other ORs may have decreased sen-

sitivity. Nevertheless, these results indicate that individual

olfactory neurons with unchanged sensitivity can still be

found in aged animals.

Can age-related changes in the olfactory epithelium be

reversible?

The current study reveals that aging does not cause a uniform
loss of all subtypes of OSNs and their sensitivity, which

implies that smell loss in aging might be a preventable

and reversible process from the peripheral aspect. Several ex-

perimental manipulations can indeed affect the survival of

OSNs. For instance, the open side of young mice subjected

to neonatal naris closure shows loss of OSNs in patches of

olfactory epithelium, especially in the anterior portion (Tian

and Ma 2008a). Such damage becomes more severe with the
animals’ age and the length of closure (Maruniak et al. 1990),

presumably due to the extra trauma caused to the open side

that serves as the obligatory breather with doubled airflow.

The aging olfactory epithelium displays similar pathological

changes, which may result to some extent from cumulative

insults to the olfactory system. In addition, neuronal activity

(spontaneous or odor-induced) plays a role in the survival of

OSNs in a competitive environment (Zhao and Reed 2001;
Yu et al. 2004). One study demonstrates that odorant stim-

ulation rescues populations of OSNs from apoptosis after

bulbectomy (Watt et al. 2004). It would be interesting to

know whether experimental manipulations (keeping the

animals in a cleaner environment or long-term exposure

to certain odors) can prevent the reduction of specific

OSN populations.

Potential mechanisms of age-related smell loss

Age-related alterations in the central olfactory system have

also been reported in the literature. The consequences of the
observed reduction in the cell densities in the current study

are yet to be determined. We have never observed a complete

elimination of OSNs expressing a given OR up to 27 months

in mice, suggesting that the total number of glomeruli should

not be reduced by this age. For an individual glomerulus, the

functional effects of a reduction in the number of convergent

OSNs are not clear. An earlier study in aged rats indicates

that the decline in the number of OSNs precedes the changes
in the olfactory bulb, suggesting that atrophic changes in the

olfactory bulb may be secondary to changes in the olfactory

epithelium (Hinds and McNelly 1981). Age-related changes

in the peripheral and central olfactory system may vary dra-

matically among different species. In humans, the number of

glomeruli and mitral cells declines steadily with age at an ap-

proximate rate of 10% per decade from young adults

(Meisami et al. 1998). Notably, there are also tremendous
individual variations in the number of glomeruli (Maresh

et al. 2008). The current study suggests that the peripheral

alterations in the aged olfactory epithelium may not be suf-

ficient to cause smell loss, which likely involves central

changes in the brain.
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